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Preface

The promoter is one of the fundamental elements for spatial and temporal gene expression
regulation. Understanding its function has fascinated generations of scientists. Despite many
other levels of gene expression regulation at the chromatin and post-transcriptional levels,
the main prerequisite for expression is the promoter-driven transcription of the genes.

The detailed understanding of the regulatory elements required for transcription per-
mits the de novo assembly of synthetic promoters by combining cis-regulatory elements
with minimal promoter elements towards conferring new and specific transcription patterns
in plants. Such synthetic promoters can be widely used in basic and applied research.

Fused to a reporter gene, the activity of a synthetic promoter can be monitored over
time and space, thus adding to our understanding of promoter function and the function
of the transcription factors interacting with specific cis-elements. In the applied field, syn-
thetic promoters are useful to drive gene expression specifically for a desired purpose. This
could be the expression of resistance genes in response to pathogen infection or the expres-
sion of genes for engineering or modifying metabolic pathways.

This book assembles experimental and bioinformatics protocols for the design and
experimental testing of synthetic promoters. The identification of cis-regulatory elements
potentially achieving the desired expression of a gene is at the core of synthetic promoter
design. For this, several bioinformatics chapters are presented. The experimental verifica-
tion of the proposed expression profile conferred by the cis-regulatory elements requires
the assembly of synthetic promoters. Several chapters are dedicated to the assembly of syn-
thetic promoters, also including specific software tools to facilitate promoter design.
Transient and transgenic reporter gene technology is a prominent approach to test the
spatial and temporal expression driven by synthetic promoters, and several chapters address
this approach. In summary, this book covers all steps required from the identification of
cis-regulatory elements, over synthetic promoter design, to the experimental analysis of
synthetic promoter function.

Braunschweig, Germany Reinbard Hebl
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Chapter 1

What Have We Learned Abhout Synthetic Promoter
Construction?

Paul J. Rushton

Abstract

The molecular components of transcriptional regulation are modular. Transcription factors have domains
for specific functions such as DNA binding, dimerization, and protein—protein interactions associated with
transcriptional activation and repression. Similarly, promoters are modular. They consist of combinations of
cis-acting elements that are the binding sites for transcription factors. It is this promoter architecture that
largely determines the expression pattern of a gene. The modular nature of promoters is supported by the
observation that many cis-acting elements retain their activities when they are taken out of their native pro-
moter context and used as building blocks in synthetic promoters. We therefore have a large collection of
cis-acting elements to use in building synthetic promoters and many minimal promoters upon which to
build them. This review discusses what we have learned concerning how to use these building blocks to
make synthetic promoters. It has become clear that we can increase the strength of a promoter by adding
increasing numbers of cis-acting elements. However, it appears that there may be a sweet spot with regard
to inducibility as promoters with increasing numbers of copies of an element often show increased back-
ground expression. Spacing between elements appears important because if elements are placed too close
together activity is lost, presumably due to reduced transcription factor binding due to steric hindrance. In
many cases, promoters that contain combinations of cis-acting elements show better expression characteris-
tics than promoters that contain a single type of element. This may be because multiple transcription factor
binding sites in the promoter places it at the end of multiple signal transduction pathways. Finally, some
cis-acting elements form functional units with other elements and are inactive on their own. In such cases,
the complete unit is required for function in a synthetic promoter. Taken together, we have learned much
about how to construct synthetic promoters and this knowledge will be crucial in both designing promoters
to drive transgenes and also as components of defined regulatory networks in synthetic biology.

Key words Synthetic promoter, Crs-acting elements, Synthetic biology, Transgene expression, Plant
biotechnology

1 Introduction

This review focuses mainly on the synthetic promoter projects that
I have been involved with and serves as a guide to producing the
best synthetic promoters. There are general trends, some of which
we could not have predicted when we first started to construct

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_1, © Springer Science+Business Media New York 2016
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2 Paul J. Rushton

synthetic promoters, but there will always be exceptions to the
rules. The reader is urged to use the observations presented here to
help them in their own synthetic promoter projects but ultimately
it is the activity of the constructed promoter that will decide
whether a project is successful. One final note, in biotech projects
a synthetic promoter will be used to drive a transgene and it is the
best possible transgene expression that decides whether a project
has ultimately been successful or not. A synthetic promoter can be
used to optimize expression levels so that the transgene is expressed
at the right time, in the right place, and to the optimum level. This
potential optimization of expression (where, when, and how much)
is where the advantage of synthetic promoters lies over native ones.

2 The Modular Nature of Transcriptional Regulation

The modular nature of transcription (and indeed signaling in gen-
eral) has become apparent. Proteins have specific domains for cer-
tain function such as dimerization, ligand binding, nuclear
localization, and so on. These domains can often retain their activi-
ties in domain swap or addition experiments. With transcription
factors, this modularity is very clear. It includes nuclear localization
domains, dimerization domains, calmodulin binding domains, pro-
tein—protein interaction domains associated with transcriptional
activation or repression, and many others [1]. Building synthetic
transcription factors with altered activities is therefore possible. For
example, adding a repression domain such as an EAR domain from
an ERF transcription factor can transform a transcription factor that
normally functions as an activator into a dominant negative [2].

Similarly, promoters are modular as they typically contain com-
binations of cis-acting elements that are the binding sites for tran-
scription factors. It is this promoter architecture that largely
determines the expression pattern of a gene as it determines the
specificity of transcription factor binding to the promoter. At the
level of the promoter, binding of the transcription factors to
the DNA is accompanied by protein—protein interactions between
transcription factors themselves and also interactions with the gen-
eral transcriptional machinery (general transcription factors, co-
activators, and co-repressors) and other proteins that alter
chromatin structure [1]. With each promoter containing multiple
transcription factor binding sites and also with each transcription
factor potentially forming multiple protein—protein interactions, it
was originally unclear whether there would be any chance that a
cis-acting element, when taken out of its native promoter context,
could retain its activity [3]. This retention of activity would be a
prerequisite for the construction of synthetic promoters.

In the late 1990s, I started a project on constructing pathogen-
inducible synthetic promoters. There were many reports from the
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literature of defined cis-acting elements retaining activity in
synthetic promoters but it was unclear how widespread this phe-
nomenon was. Several different types of known pathogen-respon-
sive cis-acting elements were tested in synthetic promoters and
strikingly, the majority of these elements retained their activity [ 3].
This included GCC-like boxes, W boxes, and Box D (which is still
ill-defined). This showed that transcription at the promoter level is
indeed modular and that many of these DNA modules can there-
tfore be used to construct synthetic promoters. A synthetic pro-
moter could therefore be build up from any number or combination
of these modular building blocks in a similar way that someone
builds something from Lego blocks.

3 Making a Synthetic Promoter

In its simplest form, a synthetic promoter will consist of a minimal
promoter (the binding sites for general transcription factors includ-
ing RNA polymerase II) and a defined cis-acting element [4]. The
minimal promoter will typically contain a TATA box and a site at
which transcription will start but little else as this may influence the
expression characteristics of the promoter. Upstream of this minimal
promoter are placed the cis-acting elements that will determine the
expression characteristics of any transgene whose expression is driven
by the promoter. These cis-acting elements can include any number
of copies of an individual css-acting element or combinations of dif-
ferent elements in any order and in any number. The possibilities are
seemingly endless. With current advances in DNA technology, it is
possible to simply synthesize any given synthetic promoter and this
can speed up the process of building a promoter considerably.
However, previously synthetic promoters were typically synthesized
from ligating oligonucleotides containing the defined cis-acting ele-
ment sequences upstream of a minimal promoter (Fig. 1).

Using technology based on two different restriction endonu-
cleases with compatible sticky ends, this approach has the advantage
that the resultant promoters can be used like Lego building blocks
to optimize and test synthetic promoters. For this reason, this
approach is still valuable today. Briefly, a defined cis-acting element
is synthesized as two oligonucleotides, one for each strand of the
DNA. When annealed together, the double-stranded DNA has
sticky ends at both the 5 prime and 3 prime ends that are compati-
ble (for example Spel and Xbal or BamHI and BglII). The single
copy of the cis-acting element is inserted into the corresponding
restriction enzyme sites just upstream of a chosen minimal promoter
to create a synthetic promoter with a single copy of the element (a
1 x construct). The beauty of this strategy becomes apparent when
this 1 xconstruct is used to make other synthetic promoters. The
1 x construct is cut with a restriction enzyme that cuts the backbone
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a
HinDIlI BamHI Spel Xba -46 +8
11 bp - = ==
Al
29 bp
b
Sacl
CaMV 35S
minimal 1X promoter

promoter < €= One Copy

Spel/Sacl fragment Xbal/Sacl fragment
Containing one copy Containing one copy

Sacl

2 X promoter
ﬁ Two Copies

AMP

Reconstituted plasmid
Containing two copies

Fig. 1 A system to produce synthetic promoters with any number of cis-acting elements in any order. (a) The
minimal promoter and restriction sites in MS23 (pBT10) [3]. Single-stranded oligonucleotides containing
defined cis-acting elements with a Spel sticky end at the 5’ end and an Xbal sticky end at the 3’ end are
annealed and then inserted into Spel/Xbal double-digested vector DNA 11 bp upstream of the CaMV35S -46
minimal promoter. (b) How to make a 2 x element promoter construct from 1 x element promoters. In two
separate restriction digests, the 1 x promoter DNA is digested by either Sacl and Xbal or Sacl and Spel. In each
case the fragment containing the single copy of the cis-acting element is gel purified and the Spel/Sacl and
Xbal/Sacl fragments are then annealed to give a 2 x element promoter. The ligation of the Spel and Xbal sticky
ends destroys the restriction site in the middle of the 2 x element yielding a Spel site at the 5’ end and an Xbal
site at the 3’ end. This pattern of restriction sites is identical to the 1 x element construct and means that the
process can be repeated to yield 4 x and then 8 x constructs and so on. The beauty of this system is that by
using different promoter constructs as starting materials, promoters containing combinations of elements in
any number and in any order can be produced

of the plasmid and then either of the two enzymes with compatible
sticky ends (for example Spel or Xbal). In each case, the fragment
that contains the cis-acting element is then chosen and the two
pieces are ligated together. Because each fragment contained a copy
of the element, the resulting synthetic promoter contains two cop-
ies of the defined cis-acting element (a 2 x construct). The inventive
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step of this approach is that where the two copies of the element
come together, they ligate together as they have compatible sticky
ends. However, the restriction site between the two elements is not
recreated because the two restriction sites are different. The result
is one piece of DNA with no internal restriction site but the same 5
prime and 3 prime sites that you started with. This means that the
process can be repeated and two copies can become four and then
eight. In addition, by choosing different cis-acting element mono-
mers, promoters can be constructed with any number of elements
in any combination and in any order. Once monomer constructs are
available that contain different cis-acting elements, they can then
truly act as Lego building blocks for building synthetic promoters
to the design of the researcher [3, 4].

4 The Effect of Cis-acting Element Number on Strength and Inducibility

One of the first questions that I asked when constructing synthetic
promoters was “What is the effect of increasing the number of cop-
ies of a single cis-acting element in a synthetic promoter?”. Figure 2
shows that increasing the number of copies progressively from one
to eight increases the strength of the promoter, presumably by
providing more transcription factor binding sites. This suggests
that an increasing number of transcription factors bound to the

- Minus fungal elicitor 19 x
- Plus fungal elicitor

34 x

75 x

Relative Reporter Gene Activity

1xW2 2xW2 4xW2 8x W2

Fig. 2 Increasing the number of cis-acting elements in a synthetic promoter
increases strength. 1 xW2, 2 x W2, 4 x W2, and 8 x W2 synthetic promoters were
tested for induction by a fungal elicitor in a parsley transient expression system
[3]. Increasing the number of copies progressively from one to eight increases
the strength of the promoter, although the best signal-to-noise ratio is obtained
with a 2xW2 construct due to an increase in background expression with an
increasing number of elements
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promoter increases the rate of transcription from the synthetic
promoter. This increase was observed not only in systems of
reduced complexity but also in transgenic plants and has profound
consequences for synthetic promoters in general. The fact that we
can alter the strength of a synthetic promoter by varying the num-
ber of cis-acting element building blocks in the promoter means
that we can modulate promoter strength by design. This immedi-
ately underlines an advantage of synthetic promoters over native
ones—with synthetic promoters we can vary strength to find the
optimum expression level of a transgene. This modulation is not
possible when using a single native promoter.

One additional observation from Fig. 1, and this was also appar-
ent in transgenic lines, is that there is one downside to increasing
strength, namely that as the synthetic promoters get stronger the
level of background expression in inducible promoters (such as
pathogen-inducible promoters) often increases and therefore the
fold inducibility is reduced [2]. The exact reason for this is unclear.
It may be that more binding sites increase the level of basal transcription
or alternatively allow increased binding of transcription factors that
may have a lower affinity for the native promoter. Either of these two
possibilities may increase the level of transcription in the absence of
the signal and lead to increased background expression.

Again, the choice of synthetic promoter will be driven by the
choice of transgene and how this transgene is best expressed. For
some projects, reasonable levels of background expression could be
tolerated (as the expression pattern is still considerably better than
constitutive overexpression using, for example, the CaMV 35S pro-
moter). For others, the best inducibility is required such as expression
in infected plant tissues but not uninfected ones when using patho-
gen-inducible synthetic promoters. For the former, a strong promoter
with eight copies of a cis-acting element might be best, whereas for
the latter two copies may be preferred as it shows the best inducibility
(signal:noise). The above examples provide a nice example of the
value of synthetic promoters—we are designing promoters for specific
purposes and different promoters will be suited to different projects.

5 The Effect of Spacing on Promoter Strength

Once the building blocks for a synthetic promoter have been cho-
sen, how do we put them together to make a good synthetic pro-
moter? Well one of the first considerations is spacing. This includes
not only the spacing between multiple copies of an element but
also spacing with respect to the minimal promoter. When I first
started to construct a range of synthetic promoters, I suspected
that spacing between elements might be crucial for promoter activ-
ity driven by the need for the cognate transcription factors to inter-
act with other proteins in a productive way. However, although
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spacing turns out to be important, results suggest that this is not in
the way that I had envisaged. Elements such as GCC boxes and W
boxes appear to function independently of each other and spacing
between the elements themselves appears to have little or no effect.
In fact, systematic rotating of cis-acting elements relative to each
other by one base pair at a time through one complete turn of the
DNA helix had a negligible eftect on promoter activity. With cis-
acting elements that function independently, it would appear that
the exact distance between them has little or no effect.

However, spacing is crucial to synthetic promoter activity in
one crucial respect—if you place the cis-acting elements too close
together they lose activity. The exact distance will need to be deter-
mined experimentally, but in my experience if the core sequences of
elements are less than 10-15 bp apart then activity is reduced. This
makes sense if one considers the binding of proteins to the short
promoter DNA sequence. A transcription factor will require a cer-
tain length of DNA to bind to and if this synthetic promoter puts
two binding sites too close together then binding to one site will
preclude binding of another transcription factor to the next site.
This reduction in activity due to steric hindrance is also seen if the
promoter puts a cis-acting element too close to the minimal /core
promoter. In this case, general transcription factors will compete for
binding to the promoter with the transcription factors that bind to
the cis-acting elements that have been added upstream. As a rule of
thumb, at least 15-20 bp should be allowed between multiple cop-
ies of a cis-acting element in a synthetic promoter so that their core
sequences are separated by close to 50 bp. In addition, it is best to
have at least 50 bp between the TATA Box and the core sequence
of the first cis-acting element placed upstream of it (Fig. 3).

6 Combinations of Cis-acting Elements Appear Best

Some aspects of synthetic promoter technology were not necessar-
ily predictable and only became apparent once a systematic
approach was used to design a spectrum of different synthetic pro-
moters [ 3, 4]. One of these observations is that synthetic promot-
ers that contain more than one type of cis-acting element may be
better than simpler promoters that contain multiple copies of only
one type of element. With pathogen-inducible synthetic promot-
ers, high expression at infection sites coupled to low background
expression in non-infected tissues is preferred in order to reduce
any negative effects of transgene expression in non-infected tissues.
It was observed that promoters that contain more than one type of
cis-acting element showed the best inducibility coupled with lower
background, making them much better suited for transgene expres-
sion. It is likely that the reason for this is that multiple different
cis-acting elements place a synthetic promoter at the end of more
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Fig. 3 What we have learned about synthetic promoter construction. Although promoters will need to be opti-
mized for each transgene and each required transgenic plant line, a number of observations have been made
concerning the best starting strategies and are summarized in this figure. The best signal:noise ratios appear
to be produced from dimers of individual cis-acting elements/units. These dimers should be placed with spac-
ing of 10-50 bp between the elements to avoid reduced activity. Synthetic promoters that contain more than
one type of cis-acting element/unit appear to give better expression characteristics, presumably because this
places the promoter at the end point of more than one signaling pathway so that it responds to multiple inputs.
The minimal promoter should consist of the TATA Box, the 5 UTR and the start of transcription only. This
ensures that it is functional but does not affect promoter characteristics. The exception to this is that certain
minimal promoters that contain introns in their 5° UTRs may direct stronger expression. The individual cis-
acting elements can contain a single element or consist of a functional unit of more than one element

than one signaling pathway. As the constructed promoter takes
signals from multiple pathways and multiple transcription factor
types, its activity is likely to be more tightly regulated resulting in
a better expression pattern.

As we start to understand how to construct synthetic promot-
ers for specific purposes, we can start to combine some of the
observations when designing promoters. For example, two copies
of an individual cis-acting element in a promoter probably give the
best signal to noise ratio (Fig. 2) and multiple different cis-acting
elements also seem to give better inducibility. It is therefore likely
that a promoter that contains two copies of several cis-acting ele-
ments would be among the best promoters in terms of inducibility
and that is exactly what was observed in the project reported by
Rushton et al. [3]. The best synthetic pathogen-inducible pro-
moter was 2x W2 /2 xS /2 xD. It combines three different types of
cis-acting elements, two copies of each element, and at least two
different families of transcription factors (WRKY and AP2/ERF)
as end points in the signal transduction pathways. In addition, the
elements are spaced far enough apart and from the minimal
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promoter to avoid loss of activity due to steric hindrance. These
observations give important pointers as to how we might use
defined cis-acting elements to build the best synthetic promoters.

7 The Choice of Minimal Promoter

Many synthetic promoter projects have previously used the mini-
mal CaMV 358§ promoter as the start point for synthetic promoter
construction. This was probably because the CaMV 35S is the best
characterized strong promoter and the -46 version shows minimal
basal activity in the absence of added cis-acting elements. However,
it appears that many minimal promoters can be used as the basis for
synthetic promoter construction. Some work is however required
as a minimal promoter needs to be defined that is active but that
also does not affect expression characteristics (this normally con-
tains the start of transcription and a TATA Box but little else). As a
rule of thumb, the best minimal promoter to use is probably one
from a gene whose expression characteristics already are closest to
the desired expression characteristics of the final synthetic pro-
moter. For a drought inducible promoter, this would be from a
drought inducible gene, for a wound inducible promoter this
would be from a wound inducible gene and so on.

One further observation is important in the production of syn-
thetic promoters that are designed to direct strong expression lev-
els because here the choice of minimal promoter may be more
important. The promoters of several genes that show very high
expression levels (for example several ubiquitin genes) contain
introns in their 5 prime UTRs [5]. These introns appear to
contribute to strength, and choosing a minimal promoter that
contains such an intron may therefore be an important part of the
design strategy when increasing strength.

8 Functional Units Need to Be Kept Together

More recently, we have gained more insights into the production
of synthetic promoters. This can be illustrated by work using the
GAG fragment from PMT promoters in tobacco [6]. The GAG
fragment is so called because it consists of three parts. A G box fol-
lowed by an AT-rich spacer region and then a GCC-like box. The
GAG fragment, like the PMT promoters themselves directs jasmo-
nate and wounding inducible expression (Fig. 4). The expression
pattern for synthetic promoters with the GAG fragment is exqui-
site as wounding of a leaf or jasmonate treatment results in expres-
sion in the cortex of the root (tissue-specific expression at a
distance). This is also the expression pattern of the native PMT
promoters and illustrates that this small GAG fragment is sufficient
to drive expression that is similar to the native promoter.
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Fig. 4 Transgenic tobacco plants containing a 4 x GAG synthetic promoter show both wound and jasmonate
inducible expression at a distance. Wounding or jasmonate treatment of the leaves leads to expression from
the 4 x GAG synthetic promoter in the roots. This root-specific expression is concentrated in the cortex, the
main site of nicotine biosynthesis

Synthetic promoters containing the GAG fragment and its
three constituent parts present important new evidence concerning
how to build synthetic promoters. Each one of the three constitu-
ent parts of the GAG fragment (the G box, the AT-rich region, and
the GCC-like box) is inactive on its own. The G box and GCC-like
box, although similar to known cis-acting elements that are bound
by bHLH, bZIP, and AP2/ERF transcription factors, show no
activity if used alone in synthetic promoters [6]. However, if the G
box is combined with the GCC-like box, then jasmonate inducibil-
ity is restored. It is clear that the two cis-acting elements function
together as a unit and that at least two transcription factors (a
bHLH and an ERF) are required for function. However, the story
does not end there because although the G box—GCC-like box unit
is active, it is neither as strong nor as inducible as the G box—AT-rich
region—GCC-like box unit (Fig. 5). It appears that the AT-rich
region is required for full activity and that this activity is not depen-
dent on the sequence of the region because an AT-rich region of
different sequence but the same length appears similarly active.
Taken together, it is clear that the GAG fragment is a unit consist-
ing of three elements. Two of these elements appear to be binding
sites for transcription factors and the third is most likely a spacer
region. This suggests that the two transcription factors probably
interact directly or indirectly for function of the GAG fragment.

The lesson for synthetic promoter construction is that some
promoters consist of functional units with more than one constitu-
ent element. In such cases the entire unit needs to be used for
activity. Importantly, if one uses each functional unit (for example
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Fig. 5 Functional units consisting of more than one cis-acting element require all
elements for full activity. Synthetic promoters containing tetramers of the GAG
fragment and its constituent individual cis-acting elements (the G box, AT-rich
region, and GCC-like element) were tested for activity (gray bars) and jasmonate
inducibility (colored bars) in stably transformed BY-2 cells. None of the individual
elements were functional alone. However, a tetramer of the G box—GCC-like ele-
ment showed jasmonate inducibility suggesting that these elements are binding
sites for transcription factors (bHLH and ERF) and together form a jasmonate
response element in synthetic promoters. However, it is also clear that the GAG
fragment is a unit consisting of three elements because synthetic promoters that
also contain the AT-rich region (the complete GAG fragment) are both stronger
and more inducible by jasmonate than the G box—GCC element. These data show
that functional units that consist of more than one cis-acting element should be
kept together when used in building synthetic promoters

the GAG fragment) in a similar way to cis-acting elements that
function alone (such as W boxes) then the same rules apply. For
example, 4 x GAG is stronger than 2 x GAG and so on. The modu-
lar nature of promoter technology still applies with some Lego
bricks consisting of one cis-acting element whereas others consist
of units of more than one element.

9 The Best Place to Start

Synthetic promoters have several potential advantages over native
promoters. The main advantage is that the strength of the promoter
can be altered to produce promoters that are stronger or weaker
depending on the number of copies of each element/unit.
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Additional potential advantages include the possibility of reducing
unwanted expression characteristics by using a single css-acting ele-
ment from a promoter and eliminating other elements that may
direct undesired expression characteristics. This has been a major
theme in, for example, pathogen-inducible promoters where expres-
sion in uninfected tissues is undesirable. This strategy of eliminating
other cis-acting elements has, however, met with only limited suc-
cess. For example, a W box that directs pathogen-inducible expres-
sion (desired) often also directs wound-inducible expression
(undesired). The likely cause of this is that the cognate transcription
factors are involved in both pathogen and wound induced signaling
and as a result, induction by the two stimuli cannot be separated.

Despite the potential advantages in using synthetic promoters
to fine tune transgene expression in biotechnology projects, the
best piece of advice is not to use one at all if a good native pro-
moter is available that drives the desired expression characteristics!
The other good piece of advice when choosing where to start, is to
start with the native promoters that most closely fit the desired
expression characteristics because they will be the best source of
cis-acting element/unit building blocks to build an improved syn-
thetic promoter. In the case of the GAG fragment, the source of
the unit was the tobacco PMT promoters and the GAG fragment
drives expression that has similarities to the full-length promoters.
In the case of pathogen-inducible synthetic promoters, the best
sources were the promoters of pathogenesis-related genes such as
PR10s (the sources of various W boxes and Box D) [3].

10 Conclusions and Future Prospects

Many promising transgenes have failed not because of a poor
choice of transgene but because of a poor choice of promoter with
which to drive it with. I sometimes wonder how many transgenes
have been discarded over the years as being unsuitable for improv-
ing crop plants based on results using high-level ectopic overex-
pression using the CaMV 35S promoter or other unsuitable
promoters. The choice of promoter can make or break a project
and over the years many plant scientists have been unimaginative in
their choice of promoter. Synthetic promoters can change this and
fine tuning promoter activity using synthetic promoters should be
an increasingly important topic in plant biotechnology.

One area which should increase the use of synthetic plant pro-
moters is synthetic biology. As we have seen above, signaling is
modular, both at the protein domain level and the cis-acting ele-
ment level with activity often residing in the individual protein
domain or transcription factor binding site. Using these building
blocks it should be possible to construct complete signaling path-
ways from the ground up using building blocks from different
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proteins and promoters. With this approach, synthetic promoters
will be a crucial part of synthetic biology as they represent syn-
thetic end points for synthetic signaling pathways.
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Chapter 2

Quantitative Analysis of Cis-Regulatory Element Activity
Using Synthetic Promoters in Transgenic Plants

Geoffrey Benn and Katayoon Dehesh

Abstract

Synthetic promoters, introduced stably or transiently into plants, are an invaluable tool for the identification
of functional regulatory elements and the corresponding transcription factor(s) that regulate the ampli-
tude, spatial distribution, and temporal patterns of gene expression. Here, we present a protocol describ-
ing the steps required to identify and characterize putative cis-regulatory elements. These steps include
application of computational tools to identify putative elements, construction of a synthetic promoter
upstream of [uciferase, identification of transcription factors that regulate the element, testing the
functionality of the element introduced transiently and/or stably into the species of interest followed by
high-throughput luciferase screening assays, and subsequent data processing and statistical analysis.

Key words Cis-regulatory element, Synthetic promoter, Luciferase reporter, Stable transformation,
Transient transformation

1 Introduction

Identification and characterization of promoter regulatory ele-
ments is critical for understanding how cells control the timing,
spatial patterning, and levels of gene expression, thereby facilitat-
ing the regulation of complex signaling and metabolic networks.
As such, this endeavor continues to attract much attention, as it
has since the discovery of functional promoter elements [1]. In
plants, studies of promoter elements were initially carried out by
construction of promotor fragments fused to reporter genes, such
as chloramphenicol acetyltransferase (CAT) or B-glucoronidase
(GUS), as a proxy for sequence activity [2—5]. The resolution of
this approach was subsequently increased through random muta-
genesis, or linker scan of the natural promoter, whereby a small
(~5-12 bp) fragment of the promoter of interest is either randomly
mutagenized or replaced with a linker sequence [6, 7]. While the
identification of regulatory elements via analysis of promoter
fragments remains viable, this approach is inherently lengthy and

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
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cumbersome. This inefficiency, however, has been addressed by the
recent development of a wide variety of computational approaches
centered on comparison of promoter sequences, in combination
with co-expression analyses, resulting in the rapid discovery of
putative regulatory elements [8—11]. Functional verification of a
putative cis-regulatory element can subsequently be carried out by
construction of a synthetic promoter consisting of one to several
copies of the element fused to a minimal promoter and reporter
gene, followed by introduction of the construct in planta [11-14].
Many studies utilize constructs consisting of these plant synthetic
promoters fused to the GUS reporter to examine the activity of
putative regulatory elements [12, 14]. However, the inherent
stability of GUS limits these analyses of element functionality to
single time-point comparisons of levels and spatial patterns of
expression, thus precluding detailed profiling of temporal changes
in activity. Development of the luciferase reporter system [15]
addressed this deficiency and enabled exquisitely detailed time
course analysis of synthetic promoter activity in response to signals
induced by a wide range of inputs including circadian rhythms,
stress treatments, and chemical stimuli [11, 13, 16-18]. In addi-
tion, the employment of transient assays using synthetic promoters
expanded the analytical capability for testing the functionality of
specific transcriptional regulator(s) in controlling the activity of the
cis-regulatory element [17].

Here we provide a summary of these combinatorial approaches
(Fig. 1), which were instrumental in the recognition and character-
ization of the Rapid Stress Response Element (RSRE) as a general-
stress-responsive cis-regulatory element [11], and the further
elucidation of the non-uniform contribution of different members
of the Calmodulin-Binding Transcriptional Activator (CAMTA)
family in regulation of this functional response element [17].

2 Materials

All solutions should be prepared with ultrapure water (i.e. MilliQ).

2.1 Stable 1. Luria Broth (LB): 10 g/L tryptone, 5 g/L yeast extract, 5 g/L
Transformation NaCl, adjust pH to 7.0 with NaOH. Autoclave at 121 °C for
of Arabidopsis 20-35 min and cool to at least 55 °C before adding antibiotics
thaliana (see Note 1).

>

Fig. 1 (continued) 4xRSRE:Luciferase (4xRSRE:LUC) reporter construct. (4a) Image of luciferase activity
in Arabidopsis plants stably expressing the 4xRSRE:LUC construct. (4b) Image of luciferase activity in an
N. benthamiana leaf that has been transiently transformed with the 4xRSRE:LUC reporter construct and its
transcriptional activator CAMTAS. (5) Graph showing time course of LUC activity in response to wounding in
Arabidopsis plants stably transformed with the 4xRSRE:LUC reporter construct
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Fig. 1 Summary of protocol. Here, we summarize the steps required for identification of putative cis-regulatory
elements and quantification of their activity in transient or stably transformed plant species. (1) Sample motif
discovery readout. (2) Web Logo depiction of binding site of a TF, CAMTA3. (3) Simplified schematic of the
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2.2 Nicotiana
benthamiana Transient
Assay

2.3 Imaging

2.

Sucrose solution: 5% (w/v) solution in water. Add silwet L-77
to 0.05 % just prior to transformation of plants.

. SOC media: 0.5% yeast extract, 2% tryptone, 10 mM NaCl,

2.5 mM KCI, 10 mM MgCl,, 10 mM MgSO,, 20 mM glu-
cose. Add all ingredients except the glucose and autoclave at
121 °C for 20-35 min and cool to at least 55 °C. Then, using
sterile technique, add filter-sterilized glucose to 20 mM.

. Luria Broth (LB): se¢ Subheading 2.1.
. Infiltration buffer: 50 mM 2-(N-morpholino) ethanesulfonic

acid hydrate (MES) pH 5.6, 100 pM acetosyringone, 2 mM
Na;PO, (dodecahydrate), 0.5 % glucose.

. SOC media: see Subheading 2.1.

. MS media (%2 strength MS with 0.8 % phytoagar): 2.22 g/L

Murishige and Skoog (MS) basal medium, adjust pH to 5.7
using NaOH (1 M or lower). Add 0.8 % phytoagar and auto-
clave for 20-30 min at 121 °C. Allow solution to cool to
~60 °C and then pour into plates (100 mm x 100 mm x 15 mm)
to a depth of 5-6 mm. 1 L. MS media is sufficient for prepara-
tion of 30 plates.

. Luciferin working solution: 1 mM luciferin, 0.01 % Tween 20.

Solution may be prepared in advance and kept at 4 °C for up
to 1 month.

. Imaging system: Andor DU-484BV charge-coupled device

(CCD) camera with Andor Solis software (v15). The camera is
affixed to a light-tight box. Other imaging systems and soft-
ware may be substituted.

3 Methods

3.1 Design
of the Synthetic
Promoter

. Identity a list of genes from which to identify over-represented

promoter motifs—for example a set genes induced in response to
a specific treatment, a set of genes mis-regulated in a mutant, or
a set of genes commonly induced by a set of related stimuli.

. Obtain the promoter sequences of the genes (see Note 2).

. Perform motif discovery analyses on the set of promoter

sequences. Paste promoter sequences into motif discovery
tool(s) and analyze for over-represented sequence motifs
(see Note 3).

. Select a motif for further analysis. Selection should be based on

the p-values derived from different motif discovery tools for a
given element. Elements with strongly significant p-values are
more likely to contribute to the control of gene expression in
the conditions under study. Motifs with high scores in the
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discovery analysis should also be queried against both the sci-
entific literature and specialized cis-element databases, in order

to assess whether they are novel motifs or have been previously
identified (see Note 4).

5. Identify which promoters in the input data set contain the
sequence of the chosen motif, then acquire the 10 bp of flank-
ing sequences on either side of each instance of the element.
If the number of promoters is small, this may be done manu-
ally by searching for the motif and copying and pasting the
sequences into a FASTA-formatted file (for larger promoter
sets, see Note 5).

6. Paste the FASTA file containing the core and flanking sequences
into an alignment and visualization tool, such as weblogo
(http:/ /weblogo.berkeley.edu/logo.cgi) [19]. To design the
final sequence employed in further analyses, assess the consen-
sus among the flanking sequences to specifically determine
how many bases of the flanking sequence are potentially con-
served and therefore should be added to core element (Fig. 2,
see also Note 6). Finally, design two to four tandem repeats of
the putative regulatory sequence for construction of the syn-
thetic promoter.

7. Adequate spacing between the copies of putative functional
motif sequences needs to be ensured by addition of short
spacer sequences, such as DNA sequence targets of six-base
cutter restriction enzymes, that separate the motifs in the syn-
thetic promoter. These spacer sequences should be searched
against the literature and regulatory element databases to
confirm that they do not constitute functional elements, or
that the sequence combination of the spacer and the flanking
region do not result in inadvertent construction of previously
known functional elements absent in the promoters of interest
(see Note 7).

8. Design a control version of the synthetic promoter by substi-
tuting three to four nucleotides within the core sequence

4xRSRE Conserved flanking
sequences Core motif

5°-cataaCGCGTTtttagatatoataaCGCGT TtttaggategataaCGCGTTtttaictagaataaCGCGTTtttac-3
P T .

4xmRSRE ~ EeoRV BamH] il
| 1 I | | |

| I | | | |
5’-cataaCATGC TtttagatatoataaCAT GC TtttaggatcoataaCAT GC TtttatctagaataaCAT GC Ttttac-3”

Fig. 2 Design of the tetrameric RSRE used in construction of synthetic promoter. Example of a multi-copy
functional element (4xRSRE) and the mutated control (4xmRSRE) separated by recognition nucleotide
sequences of different restriction enzymes, as previously described [11,17]
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3.2 Identification
of Transcription
Factors Interacting
with Synthetic
Promoters

3.3 Stable

Transformation of A.

thaliana

(Fig. 2, see also Note 8). This approach will serve as a control
for not only nucleotide specificity of the core sequence, but
also as a vehicle to exclude inadvertent contribution of
combined flanking and spacers sequences to the activity of the
synthetic promoter.

1. Perform a literature search to determine if the core motif used
in the synthetic promoter matches previously described tran-
scription factor (TF) binding sites (see Note 9).

2. In parallel with the literature search, look for the motif'in data-
bases of known TF-binding sites (see Note 4).

3. If the core motif is not found in the literature or TF-binding
databases, select and employ an alternative approach for identi-
fication of TFs that interact with the motif. One approach is to
use the synthetic promoter and mutated control as bait in a
yeast 1-hybrid screen against a library of cloned TFs [20]
(see Note 10). A second option, which may be run in parallel,
is to use plants stably transformed with the synthetic promoter
fused to the luciferase reporter (see Subheading 3.3) in a for-
ward genetic screen (see Note 11). A third option is to use
the synthetic promoter to screen a recombinant expression
library (such as Agtll cloning system) as previously described
[21,22], followed by validation of specificity using the mutated
version of the core sequence as control.

The stable transtormation protocol for A. thaliana (Arabidopsis) is
a slightly modified version of the procedure previously developed
by Andrew Bent’s lab (http://www.plantpath.wisc.edu/fac/atb/
protocol.html) [23].

1. Using standard molecular biology techniques, transform the
synthetic promoter into an appropriate vector for stable trans-
formation of Arabidopsis. The vector should include bacterial
and plant selection genes, a cloning site upstream of a minimal
promoter, and the luciferase reporter gene (see Note 12).

2. Transform the vector into an appropriate strain of
Agrobacterium tumefaciens (see Note 13). Thaw 50 pL. com-
petent A. tumefaciens on ice, then add 1-2 pL of vector
DNA. Freeze the cells in liquid nitrogen for 5’ and then thaw
in a 37 °C water bath for 5’. Add 1 mL 30 °C SOC media to
tube and incubate in a 30 °C shaker for 2 h. Plate 50 pL. and
200 pL of transformation reaction on LB plates with appropri-
ate antibiotics and incubate at 28 °C for 2 days. Pick individual
colonies and use PCR followed by sequencing to confirm suc-
cessful transformation.

3. Grow Arabidopsis plants in pots of soil covered with standard
charcoal fiberglass window screening or other similar mesh. To
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3.4 Nicotiana
benthamiana Transient
Assay

10.

11.

12.

13.
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stimulate flowering, plants should be grown under long day
conditions (Note 14).

. Cut the first set of inflorescences off and allow the plants to

produce additional inflorescences. This increases the number
of flowers and as such enhances transformation efficiency.

. Add appropriate antibiotic to 250 mL LB in a 1 L flask and at

room temperature. Inoculate culture with a toothpick that has
been scraped across the surface of the previously prepared glyc-
erol stock of the A. tumefaciens transformed with the synthetic
promoter-luciferase construct (see Note 15). Cap culture flask
with aluminum foil and incubate in a shaker at 28 °C for
16-18 h.

. Take a sample from the culture and measure the optical density

(ODgoo). The ODgyy should be 0.8-1.2. Pour cultures into
500 mL centrifuge bottles and spin down at 3000xyg for
15 min at 15 °C. Resuspend pellet in 5% sucrose solution to
ODgp9=0.8 (se¢ Note 16).

. Add Silwet L-77 to resuspended bacteria, to a concentration of

0.05% and mix by inversion.

. Wet two paper towels with deionized water and spread them

out on the bottom of a standard-sized planting tray.

. Pour A. tuwmefaciens solution into a shallow container (see

Note 17). Depth of the solution should be about 4 cm.

Dip the bolts and rosettes into the A. tumefaciens solution and
gently swirl for 3 s. Remove the plants from the culture and
gently pat with a paper towel to remove excess A. tumefaciens
solution (see Note 18).

Lay each treated pot on its side in the previously prepared
planting tray. Cover with a second tray and move to growth
chamber (see Note 19). After 24 h, upright the pots and move
them to a fresh tray. From this point, grow the plants using
standard light and watering conditions. Plants should be kept
separate by staking up inflorescences. Once the seeds are set,
reduce watering, and then withhold water once all seeds have
matured.

Once plants have fully senesced, harvest seeds. Keep seeds
from individual plants separate.

Harvest seeds and select transformants using an appropriate anti-
biotic or herbicide, depending on the vector used (se¢ Note 20).

The transient transformation protocol is a modified version of
the procedure previously described by Jurgen Denecke’s lab
(http://www.plants.leeds.ac.uk/jd /pdf/Agrobacterium%20
infiltration.pdt).


http://www.plants.leeds.ac.uk/jd/pdf/Agrobacterium infiltration.pdf
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1.

10.

11.

12.

13.

Grow N. benthamiana (tobacco) plants on soil until 4-6 weeks
old (see Note 21).

. Using the appropriate standard molecular biology techniques,

clone the transcription factor(s) of interest and synthetic
promoter(s) into appropriate vectors for transient expression
in tobacco (see Note 22).

. Transform the vectors into a suitable strain of A. tumefaciens

(see Note 13) following the procedure outlined in Subheading
3.3, step 2.

. Culture the transformed A. tumefaciens overnight in 3-5 mL

of LB medium with appropriate antibiotics (see Note 23).

. Centrifuge 1 mL of the cultures at 3000 x g for 5 min at room

temperature. Discard the supernatant.

. Resuspend in 1 mL of infiltration buffer and repeat step 5.

Repeat once.

. Measure the ODyg of the A. tumefaciens and then adjust to

an approximate ODyggy of 0.1 using infiltration buffer (see
Note 24).

. Move the plants to the lab and select leaves for infiltration.

Leaves that are large, but not the oldest on the plant, should
be used (see Note 25).

. Use a P200 pipette tip to make a small hole in the leaf where

each infiltration site will be. We typically do four infiltrations of
the same construct on a single leaf. Use a permanent marker to
draw a circle, approximately 30 mm in diameter, around each
hole. Label the leaf with the constructs with which it will be
infiltrated.

Mix the cultures of the two corresponding transformed
A. tumefaciens strains, one with the TF containing strain and
the other containing the synthetic promoter, at a 1:1 ratio.

Draw up 1 mL of the combined bacterial culture into a 1 mL
syringe (without tip). Place a finger over the hole on the upper
side of the leaf, then press the syringe into the hole from the
bottom side of the leaf and inject bacterial culture into the leaf.
This should produce a region of discoloration radiating out
from the hole—continue with injection until the discoloration
fills the circle drawn on the leaf. This will require approxi-
mately 250 pL of bacterial culture per site. Repeat for the other
three sites on the leaf.

After all infiltrations have been completed, return the plants to
normal growth conditions for 2 days.

Measure luciferase activity in the infiltration sites, following
the procedure described in steps 2-9 of Subheading 3.5
(see Note 206).



3.5 Imaging
and Analysis
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. Plate sterilized Arabidopsis seeds (T; or subsequent generations)

on MS media (sec Note 27). After a 4 day stratification period
at 4 °C, place plates in a growth chamber set to standard
conditions suitable for your specific needs. For manageable
number of genotypes and treatments, it is advisable to use each
plate as an experimental block (i.e. replicate all genotypes and
treatments on one plate).

. Prior to imaging, spray plants with approximately 500 pL of

1 mM luciferin solution per plate. Carefully spray plants evenly
and thoroughly (see Note 28).

. Move plants from growth chamber to a location near the CCD

camera imaging box (see Note 29). Turn on CCD camera and
allow it to cool down to working temperature.

. Use an old plate of plants to focus the camera. Do this by placing

the plate into the camera system, leaving the door of the
light-tight imaging box open, and running the camera on a
real-time imaging setting. Adjust the focus by turning the
focusing ring on the camera lens (se¢e Note 30).

. Remove the plate from the camera, shut the door, and take a

background reading (sec Note 31).

. Place the experimental plates in the imaging box and image the

plants for the desired length of time. Save the resulting file.

. Use appropriate software to measure bioluminescence (see

Note 32). In the image processing software, place regions of
interest (ROI) over the tissue—these will calculate the average
light intensity for the pixels within the region. If interested
in local responses to stimuli, place one ROI on the treated tis-
sue (Fig. 3b). If interested in systemic responses to stimuli,
multiple ROI may be placed on tissues distal from the treated
area, and then averaged together to give one systemic LUC
expression value for that plant (Fig. 3c¢).

. Reformat the data output from the image analysis software

into a layout amenable for visualization and statistical analysis
(see Note 33).

. Perform appropriate statistical analyses (see Note 34).

4 Notes

. LB may be prepared in advance of transformation and stored

at room temperature. However, to ensure sterility, we recom-
mend making a dedicated batch of LB for the transformation.

. For A. thaliana, we recommend using the promoter retrieval

tool from the lab of Matthew Hudson (University of Illinois at
Urbana-Champaign): http://stan.cropsci.uiuc.edu/prom.php.


http://stan.cropsci.uiuc.edu/prom.php
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Luminescence Intensity
Low High

(A) (B) (C)

Fig. 3 Selection of regions of interest (ROI) for quantification of luciferase activity is dependent on experimental
design. Top panel shows images of leaves with luciferase activity, as indicated by the scale above the images.
Bottom panel shows the same leaves autofluorescing. Each red box is a single ROI placed on the image using
the Andor Solis software. The software reports an average light intensity for all pixels within each ROI. Images
are from experiments described in Benn et al. [17]. (@) ROl for N. benthamiana transient assay demonstrating
activation of 4xRSRE:LUCby the transcriptional activator CAMTA3. (b) ROl for measurement of local 4xRSRE:LUC
activity in wounded leaves of A. thaliana displaying local response. (¢) ROl for measurement of systemic
4XRSRE:LUC activity in A. thaliana plants where treatment of wounded leaves with flg22 has generated a
systemic response

This tool retrieves the 2000 base pairs (bp) sequence immedi-
ately 5’ to the translational start site. Alternatively, sequences
may be retrieved from TAIR at https: //www.arabidopsis.org,/
tools/bulk/sequences/index.jsp, however these sequences
exclude the 5" UTR [24].

3. We used the motif discovery tool from the lab of Matthew
Hudson (University of Illinois at Urbana-Champaign):
http://stan.cropsci.uiuc.edu/cgi-bin /sift /sift.cgi [8]. A vari-
ety of other tools exists for motif discovery, such as DREME


https://www.arabidopsis.org/tools/bulk/sequences/index.jsp
https://www.arabidopsis.org/tools/bulk/sequences/index.jsp
http://stan.cropsci.uiuc.edu/cgi-bin/sift/sift.cgi

10.

11.

12.

Synthetic Promoters in Transgenic Plants 25

(http://meme.nbcr.net/meme /tools/dreme) and the TAIR
motif discovery tool (http://www.arabidopsis.org,/tools/
bulk /motiftinder/index.jsp) [24, 25]. We recommend running
the promoter set of interest through several motit discovery
algorithms, to ensure that motifs selected for further analysis
are not artifacts of a particular algorithm.

. To assess whether identified motifs match characterized ele-

ments, we recommend using motif discovery with DREME
(see Note 3) followed by application of the TOMTOM
(http://meme-suite.org/tools/tomtom) tool to search for
top elements in the JASPAR database (http://jaspar.genereg.
net/) [26, 27]. Candidate elements may also be searched
against the AGRIS database (http://arabidopsis.med.ohio-
state.edu/AtcisDB /bindingsites.html) [28].

. For large number of promoters (>50), we recommend using a

script to extract the flanking sequences. An example of a script
with this functionality (among others), cisfinder.v2.pl, is avail-
able at our lab’s github page (https: //github.com/DeheshLab/
Cis-Element-Tools).

. In the case of the 4xRSRE containing synthetic promoter, 4

base-pairs of flanking sequence was used on ecither side of the
core motif (Fig. 2).

. In the 4¢RSRE containing synthetic promoter, we used restric-

tion enzyme recognition sites as spacers, specifically EcoRV,
BamHI, and Xbal (Fig. 2).

. For the mutated 4xRSRE promoter, we altered three base-

pairs in the core motif (Fig. 2).

. In the case of the RSRE, a literature search revealed that a

similar element, yCGCGb, had been identified via an oligo
selection experiment as the binding site for a TF known as
CAMTA3 [29]. Furthermore, a specific instance of the
rCGCGYh element, CCGCGT, had been shown to be required
for CAMTAS3 activation of the CBF2 gene [30]. Both of these
findings strongly suggested CAMTAS3 as a likely binding partner
for the RSRE.

The yeast 1-hybrid approach may be hindered if the synthetic
promoter is similar to yeast cis-regulatory elements, leading to
auto-activation of the synthetic promoter. This was the case
with the 4xR SR E promoter, which was strongly auto-activating
in yeast (unpublished data).

The forward genetic screen approach was successfully used
with the 4xRSRE promoter, allowing the identification of
CAMTA3 and MEKK] as regulators of the element [18].

We used pATM-NOS as our cloning vector for stable transfor-
mation of Arabidopsis [11]. This vector contains the LUC+
reporter gene, an improved version of firefly luciferase.


http://meme.nbcr.net/meme/tools/dreme
http://www.arabidopsis.org/tools/bulk/motiffinder/index.jsp
http://www.arabidopsis.org/tools/bulk/motiffinder/index.jsp
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http://jaspar.genereg.net/
http://arabidopsis.med.ohio-state.edu/AtcisDB/bindingsites.html
http://arabidopsis.med.ohio-state.edu/AtcisDB/bindingsites.html
https://github.com/DeheshLab/Cis-Element-Tools
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18.

19.

20.

21.

We used the GV3101 strain of A. tumefaciens for both stable
transformation of Arabidopsis and transient transformation of
N. benthamiana.

Plants used for the transformation assay are grown in Sunshine
mix soil in growth chambers set to 22 °C and 16 h light.

It is critical that all aspects of the step 9 procedure are per-
formed sterilely. The flask, toothpicks, and pipette tips should
be autoclaved prior to use and all work should be performed in
a sterile hood. However, once the culture has reached the
desired OD, all subsequent steps need not be done sterilely.

If the ODgy of the culture is such that the resuspension volume
will exceed that of the centrifuge bottle, you may spin down
only part of the culture. Resuspension may be accomplished via
vortexing in a small volume, though we find that using a P1000
pipette is sometimes necessary. However, pipetting should be
limited to reduce damage to the cells from shearing.

The container used for plant transformation should be wide
enough to allow dipping of the plants into the solution. We use
shallow Tupperware containers. For smaller pots, pipette tip
boxes may be used.

3 s of swirling the plants in the culture of transtormed A. tume-
faciens works well in our lab. This exposure time may be varied
as needed, however less time may result in fewer transformants,
whereas longer times may produce multiple insertions. Patting
plants with paper towels will remove excess bacterial culture on
the stems and leaves. Flowers should still be visibly wet after
this step.

Use of an opaque planting tray as a lid is to maintain high
humidity but reduce buildup of heat, which in turn can reduce
transformation efficiency.

If A. tumefaciens containing the pATM-NOS vector is used for
transformation, we recommend the selection method of Harrison
etal. [31]. Sterilize and plate seeds on %2 strength MS media with
50 pg/mL kanamycin. High plating density may reduce the
efficiency of selection. Seeds should be evenly distributed and
planted at a density of ~100 seeds per plate (100 mmx 100 mm).
Stratify at 4 °C for 2 days, expose to light for 6 h, then place the
plates in dark for 2 days. Following the 2 day dark treatment,
move plates to light for 48 h, after which transformants will dis-
play increased growth and almost normal greening, while non-
transformants will be smaller and chlorotic.

We grow N. benthamiana on Sunshine mix soil under light
and humidity conditions similar to those used for Arabidopsis
in our lab. The optimal developmental stage for transient
transformation is just post flowering time.
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For the transcription factors, we use the pYL436 vector and for
the synthetic promoters, we use the pBGWL7 vector [32, 33].

Depending on the construct and strain of A. tumefaciens used,
time to reach the required OD may vary from 18 to 48 h.

The ideal ODyggy used in transformation depends upon the
particular construct being used. In the case of 4xRSRE:LUC
construct, which expresses well and is highly responsive to envi-
ronmental perturbations, an ODyg of 0.1 works well. In the case
of a less responsive element in a construct that is also expressing
poorly, ODgg values from 0.2 to 0.5 may be employed.

We use up to four leaves from a single plant for transient assays.
We recommend using different stages of leaf maturity as a con-
trolled experimental factor—i.e. if the older pair of leaves is
used for a particular construct on the first repeat, use younger
leaves for the same construct on the second repeat.

Leaves are detached prior to imaging. We typically set a single,
large, region of interest (ROI) to cover each infiltration site for
image quantification (Fig. 3a).

We find that conducting experiments on MS media (as opposed
to soil) produces more consistent results, likely due to the
stress-inducible nature of many of the promoter: LUC fusion
constructs used in our lab. Seeds should be plated in a sterile
hood on MS media made to the standard specifications of the
lab (typically Y4 or ¥ strength MS with 0.8-1.0% phytoagar).

Plants may be sprayed up to 18 h in advance of imaging. For
constructs predicted to be wound or touch-inducible, plants
should be sprayed the day prior to imaging, so that any spray-
mediated induction of the reporter luciferin returns to basal
levels prior to the initiation of the experiment.

If the synthetic promoters are expected to be highly responsive
to environmental conditions, plants should be moved close to
the CCD camera setup in advance of the experiment. We find
that moving 4xRSRE:LUC plants 4 h prior to the start of
imaging is sufficient.

For our system, focusing is done with the following settings:
acquisition mode =real time, readout mode =imaging, readout
time per pixel (ps)=1, shutter time (s)=0.3, external shut-
ter =fully auto, data type = counts.

The optimal exposure time must be empirically determined for
each construct. The exposure should be at the shortest time that
still allows for clear detection of the luciferase signal. In our lab,
the 4¢xRSRE:LUC activity is imaged using a 5’ exposure, while
the less active pHYDROPEROXIDELYASE::LUC construct
requires a 15" exposure. For the 4¢xRSRE:LUC in our system,
the background reading is taken with the following settings (for
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32.

33.

34.

an 8 h run): acquisition mode=Kkinetic series, readout
mode =imaging, readout time per pixel (ps) =32 x 2xGain, shut-
ter time (s)=300, number of accumulations=1, number in
kinetic series=48, kinetic cycle time (s)=600, external shut-
ter = fully auto, data type =counts (bg corrected).

To measure bioluminescence in the Andor Solis software, it is
first necessary to change the default false coloring settings to
allow viewing of the plants. This is done by opening the data
histogram tool, followed by changing the mode to “range”,
and finally altering the range until plants are visible (we use a
range of 0-200 for 4xRSRE:LUC). Toggling through the
available color palettes using the change palette tool enables
selection of most suitable color palette for the clearest visual-
ization of the plants. Once the plants are clearly visible, use the
ROI tool to place an ROI on the image by clicking the “Add
ROTI” button. ROI can then be dragged over the tissue to be
measured and appropriately resized by clicking and dragging
the corners of the ROI box. Repeat this process until ROI have
been placed for all plant leaves in a particular experimental unit
(i.e. wild-type, untreated) (Fig. 3). Then select all of the data
in the ROI window and copy it into a spreadsheet utility, such
as Microsoft Excel.

Reformatting of the data may be done by manually copying
out and pasting the relevant data (i.e. mean luminescence at
each time point) from the output of the image analysis soft-
ware. If many experiments are to be performed, this process
can become tedious, and prone to error. As such, we recom-
mend using a processing script to convert the raw data into a
form suitable for analysis. We have developed scripts for con-
version of the raw Andor Solis ROI data into a format suitable
for analysis in R. These scripts (Andor_parseR.pl and Andor_
parseR.systemic.pl) are available at https://github.com/
DeheshLab/CCD-camera-data-analysis.

Depending on the nature of the particular construct, the data
may need to be log-transformed prior to analysis. For example,
the 4xRSRE:LUC reporter produces data that can range over
several orders of magnitude, necessitating log-transformation
toachieve normality and homogeneity of variance. Alternatively,
nonparametric statistical tests may be used.
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Chapter 3

The Identification of Cis-Regulatory Sequence Motifs
in Gene Promoters Based on SNP Information

Paula Korkué and Dirk Walther

Abstract

Conservation of particular molecular sequence motifs throughout evolution is a strong indicator of their
functional relevance as selective pressure likely prevented the accumulation of mutations. Known as “phy-
logenetic footprinting”, this rationale has been exploited for the identification of novel functional motifs
using sequence information from sequence alignments of diverse species, in particular transcription factor
binding site motifs in aligned gene promoter sequences of orthologous genes. With the rapid advances of
sequencing technologies, whole genome sequence information is accumulating not only across different
species, but increasingly for variants of the same species exhibiting relatively little sequence variability,
primarily present as single nucleotide polymorphisms (SNPs). Here, we lay out the basic strategy for the
identification of functional czs-regulatory motifs in gene promoter regions based on SNP information.

Key words Phylogenetic footprinting, Transcription factor binding sites, Single nucleotide polymorphism,
Gene promoter, Conservation, Gene expression

Abbreviations

TFBS Transcription factor binding site
TSS Transcription start site
SNP  Single nucleotide polymorphism

1 Introduction

Sequence conservation in evolution is a powerful indicator of func-
tional relevance of the respective molecule or sequence motif
embedded in longer molecules. As conservation across evolution-
arily long time frames requires selection against the inevitable accu-
mulation of random mutations, the very property of being
conserved alone implies that the respective region or molecule
encodes or fulfills a function that proved beneficial. Hence, the
identification of evolutionarily conserved sequences can serve as a

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_3, © Springer Science+Business Media New York 2016

31



32

Paula Korkué and Dirk Walther

powerful discovery tool to identify novel functional molecules or
sequence motifs. This rationale has been exploited for the search
for novel transcription factor binding site motifs (TFBSs) in gene
promoter regions. Assuming that genes found to be conserved in
different species (so-called orthologous genes) are in turn regulated
by conserved transcription factors that bind to similar (or even
identical) binding sites in the gene promoter regions of the orthol-
ogous genes, TFBSs can be identified as those sequence motifs that
remain unchanged in evolution. This concept was introduced as
“phylogenetic footprinting” [1] and has seen increased application
with increasing availability of genomic sequence information [2-7].
In order to be discernable as conserved, the considered species ide-
ally have diverged sufficiently in evolution such that conserved
motifs stand out in the context of otherwise nonfunctional, and
hence randomly mutating, and therefore, variable surrounding
sequence regions of gene promoters. However, the sequences must
not have diverged beyond the limits of establishing orthology rela-
tionships with reasonable confidence. In the case of highly similar
sequences or genomes, signal-to-noise (conservation vs. variation)
ratios can be increased by adding additional genome sequences
from different species. Even though mutation densities derived
from pairwise comparisons among all considered related species
may be low, when combined vertically across a multiple sequence
alignment of all available sequences, the effective mutation density
can be increased substantially by mapping onto a common refer-
ence sequence. The term “phylogenetic shadowing” has been
coined for this approach and was first applied to the identification
of functional regions in primate genomes [8] and has since found
numerous applications, e.g. in plants [9]. A detailed protocol
describing phylogenetic shadowing is available in [10].

In the classical phylogenetic footprinting approach, functional
motifs “reveal themselves” by their increased conservation level
and motif sequences—including motif lengths—can be derived
accordingly from the respective sequence. Alternatively, a set of
candidate motifs postulated prior to motif discovery scans can be
queried for evidence of conservation across whole genome align-
ments or alignments of multiple orthologous genomic regions.
Developed for the identification of functional motifs in yeast
species, this approach yielded numerous novel regulatory motifs
by probing a large set of candidate “mini motifs” and merging
them into full motifs [11].

Evidently, with shorter evolutionary separation and corre-
spondingly reduced sequence divergence between species and
their associated genome sequences, motif identification via evi-
dence of conservation footprints becomes increasingly challeng-
ing as passive conservation (simply “no time” for any mutation to
occur) versus active conservation (mutations that did occur have
been selected out) cannot be easily distinguished. The situation is
particularly challenging in the case of sequence variants associated
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with one and the same species, where individuals differ by single
nucleotide polymorphisms (SNPs) or short insertions and dele-
tions sparsely scattered across the genomic sequence. While, on
the one hand, establishing orthology relationships—ensuring that
a particular sequence segment serves the same function in differ-
ent genomes—is facilitated and more likely correct than in the
case of very divergent species, conservation-based motit discovery
seems almost futile. The available SNP-based sequence variability
may be too low to permit motif discovery at sufficient resolution.
This challenge can either be met by a massive depth of available
sequence information with lots of individual sequences available
such that the effective SNP-density is increased as pursued in the
phylogenetic shadowing approach or motifs are searched for not
only vertically across an alignment but identified via an aggregated
conservation measure of all occurrences of postulated candidate
motifs.

Here, we lay out a protocol for the discovery of novel
cis-regulatory sequence motifs in gene promoter regions based on
SNP information following in its basic methodology the example
set in [12] for the plant species Arabidopsis thaliana (see Note 1).
The rationale to identify novel TFBSs by searching for sequence
motifs that exhibit low variability across many individual sequence
variants associated with one species found support by the observa-
tion that known TFBSs in A. thaliana were found to indeed show
significantly lower variability as judged by SNP-density across
hundreds of Arabidopsis accessions than promoter regions not
annotated to be part of TFBSs [12].

With the rapidly growing sequencing capacities targeting not
only diverse species, but increasingly sequence variations within
species, strategies for the exploitation of the generated sequence
information for the purpose of motif discovery can be expected to
become increasingly relevant. This protocol for the identification
of novel cis-regulatory motifs in gene promoter regions can also be
applied toward the discovery of other genomic elements such as
enhancers, silencers, and others. However, it is to be expected that
transcriptional regulation is modified in response to changing envi-
ronments. Motifs and associated transcription factors binding to
them that have emerged in subgroups exposed to similar environ-
ments of accessions/species will likely be missed using the pre-
sented approach. Evidently, allowing for sequence variation runs
counter to the rationale of identifying motifs using a logic that
rests on conservation. To identify such motifs, prior clustering of
accessions/species would be necessary and the analysis performed
on the subgroups. Here, the remaining sequence variability
within the individual clusters will determine as to whether
conservation-based approaches can be pursued. Alternatively,
we might ask whether the very property of adaptation may be
exploited. For protein coding sequences, increased frequencies of
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amino acid changing mutations relative to random expectation is
frequently taken as evidence for positive selection. Concepts abbre-
viated as K,/ K, ratios, where K, denotes the rate of non-synony-
mous and K; the rate of synonymous mutations, have been pursued
to identify proteins whose accelerated non-neutral mutation rates
can be interpreted as a selection-favored adaptation to changing
environments. However, for this approach to work, the proteins as
a whole still have to be recognizable, i.e. sufficiently similar in
sequence to be identified as orthologs. Therefore, the direct trans-
ter of approaches that rely on sequence conservation—as laid out
here—to the identification of subgroup-specific TEBSs remains
challenging.

Please note that this protocol assumes the interested reader to
possess sufficient programming skills and ideally be experienced in
the statistical programming language R to be able to interpret and
implement it. Where appropriate, we refer to existing software
solutions, R-routines, and our own software solutions made acces-
sible for general use.

2 Materials

1. As the main prerequisite of SNP-based motif detection, whole
genome sequence information needs to be available for a given
species across as many individuals as possible. Depending on
the subject species and associated genetics, individual genomes
may also be referred to as accessions/ecotypes as in the case of
selfing plants or as strains in the case of bacteria and fungi.
Throughout this protocol, we shall use the term “individual
sequences”. Typically, relevant genome sequence information
is most easily available from the web portals established for the
various species that are of scientific or economic interest such
as for the plant Arabidopsis thaliana (http://1001genomes.
org/ and The Arabidopsis Information Resource (TAIR, [13]))
or The International Rice Informatics Consortium for rice
(http:/ /iric.irri.org/).

2. True sequence variants need to be identified. As all sequencing
technologies generate a certain percentage of base call errors,
the identification of true sequence variants remains challenging.
Programs such as VarScan have been developed to call SNPs
from deep sequencing data [14]. A review on strategies and
available resources and software solutions for SNP-calling focus-
ing on plant genomes can be found in [15]. However, at the
time of deposition into the respective databases, sequences may
be taken “as is” with the understanding that a certain percent-
age of sequence variants may be false. As a measure to safeguard
against sequencing errors wrongly interpreting as a polymorphism,
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a minimum number of different individual sequences can be
required to also show the particular variant base at a given posi-
tion. This requirement may be introduced as a minimum minor
allele frequency threshold, e.g. 5% (see Note 2).

3. Genome sequence annotation must have been performed and
be available with precise start—end positions for all genes. This
allows for the identification of gene promoter regions.
Genome annotation information is made available in gff-file
format (General Feature Format) or can be obtained from
dedicated, species-specific resources such as TAIR for
Arabidopsis thaliana [13] or the Saccharomyces Genome
Database (SGD) for yeast [16].

4. If available, gene functional annotation such as captured by
gene ontology (GO) terms should be obtained for use in guid-
ing motif consensus formation (see Subheading 3.4, step 2).
Again, species-focused databases may provide the required
information.

5. For the purpose of candidate motif validation, expression profil-
ing data sets should be acquired. Ideally, gene expression data
sets for the species under study exposed to a large number of
different conditions or perturbations and measured using the
same expression platform (gene chip or RNAseq using the same
sequencing technology) and for as many genes as possible are
available. Sources of relevant expression information are the
Gene Expression Omnibus (GEO) [17], ArrayExpress [18], or
species-specific databases such as NASCArrays for A. thaliana
[19]. All available expression profiles may have to be trans-
formed (log-transformed) to render the distributions normal
and need to be normalized jointly. Here, quantile normalization
as implemented as the function normalize.quantile from
the preprocessCore R package can be used (se¢c Note 3).

6. Information on known TFBS motifs (or the respective alterna-
tive motif type of interest) in the given species should be located.
Dedicated databases have been established that manage such
information such as [20-22]. Increasingly, motif sets are avail-
able from large-scale protein binding assays and available from
the supplementary material or established databases associated
with the respective publication article [23].

3 Methods

Naively, it should be possible to identify motifs based on sequence
conservation simply by inspecting short sequence intervals and
determining their degree of variability across all available and
aligned individual sequences (Fig. 1). Candidate motifs determined
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Fig. 1 Basic principle of the phylogenetic footprinting approach for the discov-
ery of functional motifs. Based on an alignment of divergent genomic sequences,
sequence portions found to be conserved across the individual upstream gene
promoter sequences are considered candidate cis-regulatory motifs. In this
hypothetical example, the accumulated sequence divergence is large enough to
permit motif discovery by simply searching for consecutive segments of verti-
cally conserved sequence positions. As in the case of SNP-based motif discov-
ery, sequence variation is much less pronounced, alternative approaches need
to be pursued (see Fig. 4 for a schematic illustration). At the same time, how-
ever, the reliability of the alignments is increased and promoter sequences can
be easily aligned by lining up the transcription start site (TSS) positions of the
genes found in the different individual genome sequences. In classical phyloge-
netic footprinting, where different species are compared, the genes must cor-
respond to orthologs. In the case of single species, i.e. SNP-based motif
discovery, vertically aligned genomic positions are almost guaranteed to result
in correctly matched genes that can be taken as allelic variants of one another

as those with low variability then need to be checked for novelty
and the potentially novel motifs validated further. However, given
the typical SNP-density, even in the case of hundreds of different
individual genotype sequences are available, this naive approach
would result in nearly all sequence stretches to be identified as fully
conserved. For example, despite having access to genomic sequences
of 350 Arabidopsis accessions, the average spacing between two
polymorphic sites in 500 bp upstream gene promoter regions was
estimated at 56 bp (with SNP positions defined as sites with minor
allele frequency above 5%). Thus, the direct vertical screen for
sequence conservation—as done in phylogenetic footprinting or
shadowing alike—cannot be pursued. Instead, the available variabil-
ity information needs to be aggregated and motif conservation be
assessed from all occurrences of a motif in the genome. This, in
effect, increases the SNP-density, but also necessitates the decision
on defining candidate motifs beforehand and subsequently prob-
ing them for SNP-density across all their genomic locations [11].
Especially the length of candidate motifs needs to be decided upon.
Then, the set of candidate motifs of length £, so called k-mers with
each k-mer having a different sequence, can be searched for in the
genome and k-mer-specific variability statistic be gathered.
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Fig. 2 Alignment of all available individual genomic sequences associated with individuals. As sequence
divergence is low—in individual genome sequences of same species, differences exist as SNPs and short inser-
tions/deletions only—alignments can be accomplished by mapping all SNP positions onto a common reference
sequence based on sequence positions alone (see Note 9). A minor allele frequency threshold (e.g. 5%) may be
introduced to use frequent variants only and to reduce the chance of sequencing errors (see Note 2)

3.1 Preparatory
Steps

The key phases for SNP-based motif discovery are: (1)

Preparatory steps (sequence alignment and definition of relevant
sequence interval, definition of individual candidate motifs), (2)
Motif mapping (identification of all motif mappings and determi-
nation of their SNP-density), (3) Motif filtering (select candidate
motifs based on SNP-density, positional profiles, comparison to
known motifs), (4) Consensus motif generation from individual
candidate motifs, and (5) Motif validation (GO-term enrichment
analysis and gene expression statistic). The detailed protocol laid
out below follows the published approach in [12] and includes the
following steps.

1. Produce an alignment of all individual genome sequences

(Fig. 2). Here, the low sequence variability when using variant
sequences from the same species proves helpful as no major
rearrangements of whole chromosomal sequence regions are
to be expected. Most of the variability will be present as single
nucleotide polymorphisms (SNPs) that do not shift the align-
ment position of one sequence relative to another. Thus, the
alignment step would be reduced to tabulating all changes at a
given genomic position. However, as (oftentimes short)
insertions/deletions do occur, the exact alignment of all
sequences—the multiple sequence alignment—remains chal-
lenging. A practical solution is to express all considered
sequences as variants of one common reference genome
sequence. Typically, this reference is the first (historically), and
therefore best characterized sequence in the species under study.
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Thus, deletions relative to the reference in other individuals
can be properly represented, while insertions would not be
reflected correctly as this requires introducing gaps in the ref-
erence sequence and all other individual sequences not harbor-
ing this insertion. However, as this protocol exploits SNPs, the
most frequent genomic sequence variant type, this less than
ideal multiple sequence alignment has no severe detrimental
consequences on the success of motit discovery other than
underestimating the variability of motifs due to insertions.

. The length of the considered gene promoter regions needs to

be decided upon. The next upstream gene constitutes a reason-
able upper limit of individual gene promoters—as gene regions
can be assumed not to harbor cis-regulatory motifs. Therefore,
all upstream regions should be clipped at the site of the next
upstream gene. Note that this gene may lie on the opposite
strand. Operationally, the considered length may be set arbi-
trarily to a reasonable threshold, such as several hundred nucle-
otides with the understanding that motifs further upstream will
be missed. Evidently, this threshold depends on the gene den-
sity, and thus, the average intergenic sequence length of the
species under study. A SNP-informed decision with regard to
promoter length can also be reached by examining the SNP-
density as a function of sequence distance from the TSS. As
shown in Arabidopsis [12], beyond 500 bp the SNP-density
remains constant while it is lower for the 500 bp immediately
upstream of the transcription start site (shown schematically
in Fig. 3). Hence, 500 bp appears a reasonable choice for pro-
moter length in Arabidopsis as conservation—the hallmark of
functional relevance—was detected for this interval.

. Candidate motifs need to be defined. Most importantly, the

length of candidate motifs has to be set unless specific user-
defined motifs are to be probed. TFBSs are generally short
(6-20 bp with a median of 9 bp for 144 known Arabidopsis
motifs [12]). Therefore, assuming a motif length of 6 bp
represents a reasonable compromise between motif specific-
ity—the longer the motif, less likely random hits will occur—
and number of different candidate motifs that need to be
tested. The longer the motif, the more different motifs are
possible—with every added position, the number of possible
motifs increases by a factor of 4, hence resulting in fewer
mapping occurrences per motif and associated weaker SNP-
density statistic. Allowing all four base types at all six posi-
tions, 4°=4096 different k-mer sequences (“AAAAAA”,
“AAAAAC”,...,“TTTTTT”) are possible. However, as typi-
cally no distinction is made between motif hits in forward
and reverse-complement orientation, the number of truly
sequence-different k-mers collapses to only 2080 different
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Fig. 3 SNP-frequency-informed definition of the effective promoter length. Taking sequence conservation in
upstream regions as indication of promoter activity, the effective average promoter length in the species under
study can be determined based on the available aggregated SNP-density in upstream sequence regions.
Based on, for example, a logistic function fitted to the SNP-density (shown schematically here as the black
line), the upstream interval considered to be the gene promoter can be set based on an appropriately chosen
threshold value. The transcription start site (TSS), by definition, marks the 3’-terminus of this interval.
Furthermore, upstream genes (possibly also on the opposite strand) can also be taken as effective 5’-terminal
positions of individual gene promoters

3.2 Motif Mapping

hexamers comprising 2016 forward and reverse-complement
hexamer pairs and 64 palindromic hexamers that are identical
in forward- and reverse-complement orientation (se¢ Note 4).

1. All 2080 unique hexamer motifs are to be mapped to all

promoter sequences (Fig. 4a). For later use as a reference,
mappings should also be generated to intergenic sequences
further upstream of the region considered the promoter (see
Subheading 3.1, step 2). As mentioned above, 2016 motifs
need to be mapped in both forward- and reverse-complement
orientation, but are considered as hits of the same motif. The
remaining 64 motifs are palindromic and orientation-invariant.
The actual mapping can be performed with the respective
string-matching functions available in the programming lan-
guage of choice (see Note 5).

. SNP-density, SD, of candidate k-mers: Summed up over all zm

mapping locations of hexamer candidate motif m, the number,
Lm with Lm=6*nm, corresponds to the total length of all
genomic positions covered by hexamer m. With Sm represent-
ing the number of polymorphic sequence positions within all
Lm motif hit positions, the SNP-density of motif 7 computes
as SDm=Sm/ Lm.
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Fig. 4 (a) All candidate motifs are mapped onto the promoter regions of all genes (g...d,) positioned on the
reference genomes and associated motif-specific SNP-densities determined across all its mapping instances
using the aggregated SNP-information collated from all individual sequences (Fig. 1). (b) Based on the deter-
mined location of all mapping instances relative to the TSS of the respective downstream gene, motif occur-
rence density distributions (shown schematically by the green frequency distribution) can be computed
and compared to the observed SNP-density (shown schematically by the orange frequency distribution).
Anti-correlation of both frequency distributions—as shown here in an idealized example—serves as a filter
criterion to enrich for true positive motif hits

3.3 Motif Filtering

1. Based on conservation: All candidate hexamer motifs could

straight be sorted by SNP-density, SD, with the motifs with
lowest SD representing promising candidates. However,
depending on the actual sequence, random SNP-densities may
differ and, hence, a better estimate of conservation would
be the comparison of SNP-density in promoter sequences
(e.g. 500 bp upstream regions), where motifs are considered
to possibly act as TFBSs, relative to random background rep-
resenting chance occurrences. For example, mappings could
be produced to regions 501-1500 bp upstream of the TSS.
Then, the sorting of all motifs » would be in ascending order
of the ratio of SDm rel=SDm 500/ SDm 501 1500, where the
index range indicates the considered regional interval upstream
of the TSS. At this point, all hexamer motifs are sorted in
ascending order of variability and the top-x percent can be pur-
sued further. What portion of motifs is considered further can
be either set pragmatically (e.g. top-10%) or by performing
shuffling experiments, in which actual upstream sequences are
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shuffled repeatedly (>100 times), all mappings re-generated
resulting in an estimate of the chance distribution of SDwm rel,
by which the 5 %-tail could be selected to enrich for truly con-
served motifs in promoter segments relative to background.

2. Based on evidence of corroborating positional preference:
Assuming that indications of positional preferences of candi-
date motifs lend further confidence to candidate motifs [24],
motif occurrence densities across promoter intervals can be
computed. Either, indication of nonuniform distributions can
be taken as evidence of preferred motif locations or, in addi-
tion, it is checked whether preferred positional intervals of a
given candidate motif coincides with lowered SNP-density in
this interval. Thus, for the latter, a negative correlation between
SNP-density and occurrence-frequency profiles in upstream
regions are to be expected and can be imposed as an efficient
filter to enrich for true-positive motifs (Fig. 4b). Probing
directly for uneven motiflocation distribution could be accom-
plished by computing a positional entropy measure, with the
considered promoter length interval segmented into even sub-
intervals and the occurrence frequency in the subintervals
combined into an effective location entropy. Following the
rationale of detecting anti-correlation of position and SNP-
density profiles, motifs can be selected based on the resulting
Pearson correlation coefficients with a threshold applied to the
associated p-values properly adjusted for multiple testing as
many candidate motifs (the ones passing Subheading 3.3,
step 1) are tested. Position and SNP-density profiles need to
be generated by applying a sliding window (either overlapping
or nonoverlapping) to the upstream sequence segments defined
as the promoter region. A reasonable window size needs to be
selected based on occurrence frequencies ensuring sufficient
events per window (this requirement will increase the window
size) while at the same time also resulting in high positional
resolution (this requirement calls for small window sizes).
In addition, for a correlation measure to be reasonable, 5 or
more data pairs need to be correlated. For example, assuming
a promoter length of 500 bp, subdividing upstream regions
into 25 bp nonoverlapping intervals would result in 20 values
for both SNP-density and position-frequency. Typically, mul-
tiple testing correction is done by adopting the concept of
Benjamini-Hochberg False Discovery Rate (FDR) [25] and
is conveniently performed in R using the function p.adjust
(see Notes 6 and 7).

Evidently, true motifs are of different length and not limited to a
length of 6 bp. Implementing the k-mer strategy essentially follows
the logic of identifying motif seeds that are to be assembled into
longer motifs based on sequence overlap.
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Fig. 5 Exemplary hierarchical clustering of candidate k-mer motifs passing all
filter criteria based on Levenshtein distance (a) followed by consensus motif
generation using ClustalW (b). The decision about partitioning motifs into distinct
clusters can be guided by GO-term enrichment statistics (see Subheading 3.4,
step 2) or can be decided based on established cluster number metrics such as
Dunn’s Index [26] or visually if the number of candidate motifs is small. Resulting
consensus motifs are illustrated as sequence logos reflecting the position-spe-
cific nucleotide conservation

1. Candidate k-mers obtained after motif filtering are to be clus-
tered, for example, based on their pairwise Levenshtein edit
distance applying an exchange score (0=match, 1 =mismatch)
(Fig. 5a). A reasonable requirement would be to only allow
motifs to be extended by a base without allowing any mis-
matches in central motif positions. Clustering of all motifs can
be done applying hierarchical clustering or k-means methods
tollowed by further inspections as the number of distinct
clusters needs to be determined. This decision is ideally
informed by functional annotation information (Subheading
3.4, step 2). Otherwise, for deciding on the correct cluster
number based on the distance metric itself, several parameters
have been developed in unsupervised machine learning such as
Dunn’s Index [26] and the reader is referred to [27] for fur-
ther discussion of the issue. The routine stringDist from the
R-package Biostrings can be used for motif clustering.

2. GO-term enrichment as evidence for involvement in similar
processes. For every candidate hexamers, gene sets can be gen-
erated with one set containing all genes that harbor the given
motif in their promoter regions, while the second set of genes
does not. Then, applying commonly established GO-term
enrichment analysis strategies, e.g. relying on a Fisher exact
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test, GO-terms enriched in the candidate hexamer containing
set relative to the control set can be determined. Subsequently,
k-mer merging into larger consensus motifs can be guided by
consistent GO term annotations associated with individual
k-mer motifs. A Perl-script for the computation of GO-term
enrichment analyses of two different gene sets as described in
this paragraph is available at http://bioinformatics.mpimp-
golm.mpg.de /research-projects-publications/supplementary-
data /walther.

3. Once clustered together, the actual consensus motif can be
created by generic multiple sequence alignment programs such
as ClustalW [28] (Fig. 5b).

4. Already at the stage of individual candidate k-mers or at the
stage of consensus motifs, motifs that are already known from
previous studies need to be eliminated. Also similar or identical
motifs reported in other species would be worth knowing
about. Depending on the extent of prior research on cis-
regulatory motifs in the species under study and associated
existence of databases allowing easy access to the information,
the attrition rate of candidate motifs will vary. The search for
identical or similar motifs in other species is conveniently done
by the tool Tomtom of the MEME suite of programs [29].

Definitive validation of functional relevance of candidate motifs
can be provided by experimental confirmation only, either via
targeted mutation-induced disruption of motifs and loss of gene
activation or silencing and associated phenotype or by binding
assays revealing that indeed proteins (transcription factors) bind to
them. Short of experimental validation, an elegant and powerful in
silico approach is to exploit available gene expression studies con-
ducted in the species of study.

As done for the GO-enrichment analysis (Subheading 3.4, step 2),
given a motif, all genes can be partitioned into a set containing the
respective motif in their promoters or not. Assuming that the pres-
ence of the motif causes the respective downstream genes to be
co-expressed—at least under some conditions—pairwise correla-
tion of gene expression levels between genes within the motif-con-
taining set and across all available experimental conditions can be
expected to be larger (larger positive values) compared to the
respective pairwise correlation coefficients between all genes in the
motif-absent gene set. Pearson correlation coefficients can be
applied for the pairwise correlation followed by #-tests or nonpara-
metric equivalent (Mann-Whitney rank sum test) and/or effect
size differences (Cohen’s d, see ref. 12) applied to the resulting
distributions of correlation coefficients obtained from all pairwise
correlations in the two respective gene sets. Significantly higher


http://bioinformatics.mpimp-golm.mpg.de/research-projects-publications/supplementary-data/walther
http://bioinformatics.mpimp-golm.mpg.de/research-projects-publications/supplementary-data/walther
http://bioinformatics.mpimp-golm.mpg.de/research-projects-publications/supplementary-data/walther

44 Paula Korkué and Dirk Walther

Gene set with motif

y 1><1

T T T T T

-1.0 -0.5 0.0 0.5 1.0

Correlation coefficient, r

Fig. 6 lllustration of the proposed candidate motif validation scheme based on
evidence of co-expression observed for genes harboring a particular candidate
motif in their promoter. Assuming that motifs exert their cis-regulatory effect
similarly in all genes in which they are present, the associated distribution of all
pairwise correlation coefficients, r, across all available and jointly normalized
expression samples (green density distribution) is expected to be shifted to larger
positive values relative to a respective distribution derived from genes not con-
taining this motif (gray density distribution). Both density distributions can be
checked for significance and magnitude (effect size) of their respective differ-
ence (see Note 7)

correlations (toward greater positive values) can be taken as affirm-
ing the candidate motif to be functional (Fig. 6). An R-script for
the computation of expression-based pairwise correlation coethi-
cients within gene sets and the statistical comparison of two differ-
ent sets as described in this paragraph is available at http://
bioinformatics.mpimp-golm.mpg.de/research-projects-publica-
tions/supplementary-data/walther (see Notes 3 and 8).

4 Notes

1. Following, in essence, this protocol, Korkuc et al. [12] identified
17 candidate hexamer motifs collapsing into five consensus
motifs in Arabidopsis thaliana with each receiving support from
annotation information as well as co-expression evidence. Given
that about 150 motifs have been reported in the literature, the
five novel consensus motifs represent a sizeable, but not dramatic
increase of the motif inventory. Recently, a set of several hundred
new motifs have been reported from protein binding microarray
profiling experiments [30]. Thus, and very likely caused by the
low SNP-density and stringent filters to detect true-positives
from indirect evidence, SNP-based motif discovery cannot be
expected to yield novel motifs as possible with experimental
techniques probing the binding of proteins directly.

2. To safeguard against sequencing errors being wrongly inter-
preted as a polymorphism, we recommend considering SNPs
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with a minor allele frequency above a certain threshold (e.g. 5%)
only. Evidently, this reduces the number of polymorphic sites
available for analysis. However, false-positive polymorphisms
will be efficiently removed and, furthermore, only alleles which
have become fixed in a population will be examined. Thus,
neither detrimental nor very rare SNPs will be considered.

. When gene expression data are available for the species under
study, ideally all available datasets have been generated using
the same expression profiling platform. This facilitates normal-
ization and minimizes the risk of falsely detecting correlated
gene expression. However, as our protocol suggests perform-
ing a comparison of a set of genes considered to harbor a can-
didate motif to a set devoid of this motif, proper controls are,
in effect, always in place.

. Due to the helical structure of DNA, TFBS motifs can also be
functional as longer sequences with spaced subintervals
exposed to the same face of DNA to which transcription fac-
tors are binding. Hence, motifs can also be defined as sequences
with discontiguous conservation. This protocol was designed
to identify contiguous motifs. However, extensions are con-
ceivable. For example, coupled occurrences of two candidate
k-meres at fixed spacing intervals between them would be
indicative of the two motif seeds actually acting as one.

. A subtlety of motif mapping concerns whether to allow over-
lapping motif hits or not. For example, the motif “ACA” is
found twice in the sequence “GACACAT” in case of overlap-
ping motif hits, only once otherwise. Per se, there is no strong
argument in favor of either one of the two, but the mapping
statistics will be different in both cases. Our preference would
be to choose non-overlapping mapping hits as it more natu-
rally follows the rationale of one-site—one-use.

. Requiring corroborating evidence from motif mapping loca-
tions can be seen as an effective filter to enrich for true positives.
If for a given motif both conservation and location preference is
observed to coincide, both sides in combination will act as a
powertul filter to select true positive motifs. However, as not all
motifs can be assumed to actually possess positional preferences,
this criterion may also increase the false-negative rate.

. The exact location of the transcription start site of genes is
oftentimes not known exactly. Furthermore, a single gene may
possess multiple different start sites [31]. Thus, the position of
the annotated TSS is a source of potential error. Motif map-
pings may wrongly be considered upstream when, in fact, they
are part of the transcribed genic region.

. The difference between correlation coefficients computed for
all genes containing a particular candidate and those obtained
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for a set not containing it, should not be expected to be
substantial in magnitude (effect size). First, a large set of
expression samples measured across different conditions may
have assembled with motit action evident in only a subset of
them, and furthermore, not all mapping instances can be
expected to be truly functional or are modulated by the pres-
ence of additional motifs and other cis- and trans-regulatory
factors. However, because of the oftentimes many expression
samples, significance can typically be established.

9. As mentioned in Methods (Subheading 3.1, step 1), insertions,/

deletions present a challenge for the correct multiple sequence
alignment. However, when focusing on SNPs as the basis for
motif discovery, considered alignment regions can be relatively
easily and faithfully identified as regions devoid of any inser-
tions/deletions in all considered sequences relative to the

common reference genomic sequence.
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Chapter 4

Quantitative Analysis of Protein—DNA Interaction
by qDPI-ELISA

Stefan M. Fischer, Alexander Boser, Jan P. Hirsch, and Dierk Wanke

Abstract

The specific binding of DNA-binding proteins to their cognate DNA motifs is a crucial step for gene
expression control and chromatin organization in vivo. The development of methods for the identification
of'in vivo binding regions by, ¢.g. chromatin immunoprecipitation (ChIP) or DNA adenine methyltrans-
ferase identification (Dam-ID) added an additional level of qualitative information for data mining in sys-
tems biology or applications in synthetic biology. In this respect, the in vivo techniques outpaced methods
for thorough characterization of protein-DNA interaction and, especially, of the binding motifs at single
base-pair resolution. The elucidation of DNA-binding capacities of proteins is frequently done with meth-
ods such as yeast one-hybrid, electrophoretic mobility shift assay (EMSA) or systematic evolution of
ligands by exponential enrichment (SELEX) that provide only qualitative binding information and are not
suited for automation or high-throughput screening of several DNA motifs. Here, we describe the quan-
titative DNA—protein-Interaction-ELISA (qDPI-ELISA) protocol, which makes use of fluorescent fusion
proteins and, hence, is faster and easier to handle than the classical DPI-ELISA. Although every DPI-ELISA
experiment delivers quantitative information, the qDPI-ELISA has an increased consistency, as it does not
depend on immunological detection. We demonstrate the high comparability between probes and different
protein extracts in qDPI-ELISA experiments.

Key words DNA binding, Protein-DNA interaction, Quantitative analysis of DNA binding,
Quantitative DNA-protein-Interaction-ELISA (qDPI-ELISA), Transcription factor-DNA binding
kinetics, Cis-regulatory elements, Synthetic DNA probes, GFP-BPC6

1 Introduction

With fully sequenced genomes at hand, the identification and analysis
of DNA-binding proteins has greatly enhanced our understanding
in gene expression control. The direct binding of proteins to their
target DNA sequences in the genomes can nowadays be investi-
gated by methods such as ChIP or Dam-ID and provides a com-
prehensive image of in vivo binding regions [ 1-5]. Such information
affects almost all fields of basic and applied research in all organ-
isms, both prokaryotes and eukaryotes.

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_4, © Springer Science+Business Media New York 2016
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Single DNA-binding domains of proteins recognize their spe-
cific DNA motifs, which are usually short (~6 base pairs or even less),
by either sequence readout, by local DNA-shape or both [6-9].
Despite decades of research, it is still unclear how DNA-binding pro-
teins identify their cognate binding motif in vivo and differentiate
between similarly short sequences in a genomic context at highest
precision.

For in-depth analyses and predictions of protein-DNA interac-
tion, high-quality binding data are invaluable for the examination
of regulatory networks in bioinformatics or synthetic biology.
In contrast to the growing number of reports on target region
identification in vivo, the thorough analysis of high- and low-affin-
ity binding motifs at base pair resolution lags behind. Especially,
quantitative data on DNA-binding specificities would provide an
additional level of information that is required for a detailed under-
standing of the dynamic processes during gene expression control
at the DNA.

The standard in vitro method for the analysis of DNA-protein
interaction is the Electrophoretic Mobility Shift Assay (EMSA),
which is used to study differential binding to different DNA-probes
qualitatively [ 10-12]. Unfortunately, the inter-comparison between
different EMSA experiments or different protein extracts is hardly
possible [1, 10]. A successful EMSA essentially relies on the stability
of the protein—-DNA complex, a low variability in the labeling
efficiency between different DNA-probes and the purity of the
DNA-binding protein under investigation. These three constrains
prevent quantitative readout from EMSA experiments.

Other qualitative techniques, such as the Systematic Evolution
of Ligands by Exponential enrichment (SELEX), EMSA-seq, Bind-
n-Seq or High-Throughput Sequencing—Fluorescent Ligand
Interaction Profiling (HiTS-FLIP) make use of next-generation
sequencing (NGS) and require extensive bioinformatics analyses
for DNA-motif discovery [ 13-17]. Hence, those approaches cannot
be applied as a simple laboratory routine, but may be reserved for
specialists.

So far, only the protein binding microarray (PBM) and the
DNA-Protein-Interaction Enzyme-Linked ImmunoSorbant Assay
(DPI-ELISA) provide quantitative data on the DNA-motif speci-
ficity in vitro [ 1, 6, 18-22]. Both techniques use an array of immo-
bilized DNA-oligonucleotides that are simultaneously probed with
a defined DNA-binding protein.

The DPI-ELISA is currently the only laboratory scale tech-
nique that provides a quantitative readout at reasonable revenue
and expense [1, 22, 23]. As the DNA-probes can be arranged on
the ELISA plate in any custom-made fashion, the DPI-ELISA
offers a very broad range of downstream applications that employ
ELISA microwell plate formats. For example, the DPI-ELISA was
used for the automated screening of hundreds of double-stranded
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Fig. 1 Comparison of the antibody-based DPI-ELISA and the modified qDPI-ELISA. Overview of the different
steps and incubation times of the classical DPI-ELISA protocol (a), that is based upon immunological detection,
and the gDPI-ELISA (b), which makes use of fluorescent fusion proteins. Besides a higher robustness of the
qDPI-ELISA, the protocol is faster by at least 90 min compared with the classical DPI-ELISA method

DNA-probes to uncover DNA-binding specificities de novo [6, 21].
The DPI-ELISA can also be used to search for compounds that
specifically interfere with protein binding or to investigate the for-
mation of higher order protein complexes at the DNA [23, 24].
Similarly, this technique can be utilized for studying the binding of
proteins to RNA or single-stranded DNA.

Although the classical DPI-ELISA is highly reproducible and
can provide quantitative information even between different DNA-
probes and protein extracts [1, 6, 21-23, 25], the immunological
detection of the retained proteins increased data variability consid-
erably. Especially, different lots of antibody or varying epitope
accessibility led to unanticipated variation that is barely avoidable.

Here, we provide the protocol for the quantitative DNA—protein-
Interaction-ELISA (qDPI-ELISA), which uses DNA-binding pro-
teins that were fused to fluorophores, such as GFP (Fig. 1). Thereby,
we were able to decrease variability and to increase the linear range
of detection by several magnitudes (Fig. 2). In addition, this modi-
fied qDPI-ELISA is much faster than the classical one with



52 Stefan M. Fischer et al.

immunological detection and results in even higher reproducibility.
We also demonstrate that the qDPI-ELISA readout provides prelimi-
nary insight into binding kinetics and stoichiometry (Figs. 3 and 4).
The qDPI-ELISA protocol (see Subheading 3.4) described here is
essentially the synthesis of our previous publications [1, 6, 22] and
was used before to study protein complex formation at the DNA
[23]. We would like to point out that both techniques, the classical
DPI-ELISA with immunological detection and the qDPI-ELISA
that uses fluorescent proteins, complement each other and are used
simultaneously in our laboratory for different purposes. While the
qDPI-ELISA provides excellent comparative data on different DNA-
probes, the use of immunological detection is still superior for all
qualitative analyses, e.g. those experiments where it is unclear whether
a protein binds to DNA or not.

2 Materials

2.1 Components
for DNA-Probes

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a sensitivity of 18 MQ cm /5.5 pS/cm at
25 °C) and analytical grade reagents. Prepare and store all reagents
at room temperature (unless indicated otherwise). Diligently follow
all waste disposal regulations when disposing waste materials.

Do not add sodium azide or DNAse to any of your reagents.
Always use biotin-free BSA.

Thaw protein extracts immediately before use. Unless indicated
otherwise, all solutions with proteins were placed on ice (0 °C).

1. Order complementary sense (5’-biotinylated) and antisense
(non-biotinylated) oligonucleotides from a company (se¢ Note 1).
Oligonucleotides should at least be 16 base pairs in length
(see Note 2).

2. 1 M Tris-HCI, pH 7.5-8.0: Add some water to a 1 L graduated
cylinder. Weigh 121.1 g Tris and transfer to the cylinder. Add
water to a volume of 900 mL water. Mix and adjust pH with
HCI. Make up to 1 L with water.

3. 2 M MgCl,: Weigh 19 g MgCl, (anhydrous) and transfer to a
100 mL graduated cylinder. Add about 80 mL of water and
mix. Make up to 100 mL with water (se¢ Note 3).

4.2 M NaCl: Weigh 11.7 g NaCl and transfer to a 100 mL
graduated cylinder. Add about 80 mL of water and mix. Make
up to 100 mL with water (see Note 3).

5. Annealing Buffer (10x): For a final volume of 20 mL, use a
50 mL reaction tube to mix 8 mL Tris-HCI (1 M, pH 7.5-8),
2 mL MgCl, (2 M), 5 mL NaCl (2 M) with 5 mL water. Make
aliquots of 0.5 mL or 1 mL and store at —-20 °C (see Note 4).

6. PCR thermocycler.
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2.2 Components 1. SYBR green nucleic acids stain (see Note 5).
for Quantification 2. dsDNA as reference (see Note 6).
of dsDNA-Probes

3. Plate reader that is compatible with the detection of the
fluorescent dye and with ELISA plate format (see Note 7).

4. Regular flat-bottom black ELISA-microplates (384 wells) for
fluorescence detection (see Note 8).

(Optional)

2.3 Components 1. Protein extracts with fluorescent proteins of interest, ¢.g. GFP-
for Protein Detection fusion protein (see Note 9).

2. Plate reader that is compatible with the detection of the fluo-

rescent fusion protein under investigation and with 384-well
ELISA plates (see Note 7).

3. Regular flat-bottom black ELISA-microplates (384 wells) for
fluorescence detection (see Note 8).

2.4 Components 1. Protein extracts containing the fluorescent protein of interest,
for the qDPI- ELISA e.g. GFP-fusion protein, or appropriate control proteins, e.g.
soluble monomeric GFP (see Note 9).

2. TBS bufter (10x): Add about 250 mL of water to a 500 mL
graduated cylinder. Weigh 12.1 g Tris and transfer to cylin-
der. Add 52.6 g NaCl and mix. Adjust pH with HCI to
pH 7.5 and make up to 500 mL with water. Dilute to TBS
with water prior to use: Mix 100 mL TBS buffer (10x) and
900 mL water.

3. TBS-T: add 1 mL of Tween-20 to 1 L of TBS solution (see
Note 10).

4. Blocking solution (2% BSA in TBS-T): Weigh 2 g of Biotin-
free BSA and transfer to a 100 mL graduated cylinder. Add
10 mL of TBS buffer (10x) and make up to 100 mL with
water (see Note 11).

5. Black flat-bottom Streptavidin-coated (2 pmol/well) ELISA-
microplates (384 wells) for DPI-ELISA use (see Note 8).

6. Incubator chamber to provide an equal warmth of 37 °C.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Preparation 1. Dissolve sense and antisense oligonucleotides. Add equivalent
of Double-Stranded amounts of water to each vial to yield 100 pM oligonucleotide
DNA-Probes stock solutions according to the manufacturer’s datasheet and
mix. Transfer 10 pL of each 100 pM oligonucleotide solution
to a clean reaction tube and add 90 pL water to gain a 10 pM
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3.2 Linear Range
for Fluorescence
Measurements

oligonucleotide solution at working concentration. Store stock
solution and leftover working solution at —20 °C (sez Note 12).

. Prepare 100 pL oligonucleotide mix in a PCR tube (se¢ Note 13)

by adding 20 pL of 5’-biotinylated sense oligonucleotide,
20 pL of non-biotinylated antisense oligonucleotide and 10 pL
of annealing buffer (10x). Mix and then add 50 pL of water.
Mix again by pipetting up and down. Place reaction tube in
PCR thermocycler.

. Operate the following temperature profile to allow annealing

of the sense and antisense oligonucleotides: During 3 min at
95 °C secondary structures will resolve and allow for annealing
of the different strands during a gradual temperature decrease
(see Note 14). If possible, use the ramp option of your ther-
mocycler. Decrease the temperature by about 1 °C per minute.
After a gradual decrease to 28 °C, the annealing is finished and
double-stranded (ds) DNA-probes (2 pmol/pL) are ready-to-
use. Store dsDNA-probes at —20 °C and thaw prior to use.

As the concentration of the fluorescent protein varies between
extracts, the fluorescence intensity will also differ. Moreover, total
fluorescence of the same probe diverges between different micro-
plate readers. Hence, it is essential to assess the linear range for
fluorescence measurements of the microplate reader and to analyze
the fluorescence intensity of each protein extract.

1. Make a protein dilution series of 1:10 and/or 1:5 in tripli-

cates. For each 1:10 dilution, transfer three times 10 pL pro-
tein extract [30 pL total] into three clean reaction tubes and
mix each with 90 pL TBS-T, to produce three technical repli-
cates of 100 pL volume. Mix thoroughly. Make serial dilutions
with TBS-T as diluent that cover a range of at least five mag-
nitudes (e.g. no dilution, 1:10, 1:100, 1:1000, 1:10,000, and
1:100,000) (Fig. 2).

. Transfer 30 pL of each serial dilution into wells of a regular

black flat-bottom ELISA-microplate (384 wells) for fluorescence
measurement.

. Measure appropriate wells in a fluorescence microplate reader

(see Note 15).

. Compute average and standard error from each triplicate.

Display values in a double logarithmic graph (x- and y-axis in
logarithmic scale) and derive regression line (Fig. 2). It is antici-
pated that the detection of fluorescent proteins is about a hun-
dred times more sensitive than the photometric measurements
by classical immunological detection (Fig. 2a). Therefore, a lin-
ear measurement range over all five magnitudes is expected,
e.g. for a GFP fusion protein, which was expressed in E. coli
(Fig. 2b) (see Note 16).
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Fig. 2 Quantitative basis of the qDPI-ELISA. (a) and (b) Comparison of the linear range of the readout between
the classical DPI-ELISA (a) and the qDPI-ELISA (b), that employs fluorometric readout. The qDPI-ELISA method
displays a linear range in readout over at least five magnitudes. Hence, the qDPI-ELISA protocol we describe
here is much more useful to obtain dynamic quantitative data on protein binding than the classical DPI-ELISA
method. In contrast, immunological detection might be favorable for proteins of low availability or with a lower
binding efficiency. Note that the use of fluorescent fusion proteins allows for the possibility of sequential fluoro-
metric and immunological detection, by using an antibody against the fluorophore. (¢) and (d) The basis for a
quantitative readout from any DPI-ELISA experiment is the quantitative immobilization of a defined amount of
oligonucleotide probes to the plate’s surface. (¢) Standard curve for different dilutions (pmol) of double-stranded
DNA stained with SYBR Green. (d) Measurement of SYBR Green fluorescence emission (510 nm) validates the
successful immobilization of 2 pmol dsDNA-probes per microplate well

5. To achieve equal loading between different protein extracts
use the least fluorescing probe as reference for normalization.
Dilute all extracts with TBS-T to reach equivalent fluorescence
in all protein extracts (se¢ Note 17).

3.3 Optional It might be useful to validate the successtul hybridization of the
Quantification single-stranded oligonucleotides (see Subheading 3.1) or to
of dsDNA-Probes quantify the amount of immobilized dsDNA-probes (see
with SYBR-Green Subheading 3.4) in each of the ELISA wells. Therefore, a DNA

stain for quantitative fluorescent readout might be beneficial
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3.4 qDPI-ELISA
Protocol
with Fluorescent
Proteins

(see Note 5). Because of its high sensitivity and specificity for
double-stranded oligonucleotides, we use a SYBR Green 1
nucleic acid staining protocol.

1.

Prepare a standard curve by a series of 1:10 successive dilutions of
dsDNA in water or TBS. Either use double-stranded oligonucle-
otides of known molecular weight directly, or dissolve an appro-
priate amount of double-stranded control DNA (se¢ Note 6).
Adjust to 100 ng/pL. Make serial dilutions of control DNA (e.g.
10 ng/pL, 1 ng/pL, 0.1 ng/pL, 0.01 ng/pL, 0.001 ng/pL).
For each 1:10 dilution, transfer three times 10 pL. of DNA in
solution into three clean reaction tubes and mix each with
90 pL water or TBS, to produce three technical replicates of
100 pL volume. Mix thoroughly.

. Adjust SYBR Green I nucleic acid gel stain solution according

to the manufacturers’ instructions (see Note 5).

. Transfer 10 pL of DNA dilution to a black flat-bottom ELISA-

microplate (384 wells). Add an appropriate amount of SYBR
Green I nucleic acid gel stain solution (see Note 6). Fill-up
with water as diluent to a final volume of 50 pL/well.

. Transfer ELISA plate to a microplate reader that is compatible

with the detection of the fluorescent dyes. Use 485 nm excita-
tion wavelength and measure emission at 510 nm.

. Compute average and standard error from each triplicate.

Display values in a double logarithmic graph (x- and y-axis in
logarithmic scale) and derive regression line. It might be advis-
able to scale x-axis in pmol instead of ng, if molecular weight
(g/mol) is known (Fig. 2¢) (see Note 18).

. Measure in triplicate respective samples of double-stranded

DNA (hybridized oligonucleotides or immobilized dsDNA-
probe in the DPI-ELISA plate) by adding an appropriate
amount of SYBR Green I nucleic acid gel stain to the DNA
(see Note 5). Fill-up with water as diluent to a final volume of
50 pL/well and measure emission at 510 nm in microplate
reader.

. Derive the exact amount of double-stranded DNA in the

sample from comparison with the regression curve (Fig. 2d)
(see Note 19).

. For each well, mix 2.5 pL (5 pmol) of dsDNA-probe

(see Subheading 3.1) with 27.5 pL. TBS-T (see Note 20).
Transfer 30 pL of such a mixture to each well of a black flat-
bottom Streptavidin-coated ELISA-microplate (384 wells).
While planning the experiment, be sure to include control wells
that do not contain any DNA and/or protein. At this step, add
30 pL TBS-T to control wells without DNA extract.
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. After distribution of all dsDNA-probes to separate wells, incubate

plate for 1 h at 37 °C in an incubator (see Note 21).

. Remove the DNA containing liquid from the plate by rigor-

ously tapping the plate upside down on absorbent papers.
Before turning the plate correctly again, tap the inverted plate
until the surface appears dry (see Note 22).

. Rinse each well with 50 pL. TBS-T, to wash off residual unbound

dsDNA-probes. Again, remove liquid from the plate by rigor-
ously tapping the plate upside down on absorbent papers. Repeat
this washing step for two additional rounds (se¢e Note 23).

. Remove residual liquids from the plate surface by tapping

on fresh dry absorbent papers. Immediately continue with
the protocol, as the plate should not fall dry at any moment
(see Note 24).

. Add 50 pL blocking solution (2% Biotin-free BSA in TBS-T)

to each well and incubate 30 min at room temperature
(see Note 25).

. Remove blocking solution from the plate by rigorously tapping

the plate upside down on absorbent papers. Before turning the
plate correctly again, tap the inverted plate until the surface
appears dry.

. Rinse each well with 50 pL TBS-T and remove buffer from the

plate by rigorously tapping the plate upside down on absorbent
papers. Repeat this washing step for two additional rounds.

. Add 30 pL of protein extract to respective wells. While planning

the experiment, be sure to include control wells that do not
contain any protein extract. At this step, add 30 pL. TBS-T to
control wells without protein extract.

After distribution of all protein extracts to separate wells, incu-
bate plate for 1 h at 37 °C in an incubator.

Rinse each well with 50 pLL TBS-T and remove buffer thor-
oughly from the plate by rigorously tapping the plate upside
down on absorbent papers. Repeat this washing step once
again (see Note 26).

Rinse each well with 50 pL. TBS and remove buffer thor-
oughly from the plate by rigorously tapping the plate upside
down on absorbent papers. Repeat this washing step once
again (sec Note 27).

Add 15 pL of TBS to each well and transfer DPI-ELISA plate
to a microplate reader. For GFP fusion proteins, use 485 nm
excitation wavelength and measure emission at 510 nm. Set
bandwidth for excitation wavelength to be as narrow as possi-
ble (e.g. 2.5 nm). For detection of the emission wavelength,

bandwidth should be as broad as possible. A bandwidth of
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Fig. 3 Saturation curve for a DNA-binding protein showing the relation between the protein concentration and
DNA-motif recognition in qDPI-ELISA. Binding of GFP-BPC6 to a dsDNA-probe (Kmin), which contains only one
possible GAGA-binding motif. The Kmin dsDNA-probe (5’-TAATGCAGCAAGTAAGAGAACGAGTGTTTC-3') was
derived from a non-binding negative control probe (Kneg) (see refs. 22, 23). Note: The binding curve displays
similarities to a classical Michaelis—Menten kinetics: As the protein concentration gets higher, the binding sites
within the dsDNA-probes become saturated with binding proteins and the signal intensity approximates a
maximum. For dsDNA-probes with a known number of binding sites, the amount of fluorescent proteins (pmol)
can, thus, be estimated (given the proteins do not form multimers without DNA contact)

7 nm is appropriate for GEP-fluorescence (see Note 28). To
achieve best results, use “find optimal gain” and a z-scan on a
well containing a positive control probe (se¢ Note 29).

14. Repeat the experiment at least three times, to get a sample size
good enough for downstream statistic evaluation and to rule
out artifacts or bias from handling. Also, use different proteins
from different extracts. To rule out artifacts due to production
of the plate, repeat the experiment at least once on different
microwell plates.

3.5 qDPI-ELISA Data 1. A quantitative readout is only possible under circumstances

Evaluation that do not result in saturating conditions. Therefore, settings
of the microplate reader should be suitable for all wells. Also,
binding sites at the dsDNA-probes might be limiting, as most
of the qDPI-ELISA experiments can readily be performed
with an excess of binding protein in the extracts (Fig. 3).

2. In those cases, where the number DNA binding motifs per
probe is known, a saturation curve might allow to estimate the
amount of binding protein in the extract (Fig. 3). Make about
9 serial dilutions (1:2) of the protein extract under investiga-
tion and perform a qDPI-ELISA in triplicates against the same
dsDNA-probe. Plot average and error bars as saturation curve.
Consider that 2 pmol dsDNA-probe is present in each well.
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Fig. 4 High reproducibility and comparability of qDPI-ELISA experiments. The qDPI-ELISA is a robust method
that allows quantitative comparison between different protein extracts and/or varying DNA-probes. (a) GFP-
fluorescence of GFP-BPC6 discloses a linear correlation with the number of possible binding sites, which are
contained in different dSDNA-probes (seerefs. 22, 23, 26). For each measurement, the average and standard
error of three technical replicates is shown. Correlation coefficient £ >0.99 between different biological repli-
cates. (b) There is a high degree of reproducibility between different qDPI-ELISA experiments with different
protein extracts. (¢) Saturation curves for binding of GFP-BPC6 to dsDNA-probes, which contain either three
(K4) or only one (Kmin) GAGA-motif (seerefs. 22,23, 27). (d) Double-reciprocal transformation of the satura-
tion curves (c) into linear plots, which are similar to a Lineweaver—Burk plot of kinetic data for an enzyme.
Such a display might harbor additional information on kinetics or specificity of a binding protein, but is
especially valuable to show that both dsDNA-probes are bound by the same affinity—both trajectories are
representative of nearly identical slopes

Hence, the plateau of the saturation curve will approximate
2 pmol of bound fluorescent protein, in case a single binding
site is present (Fig. 3) (see Note 30).

3. For statistical analysis, be sure to repeat the experiment several
times also with different protein extracts. Generally, technical
replicates are not suited for statistical analysis. Therefore, use
different protein extracts on different plates as biological repli-
cates wherever possible (Fig. 4a). Compute the average of each
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technical replicate and compare values between independent
protein extracts. Expect the range of fluctuations to be less
than 10% between different extracts on the same dsDNA-
probe (Fig. 4a, b).

. To provide a quantitative insight into the binding specificities,

you might like to perform saturation curves for the same pro-
tein, but on different dsDNA-probes. Make a dilution series of
the protein extract and perform the qDPI-ELISA in triplicates
on different dsSDNA-probes. For comparative reasons, plot dif-
ferent saturation curves in one diagram (Fig. 4c). Note that the
principal nature of protein-DNA interaction can be approxi-
mated as single-substrate reaction in a regular Michaelis—
Menten kinetics. Hence, linearization of the saturation curves
can be achieved in a Lineweaver-Burk-like display (Fig. 4d).
Such a display might provide valuable information while screening
for pharmaceuticals that compete or enhance binding.

4 Notes

. Order oligonucleotides as lyophilized and desalted probes. To

prevent problems, use quality-checked oligonucleotides of
highest purity—especially for probes longer than 20 base pairs.
Known binding motifs should be placed more to the centre or
distal to the plate’s surface. All our experiments were performed
with one strand being biotinylated.

Also RNA-binding proteins can be studied by DPI-ELISA
techniques, most of which will also accept single-stranded
DNA instead of RNA. By using RNA, order dissolved RNA-
oligonucleotides and adjust pH in buffers according to your
needs (usually more acidic to prevent hydrolysis).

. For longer probes (>100 base pairs), a 5" biotinylation at both

ends of the dsDNA-probes might reduce flexibility and,
therefore, increases binding efficiency for some proteins.
Likewise, oligonucleotide hybridization efficiency varies and,
hence, particularly repetitive sequences that are known to

form Z-like DNA-conformations or extended palindromes
should be avoided.

. Only 2 mL of the 2 M stock solution is needed for one share

of 20 mL annealing buffer (10x). Make as many 2 mL aliquots
from the remaining 98 mL solution as you need and store at
-20 °C. When frozen, thaw and warm the stock solution prior
to use.

. When frozen aliquots of the annealing buffer (10x) are used, be

sure to thaw them completely and mix briefly. Warm to room
temperature prior to use, to avoid precipitation of humidity.
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. We use SYBR® Green I nucleic acid gel stain (Invitrogen)
according to the manufacturer’s description. Keep in mind
that this SYBR® Green I solution is 10,000x concentrated.
We, therefore, prepare a 1:100 stock solution in 1x TE (pH 8)
and store it in a foiled 1.5 mL reaction tube at 4 °C. The solu-
tion at working concentration requires an additional dilution
of 1:100.

. To show quantitative binding of the oligonucleotides to the
2 pmol Streptavidin on the plate, we use double-stranded
oligonucleotides as reference DNA, because it can be ordered
at defined quantities (e.g. pmol). Still, all different kinds of
DNA can be used, e.g. plasmid or salmon sperm, but they are
provided as a weighted volume and not as the absolute amount
of a substance. Hence, some conversions might be required.

. Be sure that the microplate reader is compatible with 384
microplates and equipped with a suitable set of filters compatible
with the respective fluorophore. We use a spectrofluorometer
with options for automatic adjustment to optimal gain and
detection of measurement position (z-scan).

. Regular flat-bottom black ELISA-microplates are needed for
normalization of different fluorescent protein extracts or the
measurement of standard curves for proteins (see
Subheading 3.2) and/or DNA (see Subheading 3.3). The
qDPI-ELISA is performed in black flat-bottom Streptavidin-
coated (2 pmol /well) ELISA-microplates (see Subheading 3.4).
The protocols described here are calculated for 384 well
ELISA-microplates. We experienced that these plates provide a
much better signal-to-noise ratio, compared to, e.g. 96-well
ELISA plates. Still, using black 96-well ELISA-microplates is
possible with 4 times higher volumes for all reagents and an
elevated amount of immobilized Streptavidin per plate where
appropriate.

. Express your fluorescent protein of interest and appropriate
control proteins in any expression system you like. Prepare
native protein extracts according to your expression system.
Wherever possible, perform protein extraction under mild
and native conditions. Denaturing and renaturing of proteins
is sometimes problematic in functional assays like the
qDPI-ELISA.

Avoid extraction buffers and protocols that contain
DNAse, as this will degrade the dsDNA-probes during the
assay. Always use biotin-free BSA: Biotin in solution reduces
signal intensity, possibly by a low rate of competition with the
biotinylated dsDNA-probes [22]. The use of protease inhibi-
tors according to the manufacturers’ descriptions and up to
1 mM 1,4-Dithiothreitol (DTT) is recommended.
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10.

11.

12.

13.

14.

15

16.

It is evident that the fluorescent protein under investiga-
tion needs to be detectable in the soluble fraction and at
considerable amounts. We recommend to do Coomassie
staining of your protein gel and Western blot. These analyses
can be performed under denaturing conditions. Always use
an antibody against your fluorophore, e.g. an anti-GFP-anti-
body to detect possible degradation or free GFP. All analyses
should provide a prominent band of the expected size. Be
sure to check your control extracts, too. Also check for fluo-
rescence signals at the respective emission wavelength in
your extract.

Tween-20 is a non-ionic detergent, which has a lower critical
micelle concentration than ionic detergents. Still, when pipet-
ting detergents into a large volume of water, micelles will occur
that will take a while to dissolve properly. Therefore, stir gently
with magnetic mixer to avoid foam, but for quite a while until
properly dissolved. Use a cut end of a blue tip to aspirate
Tween-20 easily.

Be sure to use Biotin-free BSA. Do not use milk powder or any
commercial blocking reagent that might contain Biotin. It has
been noted before that residual Biotin could possibly affect
quantitative readout (see ref. 22).

When frozen, thaw and warm the stock solution or working
solution to room temperature prior to use, to avoid
precipitation.

Use heated lid of your PCR thermocycler or cover reaction
mix with mineral oil. We noted a better annealing in larger
volumes (100 pL), although smaller volumes might be more
appropriate.

Note that some oligonucleotides, e.g. long DNA, might
require different duration of the initial denaturing step. For
probes longer than 30 bp, we recommend to examine success-
tul annealing by the optional quantification of dsDNA-probes
with SYBR-Green (see Subheading 3.3).

. We use a spectrofluorometer with options for automatic adjust-

ment to optimal gain and detection of measurement position
(z-scan). Use wells with highest protein concentration to com-
pute optimal gain and measurement position. Be sure to set
excitation bandwidth as narrow as possible, to minimize over-
lapping excitation and emission spectra. Also, use these values
as reference, for possible normalization.

We test our protein of interest for linear detection over a broad
range of concentrations. For the standard curve, however, you
might want to use exact amounts of commercially available
fluorescent dyes or GFP.
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To achieve the best possible quantitative readout and compa-
rability between different extracts, the fluorescence intensities
between different protein extracts should not exceed a twofold
difference.

We use custom-made oligonucleotides or commercial vectors
as reference DNA, which come at exact concentrations.
Oligonucleotides are favorable, because their amount of a sub-
stance (molecular weight) is known and they can be adjusted
to a very defined volume. If the x-axis of the standard curve is
displayed in pmol, the amount of immobilized dsDNA can
readily be inferred from the diagram without conversion.

As a fixed amount of 2 pmol Streptavidin is immobilized at the
bottom of each well, one should expect that also exactly 2 pmol
of dsDNA-probe are bound via the Biotin. Therefore, calcu-
late the expected molecular weight of your polymerized and
double-stranded DNA-probe. Use the following equation to
compute the exact molecular weight (MW) of the double-
stranded DNA from the number of each nucleotides (#) of
only one strand:

MW (g/Mol)=#A(617.4)+#C(618.4)+#G(618.4)+#T(617.4)+36.0

20.

21.

22.

23.

Convert the 2 pmol of your dsDNA under investigation
into an equivalent weight and compare this value with your
measurement and the standard curve. We usually get a quanti-
tative binding of the dsDNA-probes to the available Streptavidin
with only little variabilities (Fig. 2d). Fluorescence intensities
that are significantly lower than expected indicate problems
during the hybridization of the oligonucleotides or in initial
dilution steps. Higher values might indicate an unspecific and
unwanted binding to the plate.

Make master mixes to reduce variability and pipetting errors.
Every dsDNA-probe should be tested in triplicate (3x technical
replicates).

During this step the dsDNA-probes adhere quantitatively to
the 2 pmol immobilized Streptavidin at the plate bottom. You
might want to cover the plate with a lid to avoid evaporation.
There is no need to shake or agitate the plate during this incu-
bation step.

The plate’s surface should be dry after removal of liquids, to
prevent left-over solutions from flowing back into some wells,
which might be a possible cause for contaminations and high
background signals.

After the last washing step, the protocol can be paused at this
point for overnight. The DNA inside the wells should be
overlaid with TBS-T. Properly cover plate with a clean lid and
store at 4 °C.



64 Stefan M. Fischer et al.

24.

25.

26.

27.

28.

29.

30.

Any drying of the wells will affect the quantitative readout and
increase unnecessarily the variability between replicates or
different samples.

After the 30 min incubation, the protocol can be paused at this
point for overnight. The plate needs to be sealed properly to
prevent any evaporation.

These two rounds of washing with TBS-T are the most
crucial to remove residual unbound protein quantitatively
from the wells.

We feel that these two rounds of washing with TBS instead of
TBS-T appear to increase the quality of the washing procedure
and to improve the readout. It is also possible, of course, to
wash a total of 4 times with TBS-T.

There is a certain possibility of overlapping fluorescence spec-
tra, if bandwidth is larger than 10 nm. For example, excitation
(488 nm) and emission (510 nm) maxima for GFP are very
close to each other and there might be a noticeable “bleeding”
effect from the excitation light into the detectable emission at
larger bandwidths. Thus, excitation bandwidth should be as
narrow as possible. As a rough rule of thumb, one-third the
distance between excitation and emission maxima is an appro-
priate bandwidth for detection of the fluorescence emission,
e.g. for GFP: 510 nm-488 nm=22 nm—divided by 3 is
about 7 nm, which we consider an appropriate emission band-
width to avoid overlapping spectra.

A large gain results in high background values of negative con-
trol probes and of empty wells. Likewise, a high gain might
have a generally bad effect on the signal-to-noise ratio.
Therefore, decide for the smallest gain where possible. Always
be sure not to measure outside the focal optimum close to the
plate’s surface, e.g. a focus point above the bufter or below the
bottom of the plate. This might be avoided by a z-scan that
will usually uncover the best measuring position.

Sometimes the amount of the protein-of-interest in the extracts
is too low to reach a saturation. Then use protein concentra-
tion spin columns to narrow the total volume. Such concentra-
tion columns are available for different molecular exclusion
sizes. Be sure to use appropriate ones.
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Chapter 5

Analyzing Synthetic Promoters Using
Arabidopsis Protoplasts

Ralf Stracke, Katharina Thiedig, Melanie Kuhimann,
and Bernd Weisshaar

Abstract

This chapter describes a transient protoplast co-transfection method that can be used to quantitatively
study in vivo the activity and function of promoters and promoter elements (reporters), and their induc-
tion or repression by transcription factors (effectors), stresses, hormones, or metabolites. A detailed proto-
col for carrying out transient co-transfection assays with Arabidopsis At7 protoplasts and calculating the
promoter activity is provided.

Key words Arabidopsis thaliana, At7 cell culture, Protoplast co-transfection assays, Reporter gene

1 Introduction

For high-level constitutive expression, or for precise control of
transgene activity in response to a specific stimulus, promoters are
the key for successful genetic engineering strategies. Therefore,
detailed knowledge about the concerted action of both cis- and
trans-acting elements is necessary. Defining cis-acting elements
and the characterization of transcription factors which bind and/
or regulate a promoter of choice is a standard experimental
approach. Since in vitro DNA-binding assays might not reflect the
situation in a living cell, in vivo assays are favored. The yeast one-
hybrid assay [1] is the method of choice for rapid detection of
protein—DNA interactions. However, this experimental approach
has some limitations for the analysis of plant transcription factors
and promoters. Among these are different conditions inside the
yeast nucleus compared to the situation in plants, additional tran-
scriptional start sites in promoters larger than approximately
300 bps in length, and false positives due to regulatory proteins
with high affinity to unspecific DNA regions [2]. For the analysis
of (synthetic) plant promoters, the use of plant cell systems avoids

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
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most of the disadvantages of yeast systems. Furthermore, plant sys-
tems provide necessary perception and signaling systems for the
study of signal-induced processes.

Transient protoplast co-transfection systems are used for the
study of unbiased activity and function of promoter elements, as
well as for promoter activation or repression by a single or multiple
transcription factors or several stresses or hormone treatments.
In this respect, the transfection assay is focused on the analysis of
factors that control the activity of a given promoter, and the role
of proximal 5’-upstream cis-regulatory elements or sequences.
These elements are important and central components for accurate
and refined synthetic promoter design. Transient protoplast co-
transfection assays allow fast access to results, especially when com-
pared with stable transformation. In addition, they are unaffected
by position effects caused by features of the site of transgene inte-
gration and by the copy number of inserted transgenes. The draw-
back is that cell type specificity or developmental control of
promoter activity can usually not be studied in protoplasts from
cultured cells.

The protoplast assay system employs purified plasmid DNA
introduced into the cells via PEG-mediated DNA uptake. Various
plasmids can be introduced at the same time (co-transfection). The
protoplast assay system relies on assessing the level of gene expres-
sion for an engineered promoter construction that drives the
expression of a reporter gene. The level of expression of the
reporter, in the case described here, p-glucuronidase (#idA, GUS)
is taken as a measure for promoter activity. Thus, transient proto-
plast co-transfection assays have provided a wealth of information
about cis elements required for promoter function, transcription
factors, and signaling proteins that regulate expression of genes
and signals regulating inducible gene expression [3-8].

2 Materials

2.1 CGells, Buffers,
and Solutions

1. At7 cell culture: hypocotyl-derived A. thaliana Columbia cell
culture [9], maintained at 26 °C in darkness on a rotary shaker,
weekly subcultured.

2. dam— E. coli: Methylation-deficient dam and dem E. coli strain
K12 ER2925 (NEB).

3. 1000x 2,4-Dichlorophenoxyacetic acid (2,4-D): 1 mg/mL.

4. MS medium: 4.3 g Murashige and Skoog Basal Salt Mixture
(MS, Sigma-Aldrich), 1 mL 1000x 2,4-D, 10 mL 1000x
Gamborg’s Vitamin Solution (Sigma-Aldrich), 30 g sucrose.
Adjust to pH 5.7 with 1 M KOH and bring to 1 L with deionized
H,0. Autoclave.
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. Cellulase-mazerozyme solution: 1.16% (w/v) cellulase

Onozuka R-10 (Serva), 0.27% mazerozyme R-10 (Serva).
Solve in 240 mM CaCl,, stir cautiously until enzymes are dis-
solved (1-1.5 h). Pass enzyme solution through a folded filter
paper, then filter sterilize.

. B-5 floating medium (B5 solution): 3.1 g Gamborg’s B-5

Basal Salt Mixture (Sigma-Aldrich), 1 mL 1000x2,4-D, 136 g
sucrose. Adjust to pH 5.7 with 1 M NaOH and bring to 1 L
with deionized H,O. Filter sterilize.

7. 240 mM CacCl,. Autoclave.

12.

13.

14.

15.
16.

17.

18.

19.

. PEG solution: 125 g PEG 6000, 11.8 g Ca(NO;),x4H,0,

41 g mannitol. Adjust to pH 9 with 1 M KOH and bring to
0.5 L with deionized H,O. Filter sterilize and store in 5 mL
aliquots at -20 °C.

. 275mM Ca(NO;),: AdjusttopH 6.0 with 1 MKOH. Autoclave.
10.
11.

0.1 M K,HPO, and 0.1 M KH,PO,. Autoclave.

0.1 M Potassium phosphate: Mix the appropriate volumes of
0.1 M K,HPO, and 0.1 M KH,PO; for a desired pH of 7.0.
Store at 4 °C up to 1 month.

Protein extraction buffer: 100 mM potassium phosphate,
1 mM DTT (Sigma-Aldrich). Filter sterilize and store at 4 °C.

2x Luciferase assay stock solution: 40 mM tricine, 2.14 mM
Mg(CO;):Mg(OH),x5H,0, 5.34 mM MgSO,x7H,0,
0.2 mM EDTA. Store at 4 °C.

Luciferase substrate solution: 1x luciferase assay stock solu-
tion, 33.3 mM DTT (Sigma-Aldrich), 270 pM CoA trilithium
salt (Sigma-Aldrich), 470 pM luciferin (Roche), 570 pM ATP
(Sigma-Aldrich). CoA trilithium salt and luciferin are light-
sensitive, keep in the dark. Check pH and adjust to pH 7.5 if
necessary. Filter sterilize and store in 5 mL aliquots at -80 °C
in light-tight tubes.

0.5 M Na,HPO, and 0.5 M NaH,PO,. Autoclave.

0.5 M Sodium phosphate buffer: Mix the appropriate volumes
of 0.5 M Na,HPO, and 0.5 M NaH,POj for a desired pH of
7.0. Store at 4 °C up to 1 month.

GUS bufter: 50 mM sodium phosphate buffer, 1 mM EDTA
pH 8.0, 0.1% (v/v) Triton X-100, 10 mM f-mercaptoethanol.
4-MUG substrate solution: 20 mM 4-methylumbelliferyl-f-
D-glucopyranosiduronic acid (4-MUG, Sigma-Aldrich).
Solve in GUS bufter. Filter sterilize and store in 15 mL aliquots
at -20 °C.

MU stock solution: 10 mM 4-methylumbelliferone (MU,
Sigma-Aldrich). Solve in ethanol. Store at 4 °C.
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2.3 Plasmids 1.

. MU dilution series: Dilute the MU stock solution with GUS
bufferto 0,2.5,5.0,12.5, 25,50, 100, 150,200, and 250 uM.

. BSA dilution series: Dilute a 10 mg/mL BSA stock solution
with protein extraction buffer to 0, 2, 4, 8, and 16 pg per
10 pL buffer.

. Protein assay dye reagent: Dilute the protein assay dye reagent
concentrate (Bio-Rad) 1:5 with deionized H,O.

. Laminar flow cabinet.

. 50 mL Falcon tubes.

. 13 mL centrifuge tubes.

. 1.5 mL reaction tubes.

. Cell-Saver tips (Biozyme Scientific).

. Petri dishes (145 mm).

. Folded filter paper.

. Sterile filter units with 0.22 pm pore size.
. Incubator.

. Rotary shaker.

. Centrifuge with swing-out rotor; programmable settings
should include the specification of acceleration/deceleration
rates (see Note 8).

Benchtop centrifuge.

Plasmid purification kit with prepacked gravity-flow anion-
exchange columns in maxi (500 pg) or mega (2.5 mg) scale;
e.g. Plasmid Mega Kit (Qiagen), JETstar Plasmid Purification
MIDI Kit (Genomed).

Fluid aspiration system.
Hemocytometer.
Vortexer.

FLUOstar Optima microplate reader (BMG Labtech) equipped
with an on-board syringe injector (see Note1).

96-well microplates white LUMITRAC 200 (Greiner)
(see Notel).

96-well microplates black FLUOTRAC 200 (Greiner)
(see Notel).

Nunc™ MicroWell™ 96-well microplates (Nunc) (see Note1).
Equipment for maintenance of a cell suspension culture.

Nylon net filter with 70 pm pore size (optional, see Note 10).

Reporter constructs
Reporter constructs are based on the vector pBT10GUS [5]
or the Gateway-compatible derivative pDISCO [10]. In both
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cases the promoter (fragment) to analyze is inserted or
recombined upstream of the #idA ORF:nos terminator cassette
(see Notes 2 and 3).

In case of testing the activity of a transcriptional repressor,
the construction of a weakly active synthetic promoter is
needed (see Note 4).

. Effector expression constructs

Effectors were expressed under the control of the strong
constitutive CaMV 35S promoter (positions —-417 to +8),
inserted into classical pBT vectors [ 3] or the Gateway-compatible
derivative pBTdest [6].

. LUC standardization plasmid

The LUC standardization plasmid used in the co-
transfection assays contains a Photinus pyralis luciferase (LUC)
encoding open reading frame [11] under the control of the
constitutive Petroselinum crispum UBI4-2 promoter [12] in
pBT (see Notes 5 and 6).

. Filling plasmid

The promoter-deleted standardization plasmid pBT10-A-
LUC, which in protoplasts leads to no detectable luciferase
activity, is added to keep the total amount of the transfected
plasmid DNA constant (25 pg).

3 Methods

3.1 Protoplast
Preparation

This protocol uses A. thaliana At7 cells from a cell suspension cul-
ture which is maintained at 26 °C in the dark on a rotary shaker at
105 rpm. Cells are subcultured once a week by transferring approx-
imately 2.8 g of cells to 40 mL fresh MS-medium. For protoplast
isolation, additional Erlenmeyer flasks with 40 mL MS-medium
were inoculated 5 days prior to the harvesting of the cells.

1.

For each subcultivated Erlenmeyer flask of At7 cells with
40 mL cell culture prepare 60 mL of cellulase-mazerozyme
solution (se¢ Note7).

. Transfer each 5-day-old At7 cell suspension subculture to a

50 mL Falcon tube.

. Centrifuge 5 min at 130 x4 with moderate acceleration (5/9)

and deceleration (3/9) in a swing-out rotor (se¢ Note 8).

4. Discard the supernatant carefully.

ul

. Detach cell pellet with caution by soft tapping.

6. Add 50 mL 240 mM CaCl, and resuspend the cells by gentle

inversion of the tube.

. Centrifuge 5 min at 130 x4 with moderate acceleration (5/9)

and deceleration (3/9) in a swing-out rotor.
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binding sites

reporterconstruct > LT LT > GuUS 10 g [1 pg/uL]

engineered promoter

effector construct(s) >355>= TF1 CDS 1 ug [0.1 pg/uL]

TF2 CDS 1 pg [0.1 pg/ulL]

{
{

standardisation construct U 5 pg [1 pg/pL]

»filling“ construct LUC add to 25 pg [1 pg/pL]

add H,O to 50 pL

protoplast co-transfection

=D o

At7 protoplast

determination of:

P pmtein]- standardization q
* LUC activity norn!ahzc_-:d_
* GUS activity GUS‘ activity

Fig. 1 Schematic depiction of transient protoplast expression assay with co-transfected At7 protoplasts. The
gray box at the fop gives the plasmids (constructs) used in co-transfection experiments with the amounts and
concentrations specified. The middle part depicts a transfected At7 protoplast with plasmids (italics) and the
produced proteins (normal letters) and their interactions. The “filling” plasmid is not considered. The brown box
at the bottom summarizes the calculation of normalized specific GUS’ activity, as a measure for promoter
activity. Abbreviations: 35S cauliflower mosaic virus 35S promoter, CDS coding sequence, GUS p-glucuronidase,

LUC luciferase, TF transcription factor, Ubi ubiquitin4-2 promoter
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. Discard the supernatant carefully.

. For each harvested At7 cell suspension flask, prepare two

145 mm Petri dishes each with 10 mL cellulase-mazerozyme
solution (see Note 7).

Little by little, add the residual 40 mL of the enzyme solution
to the cell pellet and gently resuspend by inversion. Avoid cell
clumping.

Add half of the cell suspension (about 20 mL) to each of the
prepared Petri dishes.

Incubate overnight at 26 °C in the dark, shake at 20 rpm.
Intensify the shaking to 40 rpm for no longer than 20 min.

From each Petri dish, carefully transfer the protoplasts into a
50 mL Falcon tube (see Note9).

Centrifuge 5 min at 90 xg with moderate acceleration (5/9)
and deceleration (3/9) in a swing-out rotor.

Discard the supernatant carefully.
Detach the pellet with caution by soft tapping.

Wash the protoplasts by little and little adding 25 mL 240 mM
CaCl, and resuspend the protoplasts by gentle inversion of the
tube (see Note 10).

Centrifuge 5 min at 90 xg with moderate acceleration (5/9)
and deceleration (3/9) in a swing-out rotor.

Discard the supernatant carefully.
Detach the pellet with caution by soft tapping.

Little by little add 20 mL B-5 floating medium to each pellet
and combine two resuspended pellets from 50 mL Falcon
tubes in one tube (se¢ Note11)

Centrifuge 5 min at 130 xg with maximal acceleration (9/9)
and minimal deceleration (1/9) in a swing-out rotor.

Transfer the floating protoplasts (2-5 mL) with a Cell-Saver
tip into a new 50 mL Falcon tube (see Note12).

Cautiously fill the Falcon tube with B-5 floating medium.

Centrifuge 5 min at 130 x4 with maximal acceleration (9/9)
and minimal deceleration (1,/9) in a swing-out rotor.

Pool all floating protoplasts in a 13 mL centrifuge tube using a
Cell-saver tip.

Assess the quality of the protoplast suspension (see Note13).

Use the protoplasts immediately for transfection. 200 pL. of
protoplasts (containing 1-2 x 10 At7 protoplasts) are needed
per co-transfection (sec Note 14).



74 Ralf Stracke et al.

3.2 Preparing DNA 1.

for Co-transfection

3.3 Protoplast 1.

Co-transfection 2

3.4 Harvesting 1.

of Transfected
Protoplasts 2

Plasmids to be used in protoplast co-transfection experiments
are retransformed into the dam and dcm methylation-deficient
E. coli strain K12 ER2925 (NEB) (se¢e Note 15).

. Plasmid DNA is prepared from methylation-deficient E. cols

strain using a plasmid purification kit with prepacked gravity-
flow anion-exchange columns in maxi (500 pg) or mega
(2.5 mg) scale according to manufacturer’s instructions.

. The high concentrated dam— plasmid DNA should be stored

at 4 °C (see Note 16).

. For co-transfection experiments, plasmid dilutions have to be

made: reporter constructs, standardization constructs and
“filling” constructs with 1 pg/pL, effector constructs with

0.1 pg/pL (Fig. 1).

. Combined plasmid DNA solutions for co-transfection should

be prepared in advance to enable a smooth execution of the
protocol. All combined DNA solutions should contain an
equal amount of plasmid DNA (25 pg) in a volume of 50 pL
(Fig. 1). The use of a positive control (35S::GUS reporter con-
struct) and a negative control (TATA::GUS reporter construct,
containing only the truncated -46 minimal promoter (TATA))
is reccommended in the experimental setup (se¢ Note17).

Thaw PEG solution at room temperature (see Note 18).

. For each co-transfection transfer 200 pL of the protoplast sus-

pension with a Cell-Saver tip into a 13 mL centrifuge tube.

. Pipet the prepared DNA solutions (25 pg in 50 pl) onto the

protoplasts (se¢ Note19).

. Add 200 pL PEG solution and mix thoroughly but gently by

soft shaking and tapping of the tube rack (se¢ Note 20).

. Incubate the protoplast-DNA-PEG mixture at room tempera-

ture for 15 min (see Note21).

. Stop the transfection reaction by stepwise adding 5 mL

275 mM Ca(NO;), (see Note22).

. Centrifuge 5 min at 90x g with maximal acceleration (9/9)

and moderate deceleration (5/9) in a swing-out rotor.

. Discard the supernatant carefully.
. Stepwise add 7 mL B5 solution (see Note23).
. Incubate at 26 °C for approximately 20 h in the dark, keeping

the tubes in an almost horizontal position (see Note 24 ).

Prepare 50 mL Falcon tubes with 20 mL of cold 240 mM
CaCl2 (4 °C) for each co-transfection.

. Add the protoplasts within the B5 solution to the tubes by

decanting.



3.5 Extract Proteins
from Protoplasts

3.6 Reporter
Gene Assays

3.6.1 Luciferase Assay
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. Centrifuge for 10 min at 300 xg and 4 °C in a swing-out rotor.

. Remove the supernatant with a fluid aspiration system down to

ca. 1l mL.

. Resuspend the pellet in the remaining supernatant and transfer

the protoplast suspension into a 1.5 mL reaction tubes using
Cell-Saver tips.

. Centrifuge 30 s at 10,000 x4 and 4 °C.

. Remove the supernatant using the fluid aspiration system and

instantly freeze the protoplast pellet in liquid nitrogen.

. Store the frozen protoplasts at -80 °C until use or thaw on ice

tor following protein extraction.

. Thaw the protoplasts on ice.
. Add 750 pL of protein extraction buffer.

. Resuspend the pellet by vortexing rigorously for a minimum

of 30 s.

. Centrifuge for 10 min at full speed on 4 °C in a benchtop

centrifuge.

. Keep the reaction tubes on ice; the supernatant is used for the

protein and reporter gene assays (see Note 25).

In this assay the luciferase activity is quantified as a measure for
transfection efficiency (see Note 25).

1.

Pipet 10 pL of the protoplast protein extracts to the wells of a
white LUMITRAC 96-well microplate.

2. Adjust the instrument settings to luminescence detection.

. Fill the syringe injector of the FLUOstar Optima microplate

reader with 100 pL luciferase substrate solution for each
sample and start the luminescence measurement (see
Note 26).

. Measure the produced light (relative light unit, RLU) during

10 s using the FLUOstar Optima microplate reader.

. Calculate the specific luciferase activity LUCz [RLU /s /pg] for

each co-transfection by dividing the measured light [RLU /s /pL]
by the protein concentration [pg/pL].
RLU
sxulL
|g protein
jne

LUC, =

7
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3.6.2 GUSAssay

3.7 Protein
CGoncentration
Measurement

Fluorometric analysis allows quantification of GUS activity. In the
presence of GUS, MUG is hydrolyzed to the fluorescent product
4-methylumbelliferone (MU). After the reaction, total fluores-
cence is measured and product concentration is calculated based
on a MU standardization curve.

1.

Pipet 100 pL of the protein extracts into the wells of a black
FLUOTRAC 200 96-well microplate.

. Add 100 pL of 4-MUG substrate solution to each protein

extract.

. Pipet the MU dilution series to the microplate as well. This

series is used to generate a MU standardization curve.

. Set excitation to 365 nm and read the sample emission at

455 nm after 20, 40, and 60 min at 37 °C in the FLUOstar
Optima microplate reader.

. Determine the average change in measured MU fluorescence

(AE4s5) from 20 to 40 min, and from 40 to 60 min (see
Note27).

. Calculate the line of best fit for the MU fluorescence in the

MU dilution series (MU standardization curve). Determine
the slope () of the MU standardization curve.

. The specific f-glucuronidase activity GUSz [pmol /min/mg] is

determined by the formula:

A, x1000 18 » 200nL
mg 20pL

GUS, =
20minx

m .
X ug protein
ol

The GUS activity measurement uses 20 pl. of a 200 pL.
sample (consisting of 100 pL protein extract and 100 pL
4-MUG substrate solution).

The amount of protein [pg] in 100 pL protein extract is
given.

To determine the protein concentration in the protein extract samples,
a Bradford assay [13] is performed.

1.

Pipet 10 pL of the protein extracts to the wells of a Nunc™
MicroWell™ 96-well microplate.

2. Pipet 10 pL of the BSA dilution series to the microplate as

well. This series is used to generate a protein standardization
curve.

3. Mix with 200 pL protein assay dye reagent.



3.8 Calculation

of the Normalized
Specific GUS' Activity
(See Note 28)
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4. Incubate for 5 min at 37 °C.

AN

. Measure ODsy5 in the FLUOstar Optima microplate reader.

. Calculate the protein concentrations in the extracts with help

of the BSA dilution series.

. Determine the amount of protein [pg] in 10 pL protein extract

and calculate the protein concentration [pg/pl].

. We normally repeat each co-transfection experiment (with the

same combination of plasmids) six times, with six independent
(7) co-transfections with three different protoplast prepara-
tions, giving an “experimental block”. A “whole experiment”,
including controls and all related experiments to answer a bio-
logical question, consists of several experimental blocks.

. Calculate the average of all specific LUCé values (LUCM) from

a whole experiment.

LUC,, = -x YLUC,
n

n: sum of all co-transfections in a whole experiment

. For standardization, a specific correction factor F: for each

individual co-transfection experiment is determined by divid-
ing LUCM by the specific LUC: value.
F =Vl
" LUC,

1

. The standardized, corrected GUS activity (GUSF7) is obtained

by multiplying the specific correction factor Fi with the specific
GUS activity GUS:.

GUS,, = F xGUS,

. The average of specific GUSkz values of an experimental block

of six co-transfections is calculated as standardized GUS activ-

ity (GUS").

|
GUS = s x ZGUS 4

. The standard deviation of GUS’ (SD(GUS')) is determined by

the formula:

SD(GUS) Y (Gus, -GUs )’

) e
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4 Notes

. It is also possible to use alternative reaction containers and

instruments for the protein, LUC, and GUS measurements.

. The transfection rate can be variable and depends on the

plasmids used [5]. Generally, small vector sizes achieve higher
transformation rates. The pBT vectors have a size-minimized
backbone of 1989 bp containing colEl-ori and amp® [3].

. cis-acting elements often contain palindromic sequences. This

has been interpreted as a reflection of the fact that DNA-
binding proteins are in many cases active as dimers or tetra-
mers, binding symmetrically to DNA matching the symmetry
of the binding site [14]. Otherwise, several asymmetric cis-
elements are known which are often recognized by heterodi-
meric trans-acting factors. Aiming to test the interaction of
synthetic cis-elements and DNA binding proteins, we found it
helpful to insert such binding elements in both orientations
single copy, as a dimer, and as a tetramer fused to the GUS
coding sequence in the pBT10GUS vector.

. A promoter with appreciable activity in At7 protoplasts in the

absence of added effectors has been reported. This reporter
construct contains the region between -90 to +8 of the CaMV
35S promoter (-90 CaMV 35S promoter), including an activa-
tion sequence factor 1 binding site (positions =83 to -63) [15],
fused to uidA encoding GUS. Binding domains ( czs-elements)
to analyze can be cloned immediately upstream of the -90
CaMYV 35S promoter in pBT10GUS [4].

. Addition of the LUC standardization plasmid in the co-transfection

is used to determine specific LUC activity in a given sample to esti-
mate the transfection rate (efficiency of transfection).

. The Photinus pyralis luciferase (LUC) encoding ORF contains

three silent point mutations which remove Xbal, EcoRI, and
Clal sites [16].

. We observed strong differences between different lots of cel-

lulase in terms of success in protoplasting. Each lot has to be
tested and the amount of cellulase in the cellulase-mazerozyme
solution has to be adjusted for successtul protoplasting.
Mazerozym is a multi-component enzyme mixture containing
activities of pectinase, a amylase and hemicellulase; cellulase
proteins hydrolyze 1,4-p-D-glucosidic bonds.

. We are using a Multifuge 1s (Heraeus) centrifuge with a TTH400

swing-out rotor (Heraeus) or a Multifuge 3s-r (Heraeus) centri-
fuge with a TTH750 swing-out rotor (Heraeus). These centri-
fuges have the option to specify acceleration and deceleration in
ramps from 1 to 9. These parameters have been optimized to
protect the delicate living samples.
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. When harvesting the protoplasts from the Petri dishes, transfer

the cell suspension into the Falcon tube by placing the brim of
the Petri dish centrally over the tube and then decant carefully.
Work above the inverted lid of the Petri dish to be able to
recover eventually spilled protoplast suspension.

When adding solutions to the protoplasts, never just pour the
liquid on top of the protoplasts, rather hold the tube at a flat
angle and let the liquid slowly run along the side of the tube.
Slow rotation of the tube helps dissolving solid pellets.

By washing with B5 floating medium, the living protoplasts are
separated from the debris of broken cells. The high sugar con-
centration in the B5 floating medium causes floating of intact
protoplasts.

When pipetting living protoplasts, always use pipetting equip-
ment which reduces the shearing force, such as Cell-Saver tips
or pipettes with a wide tip orifice.

When the floating protoplast suspension contains a high
amount of cell clusters (caused by inefficient enzyme treatment
for cell wall removal), it is possible to filter the protoplasts
through a nylon net filter with 70 pm pore size. Although this
filtering step drastically reduces the number of cells, the
obtained protoplast suspension contains only the desired
protoplasts.

Protoplasts number is determined using a hemocytometer.

The use of dam— plasmid DNA results in significantly reduced
background activity, as shown for parsley protoplasts [17].

In our hands, high-concentrated (>1 pg/pl) dam- plasmid
DNA in TE (10 mM Tris-HCI pH 8, 1 mM EDTA) stored at
4 °C is stable for more than 10 years, and can be used in co-
transfection experiments without known limitations.

We recommend to generate and use a detailed pipetting
plan.

Thawing of PEG solution at room temperature could take a
tew hours.

In order to ensure a simultaneous start of co-transfections for
all experiments, do not mix the DNA and protoplasts at this
point. If you are performing a small-scale experiment this is
not as critical as if you are handling 40 co-transfection reac-
tions at the same time.

When using a dispenser to add the PEG solution, it is recom-
mended to hold the tubes or the rack with the tubes at a flat
angel and pipet to the side of the tube.

. Avoid to move the tubes during the incubation time.
22.

We found that splitting the pipetting of Ca(NOj;), into two
steps worked well to achieve a stopping of all reactions at
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23.

24.

25.

26.

27.

28.

around the same time. First pipet 1 mL to all the tubes and
then add the remaining 4 mL.

Split the pipetting of the 7 mL in at least two steps and first pipet
1 mL to all tubes. If you add the whole volume of B5 solution
at once, it might result in clumping of the protoplasts.

Almost horizontal incubation avoids contact of the liquid to
the cap of the centrifugation tube, which might result in
protoplasts stuck to the cap.

The luciferase assay should be performed immediately after
protein extraction as the luciferase is degraded in the extract.
The recommended order in which the following measure-
ments have to be performed is (1)luciferase assay, (2) GUS
assay, and (3) protein concentration measurement.

The luminescence measurement should immediately start after
the addition of luciferase substrate solution. We implemented
a program on the FLUOstar Optima microplate reader that
adds 100 pL of luciferase substrate solution to the samples
immediately before the luminescence is measured.

Only assays with linear increase of the Eys5 values are taken into
account.

We recommend the generation and use of an Excel sheet for
the calculations.
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Chapter 6

Selecting Hypomethylated Genomic Regions
Using MRE-Seq

Elisabeth Wischnitzki, Kornel Burg, Maria Berenyi, and Eva Maria Sehr

Abstract

Here, we describe a method capable of filtering the hypomethylated part of plant genomes, the so-called
hypomethylome. The principle of the method is based on the filtration and sequence analysis of small DNA
fragments generated by methylation-sensitive four-cutter restriction endonucleases, possessing ™CpG
motifs in their recognition sites. The majority of these fragments represent genes and their flanking regions
containing also regulatory elements—the gene space of the genome. Besides the enrichment of the gene
space, another advantage of the method is the simultaneous depletion of repetitive elements due to their
methylated nature and its easy application on complex and large plant genomes. Additionally to the wet
lab procedure, we describe how to analyze the data using bioinformatics methods and how to apply the
method to comparative studies.

Key words Plant, Hypomethylome, Gene space, DNA methylation, Reduced representation libraries,
MRE-seq, Non-model organisms, De novo assembly, Reference-based assembly, Comparative analysis

1 Introduction

Epigenetic modifications like DNA methylation influence gene
expression without changing the underlying DNA sequence. The
methylation of cytosines in the DNA is a reversible process com-
mon in plants. However, this methylation does not occur randomly
in the genome but appears in pattern of methylated stretches in the
genome. It has been observed that the gene space (genes and their
flanking regions) is showing low methylation levels (hypomethyl-
ated) while cytosine methylation is found predominantly in repeti-
tive elements (e.g. transposable elements). Not only the methylation
of the gene body influences the expression but especially methyla-
tion pattern in the promoter regions has been associated with dif-
ferential expression indicating a direct role of DNA methylation in
the regulation of gene expression [1, 2]. Thus, investigating a
plant’s methylome (the methylated part of the genome) or hypo-
methylome (the non-methylated part of the genome) is an

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_6, © Springer Science+Business Media New York 2016
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increasingly popular strategy for understanding the genetic and
environmental interactions behind  biological  processes.
Methylation-sensitive restriction enzyme-based genome digestion
used for creating reduced representation libraries allows the enrich-
ment of gene space-related sequences by selecting for the hypo-
methylome [3-9]. The obtained libraries represent not only exons
but also potential regulatory regions where regulatory sequences
like transcription factor binding sites may reside. More precisely,
the identified regions contain additionally introns and gene-flank-
ing regions both up- and downstream. A combination of these
libraries with next-generation sequencing (NGS) for their charac-
terization is called MRE-seq (Methylation-sensitive Restriction
Enzyme followed by sequencing) [10, 11].

Here, we detail a modified MRE-seq technique designed for the
isolation and characterization of a plant’s hypomethylome. The
method is based on the restriction digestion of total genomic DNA
with methylation-sensitive frequent cutter restriction endonucleases
resulting in short DNA fragments of hypomethylated regions. PCR-
based size selection, next-generation sequencing, and bioinformatics
analysis of these short genomic fragments provide a comprehensive
sequence representation and characterization of the hypomethy-
lome [8, 9]. In this chapter, we describe both the filtration method
and the bioinformatics procedure to analyze the data and give
recommendations for performing a comparative analysis between
samples.

Our method provides an easy tool to produce reduced repre-
sentation libraries enriched for gene space omitting repetitive
elements from small amounts of genomic DNA samples and opens
the way for comparative analysis of genetic and epigenetic variation
among genotypes or tissues even in a larger set of samples.

2 Materials

2.1 Plant Material

2.2 Buffers,
Enzymes, Adapters,
and PCR Primer

1. Leaves of the selected plant species were used for the analysis. We
recommend fresh material but any material that will yield high-
molecular-weight genomic DNA can be used (sez Note 1).

2. The experiments presented are based on rice, Oryza
sativassp. indica variety SHZ-2A (seeds are kindly provided by
R. Mauleon, IRRI International Rice Research Institute, Los
Banos, Philippines) and Norway spruce, Picea abies (L.) H. Karst
(twigs kindly provided by S. Schiiler, Department of Forest
Genetics, Austrian Research Centre for Forests, Vienna, Austria).

1. PCR grade water was prepared in the laboratory by UV irradi-
ating Millipore Synergy generated ion exchanged water in
Stratagene UV Stratalinker 2400 for 20 min and then sterile
filtered.
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. CTAB lysis buffer: 140 mM Sorbitol, 220 mM Tris—-HCI

pH 8.0, 22 mM EDTA, 880 mM NaCl, 1% Sarcosyl and 0.8 %
CTAB.

. Phenol-chloroform-isoamyl alcohol: 25:24:1 saturated with

10 mM Tris—-HCI, pH 8.0, 1 mM EDTA.

. Chloroform-isoamyl alcohol: 24:1 mixture of chloroform and

isoamyl alcohol.

. Isopropyl alcohol.

. 70% EtOH, ethanol diluted by distilled water.

. Absolute EtOH, 100% ethanol.

. Liquid N,.

. 10% SDS, Sodium Dodecyl Sulfate dissolved in distilled water.
10.

3.0 M NaOAc pH 5.2, 3 M sodium acetate, pH adjusted with
acetic acid.

5 mM Tris—HCI pH 8.0, Tris—-HCl dissolved in distilled water,
pH adjusted with NaOH.

10 mM Tris-HCI pH 8.0.

(10x) restriction enzyme buffer.

PCR buffer (10x).

MgCl, (25 mM), Magnesium chloride dissolved in distilled
water.

dNTP (20 pM), Mixture of the four deoxy nucleotide
triphosphates.

BSA, Bovine Serum Albumin.

20 mM EGTA.

Based on our experience the four-cutter restriction endonu-
cleases Hpall, Acil, and Bsh1236I with recognition sites con-
taining a CpG motif as methylation site provide the best

results for the isolation of the hypomethylome of plant
genomes [9] (see Table 1).

T4 DNA ligase (5 U/pL) and bufter.

Table 1
Restriction enzymes

Restriction
enzyme  Cut site End Buffer °C Source

Hpall CCGG 5'GC Nebl 37 New England Biolabs

Acil CCGC 5'GC Neb3 37 New England Biolabs

Bsh12361 CG*™CG CG blunt Neb4 37 Thermo Fischer Scientific
Pmel GTTTAAAC Ablunt Neb4 37 New England Biolabs
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Table 2
Adapter and PCR primer
Designation Sequence of oligo® Feature
Adapter A Pmel_ CGWA 5" GCACGACTGTTTAAA
Adapter B Pmel_CGB 5p’ CGTTTAAACAGTCGT 5’ Phosphorylation
Adapter B blunt  Pmel_CGBlunt  5p’ TTTAAACAGTCGT 5’ Phosphorylation
PCR primer Pmel CG17 5" CACGACTGTTTAAACGG

“The adapter sequences are designed to not restore the original restriction site (se¢ Note 5)

2.3 Equipment

2.4 Disposables

2.5 Recommended

Analysis Software

21.
22.
23.
24.

N O O N

oo

HotStar Tag DNA Polymerase.

RNase A: 100 mg/mL diluted in water.

Proteinase K: 20 mg/mL purchased as liquid.

Bal3126. Adapters and PCR primer are listed in Table 2.

. Retsch mill: Retsch MM301, 25 mL jar, 15 mm steel ball.

. High speed centrifuge, e.g. Sorvall RC6, SS34 rotor.

. Eppendorf centrifuge, ¢.g. Eppendort Centrifuge 5415D.

. Vortex mixer, e.g. Scientific Industries Vortex Genie.

. Thermocycler M]J research.

. Agilent Bioanalyzer.

. Glass rod; 1-1.5 mm diameter glass capillary pipet with melted,

closed tips.

. =20 °C freezer.

9. Waterbath.

10.

2.

Micropipettes 2, 20, 200, 1000 pL.

. 35 mL Polyallomer Nalgene Conical Oak Ridge centrifuge

tubes.
500 pL, 1 mL, and 2 mL Eppendorf tubes.

The recommended tools (see Table 3 and Subheadings 3.6-3.9)

reflect our experience and are not exclusive. They can be exchanged
with appropriate alternatives depending on the data, the analysis,

or

new technological developments. Most of the tools are

command-line based and require a Unix system. In general the
analysis will be much faster, if the separate steps can be run in paral-
lel. For the de-novo assembly, we recommend a compute cluster

with a high amount of RAM.
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Table 3
Recommended analysis software

Software References Analysis

CutAdapt [16] Removal of adapter sequences (see Subheading 3.6)
Trimmomatic [17] Removal of low-quality and short sequences (see Subheading 3.6)
Bowtie2 [18] Removal of other sequences (see Subheading 3.6)

Reference-based assembly (see Subheading 3.7)

De novo assembly (see Subheading 3.7)

De novo assembly (see Subheading 3.7)

Mixed approach (see Subheading 3.7)

Comparative sequence analysis (see Subheading 3.9)

samtools [21] Reference-based assembly (see Subheading 3.7)
De novo assembly (see Subheading 3.7)
Mixed approach (see Subheading 3.7)
Comparative sequence analysis (sez Subheading 3.9)

Bedtools [22] Reference-based assembly (see Subheading 3.7)
De novo assembly (see Subheading 3.7)
Mixed approach (see Subheading 3.7)
Annotation (see Subheading 3.8)
Comparative sequence analysis (see Subheading 3.9)

Trinity [23, 24] De novo assembly (see Subheading 3.7)
Mixed approach (see Subheading 3.7)

FLASH [36] De novo assembly (see Subheading 3.7)

Blast [25, 26] Mixed approach (see Subheading 3.7)

Annotation (see Subheading 3.8)
Comparative sequence analysis (see Subheading 3.9)

InterproScan [27, 28] Annotation (see Subheading 3.8)

Blast2GO [29, 30] Annotation (see Subheading 3.8)

cd-hit [31, 32] Comparative sequence analysis (see Subheading 3.9)

1GV [33, 34] Comparative sequence analysis (see Subheading 3.9)
3 Methods

The method consists of the following different procedures which
are further detailed in the Subheadings: 3.1. Preparation of
high-molecular-weight genomic DNA, 3.2. Adapter preparation,
3.3. Enzymatic digestion of genomic DNA and ligation of adapt-
ers, 3.4. Amplification of adapter ligated DNA, 3.5. Sequencing,
3.6. Data processing and quality control of the raw reads, 3.7.
Identification of hypomethylated regions detailing the different
assembly strategies, 3.8. Different annotation methods. An addi-
tional Subheading 3.9 is focusing on the application of comparative
analysis between different samples.
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3.1 Preparation
of High-Molecular-
Weight Genomic DNA

3.2 Adapter
Preparation

Genomic DNA from Oryza sativa and Picea abies was prepared
with a modified protocol from Janice Keller and Ian Bancroft [12].

1.

O 0 NN N o

10.
11.

12.

13.

14.

15.
16.

Grind plant material (0.5 g) to fine powder in liquid N, with
steel balls in a Retsch mill (Retsch MM 301, 25 mL jar, 15 mm
steel ball).

. Melt the frozen powder in 7 mL of 65 °C CTAB lysis buffer

and 1 mL of 10% SDS (35 mL Polyallomer Nalgene Conical
Oak Ridge centrifuge tubes).

. Incubate samples at 65 °C in a waterbath for 30 min with

occasional vigorous vortex shaking.

. After incubation extract the samples twice with 9 mL of

chloroform-isoamyl alcohol (24:1) and centrifuge at 8000 x g
for 10 min (Sorvall RC6, SS34 rotor).

. Transfer the upper aqueous phase into a new tube (same as above).
. Precipitate with 0.8 volumes of isopropyl alcohol.

. Incubate for 10 min at room temperature.

. Centrifuge the samples at 15,000 x g for 20 min.

. Wash pellets with 70% EtOH, dry and dissolve in 600 pL

5 mM Tris—-HCI pH 8.0 containing 300 ng of RNase A.
Incubate samples at 37 °C for 1 h.

Add 30 pg of Proteinase K and incubate at 37 °C for an addi-
tional hour.

Extract the samples twice with equal volumes of phenol—chlo-
roform-isoamyl alcohol and twice with equal volumes of chlo-
roform-isoamyl alcohol (24:1) in 2 mL Eppendorf tubes.

Precipitate the extracted samples by adding 0.1 volumes of
3 M NaOAc pH 5.2 and 2 volumes of absolute EtOH.

Roll out the high-molecular-weight genomic DNA with a
glass rod.
Wash the samples with 70 % EtOH and let it dry.

Dissolve the DNA overnight in 100 pLL of 5 mM Tris-HCI
pH 8.0.

. Dissolve the lyophilized adapters and primers at 100 pM

concentration in sterile PCR grade water.

. Dilute an aliquot of both A and B (or B blunt) adapters

(see Table 2) to 10 pM concentration.

. Mix in a 1:1 ratio.

. Anneal in thermocycler by heating the mix to 95 °C for 5 min

and subsequently cooling it stepwise by 5 °C/5 min to 25 °C.

. Store the annealed adapters at -20 °C aliquoted in 500 pL

Eppendorf tubes (see Note 2).



3.3 Digestion
and Ligation
of Genomic DNA

3.4 Amplification
of the Adapter-Ligated
Genomic Fragments
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. The oligo pairs Pmel_CGWA and Pmel_CGB oligos are used

for Hpall and Acil enzyme site adapters, while for Bsh12361
enzyme site Pmel_CGWA and Pmel_CGBlunt oligos are used
(see Table 2).

. Use a single reaction for the restriction digestion and adapter

ligation of the genomic DNA. The 50 pL reaction mix con-
tains 300 ng purified genomic DNA (see Note 3), 5 pL (10x)
restriction enzyme bufter (see Table 1), 4 pL (10 pM) annealed
adapter, 40 units of restriction enzyme, 10 units of T4 ligase,
and fill up with water to 50 pL.

. Incubate the digestion-ligation reaction overnight at 37 °C.

. After heat inactivation at 65 °C for 20 min in the thermocycler,

dilute the samples 1:1 with 50 pLL PCR grade water and extract
subsequently by equal volumes of phenol—chloroform—isoamyl
alcohol, then by chloroform—isoamyl alcohol (24:1).

. Precipitate the extracted DNA with 2.5 volumes of absolute

EtOH in the presence of 0.3 M NaOAc pH 5.2, wash with
70% EtOH. Dry and dissolve in 100 pL. 5 mM Tris—HCI
pH 8.0.

. Amplification of the adapter-ligated DNA (se¢ Note 4): For

Illumina sequencing, attain fragments by PCR amplification of
the restriction-digested and adapter-ligated genomic DNA
samples. Use 5 pL of digested and adapter-ligated DNA (about
15 ng) and 4 pL of 10 pM amplification primer Pmel_CG17 in
a 50 pL PCR reaction containing 5 pL. PCR buffer (10x), 1 pL.
MgCl, (25 mM), 1 pL ANTP (20 pM), 0.5 pl. HotStar
Polymerase (2.5 units) and add PCR grade water to
50 pL. Initialize the PCR at 95 °C for 15 min followed by
25-30 cycles of 95 °C 30 s/55 °C 40 s/72 °C 50 s and finish
by 72 °C for 5 min. The exact number of cycles has to be eval-
uated experimentally (see Note 6). The selected three restric-
tion endonucleases are performing equally well for the filtration
(see ref. 9 and Fig. 1). Note that the sizes of the predominant
fragments (bands) are characteristic both for the restriction
enzyme (see Fig. 1) and for the analyzed plant genome (not
shown) and are reproducible (see Fig. 2).

. Removal of the adapter sequences: To increase the length of the

usable sequence information, the majority of the adapter sequence
should be removed. This can be achieved by Pmel digestion,
because its rare cut sitt GTTTAAAC is present in the adapter
sequence. Digest 1 pg of the PCR amplificates with Pmel (NEB)
in NEB4 butffer, in two steps under the presence of 100 ng/pL
BSA. Perform the first digestion in a 50 pL reaction volume, con-
taining 100 U Pmel enzyme on 37 °C for 2 h followed by a sub-
sequent volume increase to 100 pL in 1x NEB4 butffer including
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Restriction enzymes
Hpall Acil Bsh1236l
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Fig. 1 The results of the size-selective amplification of Oryza sativa-digested
genomic DNA show characteristic predominant fragment sizes for the different
restriction enzymes (0.8 pM Pmel_CG17 primer concentration; 27 PCR cycles)

5000
2500

800

400

[dq] yibus| Juswbel4

100

Fig. 2 Filtrated fragments of genomic DNA show reproducible predominant frag-
ment sizes. The results for four different Picea abies samples representing differ-
ent phenotypes are shown

additional 50 U Pmel and incubate for additional 2 h. Finally, stop
the reaction at 65 °C for 20 min. Purify the samples (100 pL) with
100 pL phenol—chloroform—isoamyl alcohol (25:24:1), then twice
with the same volume of chloroform—isoamyl alcohol. Pipet the
upper phase into a new 1.5 mL Eppendorf tube, and precipitate
the reaction by adding 0.1 volumes of 3.0 M NaOAc pH 5.2 and
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Hpall Acil
Undigested Digested Undigested Digested

0 102 10  10* 0 102 10° 10* 0 102 10 10* 0 10> 10® 10%

Fig. 3 Test for the efficiency of adapter removal. Samples after Pmel digestion show strongly reduced or no
amplification with the Pmel_CG17 primer due to the removed sequence (Digested). In comparison in undi-
gested samples the amplification is still possible for all dilutions (Undigested). All samples were diluted up to
10* fold and subsequently amplified with the Pmel_CG17 primer

2.5 volumes of absolute EtOH for 1 h at -20 °C. Centrifuge the
precipitated DNA at 4 °C with 16,000 x4 in an Eppendorf cen-
triftuge (full speed) for 20 min then wash with 70%
EtOH. Centrifuge for 10 min at 15,000 4. Discard the superna-
tant and let the pellet dry at room temperature. Dissolve in 5 mM
Tris-HCI pH 8.0 to reach a concentration of about 200 ng/
pL. Store at -20 °C. Test the effectivity of the adapter removal (see
Note 7 and Fig. 3).

3.5 Sequencing 1. During our analysis we tried different sequencing technologies
(Illumina HiSeq2000, MiSeq and Ion Torrent) and discovered
that the method is suitable for different sequencing technolo-
gies as the obtained results were comparable [9]. However, the
data created with the Ion Torrent technology are similar to
those created by the Illumina technology, but show a much
lower coverage. Therefore, the decision for a specific technol-
ogy is more a matter of availability and personal preferences.
However, we recommend to base the decision on the size of
the expected fragments (for the expected read length) and on
the desired coverage (for the technology). We have been able
to enrich for the gene space and deplete repetitive sequences in
Picen abies with a rather low genome wide coverage of 0.1x.
This represents a theoretical coverage of the gene space of ~4x
as only about 2.4 % of the spruce genome is described as gene
and gene-like sequences [13]. Similar results were also achieved
in Crocus sativus [9]. For more information about the recom-
mended coverage see Note 8.

2. The sequencing technology of Illumina requires the fragments
to be sufficiently different in the first few bases to be able to
distinguish the so-called sequence clusters within one lane. If the
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sequences are identical, the technology cannot distinguish
between actually different fragments and the sequencing run
will yield no results. Due to the amplification adapter and the
identical genomic cut site, this is the case for the isolated frag-
ments, even if the amplification adaptor is removed. However,
there are different methods to approach this technical issue. (1)
Adding PhiX fragments as recommended by Illumina for ampli-
con sequencing did not yield satisfying results in our experi-
ments. A test showed that we had to add 30% of PhiX in order
to receive satisfying data. This presents a practical loss of infor-
mation and can be circumvented by applying one of the next
proposed solutions. (2) Dilute the samples with random genomic
fragments properly sized to Illumina sequencing instead of
PhiX. This way an additional unfiltered genomic reference data-
set is obtained (see Note 9). (3) Removing the amplification
adaptor and the genomic cut site with an exonuclease will result
in random sequence ends of the fragments suitable for Illumina
sequencing. This method can be performed additionally or
instead of the removal of the amplification adapter in the proto-
col. In our hands, it was successfully applied to samples from the
saffron crocus [9]. For the removal of a few base pairs at each
end of the fragments, the exonuclease Bal31 was used for the
digestion (https://www.neb.com/products/m0213-nuclease-
bal-31), which has already been applied in a number of studies
for the controlled length reduction of linear double-stranded
DNA, including studies focusing on telomere truncation [14,
15]. Bal31-driven shortening of the fragments, however, needs
optimization for the analyzed samples. Set a 50 pL reaction con-
taining 2 pg of PCR amplified fragments, 1x Bal31 reaction buf-
fer and 1 U of Bal 31 enzyme. Incubate at 30 °C and take
samples of 5 pL at 15, 30, 60, 120, etc. seconds, up to 6 min.
Mix the removed samples immediately with 5 pL. of 40 mM
EGTA pre-warmed to 65 °C and incubate for 10 min to stop the
reaction. To visualize the progression of the shortening, the
samples are diluted 1:5 with 10 mM Tris—-HCl pH 8.0 and
loaded to an Agilent Bioanalyzer. A size shift of about 30—40 bps
is expected for a proper removal of the uniform parts at the frag-
ment ends. Using the results of the time-course experiment, do
estimate the necessary digestion time to reach this goal. The size
reduction is fragment length dependent, since longer fragments
are stronger affected. Therefore, we highly recommend separate
optimization for each studied set of samples /species. To prepare
fragments for the sequencing set up the same reaction and use
the identified time for optimal shortening.

All sequence reads should be cleaned following the recommended
procedure. Especially if the method is used for comparative stud-
ies, all samples should be treated in the same way in order to
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guarantee high-quality data and comparability of the datasets.
Some de novo assembly tools include preprocessing but we rec-
ommend filtering the reads before further analysis steps. Based on
our experience this yields the best results and presents the best
basis for comparative analyses.

1. Removal of adapter sequences: In case the digestion of the

adapter sequences was not complete, there might be still parts
of it present in the dataset. These smaller parts of the adapter
sequence should be removed from the read sequences as they
are artificially added during the procedure and do not reflect
the plant genome. Any available tools that can handle not only
a complete adapter sequence but also its substrings can be used
for this process, e¢.g. CutAdapt [16]. This step is still recom-
mended even if the adapter removal step was replaced by the
exonuclease digestion (see Subheading 3.5).

. Removal of low-quality regions and short sequences: Low-

quality regions with low base call accuracy can affect the map-
ping and de novo assembly of the fragments by introducing
wrong information. Also very short reads should be removed
as they may not be mapped uniquely to the reference or may
affect the assembly. Therefore, the removal of those sequences
is a necessary step to ensure the quality of the results. Any
available preprocessing tool is able to perform this procedure,
e.g. Trimmomatic [17]. The threshold might depend on the
data and the analysis. We recommend applying a Q-value
threshold of 30, representing a base call accuracy of 99.9%,
and a minimal length threshold of 50 bp. The latter could be
set lower if other sequencing methods are used producing
shorter reads.

. Removal of other sequences (optional, see Notes 10 and 11):

Depending on the aims of the analysis it is useful to remove
certain sequences prior to further analysis steps, e.g. repetitive
elements, ribosomal, chloroplast, or mitochondrial sequences.
The filtering can be performed with different tools. We use
bowtie2 [18] for filtering the processed reads. We recommend
treating each read of a pair separately and applying option:
“--un”. This will result in a file containing all reads that did not
create a sufficient alignment. As reference general databases
can be used like, e.g. REdat for repetitive elements [19] or
customized datasets depending on your data and research
question. If a reference of the chloroplast or the mitochon-
drion is lacking for the studied species, we recommend using
the sequences of close relatives and adjust the threshold to
allow more variation, if necessary (e.g. option “--local”).

The procedure for the identification of hypomethylated regions
depends on the studied species. More precisely the deciding factor
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Fig. 4 Bioinformatics workflow for the identification and analysis of hypomethyl-
ated regions

is whether a reference sequence is available or not. If a reference
sequence is available, a reference-based assembly can be performed.
If no reference is present, a de novo assembly approach has to be
applied. A combination of reference-based and de novo assembly is
a favorable option to yield the best results for the analyzed dataset.
Those different analysis procedures are detailed in the following
sections (see Fig. 4).

1. Reference-based assembly: The reference-guided assembly is
performed by assigning all high-quality reads to the reference
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sequences. There are different read mapping tools available
that are suitable for this procedure. The choice should depend
on the analysis and is personal preference. For a review see [20].
We recommend bowtie2 with default settings [ 18] as it allows
a bit more variation in the alignment as other tools which is
preferable for comparative studies.

Furthermore, we apply additional filter for retaining reliable
results and to further reduce the possibility for false-positive
sequences. We recommend selecting only regions which are hit
by at least five reads (bowtie2 [18], samtools [21], bedtools
[22], developed perl-scripts). This threshold will depend on
the analysis and the datasets but will increase the reliability of
the results.

. De novo assembly: The de novo assembly for each dataset is
performed using Trinity [23, 24] (see Note 12) with minimal
contig length of 100 bp. This parameter can be adjusted if
necessary based on the filtrated fragment length and obtained
read length, e.g. if only 300 bp reads were obtained this can be
set higher. For all technologies and datasets we tested, this
value was sufficient. The analysis of various tools showed that
Trinity yields the best results. For the purpose of our method—
to enrich for the gene space—an assembly method focusing on
the transcriptome is best suited. Based on our experience
Trinity also performs well for fragments not derived from the
gene body [9].

The resulting contigs should be evaluated by mapping the
high-quality reads used for the assembly to the assembled
sequences using, ¢.g. bowtie2 [18] and only contigs consisting
of at least five reads should be retained similar to the reference-
based assembly.

. Mixed approach: Whether a reference or de novo approach is
applied depends on the organism. If a genome sequence is
available apply the reference-based approach first. If a high
fraction of reads could not be aligned to the reference genome,
use the de novo approach. However, a mixed approach is also
possible or even recommendable in some cases. Perform a
reference-based assembly first and extract the reads that could
not be aligned to the reference (similar to the data processing
step “Removal of other sequences” using, e.g. bowtie2 option
—un [18]) and perform a de novo assembly with this subset to
identify specific sequences that were either not present in the
reference or differ to much from the reference to be aligned
properly. The de novo sequences can afterward be compared
to the reference using blast [25, 26] to identify the potential
locations in the reference that differ between your samples and
the reference [9] (see Note 13). De novo-assembled contigs
that could not be located in the genome should be subjected
to separate annotation to determine their origin.
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3.8 Annotation

3.9 Comparative
Sequence Analysis

1. In the case a reference-based assembly was performed, the
coordinates of the identified regions should be compared with
the available annotation (usually available in gft or gft3 format)
using, e.g. bedtools [22]. An additional similarity search is also
recommended (see Note 14).

2. The annotation of the de novo-assembled contigs can be per-
formed by similarity searches using blast [ 25, 26] against the data-
bases NR and NT from NCBI (http: / /www.ncbi.nlm.nih.gov /).
If close relatives have been sequenced, we recommend a separate
blast run against those as well (se¢ Note 14).

3. Further annotation using, e.g. known transcription factor
binding sites (see Note 15), InterproScan [27, 28] or Blast2GO
[29, 30] can additionally provide useful information and is
highly recommended.

The strategies for comparative studies depend again on the studied
species and the availability of a reference. We present some general
suggestions but the exact downstream workflow will depend on
the specific question to be answered (see Note 16). However,
regardless which method is used it is important to treat all samples
subjected to the comparative analysis the same way to ensure com-
parable results.

1. In case a reference has been published, all samples should be
aligned separately to this reference and annotated as described
for the reference based assembly. The coordinates of the iden-
tified regions can be compared between the samples using, e.g.
bedtools [22] to identify regions that are unique to samples or
conditions (e.g. intersectbed -v). This can also be applied to
identify parts of larger hypomethylated regions that are differ-
entially methylated as it might occur if a regulatory element is
methylated in the promoter in one sample but not in the other
(e.g. subtractBed).

2. For samples with no reference there are several possibilities.
Either all reads are used to create a reference hypomethylome
by de novo assembly which is further used as common refer-
ence for a reference-based assembly and the subsequent anal-
ysis, as described above. Or the samples are de novo-assembled
separately and clustered using, e.g. cd-hit [31, 32] to identify
unique sequences. For the identification of overlapping
sequences, we recommend post-processing the clustering
results and creating separate alignments for the exact identifica-
tion of the differentially methylated parts. Also similarity
searches using, e.g. blast [25, 26] are recommended to identify
similar sequences. Here again further global alignments might
be recommendable to study differences in more detail.
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3. For a mixed assembly method as described above, we recom-

mend to add the additional de novo-assembled contigs to the
previously known reference. This extended reference will
present a more complete basis for the identification of differ-
entially methylated regions. We recommend performing a
reference-based analysis with this extended reference as
described above.

4. Visualization: If a common reference is present the read align-

ments can be prepared using, e.g. samtools [21] as bam and
bai files and visualized together with the bed files indicating
the locations of the identified regions (output of the analysis
described in the previous steps) with, e.g. the Integrated
Genome Viewer (IGV) [33, 34].

4 Notes

. Select the DNA isolation method suitable for the chosen plant

species, resulting in high-molecular-weight DNA with OD
260,/280 nm>1.8 and 260,/230 nm ratio>2 to warrant the
proper digestibility by the restriction endonuclease. The described
method was successfully applied in rice, Norway spruce, banana,
sweet potato, saffron, pepper-bark tree and in the 1RS chromo-
some arm of rye. Store high-molecular-weight genomic DNA at
4 °C to reduce the fragmentation by frequent freezing-melting.

2. Aliquot the annealed adapters in amounts, which may be used

up in one ligation reaction and store at -20 °C. Use a single
tube for a single restriction-ligation reaction and always discard
the rest of the adapters. The annealed adapters are stable at
-20 °C for at least 6 months.

. The amount of DNA used in the reaction is dependent on the

genome size of the selected species. The larger the genome the
more input DNA is needed. 300 ng of input DNA is equiva-
lent to about 15,000 Norway spruce or about 6x10° rice
genomes. It is possible to perform the method with less than
20 ng genomic DNA, but think of the genome size! Do not
use more than 300 ng DNA per digestion ligation reaction
because of the increasing possibility of partial digestion. Always
use high concentration restriction enzymes. Think of inhibitory
effects of, e.g. glycerine if too much volume of the restriction
enzyme is used.

. Optimization of the PCR: Short fragment amplification is not

favored by use of a single adapter and primer, since it allows
looping of the short fragments, thereby prohibiting their
amplification. However, this handicap may be overcome by
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Fig. 5 Amplification of adapter-ligated genomic DNA of Oryza sativa produces
fragments between 200 and 800 bp for Pmel_CG17 primer concentrations of
0.6-0.8 pM (digestion with 10 ng Hpall restriction enzyme, amplification is
shown for different concentrations between 0.2 and 0.8 pM Pmel_CG17 ampli-
fication primer)

adjusting the amplification primer concentration [35].
Therefore, the optimization of primer concentration to obtain
properly sized PCR products for the Illumina HiSeq sequenc-
ing is necessary. The results in Fig. 5 show that increasing the
primer concentration in the PCR reaction favors the amplifica-
tion of shorter amplicons. In the presented case 0.8 pM primer
concentration resulted in approx. 200-800 bp fragments, ful-
filling the size requirements of both, the hypomethylome fil-
tration and the Illumina HiSeq sequencing.

5. We have observed that the amount of fragments derived from
transposable elements can be further decreased by digesting
the PCR-amplified fragments with the same restriction endo-
nuclease. The previous methylated sites become unmethylated
after PCR amplification and thus digestible. The designed
adapters do not restore the original cut site and are therefore
not affected. After digestion, the intact fragments—having
adapter sequences on both ends—can be further amplified by
PCR. Note that this procedure will not only reduce the amount
of fragments derived from transposable elements but also aftfect
methylated sites in, e.g. genes. However, this is only a minor
fraction (unpublished data).
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Do not over-amplify the PCR. Make reactions with different
cycle number to evaluate the optimal amplification. The high
abundant fragments should not be showing up obtrusively on
the agarose gel. We recommend parallel amplifications to get
enough material for the subsequent sequencing.

. It is important to remove as much adapter sequences from

the fragments as possible before sequencing (see also
Subheading 3.5). Test the level of adapter removal with re-
amplification of the digested samples. Dilute the digested
samples with 5 mM TrissHCI pH 8.0 to 100, 1000 and
10,000 fold and amplify as before. Compare to non-digested
samples (see Fig. 3). Repeat the digestion if necessary.

. Recommended coverage: Based on the results obtained in rice

we performed an in silico simulation to estimate the minimal
coverage necessary to identify the hypomethylome of the whole
genome. Reads were randomly selected to represent different
coverage thresholds and allocated to the genome sequence.
The data show that with a genome coverage of 3x still 92 % of
the regions were identified. This corresponds to a coverage of
the gene-space of ~6x [9]. Therefore, we recommend a mini-
mal coverage of 6-7x of the gene space.

. The dilution with random genomic fragments instead of adding

PhiX sequence provides the additional advantage of having an
unfiltrated dataset as reference. This may be the preferable
alternative if such a reference dataset is advantageous for the
analysis. Furthermore, this option is well suited for sequencing
on an Illumina HiSeq machine which provides sufficient cover-
age for the filtrated fragments even if 30-50% of the output
derived from the random fragments. However, the use of
machines with a lesser sequence output (e.g. MiSeq) is not
recommended.

Mitochondrial and chloroplast DNA are most likely still present
in the data. Depending on the questions you want to answer, it is
advantageous to remove those sequences before further analysis.
However, depending on the used enzyme, sequences from
genomic chloroplast and mitochondrial regions can still be pres-
ent even after removal of the mitochondrial and chloroplast
sequences. This can be due to alternative methylation mechanisms
or DNA modification which causes the enzyme to cut despite the
methylation. This issue has been discussed in [9].

Removal of PhiX-sequence from Illumina datasets: We noticed
that in most sequencing datasets a limited amount of PhiX-DNA
is present even without adding it specifically. This varies between
0.1 and 5% depending on the dataset but is on average about
1%. We recommend removing read sequences derived from
the PhiX-genome from the datasets before further analysis
(see Subheading 3.06).
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12.

13.

14.

15.

16.

Computational power necessary for a de novo assembly:
Depending on the amount of reads integrated into the analysis
the RAM demand of Trinity or any other de novo assembler,
might be rather high. According to the manual Trinity needs
as a basic recommendation approximately ~1G of RAM per
~1 M pairs of Illumina reads. Complex datasets might require
even more (https: //github.com/trinityrnaseq/trinityrnaseq,/
wiki/Trinity-Computing-Requirements). Keep in mind that
the assembly process will take some time. To reduce time and
RAM demand, we recommend using the “--normalize_reads”
parameter. Furthermore, paired reads can be tested prior to
assembly whether they overlap and could be combined into
one longer sequence using, ¢.g. FLASH [36].

Comparing de novo-assembled contigs to genomes using
blast: Be aware that similar hits can occur especially in poly-
ploid genomes or genomes with large-scale duplication events
in the past. In the rice genome about 10% of the de novo-
assembled contigs produced multiple occurrences with identi-
cal hit-statistics [9]. Also large gene families with small
sequence divergence within the family can lead to multiple
similar blast hits. For a more detailed analysis, we recommend
looking at the read alignment for those regions and try to dis-
criminate whether different haplotypes, gene copies, or differ-
ent family members are present.

Additional annotation of identified regions: Running a similar-
ity search against NR and NT is always recommended even if
an annotation is available for the used reference. A lot of genes
are annotated as “hypothetical protein” or with similar rather
uninformative descriptions. This can provide at least a bit more
information about the gene function. Also the available infor-
mation might have changed since the annotation of the refer-
ence and new data is available. We recommend an additional
search with an e-value threshold of le-5 to obtain additional
information about the identified regions.

Identifying known regulatory elements in sequence data pro-
duces a high amount of false-positive data, depending on the
analyzed elements. The majority of transcription factor bind-
ing sites are very short and occur everywhere in the genome
simply by chance. Therefore, these data should be additionally
confirmed or otherwise treated with care. However, if those
elements are identified in differentially methylated regions this
might give important hints to differences in the regulation of
the affected gene.

Comparative studies: For the detection of small sequence
differences between samples (e.g. SNPs, InDels, SSRs, etc.)
that may hint to differential methylation of alleles between the
samples or that may cause differential methylation, we recommend
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performing a de novo assembly for each dataset and compare
the interesting sequences separately. This approach may
identify differences, which may have been excluded in a pure
reference based analysis.
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Chapter 7

Spatio-Temporal Imaging of Promoter Activity
in Intact Plant Tissues

Tou Cheu Xiong, Frédéric Sanchez, Jean-Francois Briat,
Frédéric Gaymard, and Christian Dubos

Abstract

Localization and quantification of expression levels of genes help to determine their function. Localization
of gene expression is often achieved through the study of their promoter activity. Three main reporter genes
B-glucuronidase (GUS), green fluorescent protein (GFP), and luciferase (LUC) have been intensively used
to characterize promoter activities, each having its own specificities and advantages. Among them, the LUC
reporter gene is best suitable for the analysis of the promoter activity of genes in intact living plants. Here,
we describe a LUC-based method that allows to precisely localize and quantify promoter activity at the
whole plant level, and to study the mechanisms that are involved in long-distance regulation of gene expres-
sion in Arabidopsis thaliana. Imaging LUC signals with a low-light CCD camera allows monitoring
promoter activity in time and space in the transgenic plant harboring the promoter fused with the LUC
gene. In addition, it allows quantifying change of promoter activities in plant during several hours.

Key words Luciferase, Bioimaging, Ferritin, AtFerl, Iron, Arabidopsis thaliana

1 Introduction

The control of gene expression is complex and relies on numerous
molecular mechanisms, i.e. requiring the binding of regulatory
proteins to specific DNA sequences. In this regard, DNA sequences
localized upstream of the transcribed region, also called promoter
regions, are of central importance. For instance, it is through pro-
moter regions that transcription factors regulate the expression of
their target genes by directly and specifically interacting with dis-
tinct types of cis-regulatory sequences thus acting as activators,
repressors, or both.

The development of tools allowing the analysis of gene expres-
sion has substantially contributed to the functional characteriza-
tion of numerous genes. Amongst these tools, several reporter
genes have been used to monitor the activity of gene promoters
allowing the tissue, cellular, and subcellular determination of gene
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expression in a quantitative and dynamic manner. Such tools have
also permitted identifying several key regulatory elements (i.c.
cis-regulatory sequences) that are involved in the control of gene
expression. These methods rely on the use of three main reporter
genes [1-3].

The pglucuronidase reporter gene (uidA), or GUS, is a sensitive
system for identifying promoter activity at the tissue and cellular
levels. In addition, GUS activity allows precise in vitro quantifica-
tion of promoter activity [2, 4 ]. The main drawback of this method
is that treatments which must be applied to the samples in order to
reveal GUS activity lead to the death of the cells or the destruction
of the sample itself (i.e. tissue grinding for quantitative analysis).
As a consequence, GUS is not a suitable reporter gene to monitor
in vivo promoter activity of genes in a dynamic manner. In con-
trast, green fluorescent protein (GFEP), as well as other related fluo-
rescent proteins (e.g. REP, YFP, CFEP), is a nondestructive reporter
allowing accurate localization of gene expression at the tissue, cel-
lular, and subcellular levels [1]. The main disadvantage of this
method is that GFP requires UV excitation in order to emit fluo-
rescence, which can cause some damages to the samples during
long exposure (e.g. phototoxicity on DNA). GFP photobleaching
and autofluorescence of plant tissues are additional limiting param-
eters that have to be considered. The luciferase reporter gene relies
upon photon emission, allowing the in situ study of promoter
activity in a dynamic manner. LUC light emission is catalyzed by a
cofactor (luciferin) that is provided to the samples prior analysis.
Indeed, LUC activity is also routinely used for quantitative moni-
toring of gene expression over time (e.g. study of circadian
rhythm) [5, 6]. Beside the fact that LUC analysis requires a dedi-
cated device for low-light signal detection, which could limit its
application, this reporter gene is ideal for gene expression studies
at the whole plant level.

In this chapter, we describe a method allowing spatio-temporal
imaging of promoter activity in intact plants, together with quanti-
tative analysis of gene’s promoter activity and long distance signal-
ing studies (e.g. from roots to shoots). As an illustration we followed
the LUC activity driven by the AzFerl (At5g01600) promoter
whose activity is induced in response to iron treatment [7-9].
AtFerl encodes the most abundant ferritin protein—mainly
involved in the transient storage of iron in chloroplasts—present in
Avrabidopsis thaliana vegetative tissues [7-9].

2 Materials

2.1 Plant Material

A transgenic Arabidopsis thaliana line expressing the promoter
fused with the reporter gene LUC generated by Duc et al. [8] was
used in this method. The promoter of the AtFerl ferritin gene
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Fig. 1 Example of plant system for bioimaging. Prior to the measurements, two pieces of opaque and semi-rigid
black plastic sheets are placed between plant leaves and soil to avoid any contact. (@) Picture with half of the
pot covered with the black plastic sheets (on the right side). (b) Side view of the pot when the two sheets

are in place

2.2 Solutions

2.3 Labware,
Equipment,
and Software

(At5g01600, 1.4 kb DNA fragment upstream from the start
codon) fused to the firefly luciferase (LUC+) reporter gene was
introduced in Arabidopsis thaliana (Col-0) (for details see ref. 8)
(see Note 1).

Solutions are prepared with deionized water.

1.

N O\ U~ N

Luciferin stock solution: 100 mM Luciferin-EF™ (endotoxin-
free) (Promega) (sec Note 2).

. Luciferin working solution: 1 mM Luciferin-EF™ in 0.01%

Triton X-100.

. Iron solution: 2 g/I. Fe-EDDHA solution (Toner PS).

. Back-illuminated CCD camera (Hamamatsu C4880-30) (see

Note 3).

. Hipic32 5.1.0 software (Hamamatsu Photonic) (see Note 4).
. Opaque and semi-rigid black plastic sheets (Fig. 1).

. Image] freeware (1.50a) [10] (see Note 5).

. BG subtraction from ROI plugin for Image].

. PC with Windows® XP.

. Plant growth chamber for Arabidopsis thaliana.

3 Methods

3.1 Plant Growth
Conditions

. Seeds of stably transformed transgenic plants containing luciferase

promoter fusion are sown on soil (sec Note 6).

. Plants are grown for 6 weeks prior measurements in a growth

chamber under short day condition (8 h light, 23 °C: 16 h
darkness, 16 °C) with 250 pmol/m?/s of light intensity and
70% of relative humidity.
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3.2 Bioluminescence 1.
Imaging
2
3

Prepare 5 mL of Luciferin working solution from 50 pL of
Luciferin stock solution.

. 24 h before measurements, place an opaque and semi-rigid

black plastic sheet between soil and plant leaves to prevent any
contact. Then spray the plant with 5 mL of Luciferin working
solution (see Note 7).

. After 24 h, transfer the transgenic plant under the CDD camera

in the dark (see Note 8).

4. Wait 1 h prior measurement (see Note 9).

. Measurements are performed during the night period. At the

beginning of this period, the stimulus is applied. Here, 75 mL
iron solution per plant is provided to the roots, by pouring the
solution directly onto the soil. Luciferase signals were imaged
with 1 min exposure time each minute during 16 h (Fig. 2a—¢)
(see Note 10).

. An image of the plant under white light is taken at the end of

the measurements (Fig. 2f) (see Note 11).

Fig. 2 Induction of pAtFer1::LUC expression in plant leaves in response to iron treatment. Time-series images
in (a), (), (c), (d), and (e) show the luciferase signals in intact pAtFer1::LUC plant leaves every 4 h during 16 h
upon iron (2 g/L Fe-EDDHA solution) application on roots. The luciferase signal is collected with 1 min exposure
time. Red arrows are showing induction of luciferase signals (c). The corresponding time (in hours) for each
panel is indicated in the bottom left part of the picture, and refers to the time when iron was applied (0 h).
Signal intensity is represented in false color (calibration scale is shown in (a)). Scale bar=30 mm
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Fig. 3 Induction of pAtFer1::LUC expression in plant leaves in response to water application. Time-series
images in (@), (b), (c), (d), and (e) show the luciferase signals in intact pAtFer1::LUC plant leaves every 4 h
during 16 h upon water (deionized) application on roots. The luciferase signal is collected with 1 min exposure
time. Water is not inducing AtFer1 promoter activity. The corresponding time (in hours) for each panel is indi-
cated in the bottom left part of the picture, and refers to the time when iron was applied (0 h). Signal intensity
is represented in false color (calibration scale is shown in (a)). Scale bar=30 mm

3.3 Image
Corrections

. At the end of the experiment, an image without the plant is

taken as background reference with the same exposure time
(see Note 12).

. The same protocol (steps 1-7) is then repeated for the control

condition using deionized water (Fig. 3).

. Open all images as a sequence image in Image] by dragging

the folder that contains all the images and dropping it onto the
Image]J menu bar. The entire sequence image open as stack
image.

. Correct background of the stack image by subtracting the

reference background image. To achieve this step select on the
Image]J bar menu Process, then Image calculator. A new window
opens where the stack image (to be corrected) is selected as
Image 1, Subtract as Operation, and the background reference
image as Image 2. Subtraction is effective once the Ok button
is pressed.
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Fe-EDDHA
2.5 A

RLU/min (x107)

H20

0.5 A

Time (h)

Fig. 4 Quantification of luciferase signals in pAtFer1::LUC plants treated or not

with

iron solution. Luciferase signals from the entire plant leaves shown in Figs. 2

and 3 were collected with 1 min exposure time every min during 16 h. In accor-
dance with previous reports [7-9], AtFer1 gene is induced in plant leaves after
iron supply (Fe-EDDHA) (see Note 1)

3.4 Signals 1.
Quantification

at the Whole 2
Plant Level

. If the background between the different images is fluctuating,

the level of the background must be normalized on the entire
image stack using the Image] plugin BG subtraction from ROI
(region of interest). To do this, first select a square ROI of
non-plant pixels and then launch the plugin (see Note 13).

Open ROI manager by selecting on the Image] bar menu
Analyse, then Tools, then ROI manager.

. On the corrected image stack, select the entire image as ROI

(see Note 14).

. Save the ROI in ROI manager by clicking on Add (see Note 15).

. Select the parameters to measure by selecting Analyse on the

bar menu, then Set measurements. A new window opens with
all the parameters Image] could measure (Integrated density,
Mean, Median, etc.). Integrated density is selected for the
quantification.

. In ROI manager window, select the ROI to measure.

. Click on More and select on the list menu Multi Measure

(see Note 16).

. The data appear in a new window.
. Save data or copy and paste in applicable software.

. Plot the data intensity vs. time. Results are represented as

Relative Light Unit (RLU) per exposure time (1 min) (Fig. 4).
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4 Notes

10.
11.

12.

13.

14.

15.
16.

. pAtFerl:LUC line was generated and used for forward screening

approach [8]. Real time quantification of AzFerl promoter
induction in living plant with LUC activity are unpublished data.

. Endotoxin-free Luciferin-EF™ is exclusively provided by

Promega. Store 100 mM stock solution (50 pL aliquotes) at
-20 °C in the dark.

. This is a low-light detection camera. Bioluminescence signals

are collected with 1 min exposure time.

. This software is used to control the Hamamatsu C4880-30

CDD camera.

. The freeware Image] can be download at http://imagej.nih.

gov/1j/download.html.

. Here we use as an example a transgenic line described in [8]

that contains a fusion with the promoter of the Arabidopsis
thaliana AtFerl gene (At5g01600; pAtFerl::LUC) whose
activity depends on iron availability [7-9].

. Plants were sprayed just after the light/dark transition. Time

of the day must be carefully chosen if the promoter is
light-dependent.

. During measurement plants should be kept in the dark.

. Dark adaptation is important to minimize autoluminescent

background from plant chlorophyll. The first 5 min could not
be used for quantification due to luminescence emission decay
of chlorophyll.

After 5 min, exposure time can be adjusted to improve the signal.

An image should also be taken at the beginning of the
experiment.

Background image reference is required for image correction
and quantification.

This step has to be applied if the background is variable over the
time due to technical problem such as an unstable temperature
of the camera that might affect the background level. Any
fluctuations of the background might affect the result and mis-
lead the interpretation made from the luciferase signals, espe-
cially if the obtained signals are weak.

The ROI could be selected on sub-region of the plant, e.g.
individual leaf to study promoter activity on the selected ROI.

Several ROIs can be saved and re-used with ROI manager.

Multi Measure will measure the selected ROI on the entire
stack. Measure button on ROI manager is measuring only on
the current image.
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Chapter 8

Novel Synthetic Promoters from the Cestrum Yellow Leaf
Curling Virus

Dipak Kumar Sahoo, Shayan Sarkar, Indu B. Maiti, and Nrisingha Dey

Abstract

Constitutive promoters direct gene expression uniformly in most tissues and cells at all stages of plant
growth and development; they confer steady levels of transgene expression in plant cells and hence their
demand is high in plant biology. The gene silencing due to promoter homology can be avoided by either
using diverse promoters isolated from different plant and viral genomes or by designing synthetic promot-
ers. The aim of this chapter was to describe the basic protocols needed to develop and analyze novel,
synthetic, nearly constitutive promoters from Cestrum yellow leaf curling virus (CmYLCV) through pro-
moter/leader deletion and activating cis-sequence analysis. We also describe the methods to evaluate the
strength of the promoters efficiently in various transient expression systems like agroinfiltration assay,
gene-gun method, and assay in tobacco protoplasts. Besides, the detailed methods for developing trans-
genic plants (tobacco and Arabidopsis) for evaluation of the promoter using the GUS reporter gene are
also described. The detailed procedure for electrophoretic mobility shift assay (EMSA) coupled with super-
shift EMSSA analysis are also described for showing the binding of tobacco transcription factor, TGAla to
cis-elements in the CmYLCV distal promoter region.

Key words Synthetic promoter, Canlimovirus, Transgenic plants, GUS, Arabidopsis, Tobacco, Gene
expression

1 Introduction

Among the viral promoters, the CaMV 35S promoter from the cau-
liflower mosaic virus is one of the most widely utilized promoters
for basic research and the development of transgenic plants [1].
The constitutive expression of the CaMV35S promoter tends to be
relatively high in different tissues of many plants and seems to result
from an additive effect of multiple tissue-specific elements [2]. The
Peanut chlorotic streak virus, Dahlia mosaic virus, Strawberry vein
banding virus, Mirabilis mosaic virus, Cassava vein mosaic virus,
Figwort mosaic virus, and Cestrum yellow leaf curling virus have
been used to identify regulatory elements that would drive high
levels of constitutive gene expression in plants [3-19]. Chimeric

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_8, © Springer Science+Business Media New York 2016

111



112

Dipak Kumar Sahoo et al.

promoters that drive constitutive gene expression are created by
combining elements from these viral-derived sequences other than
the 35S promoter and such chimeric promoters created through
shuffling of regulatory elements and inclusion of plant-derived or
other viral-derived sequences have shown high levels of transgene
expression in several plant species [6, 19-27 ]. Numerous transgenic
plants have exhibited the phenomenon of homology-dependent
gene silencing and such gene silencing mediated by promoter
homology occurs at the level of transcription resulting in meioti-
cally heritable alterations in methylation and gene activity [28]. The
gene silencing due to promoter homology can be avoided by either
using diverse promoters isolated from different plant and viral
genomes or by designing synthetic promoters [3-10, 13, 26, 29].

Synthetic promoters comprise consensus DNA sequences of
common elements of natural promoter regions and they differ tre-
mendously from native promoters as they can provide expression
profiles that do not exist in nature. In addition, synthetic promoters
are useful for functional validation of promoter sequences. Synthetic
promoters are classically constructed by combinatorial engineering
of cis-elements, which include enhancers, activators, or repressors
directly upstream of the core promoter sequence [30]. Moreover,
arrangement of cis-elements within a synthetic promoter can result
in very precise transgene expression while nonspecific expression
resulting from the additional elements present within the “full-
length” promoter sequences is avoided [30, 31].

Several approaches are reported for designing synthetic pro-
moters [30]. One of the approaches to develop controllable pro-
moters is to modify known, natural promoters so that they contain
novel regulatory units [32]. We recently designed and evaluated
Cestrum yellow leaf curling virus (CmYLCV) full-length transcript
promoter through promoter/leader deletion and activating cis-
sequence analysis to develop synthetic promoters with enhanced
activity [16]. In this chapter, we describe in detail the methods for
developing and characterizing useful synthetic plant promoters
from Cestrum yellow leaf curling virus (CmYLCV). We describe
the detailed promoter/leader 5'- and 3’-end deletion analysis of
the full-length transcript promoter from CmYLCV virus, to define
the optimal boundaries required for the maximum promoter activ-
ity of the CmYLCV promoter. We describe various transient
expression systems to evaluate the strength of these promoters effi-
ciently: by agroinfiltration assay, gene-gun method, and assay in
tobacco protoplasts. To evaluate the strength of these promoters in
transgenic plants (tobacco and Arabidopsis), the GUS reporter
gene employing both fluorimetric and histochemical assays is used.
We quantify the #zdA-mRNA level in transgenic plants expressing
GUS under various synthetic promoters by real-time PCR
(qRT-PCR). We also confirm the binding of tobacco transcription
factor, TGAla to cis-elements in the CmYLCV distal promoter



Novel Synthetic CmYLCV Promoter 113

region by electrophoretic mobility shift assay (EMSA) coupled
with super-shift EMSA analysis. Due to availability of kits from dif-
ferent commercial sources for many of the approaches, we recom-
mend to follow manufacturer’s protocols when commercial kits are
used. We only briefly describe portions of the protocols from com-
mercial kits that are used during the study.

2 Materials

2.1 Plasmids
and Primers

2.2 PCR, Cloning
and Transformation

1. The protoplast expression vector pUCPMAGUS [9], pUC119,
and plant expression vector pKYLX71GUS [9, 33] are used to
clone various CmYLCV promoter fragments, whereas
pUCPMA-Lux-CaMV35S [34] is used as an internal control
and pUCPMAGUS-CaMV35S [5] is used as a positive /refer-
ence controlin GUS assay experiments. The plasmid pUCPMA-
CaMV35S8-GFP with GFP reporter is used to monitor tobacco
protoplast transformation efficiency.

2. Various CmYLCV promoter fragments are generated by PCR
amplification using appropriately designed PCR primers to
introduce an EcoRI site at the 5’-end and a HindIII site at the
3’-end of the amplified products (Table 1).

3. All synthetic oligonucleotides and PCR primers used are
obtained from a commercial supplier (e.g. Integrated DNA
Technologies, Skokie, IA, USA).

1. Taq DNA polymerase and dNTPs: PfuUltra high-fidelity Taq
DNA polymerase (Stratagene, USA) and dANTP mix (10 mM
each). All PCR reagents are stored at =20 °C.

2. EcoRI and HindIll restriction enzymes and T4 DNA ligase are
obtained from a commercial supplier (e.g. NEB, USA).

3. Ultrapure low melting agarose.

4. 50x electrophoretic Tris-acetate-EDTA (TAE) buffer: 242 g /L
Tris base, 100 mL/L of 0.5 M EDTA (pH 8.0), 57.1 mL/L
glacial acetic acid. Autoclave and store at room temperature.
Dilute to 1x TAE in milli-Q water for regular use. A horizontal
electrophoresis system is used for gel electrophoresis.

5. Gel Extraction Kit.
6. E. coli strain K12 TB1 (F-ara A(lac-proAB) [@80dlac A(lacZ)
M15] rpsL(StrR) thi hsdR) (NEB, USA).

7. Luria—Bertani (LB) medium: sodium chloride (NaCl, 10 g/L),
Bacto tryptone (10 g/L), and Bacto yeast extract (5 g/L).
Add 15 g/L Bacto agar to LB medium to make LB agar plate.
Dissolve in deionized water and autoclave.

8. Plasmid isolation kit for E. cols.
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Table 1

Sequence of oligonucleotide primers used in the study

SI. Name of the CmYLCV constructs in which

No. Sequence 5'-3’ below primers are used

1 GCGGGCGAATTCTGCAGAAGAAATAA Fw primer for construct CmYLCV1.11 and
CmYLCV1.10

2 GCGGGCGAATTCTAGAAGGTGTGTAT Fw primer for construct CmYLCV2.11

3 GCGGGCGAATTCAAGGTTTGGTATCA Fw primer for construct CmYLCV3.11

4  GCGGGCGAATTCAGAAATTGAAGATG Fw primer for construct CmYLCV4.11

5 GCGGGCGAATTCTCAAAGCCATGGAA Fw primer for construct CmYLCV5.11

6 GCGGGCGAATTCAAGATTCTTTGCCA Fw primer for construct CmYLCV6.11

7  GCGGGCGAATTCGTGCAAATCCGAG Fw primer for construct CmYLCV7.11 and
CmYLCV7.10

8  GCGGGCGAATTCAGTCAGAAGACGA Fw primer for construct CmYLCVS8.11

9  GCGGGCGAATTCGTGGCAGACATAC Fw primer for construct CmYLCV9.11

10 ATGCAGAAGCTTTTTCTTCTTCCTGG Rv primer for constructs CmYLCV1.10
and CmYLCV7.10

11 ATGCAGAAGCTTAGCTCTTACCTG Rv primer for constructs CmYLCV1.11 to
CmYLCV 9.11

12 GCGGGCGAATTCCTGGCAGACAAAG Fw primer for constructs CmpC and Cmp$

13 ATGCAGAAGCTTTTGCTCCCTTAACA Rv primer for construct CmpC

14 ATGCAGAAGCTTCTACTTCTAGGCTA Rv primer for construct CmpS

15 GCGGGCGAATTTCCTAACAAACATC Fw primer for constructs CmYLCV1,
CmYLCV10 to CmYLCV13

16 GCGGGCGAATTCGACGAAGACTTTTC Fw primer for construct CmYLCV2

17  GCGGGCGAATTCCATACTGTCCCACA Fw primer for construct CmYLCV3

18 GCGGGCGAATTCTAATGCGTCTGACA Fw primer for construct CmYLCV4

19 GCGGGCGAATTCGGTCCCTACCACGA Fw primer for construct CmYLCV5

20 GCGGGCGAATTCGAACAAATAAGATT Fw primer for construct CmYLCV6

21 GCGGGCGAATTCTCTTCAGACTCCAA Fw primer for construct CmYLCV7

22 GCGGGCGAATTCAAGGGTAGTTTGG Fw primer for construct CmYLCVS8

23 GCGGGCGAATTCCCCCTCCCTCATTG Fw primer for construct CmYLCV9

24 ATGCAGAAGCTTTCTCTAGGACTATC Rv primer for construct CmYLCV10

25 ATGCAGAAGCTTAGATTTTGCTCCCT Rv primer for construct CmYLCV11

26 ATGCAGAAGCTTGCTAAGTATTTATA Rv primer for construct CmYLCV12

(continued)
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Table 1
(continued)
SI. Name of the CmYLCV constructs in which
No. Sequence 5'-3’ below primers are used
27 ATGCAGAAGCTTTACTTATTTCGTAA Rv primer for construct CmYLCV13
28 ATGCAGAAGCTTTTCGCGGCGTTG Rv primer for constructs CmYLCV1 to
CmYLCV9

Fw forward, Ry reverse

2.3 Tobacco Cell

Suspension Culture,
Protoplast Isolation
and Electroporation

10.

. Reagents and instruments for DNA sequencing: Genomelab

DTCS quick start kit, GenomeLab separation gel, Genome-
Lab separation buffer (Beckman Coulter, USA), and Beckman
Coulter CEQ-8000 sequencer. Store the DTCS quick start kit
at —20 °C, and the separation buffer and gel are stored at 4 °C.

Thermal cycler (Bio-Rad).

. Cell suspension culture medium (Murashige and Skoog’s

medium) containing potassium  phosphate  (KH,POy;
204 mg/L), pyridoxine HCl (0.5 mg/L), nicotinic acid
(0.5mg/L),thiamineHCI(0.5mg/L),2,4-dicholophenoxyacetic
acid (2,4-D; 0.2 mg/L), and kinetin (0.1 mg/L). Adjust
medium pH to 5.8 with 1 M NaOH before autoclaving.

. MMC solution: Mannitol (91.1 g/L), 2-morpholinoethane

sulfonic acid (MES, 195 g/L), and calcium chloride
(CaCl,.2H,0, 147 g/L). Adjust pH to 5.6 with 1 M NaOH
before autoclaving and store at 4 °C.

. Enzyme solution: Cellulase Onozuka RS (0.75 %; Yakult Honsa,

Japan) and pectinase (0.075 %; Sigma). Dissolve the enzymes in
MMC solution on a stirring plate and filter sterilize using
Millipore filter (0.22 pm size; Millipore, USA) (see Note 1).

. Sucrose solution: Sucrose (25 g/100 mL), MES (1.95 g/L),

and CaCl,.2H,0 (147 g/L). Adjust pH to 5.6 with 1 M
NaOH before autoclaving and store at 4 °C.

. Electroporation buffer: Mannitol (91.1 g/L), potassium chlo-

ride (KCl, 5.21 g/L), and MES (975 mg/L). Adjust pH to
5.6 with 1 M NaOH before autoclaving and store at 4 °C.

. Protoplast culture medium: Mannitol (91.1 g/L), MES

(1.95 g/L), CaCl,.2H,0 (147 g/L), KH,PO, (27 mg/L),
KNO; (101 mg/L), MgSO, (120 mg/L), KI (2 mg/L), and
sucrose (30 g/L). Adjust pH to 5.6 with 1 M NaOH before
autoclaving and store at room temperature.

. Mannitol agarose solution: Dissolve 9 g of mannitol and 1 g of

low melting agarose in 100 mL milli-Q water and autoclave.
1 mL of this solution is used to coat a 25-mm sterile Petri dish.
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2.4 Biolistic Onion
Peel Transient Assay

2.5 p-Glucuro
nidase (uidA or
GUS) Assay

8.

o NN O\ Ul W W

13.

Electroporator: Gene Pulser I apparatus with the capacitance
extender II (model 165-2107; Bio-Rad, USA).

. Tobacco cell suspension cultures ( Nicotiana tabacum L. cv.

Xanthi).

. Cells from epidermal peels of onion (Allium cepa cv. Tango

bulbs).

. Expression plasmid vector pUCPMAGUS containing

CmYLCV4, CmYLCV9.11, CmYLCV13, CmpC, CmpS, and
CaMV35S promoter fragments.

. Olympus SZX12 bright-field microscope.

. Gold particles 0.6 pm or 1.0 pm in diameter.

. 100% ethanol.

. 2.5 M CaCl,.

. 0.1 M Spermidine.

. Solid medium: 1x Murashige and Skoog (1962) salts [35],

30 g/L sucrose, adjust to pH 5.7 with 1 M NaOH and then
add 2% agar.

. PDS-1000/He System (Bio-Rad, USA).
10.
11.
12.

Microcarriers M17, tungsten, 1.1 pm (for DNA coating).
Macrocarriers (for spotting microcarriers for bombardment).
Rupture disks (to build up pressure for bombardment)
(1100 psi).

Stopping screens (metal mesh to stop the rupture disk and

macrocarrier to be shot out of the stage and hit [destroy] the
sample).

. QB: For 100 mL add 5 mL of 2 M KPO, (pH 7.8), 200 pL of

0.5 M EDTA (pH 8.0), 1 mL of Triton X-100, 12.5 mL 80%
Glyceroland 15.4 mg DTTin 81.1 mL dH,O and store at -20 °C.

. GUS assay reagent: In 25 mL QB add 50 pL. DTT, 22 mg

MUG (Methylumbelliferyl p-p-glucuronide) and store at
-20 °C.

. MU calibration stock: For 1 mM MU, add 9.9 mg of MU in

50 mL of dH,0 and for making 1 pM MU, add 10 pL 1 mM
MU in 10 mL dH,O. For making 50 nM MU calibration solu-
tion, add 100 pL of 1 pM MU in 1.9 mL of Na,CO; Stop
solution. Make fresh immediately before each use.

. 0.2 M Na,CO; Carbonate Stop Buffer: Dissolve 21.2 g of

Na,COj; in sterile water and adjust the volume to 1000 mL.

. 2 M KPO, (pH 7.8): Dissolve 63.2 g of K,HPO, and 5.0 g of

KH,PO, in sterile water, adjust pH to 7.8 with 1 M KOH and
make up the volume to 200 mL.
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Plants
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. 0.5 M EDTA (pH 8.0): Dissolve 46.52 g of EDTA in sterile

water and adjust pH to 8.0 by adding 5 pellets of NaOH (or
alternatively with 10 N NaOH) and adjust the volume to
250 mL (see Note 2).

. 10 N NaOH: Dissolve 100 g of NaOH in sterile water and

adjust the volume to 250 mL. Store at RT in a plastic bottle
(NaOH will react with glass).

. 1 M DTT: Dissolve 1.545 g of DTT and add 0.01 M sodium

acetate, NaOAc (0.01 M NaOAc is 33 pL of 3 M NaOAc
pH~5.21in 9.67 mL dH,0), adjust pH to 5.2 and adjust volume
to 10 mL, filter sterilize. Aliquots of 1 mL are stored at -80 °C.

. Fluorometer (TKO 100 fluorometer, Hoefer Scientific

Instruments, USA).

Reagents and instrument for luciferase assay: Luciferase assay
system (Promega, USA); Luminometer (Turner Designs, USA).
Spectrophotometer (Unico UV-2000 Spectrophotometer,
Spectral.ab Scientific Incorporation, USA).

The Bradford kit (Quick Start™ Bradford Protein Assay Kit,
Bio-Rad, USA).

. 2x 0.1 M Phosphate buffer pH 7: Dissolve 12.0 g NaH,PO,

and 14.19 g Na,HPO, in 800 mL dH,0. Adjust pH to 7.0
with 1 M NaOH or 1 M HCI and adjust volume to 1 L.

. Fixative: 4% formaldehyde, prepared fresh from paraformalde-

hyde, in 1x phosphate buffer. Prepare the fixative fresh on the
day it is going to be used and do not store for later use.

. X-gluc substrate solution: Dissolve 1 mg 5-bromo-4-chloro-3--

indolyl p-p-Glucuronide (X-Gluc) in 0.1 mL methanol, add
1 mL 2x phosphate buffer, 20 pL. 0.1 M potassium ferrocya-
nide, 20 pL 0.1 M potassium ferricyanide, 10 pL. 10% (w/V)
solution of Triton X-100, 0.85 mL water.

. 70% (v/v) ethanol.
. 50% (v/v) and 100% glycerol.
. Vacuum pump and desiccators.

. Bright-field microscope (e.g. Olympus SZX12).

. Plant material: Wild type 4- to 8-week-old tobacco plant

(Nicotiana tabacum 1. cv Samsun) and Arabidopsis plants
(Arabidopsis thaliana ecotype Columbia-0).

. Agrobacterium strain: Agrobacterium tumeficiens strain

C58C1:pGV3850.

. B5 vitamin: Dissolve 50.0 g of myo-inositol, 5.0 g of thiamin—

HCl, 0.5 g of nicotinic acid, 0.5 g of pyridoxine—-HCl in 1 L of
water, freeze as 2 mL aliquots at -20 °C.
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4.

10.

11.

12.

13.

14.
15.

16.

6-Benzyl-aminopurine (BAP): Take 125 mg of BAP in 4 mL
of water, add 4 mL of 1 M NaOH to dissolve it and make vol-
ume to 100 mL with water. Make aliquots of 1 mL (containing
1.25 mg BAP) and keep at -20 °C.

. Indole-3-Acetic Acid (IAA): Dissolve 100 mg IAA in 100 mL

of 50 % ethanol, Make aliquots of 1.0 mL (containing 1.0 mg
TIAA) and keep at -20 °C.

. TOM (Callus and Regeneration Tomato) Medium: Dissolve

4.31 g of Murashige and Skoog Salts, 2 mL (2.5 mg) of
Benzylaminopurine (BAP) stock solution, 1 mL (1 mg) of
Indole-3-Acetic Acid (IAA) stock solution, 30.0 g of sucrose
and 2 mL of B5 vitamins in 800 mL of water, adjust pH to
5.7-5.9 with 1 M NaOH or 1 M HCI, adjust the volume to
1 L and add 8.0 g of Bacto-agar (Difco, USA) before
autoclave.

. TKM Medium: TOM medium with 250 mg/L kanamycin and

500 mg/L cefotaxime.

. Rooting (T-) Medium: Dissolve 4.31 g of Murashige and

Skoog Salts, 30.0 g of sucrose and 2 mL of B5 vitamins in
800 mL of water, adjust pH to 5.7-5.9 with 1 M NaOH or
1 M HCI, adjust the volume to 1 L and add 7.0 g of Bacto-
agar (Difco, USA) before autoclave.

. LB medium: Dissolve 10 g of bacto-tryptone, 5 g of bacto-

yeast extract, 10 g NaCl in 800 mL water and adjust volume to
1 L. For solid LB medium add 18 g bacto-agar in 1 L of the
medium and autoclave before use.

YEB medium: Dissolve 1 g of bacto-yeast extract, 5 g of beef
extract, 5 g of peptone and 5 g of sucrose in 800 mL water and
make volume to 1 L. For solid YEB medium add 18 g bacto-
agar in 1 L of the medium and autoclave before use.

Surfactant Silwet 1.-77 (Lehle Seeds) 0.025%, 0.05%, 0.075%
and 0.1% (v/v).

Tools needed: Petri dishes (100 mm x 15 mm), forceps, surgi-
cal blades, parafilm, biohazard bags, and permanent markers.

Kanamycin (50 pg/mL): Dissolve 0.5 g of kanamycin into
10 ml of ddH,O. Filter through a 0.22 pm filter to sterilize.
Aliquot and store at -20 °C.

95% (v/v) Ethanol.
10% Clorox (v/v) solution: For disinfection, a fresh 10% (v/v)

solution of Clorox bleach in deionized water is
recommended.

0.5x MS/0.8% tissue culture medium: Dissolve 2.15 g of
Murashige and Skoog Salts in 1 L of dH,O and add 8.0 g of
Bacto-agar before autoclave.
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. Plant RNA extraction kit (e.g. Plant RNeasy extraction Kkit,

Qiagen, CA, USA).

. ¢cDNA synthesis kit (e.g. iScript cDNA synthesis kit, BioRad,

USA).

. 1Taq universal SYBR Green one-step kit (BioRad, USA).

4. Real-Time PCR System (Step One Real-Time PCR System,

11.

Applied Biosystems).

. 0.5 M dithiothreitol (DTT) in 0.01 M sodium acetate pH 5.2,

store at —20 °C.

. 0.1 M phenylmethanesulfonylfluoride (PMSF) in isopropanol,

store at —20 °C.

. Extraction Buffer: 50 mM Tris-HCI (pH 7.5), 5 mM MgCl,,

0.1 mM EDTA, 0.3 M sucrose, 15 mM KCI. Store at
4 °C. Immediately before use, supplement the extraction bufter
with 1 mM DTT, 0.2 mM PMSE, and 10 mg protease inhibitor,/
mL (containing equal amounts of leupeptin and pepstatin).

. Nuclear protein isolation buffer: 10 mM Tris-HCI (pH 7.5),

0.4 mM NaCl. Immediately before use, supplement the isola-
tion buffer with 1 mM DTT, 0.2 mM PMSEF, and 10 mg pro-
tease inhibitor/mL (containing equal amounts of leupeptin
and pepstatin).

. Expression vector for protein expression pET-29b (Invitrogen).

. Plasmid pTf-16 encoding chaperone Trigger Factor (tig)

(Takara, Japan).

. Competent cells Escherichia coli strain BL21 (DE3).
. LB medium (see Subheadings 2.2, item 5 and 2.6, item 7).

. Selective antibiotics: kanamycin 50 mg/mL stock in double

distilled water (ddH,0), chloramphenicol 25 mg/mL stock,
sterile filter (0.2 pm), store at -20 °C.

. 1 M Isopropyl-p-p-1-thiogalactoside (IPTG): dissolve 2.38 g of

IPTG in deionized water, make the final volume up to 10 mL,
and sterilize the IPTG stock solution by filtering, store at -20 °C.

. Arabinose (200 mg/mL) stock in double distilled water

(ddH,0), sterile filter (0.2 pm), store at 4 °C.

. HisPur™Cobealt resin (Thermo Scientific).

. Plastic columns 2 mL capacity (Thermo Scientific).
10.

Protein extraction reagent: B-PER™ Bacterial Protein
Extraction Reagent (Thermo Scientific).

1.0 M Sodium Phosphate Buffer, pH 7.4: Prepare by adding
1 M Na,HPO,7H,O, 268.07 g per 1 L and 1 M
NaH,P0,-H,0, 34.45 g per 250 ml, until pH 7.4 is reached;
sterilize by autoclaving.
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2.11 Labeling DNA
Probes and EMSA

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

1

2.

5 M sodium chloride (NaCl): Dissolve 146.1 g NaCl in
~350 ml H,O, then bring up to volume with dH,0. Sterilize
by autoclaving.

Imidazole stock (1 M): Dissolve 68 g in 1 L of sterile water.
Sterile filter using 22 pm filter.

Equilibration/Wash Buffer: 50 mM sodium phosphate,
300 mM sodium chloride, 10 mM imidazole; pH 7.4. Sterile-
filter. Store at 4 °C.

Elution Buffer: 50 mM sodium phosphate, 300 mM sodium
chloride, 150 mM imidazole; pH 7.4. Sterile-filter. Store at 4 °C.

Dialysis buffer: 20 mM HEPES pH 7.9 (pH adjusted with
1 MKOH), 40 mM KCl, 2 mM MgCl,, 0.5 mM DTT, 0.5 mM
EDTA (pH 8.0), 10% v /v glycerol.

Amicon® Ultra 4 mL Centrifugal Filters (10 kDa cut-off;
Millipore).

Ammonium persulfate: dilute to a 10 % stock solution in water.
Store at 4 °C.

Tetramethylethylenediamine (TEMED), store at room
temperature.

30% acrylamide stock solution: Several manufacturers (e.g. Bio-
Rad) sell electrophoresis grade acrylamide that is free of contami-
nating metal ions. For making the stock solution, add 29.0 g of
acrylamide and 1.0 g of bisacrylamide to 100 ml of H,O. Filter
the stock solution through Whatman filter paper and store at
4 °C. Prepare fresh stock acrylamide solution every few weeks.

1.5 M Tris—HCI pH 8.8: Dissolve Tris base 18.15 g in 50 mL
dH,O0, adjust pH 8.8 with 1 N HCl and adjust the volume to
100 mL with sterile water.

0.5 M Tris—=HCI pH 6.8: Dissolve Tris base 3.0 g in 25 mL
dH,O0, adjust pH 6.8 with 1 N HCI and adjust the volume to
50 mL with sterile water.

Make 10% SDS-polyacrylamide gel using a gel handcast system
(Mini-PROTEAN® Tetra handcast systems, Bio-Rad, USA) by
mixing 2.5 mL 30 % acrylamide stock solution, 2.8 mL. 1.5 M
Tris—-HCI pH 8.8 buffer, 2.2 mL dH,0, 75 pL 10% SDS,
25 pL 10% APS, 5 pL. TEMED as the resolving mix followed
by the addition of stacking mixture composed of 1.34 mL of
30% acrylamide solution, 2.6 mL 0.5 M Tris-HCI pH 6.8
bufter, 5.86 mL dH,0, 100 pL 10% SDS, 100 pL 10% APS,
10 pL TEMED.

Bioruptor (Diagenode, Luik, Belgium).

. Labeled nucleotide y-3?P-ATP with specific activities of 111

TBq/mmol. Caution: 3P emits high-energy p radiation.
T4 polynucleotide kinase.
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. Kinase labeling buffer: 70 mM Tris-HCI pH 7.6, 10 mM
MgCl,, 5 mM DTT.

. Gel solubilization buffer: 0.5 M ammonium acetate, 10 mM
magnesium acetate, 1 mM EDTA pH 8.0, 0.1% (w/v) SDS.

. 1x Binding Buffer: 20 mM Hepes pH 7.9, 40 mM KCI, 2 mM
MgCl,, 0.5 mM DTT, 0.5 mM EDTA, 5% v/v glycerol, 0.1-
0.2 pg/pL poly(dI-dC), 0.05 % NP-40.

. Poly (deoxyinosinic—deoxycytidylic) acid sodium salt (dI-dC),
stock solution of 200 mg/mL in water stored at =20 °C.

. 1x Supershift Binding Buffer: 10 mM Tris—-HCI, pH 7.5,
25 mM NaCl, 0.5 mM MgCl,, 0.5 mM EDTA, 4% glycerol.

. 40% (w/v) Acrylamide /bis-acrylamide stock solution (19:1);
solution stored at 4 °C.

. TBE 0.5x: Tris 6.05 g, boric acid 2.75 g, EDTA 0.465 g, add
water up to 1 L and autoclave.

. 3MM Whatman paper.
. Gel dryer.

. X-ray film (BioMax MR-film, Kodak) and cassettes for
autoradiography.

3 Methods

3.1 PCR, Gel
Purification of the PCR
Products, Cloning in
PUGPMAGUS
Protoplast Expression
Vector, and
Transformation into

E. coli Cells

. For the 3’-end deletion analysis of the CmYLCV promoter, an
865-bp synthetic segment of CmYLCV genome (genomic coor-
dinates 5700-6565, GenBank Accession No. NC004324) is
designed and then synthesized (https: / /www.thermofisher.com/
us/en/home /lifescience /cloning,/gene-synthesis /geneart-gene-
synthesis.html). This synthesized fragment is cloned subse-
quently at the corresponding EcoRI and HindlIll sites of the
protoplast expression vector pUCPMAGUS [9] using T4 DNA
Ligase following manufacturer’s instructions and is named as
pUCPMAGUS-CmYLCV.

. Respective CmYLCV promoter fragments are generated by
PCR amplification using appropriately designed PCR primers
(Table 1) to introduce an EcoRI site at the 5'-end and a HindII1
site at the 3’-end of amplified products.

. PCR amplifications are carried out in a total volume of 50 pL.

containing 50 ng plasmid DNA (pUCPMAGUS-CmYLCV),
0.4 pM primer pair for each specific fragments (Table 1),
200 pM dNTPs, and 2 U of PfuUltra high-fidelity DNA
polymerase. PCR amplification is performed with an initial
denaturation (94 °C for 2 m) followed by 30 cycles under the
following conditions: denaturation (94 °C for 30 s), annealing
(55 °C for 40 s) and extension (68 °C for 1 m), with a final
extension at 68 °C for 10 m.


https://www.thermofisher.com/us/en/home/lifescience/cloning/gene-synthesis/geneart-gene-synthesis.html
https://www.thermofisher.com/us/en/home/lifescience/cloning/gene-synthesis/geneart-gene-synthesis.html
https://www.thermofisher.com/us/en/home/lifescience/cloning/gene-synthesis/geneart-gene-synthesis.html
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4. Fach PCR fragment is gel-purified using a gel extraction kit

(QIAGEN, USA), digested with EcoRI and HindIIl restriction
enzymes for 1 h and, subsequently cloned in the cloning vector
pUCI119 at the corresponding sites. Sequence integrity is con-
firmed before further use. The following 5-end and 3’-end dele-
tion plasmids are generated, with the 5’- and 3’-coordinates of
promoter fragments with respect to the transcription start site (‘'TSS)
provided in parentheses: CmYLCVI1.11 (-729 to +137),
CmYLCV2.11 (-679 to +137), CmYLCV3.11 (-629 to +137),
CmYLCV4.11 (-579 to +137), CmYLCV5.11 (-529 to +137
CmYLCV6.11 (-479 to +137), CmYLCV7.11 (-429 to +137),
CmYLCVS8.11 (-379 to +137), CmYLCV9.11 (-329 to +137),
CmYLCVI1.10 (-729 to +102), CmYLCV7.10 (-429 to +102),
CmYLCV1 (405 to +72), CmYLCV2 (-371 to +72), CmYLCV3
(=321 to +72), CmYLCV4 (-271 to +72), CmYLCV5 (-221 to
+72), CmYLCV6 (-171 to +72), CmYLCV7 (-121 to +72),
CmYLCVS8 (-71 to +72), CmYLCV9 (-21 to +72), CmYLCV10
(405 to +30), CmYLCV11 (405 to +10), CmYLCV12 (-405 to
-21),CmYLCV13 (-405 to -71), CmpC (-341 to +5), and CmpS
(=341 to +59) [16, 19]. All PCR primers are listed in Table 1.

)
),
)
)

. Subsequently, EcoRI and HindIII digested PCR products are

ligated at the corresponding sites of the protoplast expression
vector pUCPMAGUS [9] using T4 DNA Ligase following
manufacturer’s instructions.

. For transformation, 10 pL of the ligated product is added to

100 pL of chemically competent TB1 cells, incubated on ice
for 30 m, heat shocked for 2 m in a 37 °C water bath, and kept
for 2 m on ice. Then 1 mL of LB medium is added to the tube
and incubated at 37 °C with continuous shaking (200 rpm).
After 1 h the cells are pelleted in a microcentrifuge at 3500 x g
for 5 m, plated on LB plate containing 100 pg,/mL ampicillin,
and placed in a 37 °C incubator overnight.

. For making pKYLX71GUS-CmYLCV promoter fragment

constructs, the CmYLCV promoter fragments from pUCP-
MAGUS are gel purified (as EcoRI-HindIll fragment) and
ligated at the corresponding sites of a plant expression vec-
torpKYLXGUS [9, 33] using T4 DNA Ligase following man-
ufacturer’s instructions.

. For transformation, 10 pL of the ligated product is added to

100 pL of chemically competent TB1 cells, incubated on ice
for 30 m, heat shocked for 2 m in a 37 °C water bath, and kept
for 2 m on ice. Then 1 mL of LB medium is added to the tube
and incubated at 37 °C with continuous shaking (200 rpm).
After 1 h the cells are pelleted in a microcentrifuge at 3500 x g4
for 5 m, plated on LB plate containing 15 pg/mL tetracycline
and placed in a 37 °C incubator overnight.
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1. The transformants are grown in 2 mL of LB medium containing

100 pg/mL ampicillin at 37 °C overnight. Plasmids are iso-
lated from the overnight cultures and dissolved in water.

. For confirming the sequence of the various pUCPMAGUS-

CmYLCV promoter constructs, sequencing is done using, ¢.g.
GenomeLab DTCS quick start kit (Beckman Coulter, USA).
PCR is performed in a total volume of 20 pl. containing
300 ng of plasmid, 1 pL of primer (10 pM solution), and 8 pL.
of reaction mix (GenomelLab DTCS quick start kit). The PCR
products are purified and dissolved in sample loading solution
according to the manufacturer’s instructions. Sequencing to
verity the CmYLCV 3’ and 5’ deletion fragments is performed
in Beckman Coulter sequencer CEQ-8000. The sequencing
data are analyzed and plasmids with CmYLCV 3’ and 5’ dele-
tion fragments are selected for protoplast electroporation.

. Tobacco cell suspension cultures (cultivar Xanthi) are main-

tained by subculturing to fresh medium at 4-day intervals
(5 mL of culture is transferred to 50 mL medium). Three-day-
old cell culture is used for protoplast isolation (sez¢ Note 3).
The cells are harvested in a 50 mL tube by centrifugation at
110 x g for 4 m.

. The culture medium is replaced with 30 mL enzyme solution and

the cell suspension is transferred to a 250 mL flask, incubated at
26 °C in dark with slow shaking (50 rpm). After 2 h, the cell sus-
pension is transferred to a 50 mL tube, centrifuged at 110x g for
3 m, and the enzyme solution is carefully removed (sec Note 4).

. The protoplasts are washed once with 20 mL of MMC solu-

tion and then resuspended in 10 mL of MMC solution.
Protoplasts are subsequently layered carefully on 25 % sucrose
solution and centrifuged for 4 m at 110xg. Upon settling,
protoplasts form a ring at the interface of sucrose and MMC
solution, which is carefully recovered. They are transterred to
a fresh tube and resuspended in electroporation bufter.

4. An aliquot of 750 pL, containing approximately 2 x 100000

protoplasts in an electroporation cuvette (0.4 cm gap; 200 V
and 950 pF; Bio-Rad, USA), is electroporated with 5-10 pg
each of the reporter (GUS) plasmid and 5 pg of the internal
control plasmid (pUCPMA-Lux-CaMV35S) [34]. A plasmid
containing the firefly luciferase coding sequence under the con-
trol of the CaMV35S promoter and 7&cS terminator (pUCPMA-
Lux-CaMV358S) is co-clectroporated as an internal control [ 34 ]
and a plasmid containing GUS under the control of the
CaMV35S promoter and 76cS terminator (pUCPMAGUS-
CaMV35S) is electroporated as a positive /reference control
[5]. Protoplasts are transferred to a new tube, centrifuged at
200 x g for 3 m, and electroporation bufter is carefully removed.
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3.4 Biolistic-Onion
Peel Transient Assay

5.

10.

11.

12.

The protoplasts are resuspended in 1 mL of culture medium
and plated onto a 25 mm plate coated with agarose. After incu-
bation at 26 °C for 20-22 h, the protoplasts are harvested to
measure GUS and luciferase activities [ 34].

. The protoplasts are harvested in 1.5 mL tubes by centrifuga-

tion at 1000x 4 for 3 m in a microcentrifuge and the culture
medium is carefully removed.

. To each tube, 100 pL of 1x lysis buffer is added, vortexed for

30 s to break the cells, centrifuged for 2 m at maximum speed,
and the supernatant is carefully transferred to a fresh tube.

. Aliquot 50-100 pL of GUS assay reagent to each test tube,

place tubes into the 37 °C water bath, add 10-20 pL of pro-
tein sample to the pre-warmed test tube at 37 °C and note

time. Add next sample at a convenient time interval (see
Subheading 3.7.1 for details).

. Add 1.0 mL Stop solution to each tube after sufficient time has

elapsed. Add the Stop solution at the same time intervals at
which the protein was added to the GUS assay reagent con-
taining tubes (see Subheading 3.7.1 for details). The fluores-
cence is measured using a fluorometer (e.g. TKO 100
fluorometer, Hoefer Scientific Instruments, USA) (see
Subheading 3.7.1 for details).

Luciferase activity in transfected protoplasts is measured using
a luciferase assay system (e.g. Promega, Madison, USA) fol-
lowing manufacturer’s instructions. The cell lysate (10-20 pL)
(prepared in previous step 7) is added to luciferase assay
reagent (50-100 pL) and the luminescence is measured in a
luminometer (e.g. Turner Designs, USA).

GUS activity is normalized against luciferase activity and
expressed as fold activation relative to control. All constructs
are tested in at least three independent experiments.

We use pUCPMA-CaMV35S-GFP [5] to calculate protoplast
transformation efficiency by counting the protoplasts expressing
GFP using hemocytometer under fluorescent microscope [5,
36]. We usually have transformation efficiency for tobacco proto-
plasts (approximately 2x1000.00 protoplasts taken for electro-
poration) ranging from 70% to 80% using 10 pg of the reporter
(GFP) plasmid (pUCPMA-CaMV35S-GFP) and 5 pg of the
internal control plasmid (pUCPMA-Lux-CaMV35S) [34].

Onion tissues are prepared and bombarded with the expression
vector pUCPMAGUS containing CmYLCV4, CmYLCV9.11,
CmYLCV13, CmpC, CmpS, and CaMV35S promoters following
a standard protocol [37]. After 2 days, transient GUS expression is
detected by a histochemical method [38, 39] and visualized under
an Olympus SZX12 bright-field microscope.
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3.4.5 Bombardment
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. Weigh out 10 mg of gold particles (for nine shots) in a

microfuge tube. The gold particles can be either 0.6 pm or
1.0 pm in diameter (Biorad, USA).

. Add 1.0 mL of 100 % ethanol into it and vortex for at least 10 s

(three times) and incubate in ice for 30 s.

. Centrifuge for 5 m at 4500 x4 and remove supernatant. Add

115 pL of 100% ethanol and vortex for 1 m with speed setting
at 5, push tube far into holder to particles stay more in bottom.

. Divide into 35 pL aliquots. Gold must be mixed continuously

between aliquots. Centrifuge for 10 s at 4500 x g.

. Add carefully 1.0 mL sterile water per aliquot (for three shots)

without suspending, centrifuge for 5 m at 850 x4 and remove
the supernatant.

. Vortex for 10 s with speed setting at 3 while adding each of

ingredient 12.5 p.. DNA (4-5 pg), 220 pL sterilized water,
250 pL 2.5 M CaCl,, 100 pL 0.1 M spermidine. Keep in ice
for 2 m. Vortex for 10 m with speed setting at 2 and centri-

fuge for 5 m at 70 xg. Remove supernatant and quickly add
100 pL of 100% ethanol.

. Do not allow pellet to dry and vortex for 1 m with speed set-

ting at 3 and centrifuge for 1 m at highest speed. Discard
supernatant and add 36 pL of 100 % ethanol, mix and incubate
for 1 h on ice.

. Resuspend with pipettor before use. Use 10 pL particle sus-

pension per macrocarrier.

. Allium cepa (e.g. cv. Tango) bulbs are purchased from a local

farmer’s market.

. Under sterile conditions, inner epidermal peels (2x2 cm) are

placed on solid agar plates.

. Peels are bombarded within 1 h of transfer to agar plates.

. This is a good time to place macrocariers on filter paper kept

in Petri dish. Use 2 or 3 macrocariers per construct; use mil-
lipore forceps.

. Place 10 pL particle suspension on each macrocarrier, there

should be enough particles for three shots. It is usually a good
idea to do three shots per construct in case one goes wrong.

. Cover macrocarrier dishes and let ethanol evaporate and as

soon as the ethanol is evaporated you are ready to shoot.

. You will need rupture disks, stopping screens, prepared macro-

carriers, prepared tissues, millipore forceps.
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3.4.6 Observation

2. To open helium tank, open large gray screw by 1,/4 turn, screw

in brass regulator until secondary pressure reaches 1300 psi,
i.e. ~200 psi above the value of the rupture disks.

. Start vacuum pump and turn on gene gun.

4. The macrocarrier assembly should be on the top shelf and the

sample tray should be on the second from the bottom. Remove
macrocarrier assembly, load rupture disk. Make sure holder is
firmly tightened or it will blow too soon. Open macrocarrier
assembly (big screw on top), remove macrocarrier holding ring
and place macrocarrier in ring, particles should be facing up.
Place stopping screen in bottom of assembly invert and replace
ring with macrocarrier, particles should be facing down. Slide
macrocarrier assembly into top shelf, place sample on lower
shelf. Do not forget to open the dish, close door.

. Set vacuum switch to top position (VAC), pull vacuum to

about 27.5, flip vacuum switch to lowest position (HOLD).
Press (and hold) FIRE switch. Pressure in upper chamber will
rise to ~1100 psi before disk ruptures.

. Release FIRE switch, vacuum switch to BLEED, open cham-

ber and remove sample, macrocarrier, stopping screen and
rupture disk.

. Repeat for other samples. Second and third shots for the same

constructs can be done with the same stopping screen; it is
helpful to invert it between shots and duplicates can be bom-
barded into the same tissue sample.

. After bombardment, return all onions to Petri dishes. Cover

the Petri dishes with lids. Wrap them with Parafilm to prevent
drying. Incubate the onion pieces at room temperature in the
dark for 1648 h.

. Make sure to turn off gas and release pressure before detaching

the gene gun from the helium tank. The steps to shut down are:
first clean the gene gun, pull vacuum to ~25 psi and hold. Close
big gray screw on helium tank, loosen brass regulator until it
turns freely press FIRE on gene gun to release pressure. Keep an
eye on the manometers of the helium tank, only the secondary
should drop down to zero. Release the vacuum by switching to
BLEED, set open door, set vacuum switch to VAC, turn off
vacuum pump, vacuum switch to bleed and turn off gene gun.

. After incubating bombarded onion pieces for 16-20 h at room

temperature, you can proceed to the GUS histochemical stain-
ing to observe expression of GUS.

. Use forceps with flat ends to slowly peel a single cell layer off the

inner epidermis of the onion (the layer that directly faces the gun
during the bombardment) and proceed for GUS histochemical
staining (follow Subheading 3.7.2 for the detailed steps).



3.5 Transient
Expression of CmYLCV
Promoters in Tobacco
Leaves
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of Agrobacterium Cultures
for Agroinfiltration

3.6 Preparation of
the Plant Transform
ation Vector and the
Generation of Trans
genic Tobacco and
Arabidopsis Plants
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3. Under bright field of the microscope, observe histochemically
stained cells for GUS localization and expression.

The CmYLCV promoter fragments are cloned as EcoRI-HindII1
fragments into the plant expression vector pKYLX71GUS [9, 33].
The pKYLX71GUS-based plant expression vectors are mobilized into
the Agrobacterium  tumefaciens strain  C58C1l:pGV3850 [6].
Suspensions of Agrobacterium strains that harbored individual plant
expression constructs are infiltrated into leaves of Nicotiana benthami-
ana as described previously [40]. The details are described below:

1. The pKYLX71GUS-CmYLCV promoter fragment constructs
(Subheading 3.1, step 7) are introduced into Agrobacterium
tumefaciens strain C58C1:pGV3850 by freeze—thaw method
[6]. Grow recombinant A. tumefaciens overnight at 28 °C in
100 mL conical flask containing 10 mL of LB medium supple-
mented with 50 pg/mL kanamycin.

2. Aliquote of 50 pL of this overnight culture is used for inocula-
tion of 10 mL of LB medium supplemented with 10 mM MES
buffer, pH 5.7, 50 pg kanamycin per mL and 150 pM aceto-
syringone (3,5-dimethoxy-4'-hydroxy-acetophenone) [40].

3. Grow the precultures overnight at 28 °C in a shaker and harvest
cells by centrifugation and resuspend to a final concentration
corresponding to an optical density (OD) of 1.0 [40] at 600 nm
in a solution containing 10 mM MgCl,, 10 mM MES pH 5.7,
and 150 pM acetosyringone (unless stated otherwise).

4. Incubate cultures at room temperature for 3 h before infiltra-
tion. Infiltrate two to three top-leaves per plant with a 2 mL
syringe without a needle. Leaves can be superficially wounded
with a needle to improve infiltration. Three plants are agroin-
filtrated for each construct.

5. After 2 days of agro-infiltration, the transient GUS expression
is evaluated by the histochemical GUS staining method [38,
39]. The infiltrated leaves are taken for GUS histochemical
staining (follow Subheading 3.7.2 for detailed steps).

The CmYLCV promoter fragments are cloned as EcoRI-HindIII
fragments into the previously described plant expression vector
pKYLX71GUS [9, 33]. The pKYLX71GUS-based plant expres-
sion vectors are mobilized into the Agrobacterium tumefaciens
strain C58C1:pGV3850. Tobacco ( Nicotiana tabacum cv. Samsun
NN) leaf discs are transformed with engineered Agrobacterium as
described previously [6]. Arabidopsis transformation is performed
using pKYLX71GUS-based CmYLCV9.11 promoter construct
using the floral dip method [41]. The generation of transgenic
Arabidopsis plants (Arabidopsis thaliana ecotype Columbia-0) and
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3.6.1 Transformation
of Tobacco Plants

3.6.2 The Generation
of Transgenic Arabidopsis
Plants

tobacco transgenic lines ( Nicotiana tabacum cv Samsun NN) and
their maintenance are performed following the published proce-
dures as described previously [18, 22, 26].

1.

Culture a single colony of engineered Agrobacterium in liquid
LB +50 mg/L kanamycin+ 100 mg/L rifampicin and shaking
at 300 rpmfor2 daysat28 °Cinthe dark. Doamini-plasmid-prep
with 5 mL of the culture and check by restriction digestion.

. Collect bacterial cells by a centrifuge at 2500 x g for 1 m, dis-

card the liquid and suspend the bacterial pellet in liquid TOM
medium. Dilute the suspension to an ODggy of 0.5-0.8 and
pour into an empty sterile Petri plate.

. For explants preparation, take healthy fully expanded leaves

from 4 to 5 weeks old, pre-sterilized tobacco plants (aseptically
grown plants in condos) with sterile forceps and scalpels and
cut into 0.6-0.8 ¢cm? (or can use a cork borer, which is about
1.0 cm diameter) in the Agrobacterium suspension.

. Transfer the explants on TKM medium (TOM medium with

250 mg/L kanamycin for transformant selection and
500 mg/L cefotaxime for killing excess Agrobacterium around
the culture). Subculture the explants to fresh selection medium
twice during the first week and once per week starting the fol-
lowing week.

. Transfer the explants (abaxial surface of the explants in contact

with the medium), to the TOM plates for 2 days without anti-
biotics at 25 °C. This enhances tissue infection.

. Callus should appear 3 weeks after the initial infection, with

plantlets developing soon after. Once the plantlets are large
enough transfer the whole explants together with the shoots to
selection  rooting-medium  (T-+250 mg/L.  kanamy-
cin+500 mg/L cefotaxime) for rooting. Culture the shoots at
a 16 h photoperiod for 3 weeks and after roots have generated,
transfer the rooted plants to soil in the greenhouse.

. For each promoter construct, approximately ten independent

plant lines should be generated by kanamycin (250 mg/L)
selection and grown in greenhouse conditions.

. Grow healthy Arabidopsis plants (Arabidopsis thaliana ecotype

Columbia-0) until they are flowering under long days in pots.
To encourage proliferation of many secondary bolts, clip first
bolts. Plants will be ready roughly 4-6 days after clipping.
Clipping can be repeated to delay plants. Optimal plants should
have many immature flower clusters and not many fertilized
siliques (it is reccommended to remove the siliques), although a
range of plant stages can be successfully transformed.



3.7 p-Glucuronidase
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GUS Staining

3.7.1  B-Glucuronidase
(uidA or GUS) Assay
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2. Prepare Agrobactevium tumefaciens strain carrying gene of
interest on a binary vector. Grow a large liquid culture at 28 °C
in LB with antibiotics to select for the binary plasmid. The
mid-log cells or a recently stationary culture can be used. Spin
down Agrobacterium, resuspend to ODggo=0.8 (can be higher
or lower) in 5% Sucrose solution (if made fresh, no need to
autoclave). You will need 100-200 mL for each two or three
small pots to be dipped, or 400-500 mL for each two or three
3.5” (9 cm) pots.

3. Before dipping, add Silwet L-77 to a concentration of 0.05 %
(500 pL/L) and mix well. If there are problems with L-77
toxicity, use 0.02% or as low as 0.005%.Dip above-ground
parts of plant in Agrobacterium solution for 10-15 s, with
gentle agitation. You should then see a film of liquid coating
plant. Some investigators dip inflorescence only, while others
also dip rosette to hit the shorter axillary inflorescences.

4. Place dipped plants under a dome or cover for 16-24 h to
maintain high humidity (plants can be laid on their side if nec-
essary). Water and grow plants normally, tying up loose bolts
with wax paper, tape, stakes, twist-ties, or other means. Stop
watering as seeds become mature. Harvest dry seed.

5. Select for transformants using antibiotic or herbicide selectable
marker. Transformants are usually all independent, but are
guaranteed to be independent if they come off of separate
plants. After sterilizing (steps are: soak seeds in water for 30 m,
95 % in ethanol for 5 m, 10% Clorax solution for 5 m and rinse
in water for 1 m for 4 times) plate 40 mg=2000 seeds (resus-
pended in 4 mL 0.1 % agarose) on 0.5x MS /0.8 % tissue culture
Agar plates with 50 pg/mL kanamycin, cold treat for 2 days,
and grow under continuous light (50-100 microFEinsteins) for
7-10 days. Transplant putative transformants to soil to grow
and test by GUS assay and molecular analysis (se¢ Note 5).

In this study, the GUS reporter gene is used to monitor and ana-
lyze the synthetic CmYLCV promoter activity in both stable and
transient systems. Fluorometric GUS enzymatic assays for measur-
ing GUS activities in tobacco protoplast extracts, Arabidopsis, and
tobacco plant extracts are performed as described previously [38].
The total protein content in protoplast and plant extracts is esti-
mated by the Bradford method using BSA as a standard [42].

1. Labelall tubes. Prepare solutions and have ready at hand. Remove
the tissue from the -80 °C freezer and thaw on ice. If the tissue
is fresh, keep on ice (or alternatively work in a cold room).

2. Place tissue in a mortar and pestle and add~2 mL of QB/g
tissue, grind and transfer it into a microfuge tube (see Note 6).



130

Dipak Kumar Sahoo et al.

3. Spin samples at top speed in the microfuge (4 °C for 15 m) and

transfer the liquid supernatant into a second (new) microfuge
tube and store samples in the -80 °C.

. Remove the protein samples from the -80 °C freezer and thaw

on ice, label all test tubes in which assay will be performed and
set circulating water bath to 37 °C. Aliquot 400 pL of GUS
assay reagent to each test tube, place tubes into the 37 °C
water bath, add 5 pL of protein sample to the pre-warmed test
tube at 37 °C and note time. Add next sample at a convenient
time interval. (For example: add protein sample #1 to the first
test tube containing GUS assay reagent and at 15 s add protein
sample #2 to the second tube containing GUS assay reagent
and at 30 s add protein sample #3 to the third tube containing
GUS assay reagent, etc. until the entire set to be analyzed has
been added to the GUS assay reagent containing tubes).

. Add 1.6 mL Stop solution to each tube after sufficient time has

elapsed. Add the Stop solution at the same time intervals at which
the protein was added to the GUS assay reagent containing tubes
(For example if protein sample was added to the tubes containing
GUS assay reagent at 0, 15, 30, 45, 60 ...s, add stop solution at
15mO0s, 15m15s,15m 30s, 15 m45s, ... likewise).

. Turn on the fluorometer (e.g. TKO 100 fluorometer, Hoefer

Scientific Instruments, San Francisco, USA) 15 m (or more)
before use. Fill the glass cuvette with 1.9 mL carbonate stop
buffer. Place the cuvette into the sample chamber, close the lid
and adjust the scale knob until the display reads zero.

. Take 100 pL from each of the different MU standard solu-

tions/incubated sample into the cuvette containing the 1.9 mL
carbonate stop solution and mix (by inversion or up and down
pipetting). Place the cuvette into the chamber and take read-
ings to plot the standard curve. The time interval can be vari-
able (the final result is expressed as a function of time: pmol
product (4MU) released per minute per mg of protein) but
should be linear over time; i.e., the relative fluorescence at
10 m should be two times the relative fluorescence at 5 m. In
order to accomplish this requirement it may be necessary to
dilute the protein sample an order of magnitude or more (i.e.,
10x dilution, 100x dilution, etc.). In order to determine that
the GUS assay is linear over time, it is necessary to perform a
trial assay before beginning with the assay for all samples.

. Bradford protein concentration determination assays: Measure

the protein concentration in the extract using, e.g. Quick Start
Bradford Protein assay kit (Bradford, USA) following manufac-
turers’ instructions, based on the dye-binding assay of Bradford
[42]. Dilute the Bradford reagent fivefold in dH,O (1 part
Bradford:4 parts dH,O). Add 5-20 pL of the protein extract to
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1 mL of the diluted reagent and mix. Measure the blue color
formed at 595 nm using a Spectrophotometer. Use disposable
plastic cuvettes to prevent the formation of a blue film. Prepare
a standard curve using a serial dilution series (0.1-1.0 mg/mL)
of'a known protein sample concentration, e.g. BSA dissolved in
QB. Determine the protein concentration of the plant extract
from the regression curve of the known sample. Express the
results as pmol product released per minute per mg of protein.

Histochemical GUS staining is carried out in plants following the
published protocol [22, 38], and photographs are taken under a
bright-field microscope. The detailed steps are described below:

1

. Fix for 30 m in ice cold fixative, shaking occasionally. Wash for

30-60 m in several changes of ice cold 1x buffer. Alternatively,
take fresh tissue for proceeding next step.

. Vacuum infiltrate or incubate (for fresh tissues) in the X-gluc

substrate medium in dark at room temperature or at 37 °C for
several hours or overnight or until distinct blue staining appears
(no longer than 24 h).

. Rinse in distilled water.

. Incubate green objects in 70 % ethanol until the chlorophyll is

removed, then transfer to distilled water again.

. Optional: place specimens in 50 % glycerol, for 1 h, then trans-

fer to pure glycerol, again leave for 1 h or more. Mount objects
in 100% glycerol on microscope slides, examine under bright-
field microscope (Olympus SZX12).

. Total RNA is isolated from 4-week-old (R; progeny, second

generation) tobacco seedlings using a Plant RNA extraction kit
(Plant RNeasy extraction kit, Qiagen, CA, USA) following the
manufacturer’s specification.

. Two pg of total RNA in 20 pL reaction volume is taken for

synthesizing cDNA by using cDNA synthesis kit (iScript cDNA
synthesis kit, BioRad, USA).

. For quantitative real-time PCR (qRTPCR), manufacturers’

instructions of iTaq universal SYBR Green one-step kit (BioRad,
USA) are followed essentially for 20 pL reaction volume. The
qRTPCR analysis is performed for relative quantification of
G US-specific transcript using GUS-specific forward (5'-d-TTA
CGTCCTGTAGAAACCCCA-3’) and reverse (5'-d-ACTGC
CTGGCACAGCAAT TGC-3’) primers. The PCR reaction is
performed with four replicates and is repeated with three bio-
logical samples. The tobacco a-tubulin gene-specific forward
5'-d-ATGAGAGAGTGCATATCGAT-3’ and reverse 5-d-TT
CACTGAAGAAGGTGTTGAA-3’ primers are used to nor-
malize the amount of total mRNA in all samples.
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3.9 Preparation
of Tobacco Nuclear
Extracts for EMSA

3.10 Expression
of Recombinant TGA1a
Protein

4. The comparative threshold cycle (Ct) method (Applied
Biosystems bulletin, part No. 4376784 Rev. C, 04,/2007) is
used to evaluate the relative expression levels of the transcripts.
The threshold cycle is automatically determined for each reac-
tion by the system set with default parameters (Step One Real-
Time PCR System, Applied Biosystems). The specificity of the
PCR is determined by melting curve analysis of the amplified
products using the standard method installed in the system
(Step One Real-Time PCR System, Applied Biosystems).

1. Grind approximately 5 g of freshly collected tobacco ( Nicotiana
tabacum cv. Samsun NN) seedlings or leaves in a chilled mor-
tar with 1 g of acid-washed sand as abrasive and 2.5 volumes of
extraction buffer.

2. Filter the homogenate through two layers of Miracloth
(Calbiochem) into a chilled centrifuge tube.

3. Centrifuge the filtrate at 4300 x4 for 10 m at 4 °C.

4. Resuspend the pellet gently, containing the nuclei, in 500 pL of
protein isolation buffer (100 pL per gram of fresh weight tissue).

5. Maintain the resuspended pellet at 4 °C for 40 m, stirring
every 6 m by vortexing for 5 s.

6. Aligout into Eppendorf tubes and centrifuge at 12,000 x g for
15 m at 4 °C. Recover the supernatant by discarding the pellet.

7. Dialyze the extract two times in dialysis buffer for overnight.

8. Concentrate the sample using an Amicon® Ultra 4 mL
Centrifugal Filters.

9. Take out the crude nuclear protein extract (supernatant) and
adjust it to 20% (v/v) glycerol and divide the resulting super-
natants containing nuclear proteins into small aliquots and
store at =70 °C until use.

10. Determine protein concentrations using a Quick Start Bradford
Protein assay kit with BSA as the standard (as mentioned in
Subheading 3.7.1, step 8).

A synthetic gene encoding Nicotiana tabacum TGACG sequence-
specific DNA binding protein (TGAla; Accession No. X16449),
optimized with an Escherichin coli ( E. coli) bias codon and a C-terminal
6x his-tag (5’- Ndel-TGAla-6x his-tag-SstI-3'), is cloned into the E.
coli expression vector pET-29b (Invitrogen) at Ndel /Sacl sites (see
Note 7). Plasmid pTf-16 encoding chaperone Trigger Factor (2ig) is
purchased from Takara (Japan), which carried an origin of replication
derived from pACYC and a chloramphenicol resistance gene (Cm"),
and the chaperone gene is located at downstream of the araB pro-
moter. At the first stage chaperone plasmid is separately transformed
into the chemically competent BL21 (DE3) cells, subsequently
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TGAla expression plasmid (pET-29b- TGAla) is also transformed
into the cells bearing chaperone expression plasmids and plated on
LB-agar containing 50 pg/mL kanamycin and 20 pg/mL chloram-
phenicol. The resultant clone is designated TGAla/pTfl6.

1.

10.

11.
12.

13.

14.

15.

16.

17.

Pick up a single colony from the transformed BL21- TGAla/
pTfl6 plate and inoculate into 5 mL of LB broth, supplemented
with 50 pg/mL kanamycin and 20 pg/mL chloramphenicol.

. Grow overnight at 37 °C under shaking at 200 rpm.
. Dilute 1/50 into 500 mL of LB broth supplemented with the

same antibiotics.

. At the same time, add 2 mg/mL L-arabinose for induction of

tig chaperone encoded by the pTf-16 plasmid.

. The culture is grown at 37 °C shaking with 200 rpm.
. When ODyg reaches 0.4 reduce the temperature to 25 °C (see

Note 8).

. At mid-log phase at ODgy = 0.6, induce the protein expression

by adding 0.4 mM IPTG (from 1 M stock solution).

. Incubate for 8 h at 25 °C.
. Harvest the bacterial cells by centrifugation 10 m at 5000 x g at

4 °C. From here on perform all steps at 4 °C or on ice.

Resuspend the pellet in 10 mL B-PER™ Bacterial Protein
Extraction Reagent (Thermo Scientific) supplemented with
lysozyme (0.2 mg/mL), and lyse the cells by sonication in a
Bioruptor with ten cycles of 40 s at amplitude 40 and 20 s rest
on ice between cycles.

The lysate is centrifuged at 27,000 x 4 for 45 m at 4 °C.

Keep the clear supernatant by passage through a filter with
0.45-pm pore size.

Pack the 2 mL column with an appropriate amount of HisPur™
cobalt resin (depending on the lysate volume). Allow the stor-
age butffer to drain from resin by gravity flow (se¢ Note 9).

Mix the protein extract with an equal volume of Equilibration /
Wash Bulffer.

Equilibrate the resin with two resin-bed volumes of
Equilibration/Wash Buffer. Allow buffer to drain from resin,
flow rate should be 0.5-1 mL/m.

Add the prepared protein extract (from step 14) to the equili-
brated resin in the tube and mix on an end-over-end rotator
for 30 m. Collect the flow-through fraction in a tube.

Washresin three times with two resin-bed volumes of Equilibration /
Wash Buffer and collect the flow-through fractions. Repeat this
step using a new collection tube until the absorbance of the flow-
through fraction at 280 nm approaches baseline.
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18.

19.

20.

21.

3.11 Electrophoretic 1.

Mobility Shift Assay
3.11.1 Labeling of Probe
Through PCR
2
3
4
3.11.2  Probe Isolation 1.
from PAGE

Elute His-tagged proteins from the resin with two resin-bed
volumes of Elution Buffer. Repeat this step twice, collecting
each fraction in a separate tube.

Pool all the eluted fractions into one. Dialyze the pooled eluted
fractions overnight at 4 °C against dialysis buffer.

Concentrate the sample using an Amicon® Ultra 4 mL
Centrifugal Filters to a concentration of 67 mg/mlL.

The quality of TGAla can be verified by SDS-PAGE, the quan-
tity can be determined with the Bradford protein assay.

Mix 5 pmolofforwardprimer (5’-TGAAGGCATCTTCAGACT
CC-3’) with 2 pL of [y-¥P] ATP (specific activity 3000 Ci/
mmol), 1 unit of T4 polynucleotide kinase in the labeling buf-
fer, in a final volume of 10 pL.

. Incubate the tube at 37 °C for 1 h. Stop the reaction by adding

1 uL of 0.5 M EDTA-NaOH (pH 8.0).

. Unincorporated nucleotides are removed by gel chromatogra-

phy (G25 spin columns; Pharmacia).

. PCR amplifications are carried out in a total volume of 50 pL

containing 50 ng plasmid DNA (CmYLCV9.11-GUS), 5 pmol
labeled forward primer, 10 pmole of unlabeled reverse primer
(5’-GTATTTATAGACTGACGGGTGAGTGG-3’), 200 pM
dNTPs, PCR buffer (containing MgCl,) and 2 U of Tag DNA
polymerase. PCR amplification is performed on a Peltier thermal
cycler (MJ Research, USA) with an initial denaturation (95 °C for
5 m) followed by 35 cycles under the following conditions: dena-
turation (95 °C for 30 s), annealing (55 °C for 30 s) and exten-
sion (72 °C for 1 m), with a final extension at 72 °C for 10 m.

Clean the glass plates with water (and with soap, if necessary)
and then with absolute ethanol.

2. Assemble glass plates with 1.5 mm spacers.

N O\ Ul W

. Prepare a 6 % polyacrylamide (acrylamide: bisacrylamide =19:1)

gel by mixing 30 mL of gel mix (or as much as needed for the
particular set-up used), 0.5x TBE with 50 pL. TEMED and
500 pL 10% (w/v) APS.

. Mix by swirling and pour between the plates.
. Insert a 1.5 mm thick comb with 8 mm wide teeth.
. Let the gel polymerize for 30 m and remove the comb.

. Mount the gel in an electrophoresis apparatus and add 0.5x

TBE to the electrophoresis tanks.

. To the PCR amplified DNA, add 0.25 volumes 5x loading mix

and load in separate wells.

. Run the gel at 100 V.
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After running, open the plates and transfer the gel onto
Whatman paper 3MM, cover with a Saran Wrap and expose it
to an X-ray film in an autoradiography cassette mounted with
a tungstate intensifying screen for 5 m.

Develop the X-ray film in Developer and Fixer.

After drying the X-ray film, align the X-ray film where the
PCR-amplified bands appear with that of the gel mounted on
Whatman paper 3MM.

Cut out the bands of interest with a scalpel /razor blade.

Incubate the acrylamide slices with the fragments of interest in
a 1.5 mL Eppendorf tube with 0.5 mL of gel solubilization
buffer with gentle shaking overnight.

Next day centrifuge the mixture at maximum speed for 10 m
at room temperature.

Transfer the supernatant to a new Eppendorf tube, discarding
the gel-pieces.

Add 1 mL 95% ethanol and centrifuge for 5 m at 15,000 x 4.
Remove liquid and add 0.5 mL 70% ethanol to the pellet.
Centrifuge for 5 m at 15,000 x 4.

Remove the liquid.

Air-dry the pellet at room temperature or dry it in a speedvac
apparatus without heating.

Resuspend the pellet in 20 pL nuclease-free water.

Count probe and then put in the radioactive storage box at
-20 °C.

. Prepare a 6% native PAGE as described in Subheading 3.11.2,

step 3.

. The tobacco protein extracts or purified TGAla are incubated

for 20 m on ice with 1x binding buffer before the addition of
radiolabeled probe (20,000 cpm) and incubation is further
continued for 30 m at room temperature.

. To test the specificity of the DNA—protein-binding reactions,

add excess unlabeled PCR-amplified DNA (5- to 100-fold) to
the reaction mixture 15 m before adding the labeled probe
(see Note 10).

. Adjust the volume of each tube to 20 pL of reaction volume

with binding buffer.

. The gel is pre-run for 30 m at 120 V (=10 V/cm).

. Subject DNA-protein complexes to electrophoresis in 6%

PAGE with 0.5x TBE buffer at 120 V.
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7.

The presence of TGAla in the shifted band for tobacco nuclear
extract can be demonstrated by a super shift induced by adding
2 pg of rabbit polyclonal TGAla antiserum (in-house made rabbit
antiserum against bacterial purified TGAla). Antibodies are
added to the nuclear extract either overnight/20 m before or
20 m after the **P-labeled probe. Samples are incubated for a total
of 30 m at room temperature in 1x supershift binding buffer.

. The reaction products are then loaded on a 4.5% polyacryl-

amide gel (1.5 mm thick) containing 0.5x TBE and the gel is
run at 120 Vin 4 °C.

. Gels are dried using a vacuum dryer for 1 h at 70 °C.
10.

Place the dried gel in a plastic folder and expose to an X-ray
film in an autoradiography cassette mounted with a tungstate
intensifying screen in a —-80 °C freezer overnight.

4 Notes

. Use a freshly prepared enzyme solution for protoplast

isolation.

. EDTA will not completely go into solution until the pH

approaches 8.0 and the H,O is almost at final volume.
Essentially, the pH needs to be continuously adjusted as the
EDTA dissolves.

. A 3-day-old tobacco cell suspension is ideal for getting good

protoplasts.

. Protoplasts are delicate and must be handled carefully.

Centrifugation at high speeds will damage the protoplasts.

. For higher rates of Arabidopsis transformation, plants may be

dipped two or three times at 7-day intervals. We suggest one
dip 2 days after clipping, and a second dip 1 week later. Do not
dip less than 6 days apart.

. For small (<1 g) quantities of tissue, prepare a pestle by flam-

ing the end of a blue pipette tip and sealing the end by gently
smashing it into a microfuge tube while working in the fume
hood. Prepare as many pestles as tissue samples to be isolated
and grind tissue in QB.

. For bacterial expression of TGAla, we have employed pET-

29b (Invitrogen) as the protein expression vector. However,
selection of the protein expression vector is not that important
as long as it is compatible with the BL.21 strain.

. Temperature selection for expressing recombinant TGAla in

E. coli is very important for growing the bacteria at low tem-
perature and better yield of the proteins.
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9. Fresh Co?* resin bead is recommended for the purification of
His-tagged TGAla protein for the highest protein yield.

10. During competitive EMSA analyses, unlabeled DNA duplex of
the same length may be recommended for use for detecting
the level of nonspecific protein binding.
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Chapter 9

Fast and Efficient Cloning of Cis-Regulatory Sequences
for High-Throughput Yeast One-Hybrid Analyses
of Transcription Factors

Zsolt Kelemen, Jonathan Przybyla-Toscano, Nicolas Tissot,
Loic Lepiniec, and Christian Dubos

Abstract

Yeast one-hybrid (Y1H) assay has been proven to be a powerful technique to characterize in vivo the
interaction between a given transcription factor (TF), or its DNA-binding domain (DBD), and target
DNA sequences. Comprehensive characterization of TF/DBD and DNA interactions should allow design-
ing synthetic promoters that would undoubtedly be valuable for biotechnological approaches. Here, we
use the ligation-independent cloning system (LIC) in order to enhance the cloning efficiency of DNA
motifs into the pHISi Y1H vector. LIC overcomes important limitations of traditional cloning technologies,
since any DNA fragment can be cloned into LIC compatible vectors without using restriction endonucleases,
ligation, o7 in vitro recombination.

Key words Transcription factor, Cis-element, Yeast one-hybrid, Ligase-independent cloning

1 Introduction

Regulation of gene expression is central to all organisms. This regula-
tion is coordinated by a number of different molecular mechanisms
requiring sequence-specific DNA binding of regulatory proteins
(e.g. DNA methylation, chromatin organization, transcription)
[1, 2]. Amongst these proteins, transcription factors (TFs) play a
central role by modulating gene expression in response to environ-
mental (e.g. abiotic and biotic stresses) and internal (e.g. hormones
or nutrition) signals [3]. TFs modulate the expression of their tar-
gets by acting as transcriptional activators, repressors, or both. TFs
possess a modular structure generally comprising a regulatory or
sensing domain together with a DNA-binding domain (DBD).
This is through this DBD that TFs interact with specific DNA
cis-regulatory sequences usually localized upstream of the tran-
scribed region of their targets [4].
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During the evolution of the green lineage this group of regulatory
protein has expanded to represent about 8 % of the protein coding
sequences that have been categorized into 58 different TF families.
For example, in the model plant Arabidopsis thaliana 2296 TFs
have been identified out of the 27,000 protein coding genes [5].
Such expansion reflects the importance of these proteins in con-
trolling plant growth and development in an environment that is
by nature highly variable. In contrast with the central role TFs play
in plants little data on their DNA binding properties, that can be
resumed by the DNA sequences their DBDs recognized, have
been gathered over the years [6]. The concomitant identification
of these cis-elements and the determination of the interacting TFs
(or DBDs) is thus an essential step toward a comprehensive under-
standing of the transcriptional regulatory code occurring in plants.
Similarly, extensive characterization of DBD and DNA interactions
should allow designing synthetic promoters that would undoubt-
edly be valuable for plant biotechnological approaches aiming at
improving crops.

Various in vitro and in vivo approaches have been developed in
order to characterize the interaction occurring between TFs (or
DBDs) and their target DNA sequences, each having their own
advantages and limitations [7, 8]. If most in vitro methods (e.g.
CASTing, SELEX, Surface Plasmon Resonance analysis, protein-
binding microarrays) allow accurate determination of TF/DNA or
DBD/DNA interaction properties, they necessitate the produc-
tion of recombinant proteins, which has been proven to be the
most critical step. In contrary in vivo methods allow taking into
account the cellular and nuclear context (e.g. transient expression
assays in plants or protoplasts, ChIP-CHIP or ChIP-Seq) but
remain difficult to use for the analysis of large set of interactions. In
this regard yeast one-hybrid (Y1H) experiment offers some flexi-
bility allowing high-throughput screening of TF/DNA or DBD/
DNA interactions. However, one of the limiting steps remains the
cloning of large sets of DNA fragments (e.g. cis-regulatory
sequences or synthetic promoters).

Here, we use the ligation-independent cloning system (LIC)
to clone known or putative cis-regulatory sequences into the
pHISi yeast one-hybrid vector. LIC was developed to facilitate
complex cloning and sub-cloning strategies [9]. LIC overcomes
important limitations of traditional cloning technologies, since
any PCR product can be cloned into LIC compatible vectors
without using restriction endonucleases and ligation or recombi-
nation. The LIC method takes advantage of the 3’ exonuclease
activity of T4 DNA polymerase to create complementary 12- to
15-nucleotide overhangs in the vector and PCR product. Upon
transformation into Escherichia coli cells, the host repair enzymes
ligate at the vector-insert junction; thus, LIC achieves fast, cheap,
and efficient cloning with minimal non-recombinant background.
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As a proof of concept, we converted the pHIS vector into a LIC
vector for cloning of cis-regulatory sequences in order to carry
Y1H experiments.

2 Materials

2.1 LIC Vector
Conversion

2.2 Cloning of Cis-
regulatory Sequences

2.3 VYeast
Transformation

Unless otherwise specified, all reactions are carried out in standard
nuclease-free PCR tubes and incubated in a thermal cycler. Instead
of thermal cyclers, water baths or incubators can be used. All
solutions are sterilized prior use. Escherichia coli and yeast manipu-
lation must be achieved under aseptic conditions.

1.

O NN O\ Ul B Ww N

—

—

LIC forward (5'-AATTCGACAAGAACACGTGCTCTTCT
TCAA-3') and reverse (5-CTAGTTGAAGAAGAGCACG
TGTTCTTGTCG-3') oligonucleotides diluted in sterile water

(1 pg/puL).

. Purified pHISi (Clontech) vector (300 ng/pL).
. EcoRI and Xbal, restriction enzymes.

. Gel Extraction Kit.

. T4 polymerase.

. T4 ligase.

. Escherichia coli competent cells.

. Plasmid extraction kit.

. DNA fragments containing the 5'-CGACAAGAACAC-3’ and

5'-GAAGAAGAGCAC-3’ sequences at their 5’-end in the
sense and antisense orientation, respectively.

. PmlI restriction enzyme.

. Gel Extraction Kit.

dTTP.

. T4 polymerase.
. Plasmid extraction kit.
. LB medium: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L

NaCl, pH 7.0.

. Apal restriction enzyme.

2. YPDA (yeast peptone dextrose adenine) media: 20 g/L Difco

peptone, 10 g/ yeast extract, 20 g/L glucose,
0.03 g/L1-Adenine hemisulfate, 20 g/L agar (for plates only),
pH 6.5.

. Yeast resuspension solution: 0.1 M Lithium acetate, 1 mM

Tris-HCI pH 7.4, 0.1 mM EDTA pH 8.
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2.4 Yeast One-Hybrid

4.

Yeast transformation solution: 0.1 M Lithium acetate, 1 mM
Tris—-HCI pH 7.4, 0.1 mM EDTA pH 8, 40% Polyethylene
Glycol (PEG) 4000.

. Carrier DNA.
. Synthetic defined (SD) minimal yeast media: 6.7 g/L yeast

nitrogen base without amino acids, 1x Dropout Supplement,
20 g/L agar (for plates only), pH 5.8.

. 10x Dropout (DO) Supplement -Ura: 200 mg/L1-Adenine hemi-

sulfate salt, 200 mg,/L1-Arginine HCI, 200 mg/L1-Histidine HCI
monohydrate, 300 mg/Lr-Isoleucine, 1000 mg/L1-Leucine,
300 mg/Lr-Lysine-HCI, 200 mg/Lr-Methionine, 500 mg/
Lr-Phenylalanine, 2000 mg/Lr-Threonine, 200 mg/
Lr-Tryptophan, 300 mg/L1-Tyrosine, 1500 mg/Lr-Valine.

. Ordered prey library for yeast one-hybrid screenings, for

example the REGIA transcription factor library [10].

. YPDA (yeast peptone dextrose adenine) media: 20 g/L Difco

peptone, 10 g/ yeast extract, 20 g/L glucose,
0.03 g/L1-Adenine hemisulfate, 20 g/L agar (for plates only),
pH 6.5.

. Saccharomyces cevevisine strains EGY48 and YM4271.
. Microplate replicator.

. Synthetic defined (SD) minimal yeast media: 6.7 g/L yeast

nitrogen base without amino acids, 1x Dropout Supplement,
20 g/L agar (for plates only), pH 5.8.

. 10x Dropout (DO) Supplement -Ura: 200 mg/L1-Adenine

hemisulfate salt, 200 mg/Lr-Arginine HCI, 200 mg/
Li-Histidine HCl monohydrate, 300 mg/L1-Isoleucine,
1000 mg/L1-Leucine, 300 mg/L1-Lysine-HCI, 200 mg/
Li-Methionine, 500 mg/Li-Phenylalanine, 2000 mg/
Li-Threonine, 200 mg/L1-Tryptophan, 300 mg/L1-Tyrosine,
1500 mg/L1-Valine.

. 10x Dropout (DO) Supplement -Trp: 200 mg/L1-Adenine

hemisulfate salt,200 mg/L1-Arginine HCIL, 200 mg/L1-Histidine
HClmonohydrate,300mg,/L1-Isoleucine,1000mg,/L1-Leucine,
300 mg/L1-Lysine-HCI, 200 mg/L1-Methionine, 500 mg/
Li-Phenylalanine, 2000 mg/Li-Threonine, 300 mg/
Li-Tyrosine, 200 mg/L1-Uracil, 1500 mg/L1-Valine.

. 10x Dropout (DO) Supplement -His-Trp-Ura: 200 mg/L1-

Adenine hemisulfate salt, 200 mg/L1-Arginine HCI, 300 mg/
Lr-Isoleucine, 1000 mg/L1-Leucine, 300 mg/Lr-Lysine—
HCI, 200 mg/L1-Methionine, 500 mg/L1-Phenylalanine,
2000 mg/L1-Threonine, 300 mg/L1-Tyrosine, 1500 mg/
Lr-Valine.

. 3-aminotriazol (3-AT).
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3 Methods

3.1 Annealing
of Oligonucleotides

3.2 CGonversion
of the pHISi Vector
into a LIC Vector

3.3 Cloning of
Gis-regulatory
Sequences (Fig. 1)

. Mix 5 pL of both complementary LIC oligonucleotides in a

standard PCR tube.

. Heat to 95 °C and leave at 95 °C for 2 min, then heat to 55 °C

and incubate for 5 min.

. Briefly spin the tubes in a microfuge and store on ice or at 4 °C

until use. For long-term storage, annealed oligonucleotides
can be kept at =20 °C. (see Note 1)

. Set up the following reaction on ice: 1 pg pHISI vector, 2 pL.

10x restriction enzyme buffer (see Note 2), 10 units of both
EcoRI and Xbal restriction enzymes, and nuclease-free water
to 20 pL final volume. Mix by pipetting up and down.

. Digest for 2 h at 37 °C.
. Separate the reaction on agarose gel (1%).

4. Purify digested pHISi vector with a gel extraction kit according

to the manufacturer’s instructions.

. Anneal complementary LIC-oligos (see Subheading 3.1 and

Note 3).

. Mix 1 pg linearized vector and 30 ng annealed oligonucle-

otides in a 1.5 mL microcentrifuge tube. Add 2 pL 10x T4
DNA ligase reaction buffer and nuclease-free water to 19 pL
final volume. Mix well by pipetting up and down. Add 1 pL. T4
ligase and mix well by pipetting up and down. Perform ligation
overnight at 16 °C.

. Transform 2 pL ligation reaction into competent E. colz cells

according to the manufacturer’s instructions.

. Purify pHISi-LIC vector from a single colony grown in the

presence of ampicillin (50 pg/mL) antibiotics on an LB agar
plate using a plasmid extraction kit according to the manufac-
turer’s instructions.

. Synthesize the cis-regulatory sequences as hexamers, as both

sense and antisense oligonucleotides (diluted in sterile water at
1 pg/pl). The 5-CGACAAGAACAC-3’ and
5'-GAAGAAGAGCAC-3’ sequences must be added to the
5’-end of the sense and antisense oligonucleotides, respectively
(see Note 4).

. Anneal oligos: see Subheading 3.1.

. Set up the following reaction in a microcentrifuge tube on ice:

20 pg pHISI-LIC vector, 5 pLL 10x restriction enzyme buffer,
100 units PmlI restriction enzyme and nuclease-free water to
50 pL final volume. Mix by pipetting up and down.
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Pmil

5----NNNNAATTCGACAAGAACACGTGCTCTTCTTCAACTAGNNNN----3’
3----NNNNTTAAGCTGTTCTTGTGCACGAGAAGAAGTTGATCNNNN----5’

- Pmll ﬂ
(2h, 37° C)

5'----NNNNAATTCGACAAGAACAC GTGCTCTTCTTCAACTAGNNNN----3’
Pmll 3'----NNNNTTAAGCTGTTCTTGTG CACGAGAAGAAGTTGATCNNNN----5’
digestion

v

5----NNNNAATTCGACAAGAACAC GTGCTCTTCTTCAACTAGNNNN----3’
3’----NNNNTTAAGCTGTTCTTGTG CACGAGAAGAAGTTGATCNNNN----5’

T4 polymerase + dTTP
(30min, 22° C
then 20min, 75° C)

R |
5—-NNNNAATTCGACAAGAACAC ~ GTGCTCTTCTTCAACTAGNNNN----3'
T4 polymerase |  3--~NNNNTTAAGCTGTTCTTGTG ~CACGAGAAGAAGTTGATCNNNN---5
>

treatment ‘

5----NNNNAATT GTGCTCTTCTTCAACTAGNNNN----3’
3----NNNNTTAAGCTGTTCTTGTG TTGATCNNNN----5"

5-CGACAAGAACACNNNNNNNNNNNNNNNN |
NNNNNNNNNNNNNNNN_CACGAGAAGAAG-5
(20’, Room temperature)

'1---NNNNAATT CGACAAGAACACNNNNNNNNNNNNNNNN GTGCTCTTCTTCAACTAGNNNN----3’
'+--—-NNNNTTAAGCTGTTCTTGTGNNNNNNNNNNNNNNNN CACGAGAAGAAG TTGATCNNNN----5'

w o,

Cloning

E. coli transformation (ligation)
(growth over night, 37° C)

5'1---NNNNAATTCGACAAGAACACNNNNNNNNNNNNNNNN GTGCTCTTCTTCAACTAGNNNN----3’
3't--—-NNNNTTAAGCTGTTCTTGTGNNNNNNNNNNNNNNNN CACGAGAAGAAGTTGATCNNNN----5'

Fig. 1 Cloning of cis-elements using ligase-independent cloning (LIC) method. During the LIC-cloning process
the pHISI-LIC vector is linearized with Pmll restriction enzyme, and the T4 polymerase treatment in the pres-
ence of dTTP nucleotides results in long cohesive ends. Fragments containing compatible cohesive ends are
combined with the treated vector and transformed directly into E. coli competent cells. Upon transformation,
the host repair enzymes ligate at the vector-insert junction

4. Digest for 2 h at 37 °C.
5. Separate the reaction on agarose gel (1%).

6. Purify the digested vector with a gel extraction kit according to
the manufacturer’s instructions.
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11.
12.

13.
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. Set up the following reaction on ice: 1 pg linearized pHISi-LIC

vector, 2 pLL 10x T4 DNA polymerase buffer 2.1, 5 pL. 100 mM
dTTP, 1 unit T4 DNA polymerase and nuclease-free water to
20 pL final volume. Mix by pipetting up and down.

. Incubate for 30 min at 22 °C.
. Stop the reaction by heat inactivation for 20 min at 75 °C.
10.

Mix 100 ng vector and 30 ng fragment (corresponding to the
studied cis-element) and adjust to 5 pL final volume with
nuclease-free water.

Incubate the mixture at room temperature for 20 min.

Transform the whole reaction into competent E. coli cells
according to the manufacturer’s instructions.

Purity pHis-LIC vector containing the cis-element from a
single colony grown in the presence of ampicillin (50 pg/mL)
antibiotics on an LB agar plate using a plasmid extraction kit
according to the manufacturer’s instructions (se¢ Note 5).

. Set up the following reaction in a microcentrifuge tube on ice

(see Note 6): 5 pg pHISi-LIC containing the cis-element, 2 pLL
10x restriction enzyme buffer, 10 units Apal restriction
enzyme and nuclease-free water to 20 pL final volume. Mix by
pipetting up and down.

2. Digest for 4 h at 25 °C.

W

11.
12.

13.

. Store the reaction mix at -20 °C until use (se¢ Note 7).

. Grow the appropriate yeast strain (se¢ Note 8) on 90 mm petri

dish filled with YPDA at 28 °C for 2 days.

. Collect the culture from one petri dish and resuspend it in

1 mL sterile water in a 1.5 mL microcentrifuge tube.

. Centrifuge at maximum speed for 15 s in a microcentrifuge,

and remove the supernatant.

. Resuspend the pellet in 1 mL Yeast resuspension solution

(see Note 9).

. Mix 5 pg Apal-digested pHISi-LIC construct with 5 pL carrier

DNA, 0.1 mL yeast cell solution and 0.6 mL Yeast transforma-
tion solution in a 1.5 mL microcentrifuge tube.

. Vortex for 30 s.
10.

Incubate the transformation mixture for 30 min at 28 °C with
occasional mixing in an incubator.

Perform heat-shock at 42 °C for 25 min in a water bath.

Centrifuge in a 1.5 mL microcentrifuge tube at maximum
speed for 15 s.

Resuspend the pellet in 250 pL sterile water and plate onto
selective SD plates deprived of uracil (SD -Uj see Note 10).



146 Zsolt Kelemen et al.

3.5 Yeast One-Hybrid
(Y1H) Experiments

14.

Perform self-activation test: grow yeast cells harboring cis-
element constructs on SD plates deprived of uracil and histidine
(SD-U-H) containing 5, 15, 30,45, and 60 mM 3-aminotriazol
(3-AT). For screening use the lowest 3-AT concentration where
no growth can be observed. If self-activation is observed at
60 mM 3-AT then the corresponding experiment should be
removed from the study (se¢ Note 11).

. Grow ordered transcription factor library on SD plates deprived

of tryptophan (SD -W) for 1-2 days at 28 °C. Resuspend about
10 pL yeast from each clone in 100 pL sterile water in a 96-well
microtiter plate (see Note 8). With replicator, transfer about 5 pLL
solution onto YPDA plates, let it dry under the sterile hood.

. Grow reporter yeast strain (containing the cis-elements) on

90 mm SD -U plates for 1-2 days at 28 °C. Collect the culture
from a 90 mm petri dish and resuspended it in 10 mL sterile
water. Distribute the yeast solution into the wells of a 96-well
microtiter plate (80 pL/well). With replicator transfer about
5 pL solution on top of the library strains.

. Let it dry under the sterile hood and incubate for 1-2 days at

28 °C.

. With replicator, transfer the yeast cells onto SD -U -W plates

to select diploid yeast cells and incubate for 1-2 days at 28 °C.

. To analyze interactions, transfer diploid yeast cells to 100 pL

sterile water (in a 96-well plate) with replicator, mix well.

. With replicator, transfer 5 pL yeast solutions onto selective

media (see Note 12). Incubate for 3-5 days at 28 °C. Diploid
colonies growing on a medium lacking the histidine amino
acid and in the presence of various concentrations (from 15 to
60 mM) of 3-AT are considered as positive clones expressing

the candidate transcription factor interacting with the studied
DNA motif (Fig. 2).

4 Notes

. Alternatively, oligos can be annealed in a water bath. Boil water

in a large glass beaker on a hotplate. Incubate the tube of
oligonucleotides in the boiling water for 2 min. Turn off the
hotplate, leaving the oligonucleotides in the beaker on the
hotplate to slowly cool to room temperature. This would take
several minutes.

2. Buffer ensuring 100 % activity for both restriction enzymes.

. LIC-oligos are complementary sequences designed to contain,

after annealing, EcoRI- and Xbal-compatible cohesive ends as
well as a unique PmlI restriction site (see Subheading 2).
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V]

1 2 3 4 5 6 7 8 9 10 11 12
AtMYBO030 [ AtMYBO031 [ AtMYB060 | AtMYB094 | AtMYB096 | AtMYB013 | AtMYBO014 | AtMYBO15 | AtMYBO058 | AtMYBO063 | AtMYBO003 | AtMYB004
AtMYBO0O07 | AtMYBO032 | AtMYB123 | AtMYB075 | AtMYB090 | AtMYB113 | AtMYB114 | AtMYBO11 AtMYB111 | AtMYBO016 | AtMYB017
AtMYB106 [ AtMYBO009 | AtMYBO039 | AtMYB107 | AtMYB041 | AtMYB074 | AtMYB 102 | AtMYB028 | AtMYB029 | AtMYB034 | AtMYBO051 | AtMYB076
AtMYB122 | AtMYBO050 | AtMYBO055 | AtMYB061 | AtMYB086 | AtMYB036 | AtMYB037 | AtMYB038 | AtMYBO068 | AtMYB084 | AtMYBO087 | AtMYB000
AtMYBO023 | AtMYBO066 | AtMYB018 | AtMYB019 | AtMYB045 | AtMYB033 | AtMYBO065 | AtMYBO081 | AtMYBO097 | AtMYB101 | AtMYB104
AtMYBO021 [ AtMYBO024 | AtMYB002 | AtMYB062 | AtMYB078 | AtMYB 108 | AtMYB112 | AtMYB 116 | AtMYBO052 | AtMYBO054 | AtMYBO056 | AtMYB069
AtMYB105 [ AtMYB110 [ AtMYB117 | AtMYB044 | AtMYB070 | AtMYB073 | AtMYBO077 | AtMYBOO1 | AtMYB025 | AtMYB109 | AtMYBO053 | AtMYB092
AtMYBO093 | AtMYB022 | AtMYB064 | AtMYB100 | AtMYB115 | AtMYB118 AtMYBO0O05 | AtMYBO026 | AtMYB035 | AtMYB046 | AtMYB057

I G M moOO W >

SD -U -W H +30 mM 3-AT

b PIF7 PIF7 DBD

W -W -H W
G-box
(CACGTG)
G-box mutated
(ATGGAT)

Fig. 2 Example of yeast one-hybrid assays using ligase- independent cloning (LIC) method. Yeast strains har-
boring the HIS3 reporter gene under the control of the chimeric promoter were mated with strains containing
pDEST22 expression vector allowing the expression of Arabidopsis R2R3-MYB transcription factors [11].
Diploid cells were plated on appropriate media to maintain the expression of both vectors (SD -U -W) and to
test the activation of the HIS3 reporter gene (SD -U -W -H with 30 mM 3-AT). U uracil, W tryptophan, H histi-
dine, 3-AT 3-Amino-1,2,4-triazole. (a) An ordered R2R3-MYB cDNA library composed of 93 individual genes
was made and assayed against the AC-I cis-regulatory (CACCTACC) sequence that was cloned using the LIC
method [12]. Previous studies have demonstrated using various methods (including Y1H assays) that AC-l is a
direct target of AtMYB61 [8]. Here we confirmed the interaction between AtMYB61 (blue doted lines) and the
AC-1 regulatory sequence, and identified 16 additional interactions (red doted lines). Table: position of the
R2R3-MYB proteins on petri dishes. (b) PIF7 (PHYTOCHORME INTERACTING FACTOR 7, which encode a bHLH
transcription factor) or its DNA-binding domain (DBD) were assayed with a G-box regulatory sequence or a
mutated version that were both cloned using the LIC method. As previously found in Y1H experiments, PIF7 (or
its DBD) can interact with its cognate DNA target (i.e. G-box) and not with a mutated version [13]

4. After annealing, the fragments contain sticky ends that are
compatible with the overhangs of the T4 polymerase-treated
vector. Here we use cis-regulatory sequences synthesized as
hexamers, however this method can also be used with DNA
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10.

11.

12.

fragments from other sources (e.g. PCR reaction, digested
cloning vectors).

. The pHISi-LIC construct can be verified either by restriction

digest or by sequencing. Double digest with PmlI and Xhol
restriction enzymes should produce two fragments: one 1 kbp
and one 5.8 kbp fragment. For sequencing use M13 forward
sequencing primer (5'-GTAAAACGACGGCCAGT-3') or T7
universal primer (5'-TAATACGACTCACTATAGGG-3").

. The pHis-LIC construct must be linearized at Apal site in

order to direct the insertion into the URA3 locus. Steps 1-3
can be carried out any time prior yeast transformations.

. If the pHisi-LIC vector containing the DNA fragment of inter-

est is used for yeast transformation the same day as it is digested,
the reaction mix can be kept on ice until use.

. Transform pHis-LIC construct containing the cis-element into

Saccharomyces cevevisine a-type mating strain EGY48 at the
URA3 locus as the pHISi vector carries the URA3 selection
marker with a unique Apal restriction site. Use the yeast a-type
mating strain YM4271 for the transformation of the transcrip-
tion factor library in pDEST22 (Invitrogen).

. Steps 6 and 7 can be repeated twice in order to increase the

purity of the yeast suspension.

Two different 90 mm petri dish are used to select transformed
yeast cells on which 50 and 200 pL are plated.
3-Aminotriazole (3-AT) is a competitive inhibitor of the HIS3
gene product allowing to overcome leaky expressions.

Use SD deprived of histidine (His), tryptophan (Trp), and
uracil (Ura).
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Chapter 10

The Physcomitrella patens System for Transient
Gene Expression Assays

Johanne Thévenin, Wenjia Xu, Louise Vaisman, Loic Lepiniec,
Bertrand Dubreucq, and Christian Dubos

Abstract

Transient expression assays are valuable techniques to study in vivo the transcriptional regulation of gene
expression. These methods allow to assess the transcriptional properties of a given transcription factor (TF)
or a complex of regulatory proteins against specific DNA motifs, called cis-regulatory elements. Here, we
describe a fast, efficient, and reliable method based on the use of Physcomitrella patens protoplasts that
allows the study of gene expression in a qualitative and quantitative manner by combining the advantage
of GFP (green fluorescent protein) as a marker of promoter activity with flow cytometry for accurate
measurement of fluorescence in individual cells.

Key words Physcomitrelln patens, Protoplasts, Transient expression, Transcription factor, Subcellular
localization

1 Introduction

Plant growth and development necessitate the tight and coordi-
nated expression of several hundreds of genes. Transcription fac-
tors (TFs) play a central role in this process by activating or
repressing the transcription of their target genes. Such regulations
occur through the direct interaction between TF DNA-binding
domains (DBDs) and specific DNA sequences known as cis-
regulatory elements. These interactions, that are characteristic to
each TF, have been studied through various methods, all having
their own advantages and limitations.

In vitro methods (e.g. CASTing, SELEX, Surface Plasmon
Resonance analysis, protein-binding microarrays) have allowed accurate
determination of numerous TEF/DNA or DBD/DNA interaction
properties [1, 2]. The main drawback of these approaches, beside the
need of recombinant proteins, is that they are by definition not taking
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into account the molecular context found in living cells. For these rea-
sons, numerous in vivo strategies were developed. The yeast one-
hybrid systemis a simple and efficient method allowing high-throughput
analyses [3]. However, in this heterologous system, only a small num-
ber of TFs (usually up to three) can be assayed simultaneously against a
DNA target [4]. Various efficient plant systems relying on the use of
either tissues or cell transformation with Agrobacteria or protoplast
transfection have also been developed [5-8]. However, several limita-
tions associated with these plant systems (e.g. efficiency of transforma-
tion, maintenance of cell cultures, time-consuming and labor-intensive
preparation of protoplasts) may hamper their use.

Here, we describe a fast, efficient, and reliable method based on the
use of protoplasts generated from the moss Physcomitrella patens. This
procedure allows the study of gene expression in a qualitative and quan-
titative manner by combining the advantage of GFP as a marker of pro-
moter activity together with flow cytometry for accurate measurement
of fluorescence in individual cells [9]. The method described herein
allows very rapid sample processing, as only 2—3 days are sufficient from
the harvesting of P. patens protonema and protoplasts production to the
final results. Moreover, this method allows the study at least four TFs
and a target promoter within the same experiment permitting the study
of complex transcriptional mechanisms [9]. Finally, this protocol can
also be used to decipher the subcellular localization of proteins.

2 Materials

2.1 Moss Gulture
and Protoplast
Isolation

and Transformation
Medium

Prepare all solutions with ultrapure water. Culture media are
derived from the recipes described in [10, 11].

1. PPNH,; medium: macro elements 0.8 g/L. CaNO;-4H,O0,
0.25 g/1. MgSO,-7H,0, 0.0125 g/L FeSO,-7H,0O; micro ele-
ments 0.055 mg/L. CuSO,-5H,0, 0.055 mg/1. ZnSO,-7H,0,
0.614 mg/L H;BO; 0.389 mg/L MnCl,-4H,0, 0.055 mg/L
CoCl,-6H,0, 0.028 mg/L KI, 0.025 mg/L. Na,MoO,-2H,0;
other elements 250 mg/L. KH,PO,, 500 mg/L. ammonium
tartrate (see Note 1). Prepare a 100x stock solution for each
ingredient of macro elements, autoclave, store at 4 °C and add
10 mL per liter of medium. Prepare a 1000x stock solution for
each ingredient of micro elements, autoclave, store at 4 °C and
add 1 mL per liter of PPNH, medium. Dissolve 25 g KH,PO,
in 100 mL water and titrate to pH 7 with KOH to make a
1000x stock solution, autoclave, store at 4 °C and add 1 mL
per liter of medium. Dissolve 18.415 g Ammonium tartrate in
100 mL water to make 1 M stock solution, store at 4 °C and
add 2.7 mL per liter of PPNH, medium.

2. Solid PPNH, medium: add 7.2 g agar per liter of PPNH,
medium, and add 200 mg/mL cefotaxime to suppress bacte-
rium contamination.
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3.

4.

8.5 % mannitol solution: add 85 g mannitol per liter of PPNH,
medium.

PPNH, + 6.6 % mannitol solution: add 66 g mannitol per liter
of PPNH, medium.

. MMM solution: 8.5 g/100 mL mannitol, 0.305 g/100 mL

MgCl,-6H,0, 0.1 g/100 mL MES. Dissolve all powders and
adjust the pH to 5.6 with KOH.

. PEG solution: 7 g/100 mL mannitol, 2.36 g/100 mL

CaNO;-4H,0, 0.12114 g/100 mL Tris, 40 g/100 mL
PEG4000. All chemicals are directly dissolved in 65 mL ultra-
pure water in a graduated bottle (for a 100 mL final volume),
mix. Heating at 50-60 °C can help dissolving PEG.

. Driselase solution: 2 g/100 mL driselase, 8.5 g/100 mL man-

nitol. Dissolve the driselase at 4 °C with gentle shaking during
at least 2 h for complete solvation, then centrifuge at 5000 x g
for 5 min, filtrate (0.2 pm) the clear supernatant, dispense into
10-mL aliquots and store at =20 °C.

Solutions 1, 2, 3, 4, 5, and 6 should be autoclaved at 120 °C

for 20 min, then 1-5 stored at room temperature and 6 stored at
-20 °C. Once open, keep them at 4 °C to avoid contamination.

—
— O

12.

13.
14.
15.

. 140 pm, 80 pm, 40 pm sieves adapted to a 100-mL beaker.
. Cellophane disks.
. 30-mL glass tubes with round base.

3 M™ Micropore™ surgical tape.

. Hematocytometer.

. Spatula.

. 13-mL tubes with round base.
. 0.2 pm syringe filters.

. 50 pm cell strainer.

. Homogenizer.

. Flow Cytometer (Sysmex-Partec S.A.R.L., Sainte Genevieve des

Bois, France), with a 488-nm solid sapphire 20-mW laser for
excitation.

FLOMAX Software (Sysmex-Partec S.A.R.L., Sainte Genevieve
des Bois, France).

Calibration beads (Green, Sysmex-Partec Ref: 05-40006).
Sheath fluid (Sysmex-Partec reference 04-4007).

Epifluorescence microscope equipped with an HBO burner.

Materials 1, 2, and 3 should be autoclaved at 120 °C for

20 min, then stored at room temperature.
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2.3 Vector
Constructions

O 0 NN N Ut R o N

. pBS TPp-A vector, described in [9].

. pBS TPp-B vector, described in [9].

. Binary vector contains the 35S cauliflower mosaic virus promoter.
. Phusion DNA polymerase.

. Gel Extraction Kit.

. Escherichin coli competent cells.

. Plasmid extraction kit.

. BP gateway® clonase.

. LR gateway® clonase.

3 Methods

3.1 Moss GCulture

3.2 Protoplast
Preparation

Moss culture and protoplast isolation and transformation should
be done under a horizontal laminar flow hood.

1.

Cut 7-10 days old moss protonemal tissues with a homoge-
nizer, until no big chunk is visible.

. Spread uniformly 2-3 mL of a freshly fragmented protonema

per 90-mm sterile petri dish poured with solid PPNH, culture
medium and overlaid with cellophane disks (see Note 2).

. Incubate the plates at 24 °C with a light regime of 16 h light :

8 h darkness at 80 pmol/m?/s (adapted from ref. 12).

. Collect protonema by gently scraping the surface of the cello-

phane disks after 7-10 days of growth (before culture starts to
turn brown) for either liquid storage or protoplast preparation
(see Note 3).

. Collect protonema from 7 to 10 days old moss from 2 to 3

PPNH, plates with a sterile spatula.

. Transfer into a petri dish containing 1% driselase diluted in an

8.5 % mannitol solution (sec Note 4).

. Incubate at room temperature for 1-3 h with gentle shaking

(see Note 5).

. Filter the protoplast suspension successively through two over-

laid sieves, 80 pm and 40 pm, respectively. Protoplasts are
collected in a beaker and then transfer into 30 mL sterile tubes
with round base.

. Centrifuge the filtered suspension at 300 x g for 5 min at room

temperature, and discard the supernatant.

. Wash the pellet with 10 mL 8.5% mannitol, centrifuge at

300xg for 5 min at room temperature, and discard the
supernatant.



3.3 Transformation

3.4 Detection of GFP
Florescence by Flow
Cytometry

3.5 Subcellular
Localization Analyzed
by Epifluorescence
Microscopy
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7.

Wash the pellet with 10 mL 8.5% mannitol, and take 15 pL
suspension before centrifugation to determine protoplasts
concentration with a hematocytometer.

. Suspend the pellet gently in MMM solution and adjust volume

to reach the protoplasts concentration of 0.5-0.8 x 10 proto-
plasts/mL. At this stage protoplasts are ready for transforma-
tion (sec Note 6) (Fig. 1).

Water bath must be at 45 °C before the beginning of the whole
procedure.

1.

Add 4.5 pg of each purified DNA plasmid into a 13-mL sterile
tube, in a total volume of no more than 30 pL to maintain
optimal conditions for transformation (se¢ Note 7).

. Add 300 pL of protoplast suspension into the tube containing

the plasmid DNAs and mix (se¢ Note 8).

. Add 300 pL of PEG solution into the protoplast/DNA mixture

(see Note 9).

. Incubate the protoplast/DNA/PEG mixture in a water bath

at 45 °C for 7 min (see Note 10).

. Incubate at room temperature for 10 min (see Note 11).
. Progressively dilute the samples with 6.5 mL PPNH,+6.6%

mannitol solution: add first 1 mL PPNH,+6.6% manni-
tol solution into each sample, mix gently, then add the rest of
the solution into each sample, mix gently.

. Incubate the samples in darkness for 36—48 h at 24 °C (Fig. 1).

. Remove 5mL supernatant of each sample.

. Filter the transformed protoplast suspension with a 50 pm cell

strainer (see Note 12).

. GFP quantification in living protoplasts is performed on a

PARTEC CyFlow Space instrument, using FLOMAX acquisi-
tion and analysis software, and a 488-nm solid sapphire 20-mW
laser for excitation (see Note 13).

. GFP fluorescence is detected with a 527-nm/30-nm band-

pass filter (FL1 channel). Red chlorophyll-based fluorescence
from living protoplasts is detected with a 610-nnv30-nm band-
pass filter (FL2 channel). The side light scatter (SSC) detector
high voltage was set to 161.5 V. The photomultiplier tube
voltages were adjusted to 275 V for FL1 and 475 V for FL2
(see Note 14) (Fig. 2).

. Add 2 pL 4’,6-Diamidino-2-Phenylindole (DAPI, 100 mg/mL)

into 100 pL of concentrated protoplasts, then incubate at
room temperature for 5 min.
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Driselase
treatment Filtration

on moss and washing on
suspension 80+40um filter

— g

1 - Protoplast
preparation

2 - Protoplast

Cultivated moss quality control

on PPNH4 medium
for 7-10-d at 24° C
16h/8h light cycle

Protoplast
counting on
Malassez slide

Protoplast solution
(mannitol 8.5%)

PPNH4 ) 3 - Protoplast
6.6% Mannitol transformation

7 min at
300uL protoplasts 45° C Incubation
(0.5-0.8 X 106 protoplasts/ml) \ — — in darkness

for 2 days
4.5 ug DNA per plasmid ———»

1
1
1
1
1
1
1
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300uL PEG Incubation |
i
1
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1
1
1
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1
1
1
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4 - GFP analysis
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! Quantification of i I Subcellular localisation of |
! GFP fluorescence i ! GFP fluorescence using i
| using flow cytometry ! | microscopy !

Fig. 1 Schematic representation of the procedure used to produce, transform, and analyze Physcomitrella
patens protoplasts

2. Images of GFP positives are obtained on a Zeiss Axioplan 11
epifluorescence microscope equipped with an HBO burner
and using a GFP bandpass (459-490 nm BP 515-565 nm), a
long-pass filter (459490 nm LP 520 nm), and a DAPI filter
(365-395 nm LP 397 nm) (Fig. 3).
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Fig. 2 Transient gene expression assays using the Physcomitrella patens system. In Arabidopsis thaliana
seeds, the biosynthetic pathway leading to proanthocyanidin (condensed tannins) accumulation has been
extensively studied [21]. Dihydroflavonol-4-reductase (DFR) encodes a key enzyme involved in this biosyn-
thetic process. DFR expression is directly controlled at the transcriptional level by several MYB-bHLH-WD40
ternary protein complexes amongst which AtTT2/AtMYB123 (R2R3-MYB), AtTT8/AtbHLH042 (bHLH), and TTG1
(WD40 repeat containing protein) play a preponderant role. (a) The Arabidopsis thaliana proDFR222 promoter
fragment (—350 to —128 bp prior to the start codon) fused to the minimal 35S promoter (cauliflower mosaic
virus) is functional in seeds, as revealed by -glucuronidase (uidA/GUS) activity (whole mount seeds). (b) The
TT2-TT8-TTG1 complex activates GFP expression from proDFR222 (fused to the minimal 35S promoter) in
transient expression assays using P, patens protoplasts. Transactivation activity was monitored by GFP fluores-
cence from three biological repetitions. Error bars: +SE. #test significance: *, P<0.001. (c) GFP fluorescence
signals from flow cytometry are displayed and analyzed in scatter plot diagrams. The presented results are
comparing non-transfected (Leff column) and transfected protoplasts with proDFR222:GFP alone (Middle col-
umn) or in combination with AtTT2, AtTT8, and AtTTG1 (Right column). Analyses were carried out in a logarith-
mic amplification mode (four decades range). (7Top row) Scatter plots displaying GFP signal (FL1) and red
fluorescence (FL2, highlighting chlorophylis fluorescence): R3 window corresponds to the area where living
protoplasts with high GFP fluorescence are gathering (i.e. gated protoplasts region). (Boftom row) Number of
protoplasts (counts) to each of the GFP intensities that have been measured in the R3 window (FL1)
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Fig. 3 Subcellular localization of At4g25210, a nucleolar localized protein [22].
p35S:At4g25210:GFP (pGWB5 binary vector) expression vector was transformed
into P, patens protoplasts revealing the nuclear localization of the encoded chi-
meric protein. (a) Protoplast visualization under bright field illumination (dashed
lines: nucleus delimitation). (b) Nucleus localization under U.V. following DAPI
(4’ ,6-diamidino-2-phenylindole) staining of DNA using an exc. 365 nm/em.
LP-420 nm filter. (¢) FITC: fluorescence detection of chlorophylls (highlighting
chloroplasts in rea) and GFP (green) using an exc. 470-40 nm/em LP-515 nm
filter. (d) Specific GFP fluorescence is detected using an exc. 470-40 nm/em.
BP-525-50 filter

4 Notes

1. Ammonium tartrate allows the cultivation of moss protonema
predominantly in the chloronema stage. PPNH,; medium
without ammonium tartrate is also possible for the yield of
caulonemata and spores, and the culture can be kept in the
growth room for up to 5 weeks [10].

2. 3 M micropore tape is recommended to be used for sealing
petri dishes, as air exchange might be beneficial to the culture.
The use of parafilm considerably reduces growth. Distribute
uniformly the moss culture on the plates to avoid cell death.
Cellophane disks are used to stop mosses growing down into
the media. It is recommended to wet the cellophane disks in
sterile ultrapure water before covering the media in order to
avoid creases.
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3.

10.

11.

PPNH, liquid medium is recommended for moss storage,
which keeps moss available for culture during a period of at
least 6 months. Cefotaxime (200 mg/mL) is added to sup-
press bacterium contamination.

. One tube of 10-mL driselase is used for 1 petri dish of moss

culture, which produces best yield of protoplasts. In average
the amount of moss protoplasts issued from 1 petri dish allows
around 15 transformations. Handling a maximum of 30 trans-
formations at one time is recommended in order to ensure
stable repetitions.

. The time for digestion of moss may vary depending on the

moss strain and age, but longer exposure to driselase (up to
3 h) does not appear to affect protoplast viability greatly,
but its viability may decrease as incubation time increases
above 3 h.

. Warm up MMM solution to room temperature before trans-

formation. The competent protoplasts in MMM solution can
be kept at room temperature for a couple of hours.

. Appropriate positive and negative controls are recommended.

Moss protoplasts transformed with the promoter of interest
fused to GFP alone is used as negative control to remove back-
ground [9, 13-17]. For transient expression assays, dedicated
vectors using the gateway® technology have been generated in
order to (1) clone target promoters (endogenous or synthetic)
or regulatory sequences (pBS TPp-A) and to (2) constitutively
express the assayed regulatory proteins (pBS TPp-B). Subcellular
localization can be achieved by using any binary vector that
contains the 35S cauliflower mosaic virus promoter to drive
the expression of the studied gene fused to GFP. In this regard,
pGWB5 or pGWB6 [18] were successfully used. 10 pg of binary
vector are used for subcellular localization.

. The use of tip whose extremity has been cut oft is recom-

mended in order to avoid protoplast disruption.

. Warm up PEG solution to room temperature before use.

Heating at 60 °C can help to defreeze the solution, however
the solution must be kept at room temperature once fully
defreezed. Mix immediately after adding PEG solution to the
samples in order to avoid high osmotic pressure to protoplasts
that are partially in contact with the solution. Mixing will also
protect DNA in case of nuclease /DNase contamination in the
suspension [19].

This step is adapted from: http://raizadalab.weebly.com/
climb-protocols.html.

Heat-shocked cells are competent for about 20-30 min,
however transformation efficiency is best when protoplasts are
left 10-15 min in concentrated PEG after heat shock [20].
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12. After filtering cell suspension, keep strainers in water and wash
immediately after analysis for recycling use, as cell debris
clumps are very easily stuck into the micropores, especially

when getting dry.

13.
is used.

14.

Beads and sheath may vary accordingly to the equipment that

For visualization of protoplasts with flow cytometry, we routinely

display outputs into two scatter plots: plot 1: FL1 vs. FL2 and
plot 2: counts vs. FL1. For each parameter, logarithmic ampli-
fication is advisable as broad ranges of intensities are to be

analyzed (Fig. 2).
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Chapter 11

Analysis of Microbhe-Associated Molecular
Pattern-Responsive Synthetic Promoters
with the Parsley Protoplast System

Konstantin Kanofsky, Mona Lehmeyer, Jutta Schulze, and Reinhard Hehl

Abstract

Plants recognize pathogens by microbe-associated molecular patterns (MAMPs) and subsequently induce
an immune response. The regulation of gene expression during the immune response depends largely on
cis-sequences conserved in promoters of MAMP-responsive genes. These cis-sequences can be analyzed by
constructing synthetic promoters linked to a reporter gene and by testing these constructs in transient
expression systems. Here, the use of the parsley (Petroselinum crispum) protoplast system for analyzing
MAMP-responsive synthetic promoters is described. The synthetic promoter consists of four copies of a
potential MAMP-responsive cis-sequence cloned upstream of a minimal promoter and the #idA reporter
gene. The reporter plasmid contains a second reporter gene, which is constitutively expressed and hence
climinates the requirement of a second plasmid used as a transformation control. The reporter plasmid is
transformed into parsley protoplasts that are elicited by the MAMP Pep25. The MAMP responsiveness is
validated by comparing the reporter gene activity from MAMP-treated and untreated cells and by normalizing
reporter gene activity using the constitutively expressed reporter gene.

Key words MAMP, Parsley protoplasts, Plant—pathogen interaction, Transient reporter gene assays,
Synthetic promoter

1 Introduction

Plants are infected by a wide variety of different pathogens.
To induce an immune response, plants recognize the invader by
pattern recognition receptors interacting with microbe-associated
molecular patterns (MAMPs). The receptors activate a signaling
cascade leading to basal immunity [1]. A basal immune response is
associated with the upregulation of pathogen-responsive genes.
These genes are regulated by transcription factors binding to spe-
cific cis-elements. Such cis-elements can be employed to generate
synthetic promoters for specific expression of either reporter genes
for basic research or for the expression of genes involved in the plant
immune response [2, 3]. When those genes confer a hypersensitive

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
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response upon pathogen infection, low background expression is
essential otherwise plants tend to develop spontaneous necrosis
[4]. Theretore, a large number of cis-sequences need to be isolated
and tested in the context of synthetic promoters.

The identification of cis-elements for the development of syn-
thetic promoters is greatly facilitated by bioinformatics. This
approach assumes the conservation of specific cis-sequences in the
promoters of genes upregulated by diverse pathogenic stimuli.
This approach has been widely used for many different stress
responses [5-9].

For fast and easy testing of such cis-sequences, transient gene
expression systems are particularly helpful [10, 11]. The parsley
protoplast system has been developed more than 20 years ago and
has been established as a robust system to test MAMP-responsive
gene expression [12]. Subsequent transformation of promoter
reporter gene constructs into parsley protoplasts, the protoplasts
are subjected to the MAMP Pep25, an oligopeptide from a surface
glycoprotein of the phytopathogen Phytophthora sojae [13, 14].
After transformation, reporter gene expression is measured in the
presence and absence of the MAMP. To account for differences in
transformation efficiencies between different experiments, a trans-
formation control consisting of a plasmid constitutively expressing
asecond reporter gene is cotransformed with the promoter reporter
gene constructs [10, 11]. In this case it is important to accurately
establish a constant proportion between both plasmids to avoid
large variabilities between experiments.

To facilitate the control for transformation efficiency, a new
plasmid was recently established which harbors a constitutively
expressed second reporter gene on the same plasmid [7]. This plasmid
was designated pBT10GUS-d35SLUC and is shown in Fig. 1.
pBT10GUS-d35SLUC is based on pBT10GUS [10] and contains
the luciferase reporter gene (LUC) expressed by a double 35S
Cauliflower Mosaic Virus (CaMV) promoter (d35S) from plasmid
p70S-ruc [15]. Despite the addition of a novel gene, pBT10GUS-
d35SLUC maintains the possibility of easy multimerization of
cloned cis-sequences using specific restriction enzyme sites
upstream of the CaMV minimal promoter which drives the #idA
(GUS) reporter gene [7, 10]. The inclusion of a constitutively
expressed reporter gene on the same plasmid in which cis-responsive
sequences are tested with a different reporter gene posed the ques-
tion if the regulatory sequences of the d35S promoter influence
the expression of the GUS gene. Testing this plasmid without cis-
sequences cloned upstream of the GUS gene in parsley cells showed
no background GUS activity [7]. Furthermore, a control promoter
harboring four copies of the D-box upstream of the GUS gene did
not show GUS activity in the absence of the MAMP but strong
GUS activity in the presence of Pep25 [7]. The D-box was identi-
fied in the parsley PR2 promoter [11, 16, 17]. The low background
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GUS (uidA)

ColE1

pBT10GUS-d355LUC
6.981 bp
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Xhol (2706)
N
i LuC

Fig. 1 The pBT10GUS-d35SLUC vector [7]. Four copies of a potential cis-element
are cloned upstream of the minimal promoter (TATA) and the GUS reporter gene.
The double CaMV 35S promoter (d35S) regulates the expression of the LUC
reporter gene. Furthermore, the vector contains two nopaline synthase terminator
(Tnos), an origin of replication (ColE1), and an ampicillin resistance gene (Amp)

activity of plasmid pBT10GUS-d35SLUC and the efficient way of
normalization for transformation efficiency has led to the analysis
of many MAMP-responsive cis-sequences using pBT10GUS-
d35SLUC in the parsley protoplast system [7, 18-20].

This chapter illustrates how the classic parsley protoplast system
can be used together with pBT10GUS-d35SLUC to analyze
potential MAMP-responsive czs-sequences. The protocol includes
the cultivation of the parsley suspension culture, generation of pro-
toplasts, transformation of protoplasts, and measurement and nor-
malization of reporter gene activity.

2 Materials

2.1 Equipment
and Material

1. Laminar flow hood.

2. 100 mL Erlenmeyer flasks and corresponding shaker (e.g. GFL
shaker 3005; GFL Gesellschaft fiir Labortechnik mbH,
Burgwedel, Germany).

3. Plant growth chamber (e.g. Percival CU-361.4; CLF Plant
Climatics, Wertingen, Germany).

4. Sodium spoon (Copper woven with wooden handle. Total
length 185 mm. Spoon diameter 26.35 mm, mesh aperture
1 mm; Carl Roth GmbH + Co. KG, Karlsruhe, Germany).
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2.2 Protoplast
Transformation
and Gell Culture
Reagents

0 N O »n

9.
10.
11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

. 50 mL centrifuge tubes.
. 15 mL centrifuge tubes.
. 1.5 mL microcentrifuge tubes.

. Centrifuge for 15 and 50 mL tubes and corresponding swing

bucket rotor (e.g. Beckman GPKR centrifuge and Beckman
GH 3.7 Swing Bucket Rotor; Beckman Instruments GmbH,
Miinchen, Germany).

Microcentrifuge.

0.2 pm sterile filters.
150 mm O petri dishes.
Parafilm.

Celloshaker Variospeed (e.g. Renner GmbH, Dannstadt-
Schauernheim, Germany).

3 mL transfer pipette.

Microscope.

Microliter pipette with sterile tips.

Cell-saver pipette tips.

Vortexer.

Mixer 5432 (e.g. Eppendort; Wesseling-Berzdort, Germany).
Transparent, white, and black 96-well microtiter plates.

TriStar® LB 941 microplate reader (Berthold Technologies
GmbH & Co. KG, Bad Wildbad, Germany).

Prepare all solutions using ddH,O and store at room temperature
(see Note 1).

1.

Plasmids: pBT10GUS-d35SLUC and 4D-pBT10GUS-
d35SLUC (see Note 2).

. Parsley ( Petroselinum crispum) suspension culture Pc 5/3.
. HA medium: 2500 mg/L KNO;, 171 mg/L CaCl,-2H,0,

250 mg/L MgS0O,-7H,0, 134 mg/L (NH,),SO4, 150 mg/L
NaH,P0O,-H,0, 0.75 mg/L KI, 3 mg/L H;BO;, 11.2 mg/L
MnSO,H,0, 3 mg/L ZnSO,7H,0, 025 mg/L
Na,MoO,2H,0, 0.39 mg/L CuSO,5H,0, 0.25 mg/L
CoCl,-6H,0, 13.9 mg/L FeSO,7H,0, 18.6 mg/L. Na,-
EDTA, 100 mg/L myo-inositol, 1 mg/L nicotinic acid,
1 mg/L pyridoxine-HCI, 10 mg/L thiamine-HCI, 1 mg/L
2.,4-dichlorophenoxyacetic acid, and 20 g/L of sucrose, adjust
to pH 5.5 with 1 M KOH. Sterilize by autoclaving.

4. CaCl, solution: 0.24 M CaCl,. Sterilize by autoclaving.

. Enzyme solution: 0.5% (w/v) Cellulase Onozuka R-10

(Duchefa Biochemie, Haarlem, The Netherlands), 1.08%
(w/v) Macerozyme R-10 (Duchefa Biochemie, Haarlem,
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The Netherlands) in 0.24 M CaCl,. Add 0.15 g cellulase and
0.325 g macerozyme to a 50 mL tube. Dissolve in 30 mL
0.24 M CaCl, by stirring for approximate 2 h. Sterilize by
filtering (see Note 3).

. P5 medium: 3.164 g/ Gamborg B5 medium including vitamins

(Duchefa Biochemie, 2003 RV Haarlem, the Netherlands),
0.28 M sucrose, 1 mg/L 2.4-dichlorophenoxyacetic acid,
adjust to pH 5.5 with 1 M KOH. Sterilize by autoclaving.

. PEG solution: 25% (w/v) polyethylene glycol 6000, 100 mM

Ca(NO;);, 45 mM mannitol, adjust to pH 9.0 with 0.1 M
KOH. Sterilize by filtering. Store at =20 °C.

. Ca(NO3;),-MES-solution: 275 mM Ca(NO3),, 2 mM MES

(2-(N-morpholino)ethanesulfonic acid), adjust to pH 6.0 with
1 M KOH. Sterilize by autoclaving.

. Pep25: 100 pg/mL synthetic Pep25 (DVTAGAEVWNQPV

RGFKVYEQTEMT) from a commercial supplier. Store at
-20 °C.

LUC extraction bufter: 0.1 M NaH,PO,, 1 mM dithiothreitol,
adjust to pH 7.8 with 1 M NaOH.

Bradford solution: 2 mL 5xRoti®-Quant Reagenz (Carl-Roth,
Karlsruhe, Germany), 5.5 mL ddH,O.

LUC reaction buffer: 15 mM MgSO,, 25 mM glycylglycin,
adjust to pH 7.8 with 1 M KOH, 5 mM ATP. Prepare a stock
solution without ATP and store at 4 °C. For measuring LUC
activity add 5 mM ATP from a 100 mM ATP stock stored at
-20 °C.

Luciferin substrate: 0.2 mM luciferin, 25 mM glycylglycin,
adjust to pH 7.8 with 1 M KOH. Store a 25 mM glycylglycin
solution, pH 7.8 at 4 °C and add 0.2 mM luciferin from a
10 mM stock solution stored at —20 °C before measuring LUC
activity.

GUS reaction buffer: 50 mM NaPO,, pH 7.0, 10 mM
Na,EDTA, 0.1% (v/v) Triton X-100, 0.1% (w/v) N-lauryl
sarcosine. This solution can be stored at 4 °C. Before measur-
ing GUS activity add 10 mM p-mercaptoethanol and 1 mM
4-methylumbelliferyl-#-D-glucuronide.

3 Methods

3.1 Cultivation
of the Parsley
Suspension Culture

Carry out all following procedures in a laminar flow hood unless
otherwise specified.

1.

Parsley suspension culture Pc 5/3 is cultivated at 23 °C by
shaking at 160 rpm in the dark in a 100 mL Erlenmeyer flask
containing 40 mLL HA medium in a plant growth chamber.
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3.2 Isolation
of Protoplasts

3.3 Transformation
of Parsley Protoplasts
and MAMP-Treatment

2.

10.

11.

[\

Every seventh day approximate 3 mL cell culture are trans-
ferred into 40 mL fresh HA medium.

. For isolation of protoplasts a subculture is required which will

be obtained by transferring cells with one full sterile sodium
spoon from a 7-day-old culture into 40 mL fresh HA medium
and cultivated for 5 days (see Note 4).

. Divide a 5-day-old parsley suspension culture into two 50 mL

centrifuge tubes and centrifuge at 300 xg for 5 min at room
temperature.

. Discard the supernatant.

. Resuspend each cell pellet in 15 mL enzyme solution and fill

up to 45 mL with CaCl, solution.

. Transfer each cell suspension carefully into a 150 mm @ petri

dish, seal with Parafilm, and shake (Celloshaker Variospeed)
for 20 h at 15 rpm and 23 °C in a plant growth chamber and
darkness, and subsequently for 20 min at 40 rpm (se¢ Note 5).

. Transfer each suspension slowly with a 3 mL transfer pipette

into 50 mL tubes and centrifuge for 2 min at 300 x4 and room
temperature.

. Discard the supernatant gently and fill up to 30 mL with CaCl,

solution, resuspend the protoplast suspension (do not vortex!)
and repeat the centrifugation.

. Discard the supernatant and fill up to 25 mL with P5 medium

and resuspend the protoplasts. Combine both protoplast
suspensions into one new 50 mL tube and centrifuge for 5 min
at 300 x g and room temperature.

. After the centrifugation, intact protoplasts float on the surface

of the medium (see Note 6). Transfer these protoplasts gently
with a 3 mL transfer pipette to a new 50 mL tube and fill it up
to 50 mL with P5 medium, invert the tube carefully, and
centrifuge for 5 min at 300 x g and room temperature.

. Divide the floating protoplasts into two 15 mL tubes, fill up to

15 mL with P5 medium and centrifuge as before.

Combine the floating protoplasts into one 15 mL tube, fill up
to 15 mL with P5 medium and centrifuge as before.

Transfer the floating protoplasts into a new 15 mL tube
(see Note 7). Obtained protoplasts can be used for
transformation.

. Mix 10 pg plasmid DNA (20 pL 0.5 pg/pL) with 200 pL

PEG-solution in a 15 mL tube (se¢ Note 8).

. Add 200 pL of parsley protoplasts and mix gently (see Note 9).
. Incubate protoplast-PEG-DNA-solution for 20 min at room

temperature in the dark.



3.4 Protein
Extraction

3.5 Protein
Quantification

10.

11.

12.
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. To stop the transformation add 5 mL Ca(NOj;),-MES-solution

(see Note 10).

. Invert the 15 mL tube and collect the transformed protoplasts

by centrifugation at 150 x4 and room temperature for 7 min.

. Discard the supernatant and resuspend the pellet with 6 mL P5

medium carefully.

. Transfer 3200 pL of the suspension into a new 15 mL tube and

add 9 pL Pep25 to a final concentration of 300 ng/mL (see
Note 11).

. Incubate both tubes with the transformed protoplasts for 24 h

at 23 °C in the dark in the plant growth chamber.

. To harvest the protoplasts fill up to 12 mL with CaCl,, invert

and centrifuge for 10 min at 1400xg and room
temperature.

Take of the supernatant and leave 1 mL in the tubes. Resuspend
the protoplast pellets in the remaining mL and transfer each
suspension into a 1.5 mL tube.

Collect the protoplasts by centrifugation for 30 s at 16,000 x g4
and room temperature.

Take of the supernatant, freeze the pellet in liquid nitrogen,
and store at -80 °C.

For the following procedures, a laminar flow hood is not needed.

1.

Put the frozen samples on ice, open the tube, and incubate for
5 min.

. Add 150 pL cold LUC extraction buffer to each frozen sam-

ple, resuspend by vortexing, and shake (mixer 5432;
Eppendorf) for 20 min at 4 °C.

. Centrifuge for 10 min at 4 °C and 25,000 x g.

. Transfer the supernatant into a new 1.5 mL tube and store

on ice.

. To calculate the protein concentrations prepare a 1:10 dilution

by mixing 30 pL of protein solution with 270 pL. ddH,O.

. Each protein dilution will be measured in three replicates.

Therefore, transfer three times 50 pL of protein dilution into
wells of a transparent 96-well microtiter plate and add 200 pL
Bradford solution. For blank value mix 50 pLL LUC extraction
buffer with 200 pL Bradford solution.

. Incubate the plate for 5 min in darkness.

. Measure the absorbance of each sample with excitation 590 nm

(0.1 counting time; 13,000 lamp energy) in the TriStar® LB
941 (Fig. 2).
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3.6 LUGCAssay

3.7 GUS Assay

Fig. 2 The TriStar® LB 941 microplate reader used for reporter gene assays

. The protein concentration will be determined by using a stan-

dard curve (see Note 12).

. For each sample prepare a 200 pL protein solution with a pro-

tein concentration of 80 pg/mL in LUC extraction buffer.

. The LUC activity will be measured in duplicates. Therefore

transfer two times 50 pL of diluted sample (4 pg protein) into
wells of a white 96-well microtiter plate (on ice) and insert into
the TriStar® LB 941 (Fig. 2). 50 pL of LUC extraction buffer
is used as blank (see Note 13).

. Via one injector 175 pL of LUC reaction buffer is added to

each well while another injector dispenses 50 pL of luciferin
substrate. The luminescence is measured for 15 s.

. For determining the LUC activity each integral will be cor-

rected by the blank value. The LUC activity is calculated in
RLU/s/mg protein (sec Note 14).

. The GUS activity will be measured in duplicates. Transfer

twice 25 pL of diluted protein solution (2 pg protein) into
wells of a black 96-well microtiter plate.

. Add 200 pL GUS reaction buffer to each well.
. Insert the plate into the TriStar® LB 941 preheated to 37 °C

(Fig. 2).

. After incubation at 37 °C for 10 min the GUS activity is

measured for 3 h and 37 °C. Each well is measured 12 times
every 15 min for 1 s (excitation 360 nm; emission 460 nm).
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. The GUS activity is calculated in pmol 4-Methylumbelliferone

(4-MU)/min/mg protein by dividing the linear regression of
the measured fluorescence over the time and the slope of the
standard curve with 4-MU in a concentration range from
0 pM up to 75 pM (see Note 15).

. All GUS values are normalized by corresponding LUC values

from Pep25-untreated cells (see Note 16).

. For normalization of the GUS values, one LUC value (without

Pep25 elicitor) was selected and all other LUC values without
elicitor were divided by this selected LUC value. The obtained
quotients were used to divide corresponding GUS values with
and without elicitor. Standard deviations were calculated from
these normalized GUS values (se¢ Note 17).

. For each synthetic promoter the normalized GUS values of

Pep25 treated and untreated samples will be compared to eval-
uate the Pep25 responsiveness of examined czs-elements.

4 Notes

. Protoplasts are sensitive to osmotic stress. Thus all solutions

should be prepared very carefully.

. The plasmids pBT10GUS-d35SLUC (Fig. 1) and

4D-pBT10GUS-d35SLUC have been described before [7]. In
case novel cis-sequences are being tested for MAMP responsiv-
ity, forward and reverse oligonucleotides should correspond to
a monomer of this cis-sequence. Design complementary oligo-
nucleotides with partial Spel and Xbal sites. The forward oli-
gonucleotide should have the sequence 5'-CTAGTNT-3’,
and the reverse oligonucleotide should have the sequence
5-CTAGANA-3'. Ny, designates the length of the comple-
mentary oligonucleotides. These oligonucleotides should not
have Spel, Sacl, and Xbal restriction sites because these
enzymes are used during multimerization. Also the forward
oligonucleotide should not end with GA, otherwise a methyla-
tion site (GATC) will be generated. If using an E. colz strain
containing the dam gene, the Xbal recognition sequence will
be methylated and Xbal cannot cut any longer. It is recom-
mended that oligonucleotides are not too short, because often
combinatorial elements are required for MAMP-responsive
gene expression [19; 21]. Cloning and multimerization of the
oligonucleotides have been described before [7, 10]. When
testing novel cis-sequences, plasmids pBT10GUS-d35SLUC
and 4D-pBT10GUS-d35SLUC can be used as negative and
positive controls, respectively.

. Longer stirring time facilitates sterile filtration or use a filtration

unit with a pre-filter.
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4.

11.

12.

13.

14.

Protoplast yield strongly depends on culture conditions of the
cell suspension.

. Check the isolated protoplasts under a microscope. Here you

can see if the incubation time of the suspension culture in the
enzyme solution was too short, how many cells died, or if
there is any contamination. If a contamination occurred the
experiment should be stopped and restarted with a new parsley
culture.

. If the protoplasts are not floating, check your prepared P5

medium. The correct sucrose concentration is required for
floating protoplasts.

. The centrifugation steps before (steps 7-10) are required to

get rid of dead protoplasts and to increase the density of intact
protoplasts. The volume of intact protoplasts after the last cen-
trifugation should be 4-6 mL. If the obtained volume is higher
than 6 mL, the density of protoplasts is too low. Another cen-
trifugation step should be done. When carefully transferring
floating protoplasts the volume should be as small as possible.

. For plasmid preparation it is recommended to use a commer-

cial kit and to use always the same method. Impurities of plas-
mid preparations can resultin large differences in transformation
efficiencies.

. To transfer parsley protoplasts use cell-saver pipet tips.
10.

We transform several reactions in a 30 s time interval. To stop
one reaction we first add 1 mL Ca(NO;),-MES-solution and
after all reactions are stopped, we add additional 4 mL
Ca(NO;),-MES-solution.

At this step you have two protoplast suspensions from one
transformation, treated and untreated with the MAMP Pep25.

The protein standard curve is obtained by preparing several
protein dilutions with different concentrations from 0 pg/mL
to 100 pg/mL. Each protein concentration will be measured
in three replicates. Therefore, transfer three times 50 pL of
protein dilution into wells of a transparent 96-well microtiter
plate and add 200 pL Bradford solution. Incubate the plate for
5 min in darkness and measure the absorbance of each sample
with excitation 590 nm (0.1 counting time; 13,000 lamp
energy) in the TriStar® LB 941. It is recommended to renew
the calibration once in a while.

It is important to measure the LUC-activity before GUS-
activity, because the luciferase is not as stable as f-glucuronidase.

The TriStar® LB 941 can be programmed to perform these
calculations by using the provided MikroWin software. The
MikroWin software defines the instrument settings and val-
uates the measured data. The command “KITG(MES)”
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calculates the integral of each sample to determine the
LUC activity.

A computer with MikroWin software linked to the TriStar® LB
941 can calculate the linear regression of the measured fluores-
cence over the time by using the command “KSLP(MES)”. To
plot a standard curve, a calibration of fluorescence units with
defined amounts of 4-MU was performed in the TriStar® LB
941. A linear increase of fluorescence units with 4-MU con-
centrations has been observed up to at least 75 pM.

Only LUC values from Pep25-untreated cells are used, because
the MAMP Pep25 has an effect of the LUC activity. The trans-
formation efficiency of treated and untreated cells should be
the same, because protoplasts of the same transformation are
divided before treatment.

It is recommended to perform at least three independent
experiments (biological replicates) with two measurements for
each experiment with and without Pep25 (technical replicates).
The standard deviation of the same experiment will be calcu-

lated from all measurements.
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Chapter 12

A Framework for Discovering, Designing, and Testing
MicroProteins to Regulate Synthetic Transcriptional
Modules

Elisa Fiume, Niek de Klein, Seung Yon Rhee, and Enrico Magnani

Abstract

Transcription factors often form protein complexes and give rise to intricate transcriptional networks. The
regulation of transcription factor multimerization plays a key role in the fine-tuning of the underlying
transcriptional pathways and can be exploited to modulate synthetic transcriptional modules. A novel regu-
lation of protein complex formation is emerging: microProteins—truncated transcription factors—engage
in protein—protein interactions with transcriptional complexes and modulate their transcriptional activity.
Here, we outline a strategy for the discovery, design, and test of putative miPs to fine-tune the activity of
transcription factors regulating synthetic or natural transcriptional circuits.

Key words microProteins, Synthetic promoter, Transcription factor, Multimerization, Protein com-
Yy > DY p 5 5 5
plex, Protein—protein interaction domain

1 Introduction

Transcription factors (TFs) often work as protein complexes in
transcriptional regulation networks and signal transduction path-
ways. The formation of TF dimers or oligomers can affect their
function by changing, for example, DNA-binding specificity or
localization [1]. Therefore, the regulation of protein multimeriza-
tion is a fundamental step for the modulation of the underlying
cellular events and can be exploited in synthetic biology. A novel
layer of transcriptional regulation by microProteins (miPs)—trun-
cated transcription factors—is emerging and might have consider-
able implication in the design of synthetic transcriptional networks
[2]. miPs are TFs carrying a protein—protein interaction domain
but lacking a DNA-binding domain. miPs play critical regulatory
roles by engaging in protein—protein interactions in transcriptional
complexes [2]. They provide positive or negative feedback controls
to fine-tune the action of their target TFs. miPs have been shown

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
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to prevent the formation of TF complexes, titrate TFs in the
cytosol, or work as cofactors in active transcriptional protein com-
plexes [2]. The development and application of a software pro-
gram, miP Prediction Program (miP3), to predict miPs across
genomes has recently revealed a potentially ubiquitous layer of miP
regulation that has expanded considerably in plants [2, 3].

Here we present a framework for the discovery, design, and
preliminary test of miPs to target TFs engaged in the regulation of
synthetic or natural promoters. Since miPs have been predicted to
exist widely in plants, it is convenient to start searching for natural
miPs targeting a TF or a class of TFs of interest [2]. We show how
to use the miP3 software to predict miPs potentially regulating a
TF of interest from any genome. In addition, we present guidelines
for designing synthetic miPs starting from a TF sequence. Finally,
we describe a method for the in vivo test of miP action on the
TF-promoter module of interest.

2 Materials

2.1 Agrobacterium
tumefaciens
Transformation

and Growth

1. Liquid LB-medium: For 1 L of LB medium, dissolve 10 g
NaCl, 10 g tryptone, and 5 g yeast extract in 950 mL deionized
water. Adjust the pH to 7.0 using 1 N NaOH and bring vol-
ume up to 1 L with deionized water. Sterilize the medium by
autoclave for 20 min at 15 psi and store at room temperature.

2. Antibiotics stock solutions: 50 mg/mL gentamicin in deion-
ized water. 50 mg/mL rifampicin in methanol. The antibiotic
stock solution for the selection of the binary vector (see below)
depends on the vector employed. Filter sterilize the solution
through a 0.2 pm membrane and store at -20 °C.

3.100 mM Acetosyringone (5’-Dimethoxy-4'-hydroxyaceto
phenone) stock solution in ethanol. Filter sterilize the solution
through a 0.2 pm membrane and store at -20 °C.

4. 0.5 M MES stock solution in deionized water. Adjust the pH
to 5.6 with KOH, sterilize the medium by autoclave for 20 min
at 15 psi and store at room temperature.

5. Infiltration solution: 10 mM MgCl, and 10 mM MES (pH 5.6)
solution in deionized water. Sterilize the medium by autoclave
for 20 min at 15 psi and store at room temperature. Add ace-
tosyringone to the solution to a final 100 pM concentration
(see Note 1).

. 1.5 mL, 15 mL, and 50 mL tubes.

. Heated shaker.

. Centrifuge for 50 mL tubes.

NeRc BN B\

. Spectrophotometer.

10. 1 mL syringes.



2.2 Quantitative
Measurement of GUS
Activity

11.

12.

13.

14.

15.

16.
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Agrobacterium tumefaciensstrain GV3101 hosting the synthetic
promoter plasmid (SP plasmid), a binary vector carrying the
synthetic promoter of interest upstream of the reporter gene
widA, also known as GUS, which encodes the enzyme
B-glucuronidase (see Notes 2 and 3).

A. tumefaciens strain GV3101 hosting the transcription factor
plasmid (TF plasmid), a binary vector carrying the gene encod-
ing the transcription factor of interest downstream of the con-
stitutive cauliflower mosaic virus 35S promoter (358S).

A. tumefaciens strain GV3101 hosting the empty TF plasmid,
the backbone of the TF plasmid without the gene encoding
the transcription factor of interest.

A. tumefaciens strain GV3101 hosting the microProtein plas-
mid (miP plasmid), a binary vector carrying the gene encoding
the microProtein of interest downstream of the 35S promoter.

A. tumefuciens strain GV3101 hosting the empty miP plasmid,
the backbone of the miP plasmid without the gene encoding
the miP of interest.

Nicotiana benthamiana plants grown for 2—4 weeks under
controlled conditions (24 °C and 40-65 % relative humidity)
and a long-day photoperiod (14 h light and 10 h dark, with
illumination of 130-150 pE).

. GUS extraction solution: 50 mM NaHPO, (pH 7.0), 10 mM

B-mercaptoethanol, 10 mM EDTA, 0.1% (w/v) sodium lauryl
sarcosine, and 0.1% (w/v) Triton X-100 in deionized water.
Prepare a fresh solution every time.

2. Bradford reagent.

. Bovine serum albumin (BSA).

. Carbonate stop solution (5x stock solution): 1 M Na,CO; in

deionized water. Sterilize the solution by autoclave for 20 min
at 15 psi and store at room temperature.

. GUS assay solution: 2 mM 4-MUG (4-methylumbelliferyl

B-D-glucuronide) in GUS extraction solution (se¢ Note 4).
Prepare a fresh solution every time and keep it on ice protected
from light (see Note 5).

. 4-MU calibration stock solution: 1 mM 4-MU (7-hydroxy-4-

methylcoumarin) in deionized water. Store at 4 °C protected
from light.

. Plastic pestles that fit 1.5 mL tubes.
. Centrifuge for 1.5 mL tubes.

. Fluorimeter.
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2.3 miP3 Prediction

1. A computer with an operating system that has at least 4GB of
RAM and that can install Python 2.7.7.

2. miP3 software from https://github.com/npklein/miP3/
releases/ [3]. This includes all input files needed to run miP3
with Arabidopsis thaliana transcription factors.

3. Python 2.7.7 from http://www.python.org/download
/releases /2.7 /.

4. Biopython = module from  http://biopython.org/wiki
/Download [4].

5. BLAST 2.2.29+ from http://ftp.ncbi.nlm.nih.gov/blast
/executables /blast+,/2.2.29/ [5].

6. SOAPpy from http://www.aheil.de /2013 /08 /17
/soap-with-python/.

3 Methods

3.1 Using the miP3
Software to Predict
miPs

The miP3 software can predict natural miPs from any genome of
interest. The performance of the software has been tested for the
prediction of miPs targeting TFs in A. thaliana using the default
parameters described below [3]. We provide instructions on how
to change the parameters and test miP3 against other genomes.

1. Download and install on the Desktop the software compo-
nents listed in Subheading 2 (see Note 6).

2. Open the command line and change the directory to match
the location of miP3.py on the desktop by using the following
command:

cd ~/Desktop,/miP3_version_2/

3. Run miP3 from the command line (with default parameter val-
ues) with the following command (see Notes 7, 8, and 9):

python2.7 miP3.py -p TAIR10_pep_20101214
—i arabidopsis_transcription_factors.fasta -f Pfam.txt -o miP_
output.csv

-b ncbi_blast_2.2.29+ /bin/

4. Change the parameters (see Note 10) as needed or desired. See
Table 1 for detailed information about each parameter. An
example command with all the parameters is provided below:

python2.7 miP3.py -p TAIR10_pep_20101214
—i arabidopsis_transcription_factors.fasta -f Pfam.txt -o miP_

output.csv
-bncbi_blast_2.2.29+/bin/ -s 200 -a 500 — 0.0001 -z 0.1 = 0.01


https://dpb.carnegiescience.edu/sites/dpb.carnegiescience.edu/files/miP3_version_2.zip
https://dpb.carnegiescience.edu/sites/dpb.carnegiescience.edu/files/miP3_version_2.zip
http://www.python.org/download/releases/2.7/
http://www.python.org/download/releases/2.7/
http://biopython.org/wiki/Download
http://biopython.org/wiki/Download
http://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/2.2.29/
http://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/2.2.29/
http://www.aheil.de/2013/08/17/soap-with-python/
http://www.aheil.de/2013/08/17/soap-with-python/

Table 1
miP3 parameters [3]

Regulating Synthetic Promoters By MicroProteins 179

Parameter Input

Example value

-p FASTA formatted file with all protein sequences of the A. thaliana proteome
organism of interest (sec Note 11).

-i FASTA formatted file with all TF proteins in the organism  A. thaliana TF proteins
of interest (see Note 12).

-f Newline-delimited file with all domains that are important ~ DNA-binding domains from
for the functioning of the protein class. Interpro database [6].

-0 Name of the output file. miP_output.csv

-b Path to the BLAST /bin/ folder that contains the blastp ncbi_blast_2.2.29+/bin/

and makeblastdb program (sec Note 13).

-s Maximum size of small proteins. It is more difficult to find 200
homologs of smaller proteins, so proteins below this size
have a different method for homolog detection.

-a Maximum size of all proteins. Modify the parameter if you 550
are only interested in proteins up to a certain size.
-e E-value used in the BLASTDP search against all proteins 0.0000001

(see Note 14).

-z E-value used in the BLASTP search against small proteins 0.5

(see Note 14).

-X E-value used in the reBLASTP search (see Note 14). 0.1

3.2 Designing
Synthetic miPs

5. Retrieve the results. The results are written in a tab-delimited

file (see Note 15) (Fig. 1, Table 2) and can be opened in Excel
or other text-editing software.

. Test any predicted miP as described in Subheading 3.3 (see

Note 16).

. If miP3 predicts miPs targeting members of the TF family of

interest but not the TF under study, retrieve such putative miP
protein sequences (see Note 16). Perform a multiple sequence
alignment of the TF of interest and the miP protein sequences.
Paste the miP and TF sequences in the input box at the
CLUSTAL OMEGA software website (http://www.ebi.ac.
uk/Tools/msa/clustalo/), keeping the default settings, and
run the job [7]. Select the protein region of the TF that aligns
significantly to the miPs and amplify its encoding DNA
sequence by PCR using a forward primer carrying a start codon
at the 5’ end and a reverse primer carrying a stop codon at
the 5" end (both start and stop codons must be in frame with
the gene sequence to be amplified). Clone these sequences
in the miP plasmid (see Subheading 2) and test them as putative
miPs as described in Subheading 3.3.


http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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- A | B | C | D
1 |miP TFs miP domains miP length
2 |AT3G25950.1 AT5G14280.1|ipr006634 251
3 |AT4G04740.1 AT4G12020.2|ipr018247, ipr011009, ipr000719 520
4 |AT3G50390.1 AT4G25440.1|ipr001680, ipr020472, ipr015943 469
5 |AT5G12090.1 AT4G12020.2]ipr002290, ipr008271, ipr011009 369
6 |AT2G07180.2 AT4G12020.1|ipr011009, ipr000719, ipr001245 442
7 |AT4G19110.2 AT4G12020.1|ipr011009, ipr000719, ipr008271 464
8 |ATS5G46490.1 AT4G12020.1|ipr003593, ipr002182, ipr027417 357
9 |AT2G30980.1 AT4G12020.1|ipr011009, ipr000719, ipr008271 412
10 |AT2G46990.1 AT5G62000.3|ipr011525, ipr003311 175

Fig. 1 miP3 output file

Table 2
Explanation of the data in the miP3 output file

Column Column name Explanation of column value
A miP Gene identifier of the predicted miP
B TFs Gene identifiers of the transcription factors predicted

to be targeted by the putative miPs in column A

C miP domains Interpro domain identifiers of the domains predicted
to be in the putative miP in column A

D miP length The length of the predicted miP in column A

2. It miP3 does not predict any miP for the TF family of interest,
design a synthetic miP. Identify protein domains present in the
TF by pasting the TF protein sequence in the input box of the
“sequence search” page at the Pfam website (http://pfam.
xfam.org/), keeping the default settings, and run the job [8].

(a) IfPfam detects a protein—protein interaction (PPI) domain,
amplify its encoding DNA sequence by PCR using a for-
ward primer carrying the start codon at the 5’ end and a
reverse primer carrying a stop codon at the 5’ end (both
start and stop codon must be in frame with the gene
sequence to be amplified). Clone these sequences in the
miP plasmid (see Subheading 2) and test them as putative
miPs as described in Subheading 3.3.

(b) If Pfam detects a DNA-binding (DB) domain but not a PPI
domain, amplify the DNA sequences encoding the region


http://pfam.xfam.org/
http://pfam.xfam.org/

3.3 Testing miPs

3.3.1 A. tumefaciens
Culture
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upstream or downstream of the DB by PCR using primers
carrying the start and stop codons as described above. Clone
these sequences in the miP plasmid (see Subheading 2) and
test them as putative miPs as described in Subheading 3.3.

(c) If Pfam does not detect any PPI or DB domain, predict any
coiled coil region (a potential PPI domain) in the TF [9].
Paste the TF protein sequence in the input box at the
COILS website (http://www.ch.embnet.org/software/
COILS_form.htmL), keeping the default settings, and run
the job [10]. Select any putative coiled coil region and
amplify its encoding DNA sequence by PCR using primers
carrying the start and stop codons as described above. Clone
these sequences in the miP plasmid (see Subheading 2) and
test them as putative miPs as described in Subheading 3.3.

. Inoculate a single colony of each of the five A. tumefaciens

strains carrying the SP, TF, empty TF, miP or empty miP plas-
mids in 50 mL tubes containing 5 mL LB solution, 50 pg/mL
gentamicin, 25 pg/mL rifampicin and the appropriate antibi-
otic for the selection of each plasmid (see Note 17). Put the
culture tubes in a shaker preheated at 28-30 °C and shake
them overnight at 200 rpm.

. Pipet 1 mL of each A. tumefaciens overnight culture into

1.5 mL tubes.

. Centrifuge the tubes at 2200 x g for 5 min. Discard the super-

natant and resuspend the pellet in 1 mL infiltration solution.

4. Repeat step 4 two more times (see Note 18).
. Transfer the 1 mL culture in a 15 mL tube and add 4 mL infil-

tration solution.

. Use an aliquot of the culture to measure the optical density at

600 nm (OD600) in a spectrophotometer.

. Dilute the culture with infiltration solution to reach an OD600

of 0.15.

. Prepare the following combination of cultures in a 15 mL tube

and mix them gently:

(a) 1 mL SP, 1 mL empty TF and 1 mL empty miP plasmid
culture (control sample).

(b) 1 mL SP, 1 mL TF and 1 mL empty miP plasmid culture
(TF sample).

(¢) 1 mL SP, 1 mL empty TF and 1 mL miP plasmid culture
(miP sample).

(d) I mL SP, 1 mL TF and 1 mL miP plasmid culture (TF-miP
sample).


http://www.ch.embnet.org/software/COILS_form.htmL
http://www.ch.embnet.org/software/COILS_form.htmL

182 Elisa Fiume et al.

3.3.2 N. benthamiana
Leaf Infiltration [11]

3.3.3 Quantitative GUS
Assay [12]

. Aspirate 1 mL of each of the four combination of cultures from

above with a 1 mL syringe without the needle.

. Turn a N. benthamiana true leaf (around 10 cm long) in order

to expose its abaxial (bottom) side (see Note 19) (Fig. 2a).
Gently press the syringe against the abaxial side of the leafin a
region between two thick leaf veins to seal the syringe hole
(Fig. 2b). Gently exert a counter-pressure with a gloved finger
on the other side of the leaf (adaxial /top).

. Press the nozzle of the syringe and inject the culture slowly

into the leaf. The infiltrated area turns dark (Fig. 2¢). Stop
when the infiltrated area is about 1.5 cm in diameter. Infiltrate
the same leaf four times with all four cultures. Infiltrate four
leaves and rotate the position of each culture on the leaf every
time in order to have each culture infiltrated in each leaf posi-
tion (see Note 20).

. Mark the borders of the infiltrated area with a permanent

marker (see Note 21).

. Grow infiltrated plants for 2—-3 days under controlled condi-

tions (24 °C and 40-65% relative humidity) and a long-day
photoperiod (14 h light and 10 h dark, with illumination of
130-150 pE).

. Cut a leaf disk (~0.5 cm in diameter) with a hole puncher inside

all infiltrated leaf areas and put them in 1.5 mL tubes on ice.

. Quickly add 500 pL of cold (4 °C) GUS extraction solution to

each tube.

. Grind the tissue with a plastic pestle inside the tube until

homogenized.

. Centrifuge the samples at 8000 x 4 for 10 min in a refrigerated

centrifuge at 4 °C.

Fig. 2 N. benthamiana leaf infiltration. (a) A N. benthamiana true leaf turned to expose its abaxial side. (b) A
syringe positioned on the abaxial side of the leaf ready for the infiltration. (c) A dark infiltrated area
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Transfer the supernatants (protein extracts) in new 1.5 mL
tubes and keep them on ice (see Note 22).

Transfer 50 pL of each protein extract into a new 1.5 mL tube
and determine the total protein concentration (mg protein/
mL) through the Bradford protein assay [13]:

(a) Dilute the Bradford reagent fivefolds in deionized water.

(b) Add 10 pL of each protein extract to 1 mL of the diluted
Bradford reagent and mix. Make triplicate replicates for
each protein extract.

(c) Prepare a serial dilution series of BSA in GUS extraction
solution (0.1-10 mg/mL). Make triplicate replicates for
each BSA dilution.

(d) Add 10 pL of each BSA dilution to 1 mL of the diluted
Bradford reagent and mix.

(e) Measure the absorbance of the BSA and protein extract
samples in the diluted Bradford reagent at 595 nm in a
spectrophotometer.

(f) Prepare a standard curve using the BSA serial dilution series.

(g) Determine the concentration of the protein extract from the
BSA standard curve.

. For each protein extract prepare two tubes containing 500 pL

of GUS assay solution and 450 pL. of GUS extraction solution
(assay tubes) each. Prepare also two tubes containing 500 pL
of GUS assay solution and 500 pL of GUS extraction solution
(blank tubes) each. Mix the solutions in the assay and blank
tubes and preheat at 37 °C for 2 min.

. Add 50 pL aliquots of each protein extract to two assay tubes

(reaction tubes) and mix them (see Note 23).

. Immediately transfer 100 pL of the solution of each reaction

and blank tube into tubes containing 2 mL carbonate stop
solution (stopped reaction and stopped blank tubes). Mix and
keep the stopped reaction and blank tubes on ice.

Put all reaction and blank tubes at 37 °C and keep note of the
time.

Transfer 100 pL aliquots from each reaction and blank tube
after 20, 40, and 60 min of incubation at 37 °C into tubes
containing 2 mL carbonate stop solution (stopped reaction
and blank tubes). Mix and keep the stopped reaction and blank
tubes on ice.

Dilute the 4-MU calibration stock solution into the carbonate
stop solution to obtain five tubes containing 2 mL of a 10 nM,
20 nM, 40 nM, 60 nM, 80 nM, or 100 nM 4-MU calibration
solution. These samples will be the 4-MU standard dilutions.
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13.

14.

15.

16.

p

Set a fluorimeter with emission and excitation filters at 455 nm
and 365 nm, respectively. Blank the machine by using 2 mL
carbonate stop solution. Measure fluorescence intensity (FI) of
all stopped reaction and blank tubes and 4-MU standard
dilutions.

Use the FI data from the 4-MU standard dilutions to draw a
calibration curve. Plot FI data versus pmol 4-MU (2 mL of a
10 nM 4-MU standard dilution equals 20 pmol). From the
calibration curve calculate FI/pmol 4-MU.

Average the FI values of the two repetitions of stopped blank
and reaction tubes for each sample and time interval. Subtract
averaged FI values of stopped blank tubes from averaged FI
values of stopped reaction tubes for each sample and time
interval. For each sample, plot the FI data versus time and cal-
culate FI/min.

Calculate B-glucuronidase activity of each sample in pmol
4-MU per minute per mg protein according to the following
equation:

glucuronidase activity of extract (pmol 4 MU / min/ mg protcin)

= (FI /min) / (FI / pmol 4 MU)

><(2.1 mL reaction volume) / (0.05 mL sample volume)

><(1 / 0.1 mL test Volumc)x |:1 / (mg total protein / mL)]

17.

Compare the B-glucuronidase activity of the control versus the
TF sample to determine the TF transcriptional activity (see
Note 24). Compare the f-glucuronidase activity of the control
versus the miP sample to make sure that the miP does not exert
any transcriptional activity (see Note 25). Compare the
B-glucuronidase activity of the TF versus TE-miP sample to
identify the miP effect on the TF transcriptional activity.

4 Notes

. Acetosyringone is temperature and light-sensitive and should

be added to the infiltration solution after autoclaving and
immediately before infiltrating.

. The A. tumefaciens strain GV3101 mediates the transforma-

tion of N. benthamiana plants with high efficiency. Other
A. tumefiaciens strains can be used but they have to be compatible
with N. benthamiana transformation.
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. If the TF of interest is a transcriptional activator, the promoter

of interest alone should drive no or little GUS expression (in
the absence of the TF of interest) in tobacco leaf epidermal
cells. By contrast, if the TF of interest is a transcriptional
repressor, the promoter of interest alone should drive GUS
expression in tobacco leaf epidermal cells. A minimal 35S pro-
moter can be added upstream of the promoter under study to
drive expression in leaf epidermal cells.

. Higher or lower concentrations of 4-MUG might be necessary

depending on the strength of expression of the GUS reporter
gene. Dilute accordingly.

. If 4-MUG is not kept at —20 °C it can decompose and lead to

high background fluorescence readings in blank samples.

. All software programs must be installed in the same directory.

For practical reasons, we advise installing them on the
desktop.

. For clarity, we broke up the lines of the command and pasted

them under each other. The command line should be written
in one line.

. When running miP3 on Windows the full path to python.exe

has to be given. For example, it Python is installed under “C:/
Program Files” as Python-2.7 the command has to be:

C:/Program\Files /Python_2.7 /python2.7.exe miP3.py

-p TAIR10_pep_20101214

—i arabidopsis_transcription_factors.fasta -t Pfam.txt -o miP_
output.csv

-b ncbi_blast_2.2.29+/bin/

. The local BLAST tool crashes if there are spaces in the path to

any of the input files. To avoid this, make sure that the full path
of all invput files does not contain any spaces. For example, the
input files cannot be located in ~/example folder/miP3/,
instead they have to be in ~/example_folder/mip3/.

Changing the miP3 parameters requires a full understanding
of the miP3 software [3]. For first-time users, we advise using
the default parameters. For more information on miP3 see ref-
erence [3].

. To retrieve all the proteins of another plant, go to Phytozome

(http://contacts.jgi-psf.org /registration/new) and register
an account [14]. After logging in, go tohttp://phytozome.
jgi.doe.gov/pz/portal.htmL, click “Download”, go to the
newest Phytozome version, and select the species of interest.
Finally, select the assembly, download the .fa.gz file, and
unpack it where you want to save the .fa file.


http://contacts.jgi-psf.org/registration/new
http://phytozome.jgi.doe.gov/pz/portal.htmL
http://phytozome.jgi.doe.gov/pz/portal.htmL
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

To retrieve all transcription factors of another plant, go to
PlantTFDB (http://plantttdb.cbi.pku.edu.cn/), click
“Downloads” and select the species of interest to download

the FASTA file [15].

The option “~b” has to indicate the path to where the NCBI
BLAST tools have been installed. In the example “-b ncbi_
blast_2.2.29+/bin/”, the BLAST tools are installed in the
miP3 software folder. If the BLAST tools are installed else-
where, change the path accordingly. For example, if the BLAST
tools are installed in the Program Files, change the path to “-b
C:/Program)\ Files/ncbi_blast_2.2.29+/bin/”.

Higher e-values allow miP3 to retrieve more candidate miPs
but increase the number of false positives. By contrast, lower
E-values result in fewer candidate miPs but increase the num-
ber of false negatives.

miP3 does not rank miPs based on their probability to be true
positives.

miP and target TF may share a PPI domain that drives the TF
homo-dimerization. In this scenario, miPs affect the TF homo-
dimerization. Alternatively, miP and target TF might share a PPI
domain that drives hetero-dimerization of the TF with a third
protein. In this case, the miP affects the interaction of the TF
with the third partner. To correctly search for or design miPs, it
is of paramount importance to know or test the properties of the
PPI domain of the TF of interest. If the TF of interest homo-
dimerizes, use the sequence of TF itself to search for or design
putative miPs targeting the TF of interest. If the TF of interest
hetero-dimerizes, use the sequence of the partner protein to
search for or design putative miPs targeting the TF of interest.

Gentamicin selects for the A. tumefaciens strain GV3101 viru-
lence plasmid while rifampicin selects for the A. tumefaciens
strain GV3101 itself.

It is important to wash the A. tumefaciens culture from the
antibiotics because they might affect the viability of plant cells
during the infiltration.

Do not use oldest and youngest leaves because transformation
and expression efficiency are highly variable.

The leaf proximal-distal and medial-lateral polarity might influ-
ence the results of the experiment. Therefore, it is important to
randomize the effect of the leaf position by testing each sample
in each position.

The infiltrated area is visible right after infiltration but disap-
pears after few hours.

Use the protein extract immediately or store it at =80 °C. Do
not store the extract at -20 °C because enzyme activity is lost
at -20 °C.


http://planttfdb.cbi.pku.edu.cn/
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23. It might be necessary to reduce the amount of the protein
extract assayed if it results in fluorescence intensity (FI) higher
than the upper limit of the fluorimeter. A calibration procedure
can be performed with different quantities of protein extract
before conducting the experiment.

24. A. tumefaciensinfiltration of N. benthamiana epidermal cells is
a highly robust and efficient method of transformation and, if
conducted correctly, does not require accounting for transfor-
mation efficiency when comparing independent transforma-
tions. Nevertheless, if variability among biological repetitions
is too high, add 1 mL of A. tumefaciens strain GV3101 culture
hosting a binary vector carrying the gene encoding for the
green fluorescent protein (GFP) downstream of the 35S pro-
moter to all culture mixtures. Cut a fragment of the leaf infil-
trated area and count the number of cells expressing GFP per
unit of surface (an index of the transformation efficiency) using
a confocal laser-scanning microscope.

25. If the putative miP exerts transcriptional activity on the pro-
moter of interest in the absence of the TF of interest, it might
indicate that the miP affects the activity of a TF expressed in N.
benthamiana epidermal cells that binds to the promoter of
interest. In this case, test the miP in another plant tissue.
Alternatively, the putative miP might carry a DB domain that
binds to the promoter of interest. To overcome this problem,
search for and eliminate putative DBs or test the PPI domain
alone as described in Subheading 3.2. In the case in which the
DB and PPI domain overlap, perform site-directed mutagen-
esis to try to inactivate the DB domain.
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Chapter 13

Simultaneous Analysis of Multiple Promoters:
An Application of the PC-GW Binary Vector Series

Jyoti Dalal

Abstract

With the advances in the field of synthetic biology, there is an increasing demand for multi-gene cloning
technologies. Molecular cloning to generate multi-gene constructs can be performed by restriction diges-
tion, or by recombination-based cloning strategies such as Gateway®. This chapter details cloning, trans-
formation, and selection procedures involved in generation of multi-gene expressing transgenic plants.
Methods are described for cloning five distinct promoter—reporter fusion constructs into the PC-GW-BAR
vector (from the PC-GW vector series) using Gateway® technology and meganuclease sites. Further, trans-
formation and selection methods are described for the biofuel crop Camelina sativa from the Brassicaceae
family. These methods would be constructive toward generating multi-gene expressing plants for simulta-
neous expression analysis of five promoters in a short time period.

Key words Multi-gene cloning, Gateway®, Meganuclease, PC-GW-BAR, Agrobacterium, Camelina

1 Introduction

Our increased understanding of molecular pathways affecting
plant function has enabled development of transgenic plants that
take advantage of multiple foreign genes. Multi-gene expressing
plants express foreign genes and genetic pathways for various
applications ranging from increasing photosynthetic efficiency
[1, 2] to improving vitamin E synthesis [ 3]. Multi-gene expressing
constructs can also be used to test the activity and expression of
multiple plant promoters simultaneously. Of the various methods
available for stable nuclear transformation in plants, T-DNA
insertion is among the most widely used.

The lateral DNA transfer from the soil bacterium, Agrobacterium
tumefaciens to plant nuclear DNA is a fast and efficient method to
generate transgenic plants. A binary vector system is often used to
shuttle genes between E. coli and Agrobacterinm. Excellent reviews on
this DNA integration process have been previously published [4, 5].
In this two plasmid system, the Agrobacterium contains a helper T,

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_13, © Springer Science+Business Media New York 2016
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plasmid, that contains the genes for Agrobacterium virulence, and a
wide-host-range small replicon, that contains the T-DNA. This latter
plasmid is the destination vector in the cloning process, and is referred
to as the “binary vector”. Transgenes to be cloned into the plant DNA
are housed in the T-DNA region of the binary vector. T-DNA as a
vector for plant transformation has an upper size limit, as T-DNAs
larger than 50 kb are unstable and fall prey to simultaneous deletions
[5]. But with less than 50 kb of transgenic material, this technology is
reliable and powerful. Quite often, all transgenes in the same T-DNA
are integrated into the host DNA at the same locus. This makes it
simple to simultaneously identify individuals transformed with or
homozygous for all the transgenes.

Generation of multi-gene constructs involves careful prior con-
sideration of gene elements and the overall construct design. Each
gene to be cloned contains certain gene elements, selection of
which depends on the research application. In general, there is an
upstream promoter to guide gene expression, a downstream termi-
nator, and in between a coding sequence with or without introns.
Careful determination of all the gene elements in the construct is
critical. Cloning methodology depends on the number of genes
and their sizes, the choice of promoters and terminators, restriction
sites in the sequences and availability of resources. If the genes are
cloned from very distant organisms, the need for organism-specific
codon optimization may be assessed. Repetitive sequences, such as
promoters, terminators, or transit peptide sequences (for targeting
proteins to chloroplasts) that may appear in the construct repeti-
tively should be avoided as they may contribute toward homology-
based recombination and gene silencing [6].

When up to four genes are to be cloned together, the Gateway®
technology is ideal due to its speed and accuracy. Gateway® is a
site-specific cloning technology based on the recombination
method used by bacteriophage lambda to integrate its DNA in the
E. coli chromosome [7]. By attaching the azz sites at the 5’ and 3’
flanks of the gene, a maximum number of four genes can be simul-
taneously cloned into a Gateway®-compatible destination vector in
an overnight recombination reaction. Because the recombination
is based on the att sequences, any gene can be readily cloned by
Gateway®. For cloning more than four genes into the vector, addi-
tional approaches can be used, such as restriction digestion. If the
restriction sites from the vector’s multiple cloning site are absent in
the gene, or if they can be removed from the gene by codon opti-
mization during synthesis or PCR, restriction digestion is a reliable
approach to clone genes in the vector. Another variant of this
approach is the use of meganuclease sites [8]. Meganucleases have
large recognition sites (18—40 nucleotides) and generally occur
only once, if at all, in most plant genomes. Since the likelihood of
a meganuclease site appearing in a gene of interest is low, cloning
can be performed often without any codon optimization.
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In this chapter, an application of PC-GW-BAR vectors [9] is

described to simultaneously test the activity of five plant promoters
in vivo using the biofuel crop Camelina sativa. The methods require
little to no optimization to be applied to Arabidopsis, and can be
readily adjusted for use in other plant species. The promoter
sequences that the researcher wishes to test will be cloned upstream
of reporter genes, the signals of which can be independently studied.
In this example, four fluorescent reporters are used: mCherry,
enhanced green fluorescent protein (EGFP), enhanced yellow fluo-
rescent protein (EYFP), and monomeric cyan (teal) fluorescent pro-
tein (mTFEP1), and one chemical reporter B-glucuronidase (GUS).

2 Materials

2.1 Design
of Constructs

2.2 Multisite
Gateway®

and Meganuclease
Site Cloning

O 0 N O\ Ul W N~

i i e e e i
N N UL N - O

18.
19.
20.

. Vector NTI® (Thermo Fisher Scientific) or equivalent

software.

. Powder-free nitrile examination gloves.

. PCR strip tubes 1.5 mL, 2 mL Eppendorf tubes.

. Pipette tips (VWR® Signature Low-Binding Tips).
. Spatula.

. Plasmid isolation Kkit.

. Autoclaved distilled water.

. EcoRI.

. Pstl.

. I-Ceul (New England BioLabs).

. Zral.

. BamHI.

. DNA Polymerase I, Large (Klenow) Fragment.

. Alkaline Phosphatase, Calf Intestinal (CIP).

. T4 DNA ligase.

. T4 DNA Ligase Reaction Buffer.

. 10x CutSmart buffer (NEB).

. NanoDrop 1000 spectrophotometer (Thermo Fisher

Scientific).
DNA Clean & Concentrator™ kit (Zymo Research).
Zymoclean™ Gel DNA Recovery Kit (Zymo Research).

MultiSite Gateway® Pro Plus kit (Thermo Fisher Scientific)—
includes BP Clonase® IT enzyme mix, LR Clonase® IT enzyme
mix, proteinase K, pPDONR" vectors, One Shot® Mach1™ T1R
E. coli cells, TE buffer and S.O.C. medium.
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2.3 Identification of
Recombinant Clones

2.4 Plant
Transformation
via Agrobacterium

2.5 Transgenic
Selection by Herbicide
Resistance

21.
22.

23.
24.

25.
26.
27.
28.
29.

O 0 N N U B N~

—
— O

—

MultiSite Gateway® Pro manual (Thermo Fisher Scientific).

One Shot® ccdB Survival™ 2 T1R Competent Cells (Thermo
Fisher Scientific).

Heatable water bath.

LB /kan-Difco™ LB Agar, Miller, 40 g/L. with 50 mg/L
kanamycin.

Autoclave.

Round petri dishes.

Kanamycin sulfate 50 mg/mL stock.
Incubator (37 °C).

Laminar flow hood.

. AccuPower PCR premix (Bioneer).

. Forward Primer (10 pmol /pL), Reverse Primer (10 pmol /pL).
. PCR strip tubes.

. PCR thermocycler.

. Molecular grade agarose.

. 2-Log DNA ladder (NEB).

. Glycerol.

. 15 mL and 50 mL sterile tubes.

. Gel-Doc EZ system (Bio-Rad).

. Long-wavelength UV light lamp and mask.

. Refrigerator (4 °C) and freezers (-20 °C, -80 °C).

. Six-week-old budding Camelina sativa plants.

2. Chemically competent Agrobacterium tumefaciens strain

O 0 NI O Ul W

N~

GV3101.

. Infiltration medium (MS salts (¥4X), 5% (w/Vv) sucrose, 1x

Gamborg’s B5 vitamins, 0.044 pM BAP, 500 pL /L Silwet L-77).

. LB Broth, Miller (Luria-Bertani).

. Aluminum foil.

. Black (trash) bags.

. Desiccator-Secador® Techni-Dome® 360 (Terra Universal. Inc.).
. Vacuum pump.

. Vacuum pressure gauge.

. Finale™ or basta, Bayer Crop Science LP.
. Phosphinothricin (Gold Biotechnology).
. Seed Sterilization Solution: 70 % ethanol, 10 % Bleach (Clorox).



2.6 Confirmation
of Gene Integration

2.7 Promoter
Analysis by RNA
Expression

2.8 Promoter
Analysis
by Fluorescence
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4. Vortex.

AN

. Centrifuge.
. %2 MS plates: Murashige and Skoog basal salts with 1 g/L

MES, 0.8% agar pH 5.7 adjusted with KOH.

7. Agar, plant cell culture tested.

. Square Petri dishes.

9. Petri Dish 150 mm x20 mm.

10.
11.

12.
13.

RS S I S

—
N = O

—

R N T N N N O

Parafilm.

Growthchamber(22°C, 12 hphotoperiod, PAR ~400 pmol/
m?/s).
Soil.

Trays for plant growth (at least 3 in. deep, holes at the
bottom).

. Plant DNAzol® Reagent (Thermo Fisher Scientific).

. Mini bead-beater.

. Liquid nitrogen.

. Additional primers: Forward Primer (10 pmol/pL), Reverse

Primer (10 pmol/puL).

. Ceramic mortar and pestle.
. Liquid nitrogen.
. Metal spatula.

1.5 mL microcentrifuge tubes.

. TRIzol reagent (Life Technologies).

. Chloroform.

. Shaker.

. Micro-centrifuge.

. Centrifuge with rotors compatible with 15-50 mL tubes.
. Isopropanol.

. Ethanol (75%).

. Nuclease-free water.

. Fluorescence dissection microscope fitted with mCherry filter

(560 nm excitation, 630 nm emission).

. Confocal microscope.
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3 Methods

3.1 Design
of Constructs

3.1.1 Identify
the Promoter and Reporter
Sequences

3.1.2  Identify Terminator
Sequences

Table 1

Plan the cloning experiment by determining the cloning method-
ologies, entry and destination vectors, and set up a general plan, as
seen in Table 1.

In this example, we clone five promoters, PI-P5. Promoters
P1-P4drive expression of fluorescent marker genes mCherry[10],
enhanced green fluorescent protein EGFP [11], enhanced yellow
fluorescent protein EYFP[12], and monomeric cyan (teal) fluores-
cent protein mTFPI respectively [12, 13] (see Fig. 1). The con-
structs made with these four promoters will be cloned by Gateway®
to the binary vector PC-GW-BAR. After this cloning, the construct
with promoter P5, which drives the expression of chemical reporter
gene GUS [11], will be cloned into the PC-GW-BAR vector by
meganuclease cloning (see Fig. 2).

All the fluorescent proteins selected here have distinct excita-
tion and emission spectra (see Table 2) [14]. This would enable
clear discrimination between the expressions of the various pro-
moters (see Note 1).

Identify five terminator sequences to place at the 3’ end of the
reporter coding sequences. In this example, we use the sequences
of the following five terminator: CaMV 358 terminator (35S) [15],

Planning the cloning experiment

Entry vector design
Construct
Promoters flanking
for in vivo sequences Destination
expression Reporter Cloning binary
analysis gene Terminator methodology 5 end 3’'end Entry vector vector
Pl mCherry 358 Gateway® attBl  anB5r pDONR™ PC-GW-
221 BAR
P1-P5r
P2 EGFP nos attB5  artB4  pDONR™
221 P5-P4
P3 EYFP ocs attB4r  arB3r pDONR™
221
P4r-P3r
P4 mTFPI1 hsp attB3  artB2  pDONR™
221 P3-P2
P5 GUS ubi3 Meganuclease  I-Cenl I-Cenl pUC57

site



P1-mCherry

P2-EGFP

P3-EYFP

P4-mTFP1

P5-GUS
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R1 R2
ATG
attB5 | p2 EGFP
RA R5
ATG
attBar | p3 ) EYFP
R7 R8
ATG
attB3 | P4 ) mTFP1
R10 R1
ATG
I-Ceul P5
R13 R14

ATG

stop
T attBbr
R3
stop
T2 attB4
R6
stop
T3 attB3r
R9
stop
T4 attB2
R12
stop
T5 I-Ceul
R15
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Fig. 1 Entry vector construct design. Five promoters (P1-P5) drive expression of five reporter genes mCherry,
EGFP, EYFP, mTFP, and GUS. Promoters P1-P4 drive expression of fluorescence markers whereas P5 drives
expression of chemical reporter gene GUS. End of genes are marked by stop codons and transcriptional termi-
nators T1-T5 (seeTable 1). Constructs with promoters P7—P4 are flanked with att sites for multi-site Gateway®
recombination. The construct with promoter P5'is flanked by /-Ceul sites for cloning by restriction digestion. All
five constructs will be cloned into PC-GW-BAR. In addition, 15 unique restriction sites (R7—R15) were identified
which are absent in the PC-GW-BAR vector. The sites were introduced in the entry vectors at the start and end
of each promoter, and at the end of each reporter gene coding sequence. The sites were silenced from all other
locations in all the constructs. These sites provide modularity to the construct

tobacco nopaline synthase gene terminator (nos) [16], octopine syn-
thase terminator (ocs) [ 171, heat shock protein 18.2 terminator (bsp)
[18], and potato ubiguitin-3 terminator (#:3) [19] (see Table 1).

3.1.3 Assemble
the Sequences Using
Software

Assemble the sequences of the promoter—reporter constructs using
Notepad, MS-Word, or sequence analysis software such as Vector
NTI. Further, assemble the sequences as they would appear in
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3.1.4  Design Modularity
into the Construct

T-DNA right border

P4-mTFP1 _\ l
P3-EYFP 5 o
& A10
¥A8 ad
P2-EGFP
W 4R
PC-GW-BAR

+GWI

P1-mCherry

atfR1

I-Ceul

P5-GUS

I-Ceul
365-BAR T-DNA left border

PCR # Forward primer Reverse primer

1 A1l (from BAR cds) A2 (from P5 promoter)
2 A3 (from GUS cds) A4 (from P1 promoter)
3 A5 (from mCherry cds) A6 ( from P2 promoter)
4 A7 (from EGFP cds) A8 (from P3 promoter)
5 A9 (from EYFP cds) A10 (from P4-mTFP cds)
6 B1 (from BAR cds) B1 (from BAR cds)

Fig. 2 PC-GW-BAR vector map with all five constructs. (a) In this experiment, five
promoters, namely P7-P5 are driving expression of five reporter genes. Using
VectorNTI™ software, all the sequences were assembled together to visualize the
complete construct at the end of the cloning experiment. The complete construct
PC-GW-BAR+GWI has PC-GW-BAR backbone, with four genes in the gateway
region and one between the /-Ceul sites. (b) Primers were generated to confirm
the presence and position of all the gene elements. Primer pair B1 and B2 ampli-
fies the BAR gene

destination binary vector, PC-GW-BAR (se¢ Fig. 2). Such an
assembly is intended to help with primer design and planning restric-
tion digestion experiments to verify the construct once it is made.

To make the gene constructs modular, identify fifteen unique
restriction sites R1-R15, which are absent in the PC-GW-BAR
vector (GenBank accession number KP826773.1). In this exam-
ple, we will get the constructs synthesized using commercial gene
synthesis services. Within the sequence assembly in silico, identify
these restriction sites in all five constructs and silence them by
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Fluorescent reporter genes — excitation and emission spectra

Maximum

excitation Maximum GenBank accession
Fluorescent wavelength emission Brightness  number for coding
gene Fluorescence (nm) wavelength (nm) (% EGFP) sequence
mCherry Red 587 610 47 KJ541669
EGEP Green 488 507 100 EF212308
EYFP Yellow 514 527 151 EF212303
mTFP1 Teal 462 492 162 FJ530950

(Information from http://www.microscopyu.com/articles/livecellimaging /fpintro.html)

3.1.5 Generate

the Promoter—Reporter—
Terminator Fusion
Constructs Using
Gene-Synthesis Services

3.2 Multisite
Gateway® Cloning

3.2.1 Generation of Entry
Vectors

using alternative codons during gene synthesis. Place the restriction
sites at the start of each promoter, just before the start codon on
the reporter genes and just after the stop codon of the reporter
genes, as shown in Fig. 1. This step makes it possible to replace any
promoter or reporter gene from the final destination vector at any
time by a simple restriction digestion experiment. For example, as
shown in Fig. 3, we can replace the reporter marker driven by the
promoter P4 to fluorescent protein mOrange [13] (see Note 2).

Generate the five promoter-reporter—terminator fusion con-
structs with flanking restriction /recombination sites as shown in
Table 1. These constructs may be generated by gene synthesis
using commercial services. They may also be generated by fusion
PCR [20], which is enabled by designing overlapping primers
amplifying the promoter, reporter, and terminator sequences.
PCR primers will also be used in this case to attach the flanking
recombination and restriction sites. In this example, we discuss a
scenario where the promoter—reporter fusion constructs are com-
mercially synthesized with the appropriate recombination sites
(as given in the MultiSite Gateway® Pro manual) and restriction
sites (as given on the website of New England BioLabs Inc.). The
genes are synthesized by the company GenScript and cloned by
them in between the EcoRI and Hindlll sites of the pUC57 vec-
tor (see Note 3) requesting the EcoRI, Hindlll, and R1-R15
sites to be silenced in all other locations in the constructs.

In this section, we clone constructs Pl-mCherry, P2-EGFP,
P3-EYFP,and P4-mTFPI into entry vectors (see Table 1), and then
into PC-GW-BAR using the MultiSite Gateway® Pro Plus kit.

1. Obtain plasmids of the four Gateway® constructs from the
synthesis service. If the plasmids were transformed into
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ATG stop

I-Ceul P4 mTFP T5 | /-Ceul

Example of modularity:
Potential replacement of

mTFP with

. P4-mTFP

mOrange mTFP excision using ;
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Fig. 3 Using restriction sites to replace gene elements. An example is given where the reporter gene mTFPwas
excised from the P4-mTFP construct using R77 and R12 restriction sites. The reporter gene mOrange was
cloned in between the R77 and R12 sites to generate the construct P4-mOrange. Using sites R7—R15, indi-
vidual gene elements can be replaced at the entry vector stage or when all the genes are already cloned into

PC-GW-BAR

3.
4.

E. coli, use 10 mL of overnight bacterial culture for plasmid
isolation using a home-made [21] or commercial kit for
plasmid isolation.

. Digest the purified plasmids with EcoRI to linearize them. Set

up the reaction as shown in Table 3.
Incubate the reaction for 2 h at 37 °C.

After 2 h, purify the linearized plasmid using a PCR purifica-
tion kit (see Note 4).

. Check the purity and concentration of the eluted DNA. The

linearized plasmid DNA should be of high quality and concen-
tration. Proceed with BP cloning (see Note 5), using the posi-
tive and negative control reactions recommended by the
MultiSite Gateway® Pro Plus manual.
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Table 3
Set up of digestion reaction using restriction enzyme EcoR/

Reaction component Volume

10x CutSmart buffer (NEB) 10 pL

EcoRI 2 uL

Plasmid DNA 1-5 pg

Water up to 88 pL
Total reaction volume 100 pL

6. In separate reactions, add 20-50 fmoles (see Note 6) of each of

7.

8.
9.

10.

11.

12.

the linearized plasmids with a#B sites (Table 1). The DNA
should be concentrated enough to contain 50 fmoles DNA in
7 pL volume or lesser (see Note 7).

Add 50 fmoles of the appropriate pDONR™ vectors (1 pL of
150 ng/pL. DNA). The pDONR" vectors are supplied with
the MultiSite Gateway® Pro Plus kit.

Add TE butffer (pH 8.0) to a final volume of 8 pL.

Add 2 pL of BP Clonase® II enzyme, and incubate at 25 °C
for 1 h.

After 1 h, add 1 pL of the Proteinase K solution (provided in
MuldiSite Gateway® Pro Plus kit) to each reaction and incubate
the reactions for 10 min at 37 °C.

After 10 min, use 2 pL of each reaction to transform chemi-
cally competent One Shot® Machl™ T1R E. coli cells (Life
Technologies). Since the pDONR™ vectors have kanamycin
selection in bacteria, plate the transformed cells on plates with
LB agar medium containing 50 mg/L kanamycin sulfate (LB /
kan). Incubate the plates at 37 °C overnight.

The next day, if bacterial colonies are present on the plates
including those from a positive control transformation and
absent on the plates from a negative control transformation,
proceed with identification of recombinant clones.

. Pick about ten colonies per cloning reaction for testing. Pick

large, well-formed round colonies which do not touch other
colonies on the plate. Circle and number the selected colonies
at the back of the plate.

. In a laminar hood, add 15 pL of sterile water in autoclaved

PCR strip tubes. Prepare and label one tube per colony.

. Using 10 pL capacity autoclaved pipette tip, touch the colony

in the center. Rinse the tip in the corresponding 15 pL water
tube to create bacterial suspension. Discard the used tip.
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3.2.3 lIsolation
of PC-GW-BAR Plasmid

10.

11.

12.

13.

. Once all ten colonies are picked, close the strip tubes and put

them on ice. Proceed with preparing the PCR reaction.

. My lab uses the AccuPower PCR premix. Use this or an equiv-

alent PCR system and add about 5-10 pmoles of forward and
reverse primer each (see Note 8). Add water to a final volume
of 13 pL. Prepare one reaction per colony tested.

. Add 7 pL of the 15 pL of the bacterial suspension into each

PCR reaction bringing the total volume to 20 pL.

. Proceed with PCR. The first denaturation should be long

(10 min) to ensure all bacterial cells are lysed. The steps fol-
lowing that can be designed according to the DNA polymerase
used, annealing temperature of the primers, and the size of the
amplicon. Keep the number of cycles between 25 and 30.

. Resolve the PCR product on an agarose gel and observe for

correct sized bands. The colonies that result in strong positive
bands are often recombinant (se¢ Note 9).

. Select two to four colonies with the heaviest bands of the right

size on agarose gel. Pipette the remaining 8 pL of the bacterial
suspension into 5 mL LB/Kan medium in a 50 mL tube (see
Note 10). Shake the tube at 250 rpm at 37 °C overnight.

The next morning, resuspend 100 pL of culture in 300 pL of
30% glycerol (sterile) and save the glycerol stock at =20 °C or
-80 °C for future use. Use the rest for plasmid mini-prep.

Repeat the PCR using about 5-10 ng of plasmid DNA. Discard
all stocks of colonies negative for PCR.

For plasmids testing positive for the gene of interest by PCR,
check the sequence by restriction digestion and DNA sequenc-
ing. Verified plasmids from the four constructs are the four
Gateway® “entry vectors”. After the successful BP reaction,
the four constructs PIl-mCherry, P2-EGFP, P3-EYFP, and
P4-mTFPI are now flanked by the recombination sites aztl.1
and a#zR5, a5 and attl 4, artR4 and a#R3, and a#l.3 and
artl.2 respectively.

Save the plasmid for future use. Also, save glycerol stock of one
verified colony per construct for future use.

. Isolate plasmid of the binary destination vector PC-GW-BAR

(plasmid mini-prep). Since in this example we are testing pro-
moters of the researcher’s choice to drive reporter genes, we
do not need the built-in 35§ promoter in the PC-GW-BAR
vector. At this time, digest the PC-GW-BAR plasmid with Psz1
and 1x CutSmart buffer for 2 h at 37 °C.

The 35§ promoter in the PC-GW-BAR vectors is flanked by
Pst1 sites on both ends, so it gets cut out of the vector.
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. To separate the 35S promoter band from the vector DNA,

resolve the products of restriction digestion on an agarose gel.

. Using a long-wavelength UV light lamp and mask, observe the

bands resolved on the agarose gel. Using a clean scalpel, cut the
bands that are the correct size for PC-GW-BAR vector minus
the 358 promoter. The size of PC-GW-BAR is 11,483 bp. After
the digestion with Pszl, the 35S promoter (780 bp) gets excised
from the vector backbone (10,703 bp). Cut the band resolving
to 10,703 bp and put the gel slice in a new Eppendorf tube.

. The gel slices in the tubes can be stored at 4 °C for up to 3

days. When ready, proceed with gel extraction. My lab uses a
commercial kit (Zymoclean™ Gel DNA Recovery Kit) to
purify the DNA from the gel. The user may use this or an
equivalent method to extract DNA from the gel.

. Once purified, the DNA can be stored at -20 °C or used

directly for ligation.

. Proceed with re-ligation of the vector. Set up the ligation reac-

tion as shown in Table 4.

. Incubate the reaction at 4 °C overnight.

. The next morning, use 2-10 pL. of the ligation reaction to

transform chemically competent One Shot® Mach1™ TI1R E.
coli cells (Life Technologies).

. Identify clones where 35S promoter region has been excised.

This can be done by designing screening primers that flank the
vector regions around the 358 promoter.

Save the plasmid that has the 358 promoter region excised, and
save the corresponding glycerol stock. In this experiment, this
is the “destination vector”.

Plasmid DNA should be high quality and concentrated enough
to contain about 20 fmoles of DNA in<1 pL volume.

Table 4
Set up of ligation reaction to re-circularize PC-GW-BAR

Reaction component Volume

10x Ligation buffer 2 pL

T4 DNA Ligase 2 uL
PC-GW-BAR plasmid DNA 100 ngto 1 pg
Water up to 16 pL

Total reaction volume 20 pL
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3.24 Multisite Gateway®
Recombination Reaction

3.3 Cloning Using
Meganuclease I-Ceul

The method described here is to clone four promoter-reporter
constructs that are already in entry vectors simultaneously into
Gateway®-compatible binary vectors, using the method described
in the MultiSite Gateway® Pro manual. In this case, the Gateway®
binary vector being used is PC-GW-BAR [9].

1. Isolate plasmids from the four entry vectors. Use 10 fmoles of
each entry vector DNA in the cloning reaction (sec Note 6).

2. Using a restriction site present in the vector backbone but absent
in the target gene, linearize the entry vectors. This step is espe-
cially important in the case where the entry vector has the same
selection in bacteria as the destination vector (kanamycin®). For
small entry vectors where the selectable marker in entry vector is
different than the one in the destination vector, plasmid DNA
may be used directly without linearizing. Plasmid DNA or puri-
fied linearized DNA should be of high quality and concentrated
enough to contain 10 fmoles of DNA in a few pL, and no more
than 7 pL for all the entry vectors combined.

3. Add 20 fmoles of PC-GW-BAR plasmid DNA (<1 pL). Place
the four entry vector plasmids (10 fmoles each) and the binary
destination vector PC-GW-BAR plasmid together in one reac-
tion. Use TE buffer (pH 8.0) to bring the volume to 8 pL.

4. Use the LR Clonase® II Plus enzyme according to the manu-
facturer's directions (see Note 11). After removing from
-80 °C, vortex twice for 2 s. Then add 2 pL to the 8 pL reac-
tion described above.

5. After 16 h of incubation at room temperature, add 1 pL of the
Proteinase K solution (provided in MultiSite Gateway® Pro
Plus kit) to the reaction and incubate at 37 °C for 10 min.

6. After 10 min, use 2 pL of the reactions to transform chemically
competent One Shot® Machl™ TIR® E. coli cells. Since the
PC-GW vectors have kanamycin selection in bacteria, plate the
transformed cells on LB/kan plates. Incubate the plates at
37 °C overnight.

7. The next day, if bacterial colonies are seen on the plates, clon-
ing has been successful (see Notes 12 and 13). The resulting
plasmid has the four Gateway® constructs cloned into the
PC-GW-BAR plasmid, and will be designated as
“PC-GW-BAR+GW”.

Using restriction sites to clone genes into a construct is an estab-
lished approach for molecular cloning. Here, a method is described
for cloning a gene into the meganuclease sites of PC-GW-BAR+GW
vector (see Note 14). PC-GW-BAR has two meganuclease sites on
each side of the Gateway® cassette. These sites can be used to clone
a single gene between I-Ceul and I-Scel sites and another gene
between PI-Pspl and PI-Scel sites. But a single gene can also be
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cloned into each of these restriction sites by having the same site on
both ends. The orientation of the ligated product in this case would
matter when the cloned gene has its own promoter and terminator.
However, when the 5’ 358 promoter is intended to be used, orienta-
tion of ligation may be controlled by using unique restriction sites
on 5’ and 3’ ends, or validated by PCR using a gene-specific primer
and a vector-specific primer. The procedure of cloning a gene into
the I-Ceul sites of the PC-GW-BAR+GW vector is described below:

1.

Table 5

In this cloning, the P5-GUS construct (“insert”) is cloned
into the PC-GW-BAR+GW construct. Obtain the P5-GUS
plasmid from the sequencing company. If the plasmids were
cloned into E. coli, use 10 mL of overnight bacterial culture for
plasmid isolation.

. Digest both the P5-GUS plasmid and PC-GW-BAR+GW plas-

mid with I-Ceul (see Note 15).

. Prepare 100 pL reactions for each digestion (see Table 5).
. Incubate the reaction overnight at 37 °C (see Note 16).

. The next morning, store the reaction with entry vector in the

freezer (=20 °C).

. To the tube with the destination vector, add 2 pL alkaline

phosphatase (CIP) to dephosphorylate the sticky ends and pre-
vent self-ligation. Incubate at 37 °C for 1 h.

. After the incubation, the destination vector may be stored in

the freezer with the entry vector reaction, or both the reactions
could be resolved on an agarose gel (se¢ Note 17).

. Using a long-wavelength UV light lamp and mask, observe the

bands resolved on the agarose gel.

. Using a clean scalpel, cut the band that is the correct size for the

insert. Also, using a fresh scalpel cut the band representing the
linearized PC-GW-BAR+GW plasmid. Place each sliced gel in a

Set up of digestion reaction using meganuclease /-Ceul

Reaction component® Reaction component® Volume

10x CutSmart buffer (NEB) 10x CutSmart buffer (NEB) 10 uL
I-Cenl (NEB) I-Ceul (NEB) 2 pL
P5-GUS plasmid PC-GW-BAR+GW plasmid 1-5 pg
Water Water up to 88 pLL
Total reaction volume Total reaction volume 100 pL

*For generating insert

For generating digested PC-GW-BAR+GW vector
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3.4 Plant
Transformation
via Agrobacterium

10.

11.

12.
13.
14.

15.

16.

17.

new Eppendorf tube. The gel slices in the tubes can be stored at
4 °C for up to 3 days. When ready, proceed with gel extraction.

Once purified, the DNA can be stored at -20 °C or used
directly for ligation.

Based on the sizes of the gene of interest cut out from the
entry vector and the size of the linearized PC-GW-BAR+GW
vector, calculate the amount of gel-purified DNA to use for
ligation. The molar ratio of 1:3 for vector: insert is preferred.

Prepare the following ligation reaction (see Table 6).
Incubate the reaction at 4 °C overnight.

The next morning, use 2—-10 pL of the ligation reaction to trans-
form chemically competent One Shot® Mach1™ T1® E. coli cells.

Screen recombinant clones as described in Subheading 3.1.1
using gene-specific primers for the P5-GUS construct.

Select three independent colonies testing positive for P5-GUS
by PCR. Isolate the plasmids from these colonies. At this stage,
perform PCR with gene-specific constructs from all the five
inserts, as shown in Fig. 2. These primers can be designed using
the vector maps assembled in Subheading 3.1.1 (see Note 13).

Recombinant clones that test positive for all the transgenes here
are the complete construct “PC-GW-BAR+GWI” (Fig. 2).

Multiple methods are available to introduce transgenes into plant
cells depending on the goals of the research. Here, methods are
described for Agrobacterium transformation with plasmid of inter-
est [22], and Agrobacterium-mediated stable transformation of
camelina plants [23].

Table 6

Set up of ligation reaction to clone /-Ceul-flanked insert into
PC-GW-BAR+GW

Reaction component Volume

10x Ligation buffer (NEB) 2 pL

T4 DNA Ligase (NEB) 2 uL

Purified DNA (P5-GUS insert) 100 ngto 1 pg

Purified DNA (digested PC-GW-BAR+GW vector) 100 ng to 1 pg?

Water up to 16 pLL

Total reaction volume 20 pL

Insert: vector molar ratio should be 1:3



3.4.1 Agrobacterium
Transformation

Table 7
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The vector PC-GW-BAR+GWI is a binary vector, which can be
transformed into Agrobacterium tumefaciens, a soil bacterium rou-
tinely used to genetically transform plants. Transform the PC-GW-
BAR+GWTI construct and empty vector (see Note 14) separately
into Agrobacterinm strain GV3101.

1.

Obtain chemically competent Agrobacterium strain GV3101
cells and thaw on ice.

. Add about 1 pg PC-GW-BAR+GWI plasmid DNA (should be

suspended in<5 pL volume) to a tube containing 50-100 pL
chemically competent Agrobacterium cells, and mix by

tapping.

. Freeze the tube in liquid nitrogen and then thaw at 37 °C for

5 min.

. Add 1 mL of LB broth to each tube and transfer the contents

to 15 mL sterile tubes. Incubate for 2 h at 30 °C with shaking
(lay the tube flat in the shaker).

. Pour the contents into 1.5 mL Eppendorf tube and centrifuge

for 5 min at 2000 xg. Remove supernatant and resuspend pel-
let in 100 pL of LB broth.

. Plate 20 pL and 50 pL of suspension on LB/kan plates and

incubate for 2 days at 28-30 °C in dark. At the end of 2 days,
multiple colonies containing the PC-GW-BAR+GWI con-
struct should emerge. Pick one colony and grow itin 5 mL LB
broth. Use 1 pL of Agrobacterinm culture to test the presence
of PC-GW-BAR+GWI by PCR using primers for the plasmids
described in the previous section. The Agrobacterium cells can
be used for PCR directly without prior plasmid isolation, with
two important changes in the PCR method (see Table 7). First,
the first initial denaturation step should be 10 min instead to
ensure complete lysis of the Agrobacterium cells. Second, at
least 35 amplification cycles should be employed, because of

Agrobacterium colony/culture PCR

Step

Temperature  Duration

Initial denaturation
Denaturation
Annealing

Extension

Final extension

95 °C 10 min
95 °C 15-30 s
50-60 °C 15-30 s
72 °C 1 min per 1 kb amplicon
35 cycles
72 °C 5-7 min
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3.4.2 Agrobacterium-
Mediated Transformation
of Camelina Plants

by Floral Dip Method

the low copy number of plasmid in Agrobacterium. It the PCR
results are positive, make glycerol stock of the PC-GW-
BAR+GWI transformed Agrobacterium colony.

1. To genetically transform camelina plants, use 6-week-old cam-
elina plants that have just bolted. The buds should be visible
and separate (see Fig. 4).

2. Two days prior to the transformation, inoculate 3 mL LB /kan
medium in a foil-wrapped 50 mL tube (se¢ Note 18), with the
glycerol stock of the Agrobacterium transformed with the rel-
evant construct (PC-GW-BAR+GWTI in this case). Grow the
cells while shaking in a shaker incubator set at 28 °C. This is
the pre-culture.

3. The next day, inoculate 150 mL of LB medium in a foil-
covered sterile flask with 1 mL of the pre-culture. Grow over-

night while shaking at 28 °C.

4. The following day, the O.D. (600 nm) of the culture should be
about 0.8 indicating optimal Agrobacterium growth. Transfer

Fig. 4 Identifying the right age of camelina plants for transformation by floral
dipping. For maximum rate of transformation by floral dip, camelina plants
should be bolting, as seen in (a). There may be a few flowers open but most of
the inflorescence should be in bud stage, as seen in (b). Inflorescences where
most of the flowers have opened (and most likely self-fertilized), as seen in (¢),
would give very low transformation rates
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the liquid culture to sterile 50 mL tubes and centrifuge for
30 min at 2000 x .

. Resuspend the pellet in 300 mL of infiltration medium.

. Transfer the suspension to a convenient vessel for placing in a

large desiccator (see Note 19) fitted with a vacaum pump.

. Place 6-week-old plants in the desiccator and dip the buds into

the Agrobacterinm transformation solution (see Fig. 5). As the
plants need to fit in the desiccator, it is best that they be grown
in small pots for transformation.

. Connect the desiccator to a vacuum pump and evacuate at

20 psi for 5 min.

. Release the vacuum slowly.
10.

After infiltration, place the plants in trays with 2 in. of water and
cover them with black bags (large trash bags) to maintain dark
and high humidity overnight. The following morning, remove
the bags (see Note 20), wash the plants with water (se¢ Note
21) and return them to the growth chamber or greenhouse.

Allow the flowers to set seed and the seed to mature (another
6-8 weeks in camelina). Each week after transformation, clip
out new branches to avoid seed development from untrans-
formed buds formed after the transformation event.

Fig. 5 Camelina floral dip transformation apparatus. A large desicator is plugged
in with a vacuum pump and a pressure gauge. The infiltration solution (with
Agrobacterium) is placed in a beaker inside the chamber. Young inflorescences
are dipped inside this solution and the chamber is evacuated until the pressure
of 20 psi is reached. The pressure is maintained for 5 min, after which the vac-
uum is slowly released
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3.5 Transgenic
Selection by Herbicide
Resistance

3.5.1 0On Soil Selection

3.5.2 0On Plate Selection

12. Harvest the seed and proceed with selection of transgenic
plants. Using this method, generally a transformation rate of
1-6% is observed.

The method of selection of transgenic plants will depend on
the selectable marker on the destination vector. Various tags, such
as resistance to antibiotics (e.g. kanamycin®, hygromycin®), herbi-
cide (e.g. phosphinothricin), and fluorescence can be used to iden-
tify transgenics among populations.

Transgenic plants with PC-GW-BAR can be selected using resis-
tance to the herbicide phosphinothricin (ppt). Selection may be
done on plates or in soil. Here, both methods are described.

To select transformed seed based on ppt resistance in soil, proceed
with the following steps.

1. Fill soil in a tray (at least 3 in. deep) with holes at the bottom
for water uptake. Irrigate the soil and let unabsorbed water
drip through the holes.

2. Spread seed from floral dipped plants (TQ plants) into the soil
such that each seed is allotted at least 5 mm? surface area on
the tray.

3. Place the trays in a growth chamber or greenhouse with desired
growth conditions.

4. Cover the trays on top with saran wrap for 2 days to maintain
humidity and to aid in seed germination.

5. After 2 days remove the saran wrap. Seedlings should be seen
emerged at this time. Let seedlings grow until they are 8 days old.

6. In a spray bottle, mix herbicide (Finale™ or equivalent) into
distilled water to a final concentration of 0.045 % ppt. Pour the
diluted herbicide in a spray bottle.

7. Evenly spray with the plants Finale™ once. After 1 day, spray
the plants with Finale™ once more. Do not spray the same plant
twice on the same day.

8. Let plants recover. After a week, only resistant and therefore
transgenic plants should be seen growing (see Fig. 6).

9. Replant the transgenic plants into new pots. In a few weeks,
collect tissue for confirmation of transgene integration and
expression.

To select transformed seed based on ppt resistance on plates with
MS medium, proceed with the following steps.

1. Prepare plates with 2 MS medium and 0.8% agar and
5-15 mg/L phosphinothricin and pour into sterile petri plates.
Also prepare medium with 4 MS medium, 0.35% agar, and
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Fig. 6 On-soil phosphinothricin (ppt) selection using Finale™. Seeds harvested from T, plants were germinated
on soil. Eight-day-old T, seedlings were sprayed with Finale™ (0.045 % ppt) to select transgenics. (a) Seedlings
from transformed camelina (T,) were sprayed with Finale™. One plant was identified as transgenic (TG) while
the others were non-transgenic (NTG). (b) Two lines of T, generation potential transgenic plants were grown
on soil along with wild-type plants (WT). At 8 days old, plants were sprayed with Finale™. (¢) After 2 days, non-
transgenic plants (line 2 and WT) wilted while transgenic plants (line 1) remained green and viable

5-15 mg/L phosphinothricin. Keep this medium in a warm
water bath (55 °C) until use. Prepare sterile water to wash seed
during surface sterilization. Proceed with surface sterilization.

2. Take about 500 seed in 50 mL sterile tube.
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3. Add 30 mL 70% ethanol and vortex the seed for 30 s. Allow

the seed to settle and decant the ethanol, along with the seed
floating on the surface. The total time in ethanol should not
exceed 2 min to maintain seed viability.

. Add 30 mL 10% bleach, and shake vigorously. Immediately

spin the tube in a centrifuge and spin at 2000 x g4 for a few sec-
onds. Open the tube in a laminar flow hood and decant the
bleach solution along with any seed floating on the surface.
The total time in bleach solution should not exceed 10 min to
maintain seed viability.

. Add 30 mL sterile water to the tube and vigorously shake the

tube to wash oft the bleach and remaining ethanol. Centrifuge
the tube for a few seconds at 2000 x g, take the tube back into
the laminar flow hood and decant the water. Repeat the wash-
ing steps four times. After the final wash, add 25 mL of MS
medium with 0.35% agar prepared in step 1 into the tube.
Proceed with seed plating (see Note 22). Mix in seed by invert-
ing the tube a few times and pour all of the solution on a single
large petri dish (150 mmx20 mm) such that the seed are
evenly spaced.

. Plate the petri dishes into a growth chamber with 12 h-long

day period.

. The next day, seedlings start emerging. In 4 days, transgenic

seedlings are seen to grow while non-transgenic seedlings are
seen as yellow and wilting (see Fig. 7).

//f
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Fig. 7 On-plate phosphinothricin (ppt) selection. Seeds harvested from T, plants
were surface-sterilized. Then they were resuspended in 0.35 % agar and poured
on ¥2 MS plates (0.8 % agar, 15 mg/L ppt). The seed spread evenly on the plate.
After 4 days, transgenic seedlings (TG) could be identified over non-transgenic
seedlings (NTG)



3.6 Confirmation
of Transgenic Plants
by PCR
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Plant the transgenic seedlings into new pots. In a few weeks,
collect tissue for confirmation of transgene integration and
expression.

While the PC-GW-BAR+GWI T-DNA integration can be indi-
rectly tested by seedlings surviving ppt selection, it is critical to test
the integration of the entire T-DNA in transgenic plants. This
helps in identification of wild-type plants that may have escaped
selection or plants that got transformed with truncated T-DNA.

The following steps describe testing the DNA of transgenic

plants by PCR. However, the user can use alternate methods of
tissue collection and DNA isolation.

1.

Grow plants surviving phosphinothricin selection in individual
pots in soil. These are the T plants. Label each plant with an
identification number, such as a barcode. Since the insertion of
T-DNA in their genomes is distinct, they are notated as dis-
tinct transgenic “lines” for this construct.

. Generate at least ten transgenic lines. Repeat transformation if

necessary.

. Once the T, plants have adapted to soil and have grown at least

two secondary leaves, the analysis can be performed.

. At this time, prepare one 1.5 mL Eppendorf tube per plant by

placing two sterile solid glass beads in each sterile Eppendorf
tube. Label the tubes with the identification of one T plant each.

. Wear nitrile lab gloves (or equivalent). Open the mouth of the

tube near the corresponding plant, insert about 5 mm? leaf
material into the mouth of the tube, and snap the lid close. Let
the lid excise the leaf at the mouth of the tube. Place the tube
in liquid nitrogen immediately.

. Using a mini bead beater, homogenize the tissue. Place the

tube in liquid nitrogen again.

. When <24 samples have been homogenized, take out one tube

at a time from liquid nitrogen and add 300 pL of Plant
DNAzol® Reagent. Following the manufacturer’s protocol,
precipitate, wash, and solubilize the DNA in water.

. Using isolated DNA from each transgenic line, conduct PCR

using gene-specific primers for PI through P5 and their
reporter genes, as shown in Fig. 2. These primers can be
designed using the vector maps assembled in Subheading 3.1.1.
This is to ensure that the T-DNA did not get truncated. Note
that only primer pair B1-B2 would work for the empty vector-
transformed plants. Use an endogenous gene primer pair as a
positive control. Use a primer pair from PC-GW-BAR outside
of the T-DNA region as a negative control. Use 10-50 ng
DNA for each PCR.
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3.7 Promoter
Expression Analysis

3.7.1 Reporter Gene
RNA-Expression Analysis

Table 8

10.

11.

12.

. Observe the sizes of the bands to identify lines testing positive

for all the genes.

For lines testing positive for the genes of interest, collect a fully
expanded leaf when plants have at least 15 fully expanded
leaves. Store the leaf'in —-80 °C for future experiments, such as
Southern Hybridization.

For positive lines, collect seed and propagate them in the T,
generation. Repeat selection on soil or plate as described in
Subheading 3.5. Observe the segregation ratio. For a single
locus transgenic, in the T, generation the ratio of selected vs.
non-selected seedlings should be approximately 3:1.

The T, plants can be readily used for visualizing the expression
of various promoters.

The reader may use any method of choice to analyze the promoter
activities. Two methods are described here in brief, RNA expres-
sion analysis and visual analysis by fluorescence or GUS activity.

For each plant tested, collect a variety of tissues, as shown in
Table 8. Isolate RNA and synthesize cDNA from each stage [24].
Using semi-quantitative PCR, test the cDNA for expression of all
the reporter genes [25], as shown in Table 8. Make such a table for
every line tested.

The RNA expression may be tabulated as 0 (for absent or

undetectable) and 1 (for detectable). In this hypothetical example,

Sample table (hypothetical) to record RNA expression in transgenic and control plant lines

cDNA PCR positive (?)
Plant tissue mCherry EGFP EYFP mTFP1 GUS
Seedling (whole) 0 1 1 1 0
Seedling (hypocotyl) 0 1 1 0 0
Seedling (root) 0 1 1 1 0
Young leaf 0 0 1 0 0
Fully expanded leaf 0 0 1 0 1
Stem 0 0 1 0 1
Root (mature) 0 0 1 0 0
Flowers 0 0 0 0 0
Young seed pod 1 0 0 0 0
Mature seed 1 0 0 0 0




3.7.2 Reporter Gene
Visual Analysis
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mCherry expression is only observed in young seed pods and
mature seed, indicating that PI may be a seed-specific promoter.
EGEFP expression is only seen in roots and hypocotyls of young
seedlings, and whole seedlings indicating that P2 promoter is active
only at the seedling stage. EYFP transcript is expressed in all tissues
except flowers and young seed pods and mature seed, indicating
that P3 activity may be ubiquitous in vegetative tissues. The expres-
sion of mTFP1 is only observed in young seedlings (whole) and
seedling roots. This indicates that like P2, P4 is also active only at
seedling stage. However, unlike P2, P4 is root-specific. The GUS
transcript is only observed in mature leaves and stems, indicating
the expression domain of P5 activity.

While RT-PCR can give us an indication of the tissues in which the
promoters are active, these data do not provide information about
the cell type specificity of the promoter. Fluorescence microscopy
and GUS staining can be used to identify the cellular domains of
promoter expression. In this example, we demonstrate the
visualization of PI activity in the mature seed. We use a dissection
microscope fitted with mCherry filter (560 nm excitation, 630 nm
emission using ET-mCherry filter (Nikon or equivalent). The
transgenic seed with mCherry fluorescence can be readily identi-
fied against non-transgenic seeds (see Fig. 8).

The PI expression is observed on the entire seed coat of the
transgenic seed. Cross-section analysis of transgenic seed would
reveal domains of PI expression within the seed.

Fig. 8 P1-mCherry expression in seed. The expression of mCherry fluorescent
protein was observed exclusively in the seed of the transgenic (TG) plants. This
indicates that promoter P7 may have a seed-specific expression domain
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4 Notes

. The fluorescent marker EYFP emits yellow fluorescence when

excited with a blue or violet laser. When the fluorescent mark-
ers EGFP and EYFP are used in the same plant, they are both
excited with 488 nm blue laser, and their emission ranges over-
lap when using 525/50-nm band pass filter. However, their
fluorescence can be distinguished by using a combination of
two bandpass filters — 510/20-nm to detect EGFP and
550,/30-nm to detect EYFP with a short pass dichroic 525-nm
mirror between them. Alternatively, a 405-nm violet laser with
a single 500-550 nm range bandpass filter may be used, as it
excites EGFP but not EYFP, thereby distinguishing their
expression domains [26].

. If the replacement promoter or reporter gene has the restric-

tion sites needed to place it in the construct, the sites may be
silenced by PCR. Primers can be designed to introduce site-
specific changes into the sequence. Alternatively, the sequence
can be synthesized.

. Once the plasmids are received from the synthesis company,

they should be cloned into a suitable bacterial strain, such as
DHb5a and glycerol stocks should be maintained to provide
plasmids as needed for the research. The plasmids isolated
from the glycerol stocks should be tested by PCR using gene-
specific primers and sequenced for validating the sequence
prior to any downstream cloning procedures.

. During the final step of DNA purification, elute the DNA in water

instead of TE buffer in order to avoid excess salt in the eluted
DNA. Excess salt may in some cases inhibit recombination reac-
tion and /or the subsequent cloning—also se¢ Notes 7 and 15.

. The MultiSite Gateway® Pro manual is a great source for pre-

paring BP and LR recombination reactions.

. Using the size of the target gene in base pairs, the ng of DNA

to give 20-50 fmoles per reaction may be calculated using
methods described in the MultiSite Gateway® Pro manual, or
online utilities such as (http://www.molbiol.edu.ru/eng/
scripts/01_07.html).

. When DNA is resuspended in water, the fmoles/uL concentra-

tion can be increased simply by evaporating the water. However,
when DNA is eluted in TE, this method of concentration
would lead to increased salt content in the DNA. In that case,
DNA can be re-precipitated from the solution using 100 %
ethanol and re-dissolved in lesser volume of water.

. The primers should amplity about 300-1000 bp of the trans-

gene. The primer sequences should be specific to the transgene


http://www.molbiol.edu.ru/eng/scripts/01_07.html
http://www.molbiol.edu.ru/eng/scripts/01_07.html

10.

11.

12.

13.

14.
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being tested. In case the same restriction site is being used to
insert the DNA into the vector on both 5’ and 3’ ends, orien-
tation of insertion can be tested using one vector-specific
primer and one insert-specific primer.

. Colony PCR can yield false-positive results, if the tip touches

the plate during picking up the colony. The LB plates have
some amount of entry vector DNA on them, which is often
enough to test positive by PCR. However, there would be a
difference in the band intensities of false positives and real posi-
tive colonies. In any case, colonies testing positive for the trans-
gene after colony PCR must be tested further at plasmid level.

Bacterial growth is optimal when there is good aeration of the
medium during the incubation. Therefore, shaking while incu-
bating in bigger tubes is reccommended.

In my lab’s experience, commercial Gateway® enzymes such as
LR Clonase® do not last past their warranty, usually 6 months.
Within this time period they are very efficient. Therefore, it is
advisable to have all the entry vectors prepared and sequence-
verified before the LR Clonase® enzyme is purchased. If mul-
tiple cloning experiments are planned, prepare all the individual
entry vectors before purchasing the enzyme.

Many Gateway®-compatible vectors, including the PC-GW
vectors, contain ccdB gene in between the attR sites. Bacteria
containing ccdB gene can only propagate in ccdB-safe cells,
such as “One Shot® ccdB Survival™ 2 TIR” Competent Cells.
When the cloning reaction is propagated in other bacterial
strains, such as the “One Shot® Mach1™ T1R” E. co/i cells, the
non-recombined destination vector with kanamycin selection
cannot propagate. At the same time, the entry vectors have
been linearized by restriction enzymes prior to cloning, so they
are unable to propagate in LB medium containing kanamycin.
Therefore, any colonies formed on the LB/kan medium have
a strong chance of being recombinational clones.

Primers may also be used at this stage to verify the gene
sequence of the vector by sequencing. Further, restriction
digestion with multiple enzymes can be conducted to confirm
the order of the genes in the construct. Restriction enzymes
and the corresponding sizes of bands resulting from the
digested plasmid may be obtained from VectorNTI™ as well.

The Gateway® region in un-recombined PC-GW vectors encodes
ccdB gene. Therefore, if the researcher does not need Gateway®,
it should be excised using the Zral and BamHI sites, blunt ended
using DNA Polymerase I, Large (Klenow) Fragment, and ligated
back into a circular molecule before using it exclusively for
restriction-based cloning. This construct can also serve as an
“empty vector” for Agrobacterinm transformation.
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15.

16.

17.

18.

19.

20.

21.

22.

In my lab’s experience, the enzyme I-Ceul is very salt-sensitive.
We saw little digestion in overnight restriction reactions where
there was leftover salt in plasmid DNA preparations. However,
the issue was resolved by cleaning the DNA of excess salt by
re-precipitation or on column-clean up.

When the reaction is incubated overnight at 37 °C, wrap the
reaction tube with parafilm to avoid evaporation due to loos-
ening of the tube lid at 37 °C overnight.

The amount of agarose in the agarose gel electrophoresis
determines the resolution of bands. In general, 1% gel is ideal
to resolve bands between 100 and 3000 bp. If smaller sized
bands (<500 bp) or larger sized bands (2000 bp) are to be
resolved more clearly, the concentration of agarose in the gel
may be modified to a higher or lower level respectively. The
time of gel electrophoresis as well as the voltage depends on
the sizes of the bands expected to be resolved.

Agrobacterium cells grow best in dark. Therefore, unless the
shaker incubator is in a dark room, it is advisable to cover the
tubes or flasks used to grow them in liquid cultures with alu-
minum foil.

While floral dipping can be performed using a small desiccator
fitted with a vacuum sealing mechanism, it is much easier to do
using a large desiccator, especially when the plants are large
such as camelina.

It is important for optimum growth and infection of
Agrobacterium to incubate the infiltrated floral buds in dark
and high humidity overnight up to 18 h. However, due to the
stress of transformation and dark incubation, the plants must
be returned to light the following day. In our lab setting, leav-
ing plants in dark for 2 days causes most infiltrated buds to die.

Washing of the plants should be done in an enclosed tank. After
washing, the water in the tank should be sterilized using bleach.
All bags, paper towels, etc. should be autoclaved to block
Agrobacterium escape and contamination of soil /water resources.

Once sterilized, camelina seed should be plated immediately.
Plating the seed a day later significantly hampers the growth of
the seedlings.
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Chapter 14

GenoCAD Plant Grammar to Design Plant Expression
Vectors for Promoter Analysis

Anna Coll, Mandy L. Wilson, Kristina Gruden, and Jean Peccoud

Abstract

With the rapid advances in prediction tools for discovery of new promoters and their cis-elements, there is
a need to improve plant expression methodologies in order to facilitate a high-throughput functional
validation of these promoters in planta. The promoter-reporter analysis is an indispensible approach for
characterization of plant promoters. It requires the design of complex plant expression vectors, which can
be challenging. Here, we describe the use of a plant grammar implemented in GenoCAD that will allow
the users to quickly design constructs for promoter analysis experiments but also for other in planta func-
tional studies. The GenoCAD plant grammar includes a library of plant biological parts organized in
structural categories to facilitate their use and management and a set of rules that guides the process of
assembling these biological parts into large constructs.

Key words Synthetic biology, GenoCAD, Plant grammar, Plant expression vectors, Plant promoters

1 Introduction

The study of plant transcriptional regulation is essential not only in
basic research, to understand the function of genes and their con-
trol, but also in applied research. Since promoters are important
tools in plant genetic engineering, their identification and charac-
terization is crucial in order to supply more diversity and for finer
regulation of gene expression at the transcriptional level.
Extensive efforts have been directed to the discovery of new
promoters and their cis-elements. The availability of whole plant
genome sequences and a huge collection of plant transcriptomic
data have allowed large-scale prediction analysis of promoters and
their regulatory elements. For example, the study of gene expression
patterns under different biotic and abiotic stress led to the discovery
of more than 1000 putative cis-regulatory elements in Arabidopsis
[1]. Arabidopsis microarray data were also used by Yamamoto et al.
[2] to predict cis-regulatory elements for ABA, auxin, brassinolide,
cytokinin, ethylene, jasmonic acid, salicylic acid, and hydrogen
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peroxide. However, validation tools allowing high-throughput anal-
ysis and characterization of these novel promoters and functional
regulatory elements identified through transcriptomics and genomic
analyses are still a challenge. The biological roles of the predicted
promoters and their cis-elements have to be experimentally validated
in planta. For this, full-length isolated promoter sequences or syn-
thetic promoters containing putative cis-elements are placed
upstream of reporter genes and are transiently or stably expressed in
plants to determine their functionality.

The first critical step of the functional validation of promoter
sequences is the design of complex expression vectors. DNA
sequence editing is a time-consuming process with a high risk of
introducing errors. Moreover, to store and manage promoter
sequences and other biological parts is becoming more difficult as
the number of parts for synthetic biology increases. Therefore, there
is a need for software tools that help plant synthetic biologists
through the design of application-specific expression vectors, includ-
ing vectors for functional characterization of plant promoters.

2 Software

GenoCAD is a Computer-Aided Design (CAD) software for syn-
thetic biology that relies on the concept of context-free grammars
[3]. The grammars implemented in GenoCAD guide the design
process of application-specific expression vectors. It is a freely avail-
able, web-based tool (www.genocad.com) that provides a system for
managing genetic parts, organized according to functional catego-
ries, and which guides the user through the design by means of a set
of rules that describe how to assemble these genetic parts to produce
valid and functional constructs. It also allows the user to customize
their workspace according to the requirements of their projects.

Originally released with a default basic E. co/i grammar, today
GenoCAD includes other brand new grammars developed by
GenoCAD users [4-7]. Among them, we can find a plant grammar
organized into three different modules according to the applica-
tion of the final design, specifically promoter analysis, protein
localization, and protein—protein interaction (PPI) studies [8]. In
this chapter, we will focus on the design of constructs for in planta
promoter analysis.

3 Plant Grammar

In the following section, we will describe the procedure to design
plant expression vectors using GenoCAD (additional guidance is
available at http: //solutions.genocad.com/support,/home). We will
first present how to import and modify the plant grammar in order
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Fig. 1 GenoCAD homepage

to allow users to customize it according to the requirements of
their projects. We will then construct a plant expression vector for
promoter analysis studies as an example of how a plant vector can
be designed using the GenoCAD plant grammar.

Launching GenoCAD opens a window that offers three
options illustrated as a flow diagram (Fig. 1). In this chapter, we
will focus on the “Parts and Grammars” section, which provides
tools to import and edit the grammar and to manage the collection
of genetic parts, and the “Design Construct” section.

Registration is not required to use GenoCAD, but it is recom-
mended because it will make it possible for the user to import
grammars, store parts, and save his/her constructs. To create an
account, click the “Sign up” link on the upper right side (Fig. 1)
and fill in and submit the form.

3.1 Importing The plant grammar is publically available in GenoCAD); therefore,
the Plant Grammar we can use it to design our construct. However, before starting
into GenoCAD with the design, the users may prefer to customize the grammar

according to their needs; the GenoCAD grammar editor makes
this relatively easy. The public grammars are not editable, thus the
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Fig. 2 Importing grammars. (a) On the “Grammar” section, the “Add/Import grammar” button is marked with
the red arrow. (b) The tab to import the grammar is highlighted with a red arrow

3.2 Customizing
the Grammar

3.2.1 Editing the Rules
of the Grammar

first step is to copy the public grammar, if already available in the
system, or to import it into GenoCAD.

The plant grammar can be both copied or imported because it
is available in GenoCAD but also can be downloaded from Figshare
[8]. Once it is saved to your computer, it is very simple to import it
into GenoCAD. Log into GenoCAD.com, and head for the “Parts
and Grammars” section. Then click on the “Grammars” button,
and afterward select the “Add/Import Grammar” tab (Fig. 2a).
In the newly displayed window click the “Choose File” tab, open
the SI1Filegenocad file previously downloaded from Figshare, and
click “Import Grammar” (Fig. 2b). In this example, the imported
grammar will be named “Customized Plant Grammar”.

Using GenoCAD grammar editor, advanced users can customize
the plant grammar by adding/deleting rules and modifying their
parts library in order to meet their specific needs.

By default, the promoter route (pro) of the plant grammar includes
a set of rules that allow us to design plant expression vectors for
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promoter analysis application purposes. However, the grammar
does not provide the option of designing a simple expression
cassette segment without the whole vector. In this demonstration,
we will add a new rule to the previously imported plant grammar,
i.e. “Customized Plant Grammar”, with the aim of introducing
the option of designing an expression cassette suitable for pro-
moter studies.

In the “Grammars” section, we select the grammar we want to
modify and click the “Manage Grammar” tab (Fig. 3a). The gram-
mar editor (Fig. 3b) consists of three main sections: the
“Categories”, the “Category Details”, and the “Category Rules”.
From the “Categories” section, we select the category we want to
modify, i.e. “Promoter Analysis” (PROA). In the “Category rules”,
we can see that the category includes one single rule, npcas which
indicates that the expression cassette is composed of a native pro-
moter along with the vector where it is inserted. To modify this
route, we click the “Add Rule” button in the “Category rules”
section (Fig. 3b).

A window that allows us to define a new rule is displayed
(Fig. 4). After giving a code to the new rule, we drag and drop
categories from the list on the left to the right in order to edit the
rule. Categories can also be removed from a rule by clicking the
delete button. We will introduce the option of designing an
expression cassette for promoter studies; therefore we only need
to select the category NPCT, which is the expression cassette that
includes native promoter, transcribed region, and terminator.
Finally, click “save”.

Back to the grammar editor, we can test to see if the new rule
was properly added. In Fig. 5, we can see that the pro route offers
now two design options: an expression cassette along with a vector,
or an expression cassette segment (the new rule added).

Currently, the plant library includes several general plasmid features
commonly used for the design of expression vectors suitable for
the three in planta functional studies incorporated in the grammar.
Under gene and promoter categories, it includes specific sequences
from Solanum tuberosum group Phureja DM1-3[9] as an example.
However, non-expert users can easily add sequences of genetic
parts according to their needs. As an example, we will add the
sequence of the nopaline synthase (NOS) promoter.

In the “Library” section we select the library we want to edit, in
our case the library from the “Customized Plant Library”. With that,
a listing of the parts from our grammar’s part library, along with their
descriptions, is shown on the right side (Fig. 6a). We click the “Add
New Part” button, and a new window is displayed where we can add
the name, description, sequence, and the category of the part
(Fig. 6b). On the other hand, we can also add a list of parts at the
same time by importing a tab-delimited text file or FASTA file.
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Fig. 5 Two rules define now

the pro route. (a) Design of an expression vector for promoter analysis. (b) We

added the option of designing only an expression cassette segment with the same purposes

3.3 Designing Plant
Expression Vectors
Using GenoCAD

Here, we will illustrate how to design constructs for in planta
functional analysis studies. As it was previously mentioned, the
grammar we developed allows the user to design constructs for
three categories of experiments, i.e. promoter analysis, protein
localization, and PPI studies. As an example, we will describe,
step-by-step, how to design plant expression vectors suitable for
promoter-reporter analysis. We will demonstrate how the set of
designed rules implemented in the GenoCAD grammar guides
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Fig. 8 Step-by-step design of a plant expression vector for promoter analysis studies

non-expert users through the design of a plant expression vector to
characterize mitogen-activated protein kinase kinase 6 (MKK6)
from S. tuberosum cv. Santé [10].

From the GenoCAD main page, we go to the design wizard by
clicking on the “Design Construct” link. Following that, we first
have to select the grammar we would like to use (Fig. 7). We select
our “Customized Plant Grammar”. In the next step, the appropri-
ate library needs to be chosen. Currently, only one library exists for
the plant grammar, therefore this library is automatically selected.
Now we are ready to start the design; from the first step, we can
immediately decide which route we want to follow according to
the aim of the final construct: localization studies, PPI or promoter
analyses. To show in detail how the design works, using GenoCAD
we select, as an example, the pro route (Fig. 7).

Once we start with the promoter analysis route (see Fig. 8 to
follow the design step-by-step), we first see the rule npcas, which
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defines that our construct will enclose a vector with an expression
cassette. Subsequently (Fig. 8, step 3), two rules can be chosen:
npct or rnpct. Both rules constrain the user to design an expression
cassette with a native plant promoter (NPRO) fused to a reporter
gene (FTG) which is the minimal requirement of promoter-
reporter systems. The rule rnpct allows the user to clone the
expression cassette in reverse orientation. We select here npct rule,
which breaks down the expression cassette into a NPRO followed
by a FT'G and a terminator (TER12). The start (ATG) and stop
(STP) codons are not part of the gene sequence. They are consid-
ered as categories in order to facilitate the design of fusion pro-
teins. Therefore, the open reading frame includes a fluorescent
protein with start and stop codon. To incorporate flexibility into
the design, rules tfig, figt, lfty, and figl allow the user to add tags
and /or linker domains at both sides of reporter protein. Moreover,
there are two rules that can be used to rewrite the category TER12,
i.e. rule zerl is used to add a single terminator, and zer2 allows the
user to add a double terminator (step 4, Fig. 8).

In our example, we will fuse the fluorescent protein with an
epitope tag (ETQ) at its C-terminus for immunoprecipitation pur-
poses, and thus we click on the figz rule. Moreover, by selecting
the fig/ rule we include a linker between the FT'G and the ETG.
The final construct is shown in Fig. 9. We can always step back
through the history of the design process to make any changes.

Once all the categories of genetic parts are selected according
to the application and the needs of the user, the final step is to
select the part sequences for each category (Fig. 9a). Each part
sequence has a unique GenoCAD ID. When the users drag the
mouse over the ID, characteristics of the sequence will be shown in
order to facilitate the selection.

At the moment, the plant library allows the user to select
between four different vector backbones to clone the assembled
parts. All of them are pCAMBIA [11] minimal selection vectors
compatible with Agrobacterium-mediated plant transformation.
They contain minimal heterologous sequences for plant transfor-
mation and differ in the bacterial selection (allowing the user to
choose between chloramphenicol or kanamycin) and the plant
selection (hygromycin B or kanamycin). All vectors were opened at
the multiple cloning site (MCS) with Sa/I and BamHI restriction
enzymes. By selecting GenoCAD ID alxhh, we chose here pCAM-
BIA1200 [11] containing chloromphenicol and hygromicin resis-
tance. Since the aim of this example is to characterize the potato
promoter of MKK6 (StMKK®6), we select then the promoter of this
gene (ID alxhl) among the five plant promoters currently available
in the library, and we fused it with yellow fluorescent protein
(eYFP, ID alxgt) as a reporter protein in this example. However,
the FTGs added in the GenoCAD parts library include enhanced
YFP (eYFP), green fluorescent protein (eGFP), cyan fluorescent
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Fig. 9 Design for promoter analysis. (@) The construct includes a native promoter that controls the expression
of a fluorescent protein (minimal requirement for a construct with promoter-reporter analysis purposes); more-
over, at the C terminal of the fluorescent tag, we included an epitope tag fused by a linker. The part sequences
for each category selected in this example are marked with a red square. (b) Selecting the part sequence of
each category, we obtain the final design

protein (eCFP) and mCherry, and all have been previously tested
in Nicotiana benthamiana and S. tuberosum leaves. We then
include a short linker (ID alxgt) between the fluorescent protein
and the ETG and choose myc (Id alxgz) as ETG. The final design
is shown in Fig. 9b.

The design can be saved in GenoCAD for further work with it.
By clicking on the “Generate Sequence” tab, the sequence of the
designed construct can be exported in three different formats: a
GenBank file, a FASTA file, or a Plain Sequence file (Fig. 10).
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This sequence can now be synthesized using the service of a
DNA synthesis company, or used for designing cloning primers in
line with the chosen cloning strategy.

4 Conclusions

This chapter details how to use the plant grammar implemented in
GenoCAD, which guides the user through the design of expres-
sion vectors for in planta functional analyses. We focused here on
the design of constructs for promoter analysis purposes. However,
the grammar covers two more types of applications, i.e. protein
localization and PPI studies, and our aim is to extend it with other
functional applications interesting for plant biologists.

In our lab, we are now in the process of validation of constructs
presented in the grammar. Although all library parts have been
tested, the complete final plasmids have not yet been experimen-
tally verified for functionality.

There is no doubt that the plant grammar will reduce time and
cost of our experiments by decreasing the probabilities of errors
and facilitating the design of complex plant expression vectors that
can then be obtained using sequence-independent methods.
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Chapter 15

Bioinformatic Identification of Conserved Cis-Sequences
in Coregulated Genes

Lorenz Billow and Reinhard Hehl

Abstract

Bioinformatics tools can be employed to identify conserved cis-sequences in sets of coregulated plant genes
because more and more gene expression and genomic sequence data become available. Knowledge on the
specific cis-sequences, their enrichment and arrangement within promoters, facilitates the design of func-
tional synthetic plant promoters that are responsive to specific stresses. The present chapter illustrates an
example for the bioinformatic identification of conserved Arabidopsis thaliana cis-sequences enriched in
drought stress-responsive genes. This workflow can be applied for the identification of cis-sequences in any
sets of coregulated genes. The workflow includes detailed protocols to determine sets of coregulated genes,
to extract the corresponding promoter sequences, and how to install and run a software package to identify
overrepresented motifs. Further bioinformatic analyses that can be performed with the results are discussed.

Key words Coregulated genes, Promoter sequences, Overrepresented motifs, Cis-regulatory
sequences, Cis-elements, PathoPlant, TAIR, BEST, AthaMap

1 Introduction

Regulation of gene expression in plants is required to trigger plant
development and environmental responses. Gene expression is
regulated by a wide array of mechanisms to increase or decrease the
production of specific gene products. Almost any step of gene
expression can be regulated, e.g. transcriptional initiation, post-
transcriptional RNA processing, or post-translational modification
of a protein. The most prominent functional elements in gene reg-
ulation are transcription factors (TFs) and their corresponding TF
binding sites located within the promoters of their target genes
[1]. The TF binding sites are short cis-regulatory sequences that
are targeted by specific TFs regulating gene expression at transcrip-
tional level. In order to engineer a functional synthetic promoter
triggering the specific expression of a gene, it is crucial to include
the necessary cis-regulatory sequences for controlled gene expres-
sion [2]. Potential cis-regulatory sequences can be identified as

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
DOI 10.1007/978-1-4939-6396-6_15, © Springer Science+Business Media New York 2016
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overrepresented motifs in promoter sequences within a set of genes
expressed under specific conditions [3]. The present protocol
showcases an example describing the identification of potential cis-
regulatory sequences as overrepresented motifs in promoter
sequences from a set of coregulated genes. It includes the identifi-
cation of sets of coregulated genes, the extraction of the corre-
sponding promoter sequences, a protocol how to install and run
software to identify overrepresented motifs, and further analyses
that can be performed with the results. The approach is based on
the computational analysis of experimental expression and sequence
data. It has been successfully employed to identify numerous plant
cis-regulatory sequences responsive to biotic stresses [4] and to
identify czs-sequences enriched in promoters of genes responsive to
abiotic stresses [5].

2 Bioinformatic Identification of Conserved Cis-Sequences in Coregulated Genes

2.1 Identification
of Coregulated Genes

To determine genes being coregulated, microarrays can be
employed to simultaneously measure the expression levels of large
numbers of plant genes [6, 7]. The development of RNA-Seq
technology even enables a whole transcriptome shotgun quantifi-
cation of gene expression [8]. For the model plant species
Arabidopsis thaliana, numerous genome-wide gene expression
profile experiments have been conducted and the results are stored
in publicly available databases. While TAIR Microarray Experiments
[9] and NASCArrays [10] represent databases that have been
focusing on A. thaliana microarray data, NCBI’s Gene Expression
Omnibus (GEQO; http: //www.ncbi.nlm.nih.gov/geo/; [11]) is a
public repository for high-throughput microarray and next-
generation sequence expression data from all organisms. TAIR
Microarray Experiments and NASCArrays no longer accept new
submissions of A. thaliana gene expression datasets and have
moved their data to NCBI’s GEO. TAIR, NASCArrays, and GEO
can be used as resources to retrieve expression data to be used in
any approach for the identification of coregulated genes.

Such data were, for example, used to be implemented within
the PathoPlant database [12]. PathoPlant (http://www.patho-
plant.de/) harbors A. thaliana microarray expression data and
focuses on biotic and abiotic stress experiments [13, 14].
PathoPlant’s Microarray expression tool is available at http://
www.pathoplant.de /microarray.php and enables queries for genes
coregulated under specific stresses [ 13]. In the present example, A.
thaliana genes being coregulated under drought stress conditions
will be identified using PathoPlant to subsequently determine
overrepresented motifs within their promoters. These may act as
drought-specific cis-regulatory sequences. In the present example,
a drought experiment with shoots being analyzed after 6 h of
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drought treatment of A. thaliana seedlings from a series of drought
experiments performed by the AtGenExpress consortium is used
for the analysis [15]. Figure 1 shows PathoPlant’s Microarray
expression tool at http://www.pathoplant.de/microarray.php
where specific stresses and parameters can be selected. The upper
part of Fig. 1 illustrates the selected stress (drought-stressed shoots
6hr). The other search parameters were left as defaults with the
expression parameter induction factor being at least >4 fold for the
means from the replicates in order to identify only highly induced
genes, the Boolean operator being AND, which has no effect when
only one stress is selected, as well as not excluding genes regulated
by smallRNA. The query will be submitted by selecting the Search
button. PathoPlant returns the query results as a table specifying
the coregulated genes that match the search criteria (see Note 1).
In this result table (not shown), the genes are identified by their
locus identifier and the table additionally displays a short gene
description, the induction factor for a single experiment, the mean
induction factors from replicate experiments, the corresponding
stresses, external links and statistical information. The number of
records is displayed directly below the Search button and in this
example says “Display of 33 records representing 18 locs” (Fig. 1).
The number of records is higher than the number of loci (genes)
due to replicate experiments. By selecting the link “ 18 Jocs”, a table
with the locus identifiers is displayed. This table is shown in the
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Fig. 1 Identification of 18 drought-induced Arabidopsis thaliana genes using PathoPlant
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2.2 Extraction
of Promoter
Sequences

2.3 Screening
for Overrepresented
Motifs

lower part of Fig. 1. The gene identifiers of the set of 18 coregu-
lated genes under drought stress can be copied from this table.
Further drought-induced gene sets can be retrieved in a similar
way by selecting another of the 14 drought-stress conditions anno-
tated to PathoPlant, by combining different drought-stress condi-
tions using the Boolean operator AND, by varying the minimum
induction factor, or by altering any of the other query parameters.
A comprehensive set of 179 overrepresented motifs was identified
within the promoters of an array of 32 different drought-induced
gene sets each one consisting of 7-34 coregulated genes [5]. In this
way, PathoPlant’s Microarray expression tool can be employed for
identification of coregulated genes for all annotated microarrays
(http: / /www.pathoplant.de /documentation_microarrays.php).

In order to screen the promoters of coregulated genes for overrep-
resented motifs, the corresponding promoter sequences have to be
known. A. thalinna was the first flowering plant whose complete
genomic sequence was published [16], and since the year 2000, the
sequences of more than 100 plant genomes have been released
[17]. The genome of A. thaliana exhibits a high gene density with
relatively short intergenic regions [16]. A study analyzing SNPs
within the upstream regions of genes resulted in an estimate of
500 bp upstream of the transcription start site (TSS) for an eftective
average promoter length [18]. Nonetheless, functional cis-elements
are also be found farther away from the TSS and thus individual
promoter lengths will vary [18]. Furthermore, the TSS is not
known for every A. thaliana gene, and in order to also account for
the space of the 5'UTR, 1000 bp upstream of the coregulated
genes were extracted from the genome as promoter sequences in
the drought stress study cited above ([5]; see Note 2).

The Arabidopsis Information Resource (TAIR) offers a tool
available at https://www.arabidopsis.org/tools/bulk /sequences/
to download A. thaliana promoter sequences by submitting sets of
locus identifiers [19]. Following the example described above, the
locus identifiers of the 18 coregulated genes under drought stress
are pasted into the textbox, the dataset is set to “TAIRI0 Loci
Upstream Seq - 1000bp”, the “Search against” parameter is set to
“QGet one sequence per locus (representative gene model/splice
form only)”; and Fasta is selected as output format (Fig. 2). By
pressing the Get Sequences button, the corresponding promoter
sequences are displayed (Fig. 3; see Note 1). The sequences are
copied to a text editor and saved as a flat text file with Fasta .fas
extension (droughtshoots6hr.fas; se¢ Note 3).

For the drought stress study [ 5], the Binding-site Estimation Suite
of Tools (BEST) software package [20] was employed for de novo
identification of overrepresented motif sequences within the pro-
moters of coregulated genes under drought stress. The advantage
of BEST consists in the integration of the four different
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Fig. 3 Fasta-formatted promoter sequences from drought-induced Arabidopsis thaliana genes

motif-finding  programs MEME [21],
CONSENSUS [23], and BioProspector [24], with BioOptimizer
that takes the output of the four programs and performs an opti-
mization step on the results [25]. Furthermore, BEST provides a

AlignACE

<

[22],
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graphical user interface (GUI), which makes its usage easy and
intuitive when locally installed on a Linux operating system. A
download of the BEST software package is provided at http://
www.people.fas.harvard.edu/~junliu/BEST / including the BEST
documentation with installation instructions.

To install and run BEST, a Linux operating system is required.
To be compatible with different Linux versions, 3 versions of BEST
are provided for download (http://www.people.fas.harvard.
edu/~junliu/BEST /). Suitable Linux versions are indicated but
other or newer Linux versions should work as well. The set of 18
promoter sequences derived from Arabidopsis thaliana genes
induced under drought stress was screened using 2 BEST versions
installed on two different operating systems: BEST1.0.1 from the
file BEST1.0.1.tar.gz on a Linux SuSE 9.2 system and BEST
source code version from the file BEST.tar.gz on a Linux SuSE 9.0
system. All following steps are described only for the latter version
of BEST (see Note 4). After downloading and copying the file
BEST.tar.gz to a directory, e.g. the user’s home directory, of a
Linux SuSE 9.0 system, a terminal window of the corresponding
directory can be opened by selecting “Open Terminal” from the
file manager “Tools” menu. All files of the current directory will be
displayed by typing “Is” and the downloaded file BEST.tar.gz will
appear. By typing “gunzip BEST.tar.gz”, the file will be unzipped
to the archive file BEST.tar. Extraction of the individual files to a
newly created BEST directory will be performed by the command
“tar -xvf BEST.tar”. The command “cd BEST” changes to the
newly created BEST directory, and the BEST software package will
be installed by typing “. /INSTALL”. During the process of instal-
lation, one shall answer “n” as “no” when prompted.

Before running BEST, the droughtshoots6hr.fas file with the
promoter sequences generated previously is copied to a newly cre-
ated directory named “drought” within the BEST directory. To
run BEST, a terminal window from the BEST directory is opened
and the command “./BEST” is typed resulting in a new window
displaying the BEST GUI (Fig. 4). BEST is subsequently run with
default parameters and motif lengths of five to ten nucleotides.
The application of these parameters had previously shown to yield
optimal results with promoter sequences from A. thaliana [4, 5].
This is in accordance with the finding that most eukaryotic tran-
scription factor binding sites span 5-8 bp, whereas TF footprints
are typically 10-20 bp in size [26]. The BEST GUI displays five
buttons named “AlignACE”, “BioProspector”, “Consensus”,
“MEME”, and “BioOptimizer” to set individual screening param-
eters (Fig. 4). Pressing the button named “AlignACE” will result
in a new window to set the parameters for the AlignACE screening
algorithm (Fig. 5). In the described example, droughtshoots6hr.
fas within the BEST /drought directory is selected as input file and
the number of columns to align, which means the motif length, is
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set to 5-10 (highlighted in Fig. 5; se¢ Note 5). The AlignACE
parameters are saved by selecting the “Save Only” button. By
opening the remaining parameter windows for BioProspector,
Consensus, MEME, and BioOptimizer and selecting the “Save
Only” button, BEST takes over the parameters from AlignACE for
the other three screening programs and for BioOptimizer and set-
tings are completed. Once parameters are set for an individual
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Fig. 6 BEST Output window displaying the screening results

screening program, the corresponding button of the main BEST
GUI turns green. Five green buttons indicate that parameters for
all screening program and for BioOptimizer have been set, and the
screening is started by selecting the “RUN” button (se¢ Note 6).

After finishing the screening, BEST opens an Output window
displaying the top ten motifs (Consensus) identified within the
promoter sequences from genes induced upon drought stress
(Fig. 6). BEST produces this output table of overrepresented
motifs sorted according to their BioOptimizer scores [20]. For
each of the top ten motifs, the table displays the motif scores,
widths (W), number of predicted sites (A) and consensus sequences
from both the original motif-finding program (left columns) and
BioOptimizer (right columns) (for “From File” see Note 7). By
default, the BEST /drought directory indicated as input file directory
also harbors all the BEST screening results. The results from the
Output table displayed in Fig. 6 are automatically saved to the
file droughtshoots6hr_ BEST.Summary. The first two motifs of the
Output table within the right Consensus column show CACGTGt
and CCACGTG consensus sequences, whereas the remaining
eight motifs are comprised of polyA consensus sequences (Fig. 6).
These polyA motifs are certainly overrepresented within the pro-
moter sequences but are unlikely to be specific to promoters of
genes responsive to drought stress since plant promoter sequences
are generally AT-rich [27]. The first two motifs also harbor a com-
mon CACGTG G-box core motif [28]. The single sequences
underlying the first two motifs from the Output table are extracted
from the file droughtshoots6hr.con_7.opt.all (se¢e Note 7) and
complemented with Fasta headers to construct alignment matrices
of the motifs designated >droughtl and >drought2:

>droughtl

CACGTGT
CACGTGT
CACGTGT
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CACGTGC
CACGTGG
CACGTGT
CACGTGT
CACGTGG
CACGTGG
CACGTGG
CACGTGT
CACGTGT
CACGTGT
CACGTGT
CACGTGT
CACGTGT
CACGTGG
CACGTGT
CACGTGT
CACGTGC
CACGTGG
CACGTGG
>drought2

CCACGTG
CCACGTG
CCACGTG
CCACGTG
CCACGTG
CCACGTG
CCACGTG

3 Further Analyses

There are many different options for further bioinformatics analyses
using the identified alignment matrices. The two alignment matri-
ces can be used to compare the underlying cis-sequences or motifs
with already known ones from different databases. STAMP is a
web tool that performs such an analysis [29]. It determines motif
similarities among different submitted motifs and a comparative
analysis with known motifs and cis-regulatory sequences from an
array of publicly available databases [29]. STAMP is accessed at
http:/ /www.benoslab.pitt.edu/stamp,/ to paste the alignment
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matrices of the motifs. The databases with known plant cis-elements
that can be selected within STAMP are AGRIS [30], AthaMap
[31], and PLACE [32]. At the Similarity Matching section, one of
the three implemented plant motif databases (AGRIS, AthaMap,
or PLACE) is selected. The default values are used for all other
alignment parameters and the motifs are submitted to STAMP. The
analysis reveals that the two motifs are significantly similar to a
G-box motif and to abscisic acid-responsive elements (not shown)
that are known bZIP transcription factor binding sites and that are
associated with the plant’s abiotic stress response [28, 33-35]. The
two identified motifs therefore constitute probably functional cis-
regulatory elements responsive to drought stress and possibly
responsive to other abiotic stresses.

As the putative transcription factors recognizing the identified
motifs belong to the bZIP family of transcription factors, another
analysis on the architecture of the promoters is performed in order
to reveal the arrangement of bZIP binding sites within the pro-
moter sequences. For promoters from Arabidopsis thaliana, such
an analysis can easily be performed using AthaMap’s Gene Analysis
function that is available at http: //www.athamap.de/search_gene.
php [36]. The seven unique genes with promoters harboring the
identified motifs are extracted from the file droughtshoots6hr.
con_7.optall  (AT1G70700, AT2G33380, AT2G47180,
AT3G28220, AT3G47340, AT4G15210, AT4G23600, separated
by carriage returns) and pasted into the Genes (AGI) form at
AthaMap’s Gene Analysis function. The Upstream region is set to
-1000, the Downstream region is set to 0, and only bZIP is
selected as transcription factor family to be considered. Selection of
the Search button starts the analysis and results in a table of all
bZIP binding sites annotated to AthaMap. A graphical overview is
displayed by selecting the Show Gene Analysis graphical display
link resulting in the graphical representation of the seven promot-
ers including the positions of bZIP binding sites [37]. It reveals
that most promoters harbor three or four bZIP binding sites with
relatively long distances between them (not shown). Knowledge
on the specific cis-elements as well as their arrangement within pro-
moters will facilitate the design of functional synthetic promoters.

4 Notes

1. PathoPlant and other online databases are being updated on a
regular basis and data for the present example were retrieved in
December 2015. The results may vary when databases will be
queried at a later point in time.

2. For plant species with a lower gene density than A. thaliana,
effective promoter lengths may exceed 1000 bp upstream of
the coregulated genes and should be extended accordingly.
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3. Since the additional information added to the Fasta headers of
the promoter sequence file will not be needed for the subse-
quent analysis, it is recommended to trim the Fasta headers
and leave the sole locus identifiers by manually removing the
information on the chromosomal position and on the length
of the sequence (highlighted in Fig. 3 for the first promoter
sequence).

4. Apart from the BEST source code version, the other two ver-
sions can be installed accordingly by changing the file names
within the commands from “BEST” to “BEST1.0” or to
“BEST1.0.1”, respectively.

5. By setting the motif length to 5-10 bp when running BEST
(Number of columns to align), also motifs longer than 10 bp
may be detected in the case that nucleotides neighboring the
motif turn out to be conserved as well.

6. Depending on the number and lengths of the sequences and
the hardware performance, the screening using BEST takes
minutes to hours to be completed. The progress of the screen-
ing can be monitored within the terminal window from where
BEST was started. To perform multiple screenings at once,
several instances of BEST can be run in parallel just by opening
an additional terminal window from the BEST directory, typ-
ing the command “./BEST”, setting the screening parameters
within the BEST GUI and starting the screening by selecting
the “RUN” button.

7. The specific motif-finding programs can be deduced from the
file names indicated in the last column of the BEST Output
table. meme_ means MEME, con_ means CONSENSUS,
aa_ means AlignACE, and biop_ means BioProspector. The
directory and the file name also indicate where additional
information on the motif can be found. The given file end-
ing in .opt.sum (boxed in Fig. 6) contains the same informa-
tion stated in the Output table. An additional file ending in
.opt.all contains detailed information on the motif including
a nucleotide frequency matrix of the motif and the genes,
positions, orientations, and the sequences which the motifis
based on.
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Chapter 16

In Silico Expression Analysis

Julio Bolivar, Reinhard Hehl, and Lorenz Biilow

Abstract

Information on the specificity of cis-sequences enables the design of functional synthetic plant promoters
that are responsive to specific stresses. Potential cis-sequences may be experimentally tested, however, cor-
relation of genomic sequence with gene expression data enables an in silico expression analysis approach
to bioinformatically assess the stress specificity of candidate cis-sequences prior to experimental verification.
The present chapter demonstrates an example for the in silico validation of a potential cis-regulatory
sequence responsive to cold stress. The described online tool can be applied for the bioinformatic assess-
ment of cis-sequences responsive to most abiotic and biotic stresses of plants. Furthermore, a method is
presented based on a reverted in silico expression analysis approach that predicts highly specific potentially
functional cis-regulatory elements for a given stress.

Key words In silico validation, Crs-regulatory sequences, Cis-elements, Expression analysis, Promoter
sequences, PathoPlant

1 Introduction

Specific gene expression enables organisms to respond to endoge-
nous and environmental cues by moditying growth, metabolism,
and developmental processes. Gene expression in eukaryotes is
regulated at the transcriptional level by the binding of transcription
factors to specific cis-regulatory sequences, which constitute short
sequence motifs mainly located within the promoters of the target
genes. In plants, such motifs when being overrepresented in pro-
moters of coregulated genes can be identified as potential cis-
regulatory sequences [1]. This approach has been, for example,
applied to promoter sequences of Arabidopsis thaliana genes
expressed under specific biotic and abiotic stress conditions [2, 3].

Signal transduction is mainly triggered by MAP kinase cascades
that are involved in many different responses to various biotic and
abiotic stresses, in hormone signaling, in cell division, and in devel-
opmental processes. However, the genome of A. thaliana harbors
only 20 MAP kinases, 10 MAP kinase kinases, and 60 MAPK
kinase kinase kinases [4] resulting in a signal transduction
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bottleneck and in the necessity for the plant to converge signaling
pathways. Pathway crosstalks and overlaps in plants have been
reported by identifying several transcription factors and kinases
playing roles in different signaling pathways [5]. Crosstalks occur
between salicylic acid, jasmonic acid, ethylene, and other phyto-
hormones signaling pathways [6]. Also, pathways related to abiotic
stress tolerance and biotic resistance significantly overlap [7]. Thus,
different biotic and abiotic stresses trigger expression of overlap-
ping gene sets, and in consequence, overrepresented motifs in pro-
moters of genes coregulated under a specific stress are likely to be
potential cis-regulatory elements responsive not only to the given
stress but also to further stress conditions. This should be consid-
ered when employing cis-regulatory elements to engineer synthetic
plant promoters.

The present chapter provides a protocol to bioinformatically
propose the specific stresses a given cis-regulatory element may be
responsive to. The method is based on the correlation of promoter
sequence data with expression data from a wide array of stresses.
Itis called “in silico expression analysis” and has been implemented
with A. thaliana sequence information and microarray expres-
sion data as an online tool of the PathoPlant database [8, 9].
Furthermore, a method is presented that predicts potentially func-
tional czs-regulatory elements highly specific for a given stress by a
reverted in silico expression analysis approach.

2

In Silico Expression Analysis

Potential cis-regulatory elements may be experimentally tested for
specificity with reporter genes but this is quite laborious and time-
consuming. The in silico expression analysis constitutes a tool to
bioinformatically propose the function of given cis-sequences by
correlating occurrences of the submitted cis-sequences within pro-
moters with the corresponding gene expression data from
Arabidopsis thaliana. The tool identifies all genes harboring a sub-
mitted sequence within a defined promoter region and compares
the expression of these genes with an array of stress-related expres-
sion data. This results in a ranking of abiotic and biotic stress con-
ditions to which these genes are most likely responsive [9]. The in
silico expression analysis constitutes an online tool of the PathoPlant
database and is available at http://www.pathoplant.de/expres-
sion_analysis.php.

The sequence TACCGACAT corresponds to the Drought-
Responsive Element (DRE) that is a well-described element respon-
sive to cold, drought, and salt stress [ 10]. This should be kept as is
because the demo sequence is used in both, the in silico expression
analysis online tool as well as the present chapter. When accessing
http:/ /www.pathoplant.de /expression_analysis.php, the input form
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Validation of a short DNA promoter sequence as cis-element responsive to different biotic and abiotic stimuli by correlation of
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Fig. 1 In silico expression analysis of the cis-sequence TACCGACAT with default settings
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of the in silico expression analysis will be displayed (upper part of
Fig. 1). The sequence TACCGACAT is typed or pasted into the
field for the potential cis-sequence. The remaining parameters are
left as defaults with a promoter length of 500 nt and not excluding
genes regulated by smallRNA or by miRNA from the analysis. The
analysis starts by selecting the Search button and a table listing the
results is displayed (lower part of Fig. 1). The table lists the stresses
(Stimulus) and the means of the corresponding induction factors of
the genes that harbor the submitted sequence within the given pro-
moter region. By default, the table is sorted by the mean induction
factors and displays the stresses with the highest induction at the
top of the table. These stresses also exhibit the lowest Student’s
t-test raw p-values and Benjamini-Hochberg (BH) false discovery
rate (FDR) adjusted p-values [11] indicating the most probable
stresses the submitted sequence is associated with when occurring
within promoters. The table can be resorted by the stress
(Stimulus), mean induction factor (see Note 1), raw p-value and
BH (FDR) adjusted p-value by selecting the respective column
header. As expected, cold stress conditions are the most probable
stresses the submitted sequence is associated with followed by an
ABA (abscisic acid) stress condition (Fig. 1) and further abiotic
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stresses with a lower likelihood (not shown). This indicates that
the given sequence may be highly specific for cold stress respon-
siveness and less responsive to other abiotic stresses. Crosstalk with
biotic stress responses seems not to play a role in the case of the
submitted sequence (see Note 2).

The submitted sequence is present within the promoter regions
of 55 genes. This number is given above the result table (Fig. 1, see
Note 3) and can be selected in order to display these 55 genes.
This table of genes (not shown) can be further expanded to display
the gene descriptions. 19 genes are annotated as potentially regu-
lated by smallRNAs [12] and 10 genes potentially regulated by
microRNAs [13] (Fig. 1). These genes are shown in the gene
tables in italics (smallRNAs) and in bold (microRNAs), respec-
tively (not shown). The corresponding gene lists can be displayed
by selecting the corresponding numbers of genes (Fig. 1). These
genes sets can also be excluded from the é# silico expression analy-
sis by selecting the corresponding check boxes to analyze exclu-
sively transcriptionally regulated genes (upper part of Fig. 1).
When excluding both gene sets, the number of genes is reduced to
31 and the result table indicates higher mean induction values for
cold and other abiotic stresses (data not shown). By selecting a link
located above the result table (Fig. 1), the gene list can easily be
exported to PathoPlant’s microarray expression tool that deter-
mines the expression profile of the gene set under additional induc-
tion conditions [14]. For further analysis of the promoter
architecture, the gene list can be exported to AthaMap’s Gene
analysis tool [15]. This tool identifies the positions of predicted
transcription factor binding sites and graphically reveals their spa-
tial distribution patterns, which is very useful information when
designing functional synthetic promoters.

The result table of the in silico expression analysis (Fig. 1)
furthermore provides links (Stimulus links) to the original source
of the expression data of each stress and also states the number of
expression values used for calculating the mean induction factors
and p-values (see Note 4). The number of expression values can be
selected to show detailed information about the genes and their
individual expression values for a given stress. By selecting the
“74” of the “Cold-stressed shoots 24hr” stress condition in the
first row of the result table shown in Fig. 1, a new window shown
in Fig. 2 opens that displays the submitted sequence, the specific
stress condition, the selected promoter length, and the number of
genes present on the respective microarray. A table with the genes,
positional information from the promoter screening, and gene
expression details is also displayed (Fig. 2). In this table, the orien-
tation and relative distance refers to the distance of the first match
position to the point of reference that can either be the transcription
start site (TSS), if known, or otherwise the translation start site
(ATG). The individual and mean induction factors of each gene are
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Promoter length: 500 nt
Number of genes: 37

In Silico Expression Analysis

Gene expression details for sequence: TACCGACAT
Stimulus: Cold-stressed shoots 24hr

Gene  Orentaon | Rel.dstance | Pointofreference | 'y ° n (Ig std dev)
AT5G52310 + 24 TSS 2(0.033)
AT5G52310 P T TsS 2(0.033)
AT5G52310 + 224 Tss 2(0083)
AT5G52310 + 167 TsS 2(0.033)
AT2G47890 2369 1SS 2(0.092)
AT2G47890 2369 TSS 2(0.002)
AT1G68500 130 TsS 2(0.115)
AT1G68500 130 TsS 2(0.115)
AT1G29395 2306 TsS 2(0.01)
AT1G29395 -306 1SS 2(0.01)

" AT5G17030 442 Tss 2(0.029)
" ATSG17030 442 Tss 2(0.029)
| AT2G15070 + a1 Tss 20009

Fig. 2 Gene expression and positional details for the cis-sequence TACCGACAT under cold stress (shoots 24hr)

given as well as the number of replicates (#) and the base-10
logarithm of the standard deviation for mean induction factor
calculation of each gene. By default, the table entries are sorted
by the mean induction factors. By selecting the respective table
headers, the table can be resorted by any of the parameters in the
columns.

Identifying Specific Cis-Elements in Stress Responsive Genes

Another approach to identify cis-elements specifically associated
with abiotic or biotic stress conditions is the selection of a particu-
lar stress condition and the identification of cis-elements enriched
in the promoters of the upregulated genes. The newly developed
PathoPlant web tool “cis-elements” permits such an analysis. To
generate this web tool, a comprehensive analysis using the in silico
expression analysis algorithm [9] was conducted for a complete
screening of all possible 8mer, 9mer, and 10mer nucleotide
sequences [16] (see Note 5). Each sequence was considered to be
significantly responsive to a certain stress when displaying a positive
mean induction factor and a raw p-value below 103 in the in silico
expression analysis. These specificities were annotated to the
PathoPlant database. It turned out that only a small percentage of
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sequences is specifically responsive to a single stress, while most
sequences show responsiveness to more than one stress. There are
sequences that are responsive to several abiotic stresses only, or
others that are exclusively responsive to fungal stresses. Other
sequences are less specific showing responsiveness to abiotic and
biotic stresses [16]. In PathoPlant, all stresses were categorized in
one out of four groups: Abiotic stresses, fungal stresses, biotic
stresses excluding fungal ones, and other stresses (see Note 6).
Within PathoPlant, the online tool “cis-elements” is available
at http://www.pathoplant.de/ciselements.php and enables a
reversion of the in silico expression analysis tool described before
in order to identify potential czs-elements specifically responsive to
an individual selected stress or a group of stresses. Figure 3 shows
the result with the cis-elements tool when “Cold-stressed shoots
24hr (abiotic)” was the selected stress under the default setting.
When using the default settings, sequences with lengths of 8, 9, or
10 nt are identified (see Note 7). Additionally, selection of default
settings will identify sequences not only responsive to the selected
stress but that might also be responsive to further stresses belong-
ing to the same group of stresses. The example of Fig. 3 identified
1848 sequences with lengths of 8—10 nt as potentially responsive
to the “Cold-stressed shoots 24 hours” stress treatment. These
sequences are not exclusively responsive to the cold stress treatment
of shoots (24 hours) but may also exhibit responsiveness to further

ORI cis-clements
_ Prediction of 8mer, 9mer, 10mer cis-elements responsive to a given stimulus,
© - accession no

- plant

. Stimulus [Group]: (Cold-stressed shoots 24 fabiotic] ]
: @ default setting
molecule efault settings
0 advanced settings

- interaction
Moy opesin | = G
IRSHEGBGRSSGBHANSS 15+ soquoncos responsive 1o Cod-stressed shoots 24
| cis-elements Further sequence specificity for abiotic stimuli, not for biotic stimuli, not for fungi stimuli, not for other stimuli

SO

Number of ¢ ovalue | Number of abiotic [Number of iotc |Number o fungi |Number o other
PYali® | ctimui stimuli stimuli

stimuli

—
Gt

accgacqtg cacgtcggt |36 3.893/1.385¢-28 14

'—_accgacatca tgatgteqgt 21 5.355 1.196e-21 12

gtcggteta tagaccgac |40 4.046 4.554e-21 6

cacqtegg cegacgtg 1119 1.901/9.390e-19|5
tgtcggtaa ttaccgaca |59 2,679 3.124e-18 6

atgtcggtca tgaccgacat|22 4.98 |2.2326-16/13

gaccgacata tatgtcggtc|22 4.1653.363e-15/13

ccaaaatatc gatattttgg| 129 1.762|5.506e-14 |5

ctttgccgac gtcggeaaag|36 2.881/6.437e-14(13

gatattttca tgaaaatatc|178 159 |1.533-135

acgtegge gecgacgt (101 1.872/1.951e-136

ol|lo|lo|lo|lo|lo|l0 O|l0|OC|O
ol|lo|lo|lo ||| o OO | O
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Fig. 3 Identification of specific cis-elements responsive to cold stress (shoots 24hr) with default settings
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abiotic stresses. Therefore, only sequences with further cross-
responsiveness specificity for abiotic stresses, but not for biotic,
fungal, or other stresses (as summarized above the table) are shown
with the individual results in the result table (Fig. 3). This is also
illustrated by the table displaying the individual results stating the
cross-responsivenesses of the identified sequences in the four right
columns (“Number of abiotic stimuli”, “Number of biotic stim-
uli”, “Number of fungi stimuli”, “Number of other stimuli”) by
giving the total number of stresses the sequence or its reverse com-
plement sequence (Sequence rev. compl.) is responsive to (Fig. 3).
In addition to the sequence and its reverse complement sequence,
the table displays the number of genes that harbor the sequence
within their promoters, the mean induction factor (mean) for the
selected stress as well as the raw p-value calculated by the in silico
expression analysis. The most probable specific sequences appear at
the top of the table as it is sorted by the p-values by default, but it
can be resorted by any other of the column parameters by selecting
the corresponding column header.

The advanced settings of the “cis-elements” online tool can
be used to identity potential cis-sequences that are highly specific
to only one given stress. When selecting “Cold-stressed shoots
24hr (abiotic)” as stress and selecting the advanced settings,
“exclusive for selected stimulus” can be selected (all “Further
sequence specificities” shall be deselected before), and when leav-
ing 8—10 nt as sequence length, 728 sequences exclusively respon-
sive to the stress condition “Cold-stressed shoots 24hr” will be
displayed (Fig. 4). The table shows that all sequences are respon-
sive to only one abiotic stress, i.c. the submitted cold stress
(shoots 24hr), and are not responsive to any further stress (Fig. 4,
right columns of the table).

The cis-elements online tool’s advanced settings may also be
employed to search for sequences that display an intended cross-
specificity in the responsiveness with other stresses. For example,
abiotic stresses are associated with the plant hormone ABA [17,
18], and the ABA stress treatment belongs to the group of the
other stresses within the cis-elements online tool. When selecting
“Cold-stressed shoots 24hr (abiotic)” as stress and selecting abi-
otic stress (abiotic stimuli) and additionally other stresses (other
stimuli) as further sequence specificity as well as leaving the 8—-10 nt
as sequence length (Fig. 5), 565 sequences will be displayed that
are responsive to the selected cold stress condition and are also
specific for at least one of the other stresses (Fig. 5), a group which is
mainly comprised of plant hormone stress treatments (sec Note 6).
The sequence TACCGACAT that was described as sample sequence
of the in silico expression analysis before is found among the result-
ing sequences (highlighted in Fig. 5). The sequences of the table
are directly linked to the in silico expression analysis tool to display
the individual stresses the sequence is responsive to. Selecting the
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Fig. 4 ldentification of specific cis-elements responsive to cold stress (shoots 24hr) with settings for highest

specificity

sequence TACCGACAT will result in the identification of cold
stresses, ABA stress, and further abiotic stresses as shown in Fig. 1.

Although the sequences of the cis-elements online tool is based
on the in silico expression analysis of all possible 8mer, 9mer, and
10mer nucleotide sequences, the tool only identifies those
sequences occurring within Arabidopsis thaliana promoters that
result in gene sets for which the stress-specific expression can be

determined.

4 Notes

1. The mean values of the result table of the in silico expression

analysis are normalized in order to adjust the varying overall
expression levels resulting from the individual experimental
stress conditions. A table indicating the normalization factors
of the stress experiments can be displayed by selecting a link at
the bottom of the result table (not shown).

2. Although PathoPlant’s expression data cover a wide array of

146 different stresses, it cannot be excluded that there may
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Fig. 5 Identification of specific cis-elements responsive to cold stress (shoots 24hr) with settings for cross-
responsiveness to other stresses

exist crosstalk with further stresses that have so far not been
experimentally analyzed or have not yet been annotated. The
Documentation of PathoPlant lists all microarray experiments
available for the analysis at http://www.pathoplant.de /docu-
mentation_microarrays.php.

3. When shorter or AT-rich sequences are submitted to the in silico
expression analysis, promoters of too many genes may be identi-
fied resulting in an unreliable analysis due to the reduced stress
specificity of large gene sets. In such a case, the promoter length
shall be reduced to 250 nt to yield fewer genes to be analyzed.
In the opposite case, the number of genes to be identified can be
increased by selecting 1000 nt as promoter length.

4. The number of expression values used to perform the in silico
expression analysis often exceeds the number of genes with
promoters harboring the submitted sequence due to experi-
mental replicates. In the example shown in Fig. 1, the 55
genes that harbor the sequence to be analyzed within their
promoters correspond to 74 expression values for most
stresses. These replicates increase the analysis accuracy since


http://www.pathoplant.de/documentation_microarrays.php
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most gene-stress combinations are represented by more than
one expression value.

. For 8mer nucleotide sequences, 4%=65,536 possibilities, for

9mers 4°=262,144, and for 10mers 4°=1,048,576 possible
sequences exist. As the in silico expression analysis considers
occurrences of sequences in promoters in sense and antisense
orientation, direct and reverse complement sequences yield the
same results which halves the number of sequences to be
screened. For the screening, the promoter length to be ana-
lyzed was set to 500 nt.

. Fungal stresses outgroup from other biotic stresses and were

consequently classified separately. The group of other biotic
stresses is comprised of bacterial and viral stresses. Abiotic
stresses are primarily drought, cold, salt, osmotic, and heavy
metal stresses. Mainly plant hormones belong to the group of
other stresses. The classification of the stresses is stated within
squared brackets in the “Stimulus (Group)” drop-down list of
the cis-elements tool (upper part of Fig. 3).

. To compile the data for the cis-elements online tool, only

8mer, 9mer, and 10mer nucleotide sequences were screened
since cis-regulatory elements are typically eight to ten nucleo-
tideslong. The online tool allows the identification of sequences
with all these lengths (810 nt) by default, but the search can
also be restricted to a length of 8, 9, or 10 nucleotides in order
to yield length-specific sequences.
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Chapter 17

FootprintDB: Analysis of Plant Cis-Regulatory Elements,
Transcription Factors, and Binding Interfaces

Bruno Contreras-Moreira and Alvaro Sebastian

Abstract

FootprintDB is a database and search engine that compiles regulatory sequences from open access libraries
of curated DNA cis-elements and motifs, and their associated transcription factors (TFs). It systematically
annotates the binding interfaces of the TFs by exploiting protein-DNA complexes deposited in the Protein
Data Bank. Each entry in footprintDB is thus a DNA motif linked to the protein sequence of the TEF(s)
known to recognize it, and in most cases, the set of predicted interface residues involved in specific recog-
nition. This chapter explains step-by-step how to search for DNA motifs and protein sequences in foot-
printDB and how to focus the search to a particular organism. Two real-world examples are shown where
this software was used to analyze transcriptional regulation in plants. Results are described with the aim of
guiding users on their interpretation, and special attention is given to the choices users might face when
performing similar analyses.

Key words Bioinformatics, Transcription factor, DNA binding, DNA motif, PSSM, Protein domain,
Promoter, Cis-element, Database, Open-access

1 Introduction

Transcription is a central process in gene expression. It is modu-
lated primarily by the binding of regulatory proteins called tran-
scription factors (TFs) to short DNA sequences, called cis-regulatory
elements. DNA recognition is a flexible mechanism, since most
TFs can usually distinguish a collection of non-identical DNA
binding sites (DBSs), which in turn define a DNA-binding motif
(DBM). Position-specific scoring matrices (PSSMs) are a common
way of representing DBMs, which in their simplest form tally the
observed nucleotide frequencies at each position of the motif [1].
DBMs are also frequently plotted as sequence logos, which graphi-
cally summarize the binding preferences of TFs [2], as shown in
Fig. 1. These are convenient models that hide some known com-
plexities of TFs but are still useful. For instance, columns in a DBM
might be correlated and thus not accurately modeled by a PSSM,

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
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Fig. 1 Typical representations of DNA motifs. (a) Multiple alignment of DNA bind-
ing sites recognized by a TF, usually cis-elements located in different promoters.
The motif core is in upper-case. (b) Position-specific scoring matrix in TRANSFAC-
like notation. The last column is the consensus. (¢) Sequence logo, with base
heights proportional to conservation across sites

which usually features independent columns. Moreover, the alignment
of cis-elements in order to derive motifs has several pitfalls: (1)
both DNA strands must be considered; (2) short DBSs are easily
misaligned, particularly if structural constraints are not considered
[3]; and (3) mismatches are common due to TF binding plasticity.
Nevertheless, because of their simplicity, PSSMs are usually the
preferred representation of protein—-DNA binding models.

Experimental methods to identify DBSs are technically chal-
lenging and have been traditionally limited to determining cis-
regulatory sites for one TF at a time. Among such protocols are
DNA footprinting, chromatin immunoprecipitation (ChIP) or elec-
trophoretic mobility shift assays, which yield high quality data despite
their low throughput [4-6]. These approaches are being replaced by
higher throughput protocols such as protein binding microarrays,
HT-SELEX, ChIP-chip, or ChIP-Seq techniques [7-10]. These
procedures often produce large volumes of raw sequence data, which
must be pre-processed and filtered in order to derive DBMs employ-
ing a variety of recipes [11, 12]. Eventually, resulting PSSMs are
collected and annotated in databases.

In addition, a number of algorithms have been developed in
order to predict and annotate DBSs within genomic sequences.
Some of them try to discover them de novo by detecting overrep-
resented DNA motifs [13-15]. Others use previously known
experimental DNA binding data to localize similar regions in
genomes by sequence and PSSM alignments or machine learning
techniques [16-19].
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Fig. 2 DNA-binding interface of PDB complex 9ANT (Antennapedia in complex with a cis-element) as
annotated by 3D-footprint. Inter-atomic distances are calculated among atoms of amino acid side chains and
nitrogen bases, and a matrix of interactions generated. Interface residues, in upper case, are extracted to show
the DNA-binding interface core
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Fig. 3 (a) Histogram of the length of cis-elements recognized by non-redundant monomeric proteins in TF-DNA
complexes deposited in the PDB and annotated in 3D-footprint as of July 2015. (b) Sequence logos of experimen-
tally determined binding sites of plant transcription factors LEAFY (fop) and VRN1 (bottor) (available in foot-
printDB). Note that both PSSMs contain highly conserved sub-motifs with interleaved degenerate sequences

Other experimental approaches focus on characterizing the
interface residues of TFs, those in charge of recognizing the nucle-
otide bases of DBSs (Fig. 2). Besides site-directed mutagenesis
[20, 21], the most accurate methods are X-ray crystallography and
NMR studies of protein-DNA complexes. The resulting structures
are maintained and published at the Protein Data Bank (PDB),
and can also be exploited to infer structure-based DBMs [22-27].
An exhaustive analysis of these complexes shows that individual
DNA-binding proteins typically bind a nucleotide segment three to
ten bases long (Fig. 3a). However, TFs usually identify target sites
in conjunction with other proteins. For this reason, biologically
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relevant motifs most often correspond to protein multimers or
multi-domain TFs, which bind longer, contiguous regions in the
DNA sequence as shown in Fig. 3b for two plant TFs.

To facilitate the analysis of DNA—protein interactions, research-
ers can take advantage of in silico tools for designing experiments
and engineering DNA-recognition. In this chapter, we describe
footprintDB, a database that compiles experimental data of thou-
sands of TFs and their DNA motifs. FootprintDB has two main
applications: (1) the prediction of TFs able to bind novel DNA
motifs and (2) the prediction of DNA motifs for uncharacterized
TFs. The first search type is illustrated with two protocols and their
application to a real research problem concerning transcription fac-
tors predicted to regulate a set of co-expressed Arabidopsis thali-
ana promoters. For the second kind of query a generic protocol is
also presented and then applied to the study of a stress-related
promoter sequence in rice.

2 Materials

2.1 FootprintDB

A

footprintDB | footprintDB Sequence Search Form

Webcome 1o footpriniDB

The only resources required to replicate the analysis described in
this chapter are an Internet connection and a web browser. These
will suffice to learn how to use footprintDB and associated tools,
which are now presented.

FootprintDB is a meta-database that integrates several open access
repositories of curated cis-elements, DNA motifs, and TFs into a
unique repository (http://floresta.eead.csic.es/footprintdb, Fig. 4)
[28]. The May 2015 release includes the following databases:

B
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Fig. 4 FootprintDB web interface. (a) Main page. (b) Search form
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JASPAR, 3D-footprint, HumanTEF, HOCOMOCO, FlyZincFinger,
UniPROBE, ArabidopsisPBM, AthaMap, DBTBS, RegulonDB,
DrosophilaTF, and EEADannot. JASPAR is the reference source of
curated TFs and DNA motifs derived from published collections of
experimentally defined DBS for eukaryotes [29]. 3D-footprint anno-
tates cis-elements captured in protein-DNA complexes deposited in
the PDB [26]. UniPROBE (Universal PBM Resource for
Oligonucleotide Binding Evaluation) hosts data generated by univer-
sal protein binding microarrays (PBM) with proteins from a diverse
collection of organisms [30]. The remaining repositories provide
experimentally supported DBMs for specific organisms and taxa,
such as HumanTF and HOMOCOMO for human [31, 32],
RegulonDB and DBTBS for bacteria [33, 34], Athamap and
ArabidopsisPBM for A. thaliana [35, 36], or DrosophilaTF and
FlyZincFinger for fruit fly [37, 38]. Finally, EEADannot is a manu-
ally curated set of plant data compiled in our laboratory.

Available DNA-binding data for plant TFs are scarce, and for
this reason Athamap and ArabidopsisPBM collections, as well as
EEADannot, are valuable resources for plant promoter analysis
and cis-element discovery. We note that commercial database
TRANSFAC annotates also a repertoire of plant DNA motifs [39],
but a subscription fee is required. Other valuable plant-specific
resources such as PLACE and AGRIS were considered. However,
while the former contains single DBSs without annotated binding
TFs, most of the data in the latter are already annotated by other
resources like JASPAR and AthaMap [40, 41].

FootprintDB handles redundant data deposited in several
repositories by annotating unique entries with multiple references
to the original sources. The underlying database can model com-
plex scenarios in which a single TF binds to several DBMs or where
the same cis-element is targeted by multiple TFs.

All in all, footprintDB currently contains 3095 unique TFs,
4646 PSSMs, and 18,840 DBSs (July 2015). Each data entry can
be searched by name, identifier, sequence, or other descriptors and
visualized in a data sheet format including footprintDB annota-
tions (see examples in Fig. 5). Of these, the current release contains
275 non-redundant DNA motifs from plant TFs, which have also
been recently included in the RSAT::Plants server (se¢ Note 1,
http://plants.rsat.eu). RSAT::Plants is a software suite that inte-
grates a series of modular computer programs designed for the
detection of regulatory signals in non-coding sequences [42]. The
ArabidopsisPBM and HumanTF collections have also been
exported to the MEME suite, which includes a compendium of
similar tools (http://meme.nbcr.net) [43].

FootprintDB supports two kinds of queries: (1) TF sequences
and (2) DNA motifs or sites (Fig. 6). TF sequence searches, using
protein sequences as input, retrieve all similar TFs found in the
database by performing local sequence alignments with BLASTP [44].
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Fig. 5 Example of typical footprintDB data entries: (a) Transcription factor bZIP910. (b) A DNA motif of cis-
elements recognized by bZIP910
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Fig. 6 The two main queries supported by the footprintDB search engine

DNA queries, giving as input DNA motifs in PSSM format or
individual DNA sequences, retrieve all similar motifs found in the
database using STAMP tool for the alignments [45]. Additionally,
search results can be filtered by source database, organism or pro-
tein domain, and can be saved for later use.

Users can also upload collections of TFs and DNA motifs into
footprintDB, keeping the data for private use (default) or making
it publicly available. The footprintDB search engine can also be
accessed programmatically using a SOAP web services interface.
These and more possibilities are further explained in the software
documentation.
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Only few organisms have available experimental TE-DNA
binding data in the literature. For this reason, footprintDB searches
can be extended to third-party organism proteomes, allowing search
results to be extrapolated to a particular organism of interest. For
example, we can use a known A. thaliana TF that might bind con-
served cis-elements in promoters of overexpressed genes and then
find its homologues in the proteome of Oryza sativa, if we are inter-
ested in conducting an experiment with rice. According to our
benchmarks, homologous TFs from difterent species are more likely
to bind a similar DNA motif when their interfaces are similar [28].

In order to evaluate the contents of footprintDB, the initial
2013 release was compared to subscription-based TRANSFAC
2012.1, and a high degree of redundancy was found among TFs
and DBMs stored in both repositories, as detailed in Note 2 [28].

TF protein sequences have their DNA interfaces annotated in
footprintDB. That means that residues involved in the recognition
of nucleotide bases are predicted based on homology to proteins
that take part on three-dimensional protein-DNA complexes
annotated in the 3D-footprint database (se¢ Note 3, http://flo-
resta.eead.csic.es/3dfootprint) [26]. FootprintDB lists the PDB
accessions for these complexes, making it possible to produce
structure-based alignments of cis-elements and to compare bind-
ing interfaces with the TFcompare web server (see Note 4) [3].
DNA binding protein domains are also annotated by scanning
sequences against PFAM domains [46]. Check Fig. 5 for the content
of a typical entry of the database.

3 Methods

3.1 DNA Motif
Search in FootprintDB

The first run mode of footprintDB takes a DNA motif, cis-element
or DNA site as input. This kind of search is useful when we have data
about DNA sequences (or a single sequence) recognized by an
unknown DNA-binding protein and we want to predict TFs able to
interact with them. In the next lines we explain how to feed a DNA
motif or site in footprintDB and how to interpret the results using as
example the Antirrbinum majus motif called “bZIP910” (Fig. 5b),
originally annotated in the JASPAR database [29, 47].

1. First, if you have a footprintDB account, log in to store your
searches and reuse them.

2. Click on the “Start Search” button or in the “Search Sequences”
link on the left menu at http: //floresta.eead.csic.es /footprintdb.

3. Enter a name for the job and, optionally, an email address if
you desire to receive the results by email.

4. Choose as input type “DNA sites or motifs” and the number
of results that you desire in “Limit number of results per
query” field.
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5. Enter your DNA sites or motifs in the text area or upload them
from a file. The accepted formats are FASTA and TRANSFAC
(some simplifications of the original TRANSFAC format are
also accepted). In the present example, we will use the example
data by choosing “bZIP910 DNA Binding Motif in
TRANSFAC-like format” and clicking the “Demo” button. A
matrix with “bZIP910” TF binding preferences will be shown
automatically in the text area.

6. To start the search, press the “Search” button.

Additionally, options on the footprintDB search form such as
“Order results by” or “Color results using twilight thresholds” can
be changed (see Note 5). Search can also be limited by organism,
source database or Pfam domains (see Note 6). Clicking on “Search
for homologues in a selected proteome” displays additional param-
eters which will be explained later in the Subheading 3.2.

Among the obtained results, shown in Fig. 7, we notice that
the first one is the query itself (the demo “bZIP910” is a regular

footprintDB results for Demo
Query: bZIP910 (JASPAR CORE) mTGACGT
X 2 STAMP Motil = Binding Interface Pfam
footprintDB template Source Organisms i pr—— footprinDB PWW | Consensus proteins r—— i
MAD0GE: bZIP910 JASPAR 2014 Antirrhinum majus 10812 | 70047 AC.TCAk Show Show Show
AC.TCAk proteing Interfaces domaing
TGAZ_X:TGA2 ArabidopsisPBM Arabidopsis thaliana 3.0e-10 BATIT ACCTCARL Show Show Show
20140210 kACGTCAKC A otein interfaces domains
MFD00Z: bZIP CREBIG- JASPAR 2014 METAMODEL. B9¢-10 | 599/6 ACTCRk METAMODEL.
bosx-like subclass AC.TCA-
CHREM_f1; CREM HOCOMOCO v Homo saplens 1.8e-00 67817 ACTCAk Show Ehow Show
Mus musculus ;ACGTCAbys proleing interfaces gdomains
XBP1_DBD_2: XBP{ HumanTF 1.0 Homo sapiens 96e-090 | B.85/7 ~AC-TCRk Show Show Show
wr k- mCAC-TCRk: prolging | inieraces B
¥BP1_DBO_1: ¥BP1 HumanTF 1.0 Homa sapiens 11e-08 | BIEIT ----ACGTCAk Show Show Show
-aT-ACSTCREC proteing | inferfaces gdomaing
MADSEE: TGAT JASPAR 2014 Arabidopsis thaliana | 1.4e-08 65417 AC . TCRk Show Show Show
hyAC-TCAbsm roleing interfaces domains
AZ: TGAZ Arabidopsis thaliana | 1.8e-08 | 6.52/7 -==RAC-TCRk Show Show Show
20140210 rTGACGTCRY proleing Inferfaces gdomaing
MADZ86; CSTE JASPAR 2014 Saccharonyces 26e-08 B3TIT --AC - TCAk Show Show Show
cerevisiae t kAC TCRAY proteing interfaces domaing
TGAT TGAT Athamap Arabidopsis thaliana 28e-08 BBSIT AC . TCRAk Show Show Show
20081028 t aaCoTCAbS aw proleing | interface: domains

Fig. 7 Example of results for the “bZIP910” DNA motif search in footprintDB. Note that slightly different versions of
A. thaliana motifs TGA 1 and 2 are reported. Results can vary in future versions of footprintDB
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footprintDB entry), together with a list of transcription factors
that are reported to bind very similar DNA motifs. Each row con-
tains additional information about the motif alignment (E-value
and similarity scores, se¢ Notes 5 and 7), source organism and links
to the original source, the motif datasheet in footprintDB, the
annotated binding proteins, their binding interface residues and
their binding protein domains. By clicking on “Show interfaces”
and “Show domains” in the result table it can be seen that the
results share a common DNA-binding interface (R[KL]x[SQK]
NR[ev][SA]Axx[SCA]RxRK) within the Basic Leucine Zipper
domain. Note that predicted binding residues are in uppercase in
the consensus.

As illustrated in the previous section, a regular DNA search can
give us valuable information about a novel DNA cis-element or
motif by comparing it to similar motifs annotated in foot-
printDB. However, often we are interested in finding a list of tran-
scription factors that most likely bind that DNA motif in a specific
organism. For example, we might know an abiotic stress cis-
element in the Antirrhinum majus genome (bZIP910) and we
want to test rice TFs that potentially bind this sequence. For this
purpose, we can extend the footprintDB search by selecting a spe-
cific target proteome:

1. Repeat the steps 1-5 of DNA motif search explained on
Subheading 3.1.

6. Click on the link “Search for homologues in a selected pro-
teome” to expand proteome search options and select from
the list of available proteomes “Oryza sativa—MSU6.1” or
upload a FASTA file with the desired proteome.

7. Click on the “Search” button to start the search.

Results look like a regular DNA motif search, but footprintDB
entries with homologous proteins within the rice proteome are
shown on the top of the list, and entries without rice homologues
at the bottom with the legend “NO HITS”. Click on the link
“Show Oryza sativa—MSUG6.1 homologues” displayed below
high-ranking results on the leftmost column to expand a list of
significant BLASTP hits (homologues) found in the proteome.
Each one contains information about the binding interface and
alignment scores with the footprintDB TF sequence. In the
bZIP910 example, rice homologues show conserved interface resi-
dues and common DNA-binding domains as expected. Following
these results, experiments can now be designed to test whether
these TFs actually bind a bZIP910-like motif in our conditions of
interest, thus reducing the search space from around fifty thousand
rice transcripts to a few dozens of footprintDB predictions.
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3.3 Protein
Sequence Search
in FootprintDB

3.4 In Silico
Prediction

of Transcription
Factors

for Co-expressed Gene
Promoters in A.
thaliana

For most putative TFs in sequence databases, there is little or no
information regarding their DNA binding preferences. In these
cases, we can look for homologous TFs annotated in footprintDB
and transfer their curated DNA binding data. To illustrate this type
of search in footprintDB we will take the amino acid sequence of
bZIP910 TF from A. majus (Fig. 5a), extending the examples of
the previous two sections.

1. Repeat the steps 1-3 listed in Subheading 3.1.

4. Choose as input type “Proteins” and set the wished number of
results in the “Limit number of results per query” box.

5. Enter the protein sequences in the text area or upload them
from a file in FASTA format. In the present example, we will
use the demo data by choosing “bZIP910 Protein Sequence in
FASTA format” and clicking the “Demo” button. The protein
sequence will be shown automatically in the text area.

6. Press the “Search” button.

As previously, search can be limited by organism, source data-
base or Pfam domains (se¢ Note 6). Additionally, results can be
ordered by E-value (see Note 7) or interface similarity (sec Note 8).
As expected, the first reported TF is bZIP910 and all remaining
TFs belong to the same “bZIP domain” family, share similar inter-
face residues and recognize G-box (CACGTG) and C-box
(GACGTC) motifs related to the cognate bZIP910 consensus: a
G-box/C-box hybrid (GACGTG) [29, 47]. As illustrated in
Subheading 3.2, an organism-specific proteome can be chosen or
uploaded to retrieve homologous proteins only from desired
species.

Let us review a recent study where 32 co-expressed drought-
responsive A. thaliana gene clusters were analyzed [48 ]. One of the
aims of this work was the identification of transcription factors
involved in drought response regulation and their experimental
validation. This is an application of the protocol in Subheading 3.2.
To achieve this goal, gene expression profiles in a large A. thaliana
microarray set were clustered and upstream sequences (1 Kb from
transcription start site) of genes in each cluster searched for signifi-
cantly overrepresented short DNA sequences. The chosen tool for
motif discovery was BEST (http://www.people.fas.harvard.
edu/~junliu/BEST), a meta-predictor which combines different
motif-finding programs [49]. Out of 179 motifs discovered, 15
putative regulatory sequences were selected to scan a large library
of A. thalianna TFs — called REGIA (see Note 9)—in a yeast one-
hybrid experiment. Here the first of these sequences (shootslhr_9,
CTCCACGTGC) is further used to demonstrate the performance
of footprintDB when looking in the A. thaliana proteome for TFs
binding similar DNA targets:


http://www.people.fas.harvard.edu/~junliu/BEST
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1. Repeat the steps 1-4 of DNA motif search explained in
Subheading 3.1. Set “Limit number of results per query” to
100. Paste the DNA sequence (see Note 10).

5. Select from the list of available proteomes “Arabidopsis thali-
ana—regia” and set the BLASTP E-value threshold to 1E-10
(see Note 7) in order to reproduce the search strategy of the
work of Dubos et al. [48]. Note that TRANSFAC 2012.1 was
also used as a database on that project, but unfortunately that
repository cannot be offered to footprintDB users due to
license restrictions.

6. Click on the “Search” button to launch the job.

If the specific proteome search option is turned off, the first
plant TF is ranked 10th (MYC4 from JASPAR database, but it can
vary in future versions). However, when the REGIA proteome is
selected MYC4 is ranked first on the list of results, together with
other TFs that in the preliminary search appeared lower in the
rankings (see Note 11). Homologous TFs from REGIA can be
visualized by expanding the link “Show Arabidopsis thaliana—
regia homologues”, with binding interfaces highlighted. In this
example, the top MYC4 homologues share the interface motif [ns]
HV[ev]AE[rk][qr]RRekIn(X)12[vi][st][kr]Mdk.

Beyond this example, an important result of the Dubos et al.
study [48] was the systematic comparison of computer predictions
and the Y1H results for all 15 cis-elements under study. First, it
turned out that in silico TF predictions failed to correctly identify
binding proteins whenever footprintDB contained no proteins
with significantly similar DNA motifs (STAMP E-value > 1E-3, see
Note 7). In other words, footprintDB can successfully predict TFs
for input DNA motifs only if significantly similar motifs are already
annotated in the databases. Second, in five cases where this
occurred, footprintDB included the experimentally determined
TFs among the predictions. However, it also incorporated a num-
ber of TFs which are false positives. In summary, as long as the
interface is similar, footprintDB will retrieve TFs from the same
family, even if they are not expressed or they do not bind the cis-
element under the studied experimental conditions. Figure 8 illus-
trates the agreement between in silico and yeast one-hybrid TF
predictions for shootslhr_9 as in the original article by Dubos
et al. (including TRANSFAC search results) [48].

In this last example, taken from Serra et al. [50], we show how
footprintDB can be used to identify target cis-elements of a TF of
interest. This is an application of the protocol in Subheading 3.3.
In that work some experiments were performed to unveil the regu-
lation of rice gene OsRMC under high salinity conditions. Thus, a
salt-induced rice ¢cDNA expression library was constructed and
subsequently screened using the yeast one-hybrid system and the
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A fOOlPﬁ.ﬂtDB in silico Yeast One-hybrid B = footprintDB m yeast one-hybrid w both
predictions predictions Bl
s w 70
o
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AT1G45249, AT2G36270, AT4G30980, AT1G59640 T e 50
AT3G62090, AT1G02340, AT1G68920, AT2G42300 5§
AT1G10120, AT1G59640, AT3G07340, AT2G18300 SE 0
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Fig. 8 Comparison of footprintDB in silico predictions of binding TFs and yeast one-hybrid experimental results
within a library of cloned A. thaliana TFs for the cis-element “shoots1hr_9”. (a) Example TF predictions by both
methods, with common ones in green. (b) Chart comparing all unique and common TF predictions obtained

with both methods

OsRMC promoter as bait. As a result, OSEREBP1 and OsEREBP2,
two putative TFs of the AP2 /ERF family, were identified to bind a
648 bp region of the OsRMC promoter. In a first approach, the
OsRMC promoter sequence was scanned with DNA motifs in the
PlantPAN database, which included curated data from PLACE,
TRANSFAC 7, AGRIS, and JASPAR 2008 databases [40, 41, 51—
53]. Several potential DBSs were identified in the promoter win-
dow, but none of them contained the GCC box typical of ERF
specificity. This section explains how footprintDB was used to
design subsequent experiments which confirmed the precise loca-
tions of GCC-like cis-elements in this promoter:

1. Visit UniProt (http://www.uniprot.org) and download the
amino acid sequences of rice proteins OsEREBP1 and
OsEREBP2, which correspond to accessions Q6K7E6 and
Q5N965 respectively. OsEREBP2 has only been partially
annotated and for that reason appears as “AP2 domain tran-
scription factor-like”. Scroll down the respective UniProt
pages, locate the “Sequence” section and download the
sequences in FASTA format.

2. Repeat the steps 1-4 of Subheading 3.3.

6. Paste the downloaded sequences in FASTA format, name the
job and select “Athamap” and “3D-footprint” as databases
(see Note 6).

7. Press the “Search” button.

The best candidate motif retrieved from Athamap and
3D-footprint are ERF4 (plus other ERF-like TFs) and lgcc A,
respectively. Both are related motifs that contain the GCC box and
their cognate TFs have all their interface residues conserved.
OsEREBP1, OsEREBP2, ERF4, and 1gcc_A have the following
common consensus interface: [iv]R[qk]RpWg[kr]|xaaEiRdp(x)4-
5RvWlgt. The DNA motifs of ERF4 and lgcc_A TFs were


http://www.uniprot.org/
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subsequently used to locate the most likely cis-elements within the
OsRMC promoter using tools from the RSAT::Plants web server.

1. Click on ERF4 and 1gcc_A links in the “footprintDB PWM?”
column from the previous results and download their PSSMs
in TRANSFAC-like format.

2. Download the OsRMC gene promoter region from the origi-
nal Serra et al. paper [50] (see Note 12).

3. Go to RSAT::Plants server (http://plants.rsat.ecu), and select
from the left menu: “Pattern-matching—matrix-scan (quick)”.

4. Paste the OsRMC promoter sequence in FASTA format and
the two motif matrices selecting TRANSFAC format from the
menu.

5. Select “Background model estimation method—Organism-
specific” and “Oryza sativa IRGSP” with sequence type
“upstream-noorf”. Leave other parameters with default
values.

6. Click on “GO” button to start the calculations.

Among the obtained results, the cis-sequence TGCCTGCTC,
found by both input motifs with coordinates -481 and -473,
showed binding activity to OsEREBP1 and OsEREBP2 proteins
in electrophoretic mobility shift assays (EMSA) [50].

In this chapter we have presented some examples and real case
studies in plants of the possibilities of footprintDB, a unified and
open-access online database designed for the analysis of transcrip-
tion factors and their genomic DNA targets. The main value of
footprintDB is probably the integration of a variety of libraries of
curated DNA motifs and their associated TFs, which have been
increased and updated since the original publication, and in addi-
tion, the systematic annotation of interfaces residues of the corre-
sponding TFs. FootprintDB has an open source philosophy,
encouraging scientists to contribute with their DNA-binding data
to the expansion of the database.

The footprintDB search engine allows querying the database
for unknown TFs that are likely to bind input DNA motifs, and
also the opposite (Fig. 6). In silico predictions can save time and
money when designing laboratory experiments to probe TF DNA
binding specificities as in the study cases shown. Search results can
be valuable as reported or taken for further analysis in external
tools such as RSAT::Plants, TFcompare, etc.

While footprintDB stores data for a variety of organisms, here
we have demonstrated typical use cases on plants, reviewing real-
world problems that we have encountered with our collaborators.
We hope the examples described here can aid other users with
related research problems.


http://plants.rsat.eu/
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4 Notes

1. Due to the drastic increase of available genomes and to improve

maintenance and update tasks, RSAT has recently divided in
taxon-specific servers, one of them plant specific [42].

. TRANSFAC (BIOBASE) is a subscription database with

curated annotations of transcription factors, experimentally
proven binding sites, and the corresponding PSSMs [39].
Additionally, TRANSFAC contains annotation of miRNA and
their target sites, together with functional annotations of TFs,
predicted promoter binding sites, and additional software tools
for DBS prediction and discovery. A comparison between
TRANSFAC version 2012.1 and footprintDB initial version
showed a high degree of data redundancy between both data-
bases, which shared around 71% of motifs (STAMP
E-value <1E-10) and 56% of TFs (% sequence identity >90).
Additionally, some internal redundancy was detected in both
databases, accounting for 20-25% of DBMs and 43-45% of
TFs. These values indicate that a large proportion of the under-
lying experimental studies focus on a small number of regula-
tion-related protein families, and that probably there are still
many families and cis-elements to be discovered.

. 3D-footprint is a database which provides estimates of binding

specificity for all protein-DNA complexes available at the Protein
Data Bank [27]. Each complex in the database is dissected to
draw interface graphs and footprint logos, and two complemen-
tary algorithms are employed to characterize binding specificity.
Moreover, oligonucleotide sequences extracted from literature
abstracts are reported in order to show the range of variant sites
bound by each protein and other related proteins. 3D-footprint
is updated and curated on a weekly basis.

. If three-dimensional structures of two DNA-protein com-

plexes of the same family are available, it is possible to compare
their binding interfaces by a structure-based alignment. This
can be done by feeding TFcompare server (http://floresta.
eead.csic.es/tfcompare) with the PDB identifiers from two
protein-DNA complexes [3]. It first extracts individual DNA-
binding protein domains to calculate their optimal fit and then
returns their structural alignments. The superposition of pro-
tein chains is used to generate the structure-based alignment of
the bound DNA sequences. As a result, nucleotides that are
recognized by equivalent interface residues in both complexes
are aligned together. The resulting DNA alignment does not
rely in the nucleotide sequences and differs in many cases from
a pure sequence alignment. This kind of alignment makes
sense only for binding domains, not for the whole protein, and
for this reason the original structures are trimmed according to


http://floresta.eead.csic.es/tfcompare
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their PFAM-defined domain boundaries. All DNA-contacting
domains from the first structure are aligned to those in the
second and produced alignments are scored in terms of the
number of identical superposed nucleotides and the sum of N9
(nitrogen 9 in purines) and N1 (nitrogen 1 in pyrimidines)
atom pairs within 3.5 A.

. Results are sorted by default by STAMP E-value, but can also

be sorted on computed DNA similarity. By default rows in the
results table are colored after the alignment quality thresholds
reported previously [3]. Motifs returned to the user are shown
with a green background when the obtained score is above the
twilight zone; otherwise the background is in red. While the
twilight cut-ofts were calculated on a large set of alignments, it
is still possible that a correct alignment turns out in red.

. “Multiple Organisms” can be selected by pressing the Ctrl key,

as well as “Original Databases” and “Pfam domains”. The
option of restricting the search by “Organisms” should be used
with caution because some TFs and DNA motifs are not associ-
ated to a specific species.

. The Expect value (E-value) is an estimate of the number of

false-positive results we can expect by chance when searching a
database. For example, an E-value of 1 can be interpreted as
meaning that in a database of the current size one might expect
to see 1 match with a similar score simply by chance. The lower
the E-value, or the closer it is to zero, the more probable that
a match is a true positive and not a random result. Short
sequences have a higher probability of occurring in the data-
base purely by chance, that is why short DNA searches usually
yield larger E-values than protein ones.

. Interface similarity can be useful to score candidate protein

sequences within a proteome of interest. This variable takes
values from 0 to 100 % and captures the sequence similarity of
residues possibly involved in specific DNA recognition. In our
benchmarks with human, A. thaliana and E. coli TFs [28], the
interface similarity of correct predictions was significantly
higher (~70%) than the similarity of all aligned TFs (~50%).

. REGIA (REgulatory Gene Initiative in Arabidopsis) was an

EU-funded project involving 29 European laboratories with
the objective of determining the function of virtually all tran-
scription factors from the model plant A. thaliana [54]. The
REGIA consortium provided a normalized full size TF library
(more than 800 full length ORFs cloned) available to the scien-
tific community for screening for additional interactions, par-
ticularly with non-TF proteins.

In the experiment by Dubos et al. [48], two types of input
were tested: single cis-elements and PSSMs compiled from a
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group of aligned cis-elements. In this context single elements
yielded fewer false positives, although our benchmarks suggest
that PSSMs produce more accurate alignments than individual
sequences [3]. We therefore recommend trying both inputs
if possible.

Looking for homologous proteins in A. thaliana (or any other
target species) helps filtering results, as it favors higher rank-
ings for TFs with homologues in the chosen proteome, which
are more likely to be true predictions.

OsRMC corresponds to gene 0OS04T0659300 of the
International Rice Genome Sequencing Project (IRGSP,
http://rgp.dna.aftrc.go.jp/IRGSP). The promoter fragment
used in the original Serra et al. paper can be retrieved with help
from RSAT::Plants (http://plants.rsat.eu). On the left menu
select “Sequence tools—retrieve sequence”, set “Organism”
to “Oryza sativa IRGSP”, choose “Gene” selection and paste
“0S04T0659300-01”. Leave all other options with default
values except “From” and “To”, which should be set to -1321

and -674, respectively.
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Chapter 18

RSAT::Plants: Motif Discovery Within Clusters of Upstream
Sequences in Plant Genomes

Bruno Contreras-Moreira, Jaime A. Castro-Mondragon, Claire Rioualen,
Carlos P. Cantalapiedra, and Jacques van Helden

Abstract

The plant-dedicated mirror of the Regulatory Sequence Analysis Tools (RSAT, http://plants.rsat.cu)
offers specialized options for researchers dealing with plant transcriptional regulation. The website con-
tains whole-sequenced genomes from species regularly updated from Ensembl Plants and other sources
(currently 40), and supports an array of tasks frequently required for the analysis of regulatory sequences,
such as retrieving upstream sequences, motif discovery, motif comparison, and pattern matching.
RSAT::Plants also integrates the footprintDB collection of DNA motifs. This protocol explains step-by-
step how to discover DNA motifs in regulatory regions of clusters of co-expressed genes in plants. It also
explains how to empirically control the significance of the result, and how to associate the discovered
motifs with putative binding factors.

Key words Co-expression, DNA motif, Position-weight matrix, Upstream sequence, Cluster

1 Introduction

Transcriptome data (microarrays, RNA-seq) have been extensively
used as a proxy for genetic regulation in many organisms, as the anal-
ysis of genome-wide profiles of gene transcription under different
treatments uncovers clusters of genes with correlated behaviors,
which may result from direct or indirect co-regulation. A classical
application of this approach was done by Beer and co-workers [1]
with yeast microarray data sets obtained in a variety of experimental
conditions. In that experiment, expression data-mining was demon-
strated to be an effective strategy for finding regulons, groups of
genes that share regulatory mechanisms and functional annotations.

Other studies have unveiled that the outcome of these
approaches largely depends on the genomic background of the
species under study. For instance, Sand and others [2] reported
that the significance of DNA motifs discovered in Saccharomyces
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cerevisine promoters is much higher for regulons than for random
gene sets of the same sizes, but for human promoters the signal-to-
noise ratio is almost null, because random gene sets give highly
significant motifs due to heterogeneities in promoter compositions
and biases due to repetitive elements. For metazoans, it is thus a
real challenge to distinguish bona fide motifs from noise [2]. These
observations suggest that motif discovery on sequence clusters
faces intrinsic properties of the genomes under study, regardless of
the software used for the task.

Among plants, these strategies have so far been tested on the
model Arabidopsis thaliana, and they have been successfully
applied to the identification of novel czs-regulatory elements vali-
dated with synthetic promoters [3]. Yet, with the exception of this
model, these sorts of experiments have not been possible in plants
until recently. In spite of this, the growing list of available plant
genomes encourages these analyses in combination with expres-
sion profiles obtained from either microarray or RNA-seq data
sets, as in the recent work of Yu and collaborators [4], provided
that the following factors are considered:

e Plant genomes are rich in repetitive elements (RE) distributed
along the genome [5], which pose particular problems for
motif discovery statistics (violation of the independence
assumption).

e Current genome assemblies range from 119.7 Mbp (A. thali-
ana) to 6.48 Gbp (Triticum aestivum). Brachypodium dis-
tachyon, a model species for grasses, is 271.9 Mbp. The quality
of these assemblies and their RE content is also quite variable,
as shown in Fig. 1 and Table 1.

e Upstream regions, defined by annotated gene coordinates, are
also of variable length, going from 1,123 bp on average in
A. thaliana to 1,856 bp in Aegilops tauschii (see Table 1).

This chapter presents a step-by-step protocol for the task of
discovering and annotating DNA motifs in clusters of upstream
sequences for species supported by RSAT::Plants, which have been
obtained mostly from Ensembl Plants (http://plants.ensembl.
org) [6], but also include data from the JGI Genome Portal
(http://genome.jgi.doe.gov) [7], and the National Institute of
Agrobiological Sciences in Japan (http://barleyflc.dna.affrc.
go.jp/bexdb) [8]. In addition, RSAT::Plants integrates foot-
printDB (http://floresta.cead.csic.es/footprintdb) [9], a collec-
tion of position-specific scoring matrices (PSSM) representing
transcription factor binding motifs (TFBM), as well as their cog-
nate binding proteins, which can be used to annotate discovered
motifs and to predict potentially binding transcription factors, as
illustrated in Chapter 17.


http://plants.ensembl.org/
http://plants.ensembl.org/
http://genome.jgi.doe.gov/
http://barleyflc.dna.affrc.go.jp/bexdb
http://barleyflc.dna.affrc.go.jp/bexdb
http://floresta.eead.csic.es/footprintdb
http://dx.doi.org/10.1007/978-1-4939-6396-6_17
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Fig. 1 Genome size of some plant species annotated in RSAT::Plants, showing the fraction of Ns and repeat-
masked segments. “Ns” are stretches of uncharacterized nucleotides which often connect assembled
sequence contigs. “Repeat-masked” segments are sequences with significant similarity to plant repetitive
DNA sequences, which are masked in order to calculate background oligonucleotide frequencies. The full
dataset is available at http://plants.rsat.eu/data/stats. Most genomes have been downloaded from Ensembl
Plants [6]. The yeast genome (S. cerevisiag) is plotted as a reference model organism

Discovering regulatory elements within natural genomic
sequences is certainly an important scientific goal on its own, but
can also be part of the design and validation of synthetic promot-
ers. We envisage at least two applications in this context:

1. The characterization of promoters of genes with known expres-
sion properties, which can then be used to engineer the expres-
sion of genes of interest.

2. The validation of engineered promoters in order to make sure
that they contain the expected regulatory elements, which
might be natural or engineered, depending on the
application.
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2 Materials

This protocol requires disposing of:

1. A computer with any Web browser installed.

2. A set of gene clusters from any of the species currently sup-
ported at RSAT::Plants (http://plants.rsat.eu, sec Note 1).
Here, we will use three example clusters of co-expressed maize
genes, shown in Table 2 (see Note 2). More generally, expres-
sion data can be obtained from Gene Expression Omnibus
(http:/ /www.ncbi.nlm.nih.gov/geo) [10] and used to pro-
duce gene clusters of plant genes (see Table 3).

3 Methods

3.1 Collecting the
Full Set of Promoters
for the Genome

of Interest

The following protocol enumerates the steps required to discover
DNA motifs, based on the over-representation of k-mers (oligonu-
cleotides) and dyads (spaced pairs of oligonucleotides), in clusters
of upstream sequences. The protocol comprises two stages, analyz-
ing first co-expressed genes and then random clusters as a negative
control (see Note 3). Only after both stages have been completed,
it is possible to objectively estimate the relevance of the results.

The time required for carrying out the following steps is
approximately 1 h.

Before the proper analysis of the gene cluster, we will retrieve the
promoter sequences ofall the genes of the organism ofinterest,which
will serve below to estimate the background model.

1. Open a connection to the RSAT::Plants server. It can be
reached at http://plants.rsat.ecu and also at http://floresta.
eead.csic.es/rsat. On the left-side menu, select “Sequence
tools — retrieve sequence”.

2. Choose “Single organism —Zea_mays.AGPv3.29” for the
examples of this protocol (see Note 1). At the time of publica-
tion this corresponds to Ensembl Plants release 29, but that
might change over time.

3. Choose “Genes —all”; this will retrieve all upstream sequences
of the maize genome.

4. Set appropriate upstream bounds. Default values are 2000,
-1. To replicate the work of Yu et al. [4] these should be set to
“From” -1000 “To” +200, with position 0 corresponding to
transcriptional start sites (TSS). Beware that TSS positions in
plant genomes often correspond to start codons, probably due
to incomplete annotations.


http://plants.rsat.eu/
http://www.ncbi.nlm.nih.gov/geo
http://plants.rsat.eu/
http://floresta.eead.csic.es/rsat
http://floresta.eead.csic.es/rsat
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Clusters of maize (Zea mays) genes used along the protocol, extracted from the published work of
Yu et al. [4]. Experimentally verified regulatory motifs of these clusters are shown

Cluster
name

Gene IDs

ABI4

E2F

WRI1

Number of
Confirmed motif sequences
GCGCRSGCGGSC 16
TTCCCGCCA 18
CGGCGGCGS 56

GRMZM2G025062 GRMZM2G053503

GRMZM2G069082 GRMZM2G069126
GRMZM2G069146 GRMZM2G076896
GRMZM2G081892 GRMZM2G124011
GRMZM2G129674 GRMZM2G142179
GRMZM2G169654 GRMZM2G172936
GRMZM2G173771 GRMZM2G174347
GRMZM2G175525 GRMZM2G421033

AC197146.3_FG001 GRMZM2G017081

GRMZM2G021069 GRMZM2G037700
GRMZM2G057571 GRMZM2G062333
GRMZM2G065205 GRMZM2G066101
GRMZM2G075978 GRMZM2G100639
GRMZM2G112074 GRMZM2G117238
GRMZM2G130351 GRMZM2G139894
GRMZM2G154267 GRMZM2G162445
GRMZM2G327032 GRMZM2G450055

AC210013.4_FG019 GRMZM2G008430

GRMZM2G009968 GRMZM2G010435
GRMZM2G010599 GRMZM2G014444
GRMZM2G015097 GRMZM2G017966
GRMZM2G022019 GRMZM2G027232
GRMZM2G028110 GRMZM2G035017
GRMZM2G041238 GRMZM2G045818
GRMZM2G047727 GRMZM2G048703
GRMZM2G064807 GRMZM2G068745
GRMZM2G074300 GRMZM2G076435
GRMZM2G078779 GRMZM2G078985
GRMZM2G080608 GRMZM2G092663
GRMZM2G096165 GRMZM2G098957
GRMZM2G107336 GRMZM2G108348
GRMZM2G111987 GRMZM2G115265
GRMZM2G119865 GRMZM2G122871
GRMZM2G126603 GRMZM2G126928
GRMZM2G132095 GRMZM2G140799
GRMZM2G148744 GRMZM2G150434
GRMZM2G151252 GRMZM2G152599
GRMZM2G170262 GRMZM2G181336
GRMZM2G311914 GRMZM2G312521
GRMZM2G322413 GRMZM2G325606
GRMZM2G343543 GRMZM2G353785
GRMZM2G409407 GRMZM2G439201
GRMZM5G823135 GRMZM5G827266
GRMZM5G831142 GRMZM5G835323
GRMZM5G870606 GRMZM5G882378
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3.2 Analyzing
Upstream Sequences
of Co-expressed
Genes

Table 3

Number of high-throughput sequencing expression data sets available at
Gene Expression Omnibus (http://www.nchi.nlm.nih.gov/geo) as of
January, 2016

GEO RNA-seq
Taxon series
Metazoa 4.869
Homo sapiens 1,911
Fungi 398
Saccharomyces cevevisine 167
Viridiplantae 649
Arabidopsis thaliana 235
Zea mays 62
Oryza sativa 51
Bacteria 415
Archaea 12
Total 6,378

5. We recommend to tick the option “Mask repeats”, as plant
genomes are frequently repeat-rich (see Fig. 1 and Table 1; the
maize genome contains 78 % of REs). This option should not
be used if you suspect that the transcription factors of interest
bind to repeated sequences.

6. Press “GO” and wait until the retrieve-seq result page is dis-
played (see Note 4). The results include the executed com-
mand and a URL to the “sequences” file, which must be saved.
We will refer to this URL as “all.fasta.URL”. This FASTA-
format file can also be stored as a local file on your computer,
but note it can be rather large (52 Mb in this example).

We will now retrieve the upstream sequences of a cluster of co-
expressed genes, and use peak-motifs to discover exceptional motifs
in their promoters. The tool peak-motifs was initially conceived to
discover motifs in ChIP-seq peaks, but it can also be used to ana-
lyze other sequence types, as illustrated here.

1. Choose cluster E2F from Table 2, copy the corresponding
gene IDs (last column) and paste them in a new text file that
you will store on your computer. Insert newline characters
between genes (see Note 5).


http://www.ncbi.nlm.nih.gov/geo
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2. In the left menu of the RSAT server, click on “retrieve
sequence” to get a fresh form. Make sure that the option
“Genes —selection” is activated and that the right organism, in
this case “Zea_mays.AGPv3.29”  is selected. Tick “Mask
repeats”, and set the same size limits as for the whole collection
of promoters: from -1000 to +200. Paste the list of IDs of
your gene cluster (one gene ID per row).

3. Press “GO” and wait a few seconds until the result page is dis-
played. Inspection of these sequences might reveal N-masked
sequence stretches, which correspond to annotated repeats.
Save both “query genes” and “sequences” files to local files on
your computer, we will refer to them as “cluster.genes” and
“cluster.fasta” later on this protocol.

4. Press the “peak-motifs” button. The peak sequences section is
automatically filled with a link to the selected cluster sequences.

5. Add a title for this job, such as “E2F cluster”.

6. On the right side of “Peak sequences”, under Control
sequences, paste the “all.fasta. URL” on the “URL of a
sequence file available on a Web server” entry.

7. Click on “Reduce peak sequences” and leave both fields blank
(“number of top sequences to retain” and “cut peak sequences”)
to avoid having the sequences clipped.

8. Click on “Motit discovery parameters”. Select two algorithms:
“Discover over-represented words” (oligo-analysis) and
“Discover over-represented spaced word pairs” (dyad-analysis).
Uncheck the program position-analysis (se¢ Note 6).

9. Click on “Compare discovered motifs with databases” and
select appropriate databases which will be used to annotate any
found motifs. For plant promoters, we recommend to check
“footprintDB-plants”, but you can also check other databases
such as “AthaMap”, “ ArvabidopsisPBM”, and “ JASPAR plants”
(see Note 7). You can also upload your own collection of DNA
motifs in TRANSFAC format.

10. Click on “Reporting Options”. Set “Origin” to “end” and
“Offset” to —200 (see Note 8).

11. Select output type (display or email) and press “GO”.

12. After few seconds the server should have uploaded the
sequences and display a page with the URL of the future result
page. You can already click on this link: the result page will be
periodically updated to show the progress of the analysis. At
the end of the processing, a box will appear at the top of the
result page, with a short summary of the discovered motifs,
and links to different sections of the results. Once the job is
complete click on the link [Download all results (peak-
motifs_archive.zip)] to save the results on your computer.
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You will later be able to uncompress this archive in order to
check the result after its removal from the server (results are
only available on the server for 7 days after job completion).

We also recommend downloading the full set of discovered

motifs, by clicking on the link [Download all matrices (trans-

fac format)] and saving a local file named “cluster.motifs.tf”.

This file contains all motifs in the form of position-weight

matrices (PWMs) in TRANSFAC format.

On the result page, the section entitled “Discovered motifs
(with motif comparison)” lists the discovered motifs, displays their
sequence logos and their distribution along clustered sequences, in
addition to top matches with the motif databases selected in step
9. The top motifs found by oligo-analysis and dyad-analysis are
reported in Table 4.

3.3 Negative Control:  In this section, we propose a procedure to obtain an empirical esti-
Random Groups mation of the rate of false positives, by discovering motifs in the
of Genes promoters of genes picked up at random.

1. On the left-side menu of RSAT::Plants select “Build control
sets »random gene selection”.

2. Choose “Organism —Zea_mays.AGPv3.29” for the examples
of this protocol.

Table 4
Top hexamers and dyads enriched on the E2F cluster of maize upstream sequences and a random
cluster of the same size

Cluster Type Motif exp_freq occ exp_occ occ_P occ_E occ_sig
E2F Hexamer gcggga 0.00046 37 6.65 3.1e-16 6.5¢-13  12.19
E2F Hexamer  cgggaa 0.00031 28 4.55 1.1e-13 2.2¢-10 9.66
E2F Hexamer  cccgec 0.00072 36 10.49 5.7¢-10 1.2¢-06 593
Random Hexamer  cttcga 0.00032 15 4.78 0.00014  2.9¢-01 0.53
Random Hexamer ccaaaa 0.00083 27 12.16 0.00016  3.4e-01 0.47
Random Hexamer aacacc 0.00046 18 6.78 0.00025  5.2¢-01 0.28
E2F Dyad gegnfl}gaa 0.00036 31 521 1.3¢-14 2.6¢-10 9.58
E2F Dyad ggen{l}gga 0.00062 40 8.79 1.3¢-14 2.7¢-10 9.57
E2F Dyad ggen{2)gaa 0.00042 27 6.00 2.9¢-10 6.1e-06 5.22
Random Dyad accn{8}aaa 0.00055 23 7.66 5.7¢-06 1.2¢-01 091
Random Dyad aatn{3}aaa 0.00126 39 17.95 1.1e-05 2.4e-01 0.62
Random Dyad cttn{2}gac 0.00027 15 3.87 1.4e-05 2.9¢-01 0.53

Abbreviations: exp_freq expected relative frequency, occ observed occurrences, exp_occ expected occurrences, occ_P
occurrence probability (binomial), occ_E E-value for occurrences, occ_sig occurrence significance
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3.4 Validating Motifs
by Scanning Promoter
Sequences

3. Set “Number of genes” to the size of one of the sample clus-
ters on Table 2. For instance, the size of the negative control
sets would be 18 for cluster E2F, 16 for cluster ABI4, and 56
for cluster WRIL. For convenience, in this tutorial only one
random group is generated (the default), but this utility can
generate several random groups in one go (see Note 9).

4. Press “GO” and click the “Next step” button “retrieve
sequences” at the bottom of the result page. In the retrieve-seq
form, set the other parameters as above: from -1000 to +200,
check the “Mask repeats” option and press “GO”.

5. Save “query genes” and “sequences” files to local “random.
genes” and “random.fasta” files and repeat steps 4-11 of
Subheading 3.2. The top motifs found by oligo-analysis and
dyad-analysis on such a random cluster are reported in Table 4.

This part of the protocol is devoted to validating sequence motifs
discovered by their over-representation, which are scanned against
the original sequences from which they were discovered, plus,
optionally, orthologous sequences from a related species (see Note
10). The first goal of this section is to check whether the discovered
motifs show patterns of occurrence along promoter sequences, and
to see how many cluster sequences actually harbor them. This can
be done empirically by comparing the results of expression-based
motifs with those of shuffled motifs, with columns permuted, which
play the role of negative controls. A second goal is to investigate
whether these regulatory motifs are conserved on orthologous pro-
moters of a related plant, Sorghum bicolor in this case study.

1. On the left-side menu select “Comparative genomics —get
orthologs-compara”.

2. Choose “Reference organism —Sorghum bicolor” for the
maize example.

3. Upload file “cluster.genes” generated in step 3 of
Subheading 3.2. Press “GO” and finally press “retrieve
sequences” on the next screen.

4. Repeat steps 4-6 of Subheading 3.1 but now select Sorghum
bicolor as organism. Save “sequences” to local file “cluster_
orths.fasta”.

5. 0On the left-side menu select “Build control sets
—permute-matrix”.

6. Upload “cluster.motifs.tf” (obtained in step 12 of
Subheading 3.2) and press “GO?”. Save the results file as “clus-
ter.motifs.perm1.tf” (see Note 11).

7. Select “Pattern matching —matrix scan (full options)”.

8. In the sequence box paste the contents of “cluster.fasta” and,
optionally, “cluster_orths.fasta”, if you wish to assess motif
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3.5 Interpretation
of Results

conservation. Alternatively, steps 7-12 can be performed sep-
arately with maize and S. bicolor sequences.

9. Upload file “cluster.motifs.tf” and select “TRANSFAC”
format.

10. In the “Background model” section select Markov order 2 and
choose “Organism-specific »Zea_mays.AGPv3.29”. Press “GO”.

11. Save the “Scan result” file as “cluster.scan.ft” and press the
“feature map” button to draw a map of the matched motif
instances.

12. Repeat steps 6-11 using the set of permuted PWMs “cluster.
motifs.perm1.tf” and save the results as “cluster.perm1.scan.tf”.

The last stage of the protocol is the interpretation of results, which
requires having at hand results of both clusters of co-expressed genes
and random clusters, which play the role of negative controls.
Figure 2 summarizes the results of clusters in Table 2 compared to 50
random clusters of the same size. There are three types of evidence to
look at, which will be discussed with the examples in this figure.

e The distributions of motif significance yielded by oligo-
analysis (A, E, 1) and dyad-analysis (B, F, ]J). Motifs discovered
in random clusters (grey bars) typically have significances
below 4. The motifs found in ABI4 and WRII clusters (black
bars) are not more significant than those of random gene sets
of the same sizes. The reason for having significant motifs in
the random gene sets may result from the occasional presence
of low complexity motifs, which should not be considered as
reliable predictions. In contrast, the most significant oligomer
found within E2F upstream sequences clearly supersedes those
of random clusters, and a very similar motif is reported by
dyad-analysis, with a lower but still strong significance. For this
reasons, E2F motifs can be considered as promising
predictions.

e Danels A, E and I also show the comparisons between some
motifs returned by peak-motifs and those reported by the
authors of the reference experimental study [4]. They used
MEME as motif discovery tool. For E2F and WRI1 the different
motif discovery tools return similar motifs (logos) with some
differences in the matrix width and in the conservation at some
positions. Note that this protocol did not produce any motifs
matching the binding sequence reported by Yu et al. [4].

e The distributions of scanning scores (C, G, K) show to which
extent motif matches in upstream sequences of both maize
genes and their S. &icolor orthologues (dark boxes) depart from
matches of permuted matrices (lighter boxes, se¢ Note 11),
used here as negative controls. On these boxplots, the horizontal
bars indicate the median score of all the predicted sites in a
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Fig. 2 Summary of motif discovery results with three clusters of maize genes (ABI4, top; E2F, middle; WRI1,
bottom) used along the protocol (Table 2). Dark bars correspond to clusters of co-expressed genes, grey bars
to 50 random clusters of genes drawn from the maize genome. Maximum significance of oligo-analysis (A, E,
l) and dyad-analysis (B, F, J) motifs. The sequence logo of motifs reported by each algorithm is shown on top,
indicating the number of sites used to compute it and the Ncor score of the comparison to the expected motif
(bottom) (see Note 12). Note that the oligo-analysis sequence logo of E2F was trimmed to fit in the panel, the
original has width = 20. Panels C, G, K show the scores of discovered motifs when scanned back to the original
maize upstream sequences and sequences from orthologous genes in Sorghum bicolor. Here dark bars are the
reported PWMs, while the grey bars correspond to permuted PWMs. Panels D, H, L show the Ncor scores of
discovered motifs when compared to annotated PWMs in footprintDB. A full report including cluster MYB59 can
be browsed at http://plants.rsat.eu/data/chapter_expression_clusters

given set of promoter sequences, and the shaded rectangles
show the interquartile range, i.c. the extent between the 25th
and 75th percentiles. In the example, the results for E2F motifs
confirm their relevance (Fig. 2g): the interquartile range of the
E2F cluster (dark rectangle) is clearly separated from the corre-
sponding rectangle of the random selections (gray box). For
the ABI4 cluster (Fig. 2¢), there is a noticeable overlap between
the interquartile boxes of the cluster and the random gene
selections. Besides, the random selections show several “outli-

»

ers” (circles) indicating sites predicted with high matching
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scores. Even though the mean scores are clearly higher for the
actual cluster, the results may thus not be considered very sig-
nificant. WRI1 results show a somewhat intermediate situation,
where the interquartile boxes show a moderate overlap, but the
random gene selections frequently bear relatively high-scoring
sites (circles) for the discovered motifs.

The distributions of scores in footprintDB (D, H, L)
describe how similar the discovered motifs are when com-
pared to motifs (PWMs) annotated in foot-
printDB. Similarities are measured by the normalized
correlation score ( Ncor, see Note 12). In each example 50
random sets of promoters were analyzed with peak-motifs,
and the discovered motifs compared to footprintDB. The
black bar indicates the best matching score for the original,
expression-based gene clusters, and the corresponding logo
is overlaid on the histogram. For E2F and WIRI, the best
matching motifs correspond to the motifs experimentally
confirmed by Yu et al. [4]. However, in both cases motifs
discovered from random gene selections present even better
matching scores with some motif database. This result indi-
cates that the matching score between a discovered motif
and a repository, while essential for annotation purposes
(identifying putative factors for a given gene cluster), is not
particularly helpful in order to distinguish relevant
expression-supported motifs from PWMs constructed from
random sequence clusters. For ABI4, the best-scoring
matches correspond to phytochrome interacting factors.
These proteins belong to the bHLH family of transcription
factors and there are many annotated motifs for them in
databases such as footprintDB.

In summary, motifs discovered in promoters of co-expressed

genes should always be evaluated based on a combination of com-
plementary criteria:

1. The primary key of interpretation is the significance reported

by the motif discovery algorithms. This significance has to be
interpreted by comparison with the results obtained in random
promoter sets of the same size as the gene cluster of interest
(negative controls).

. Sequence scanning permits to predict putative binding sites,

but the matching scores should be evaluated relative to ran-
domized motifs (column-permuted).

. Comparison between discovered motifs and databases of

known TF-binding motifs suggests candidate transcription fac-
tors which could intervene in the co-regulation of the co-
expressed cluster.
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4 Notes

1. As gene models can change from one assembly to another it is
important to use the right assembly version, which is indicated for
each genome in Table 1. If the assembly of interest is not available
on the RSAT::Plant server, please contact the first author.

2. Twelve clusters of maize genes, found to be co-expressed in 22
transcriptomes and enriched on Gene Ontology terms (http://
geneontology.org) [11], were analyzed in detail by Yu et al.
[4]. First, they discovered potential regulatory motifs within
their upstream sequences, and then they performed electro-
phoretic mobility shift assays (EMSA) to confirm them. Table 2
shows three of those clusters which are used in this protocol.
For each cluster a list of gene identifiers is given next to the
EMSA-confirmed motifs. The remaining clusters were left out
for being too small, as the statistical approaches in this proto-
col require at least ~10-15 genes. Cluster MYB59 was left out
due to space restrictions but its results can be browsed at
http://plants.rsat.eu/data/chapter_expression_clusters/

3. A crucial parameter to evaluate the results of motif discovery is
to estimate the rate of false positives (FP). RSAT programs
compute a significance score, which is the minus log of the
expected number of false positives (e-value=10-#"). For
example, a motif associated with a significance of 1 should be
considered as poorly significant, since on average we would
expect 1071=0.1 false positives, i.e. one FP every ten random
trials. In contrast, a significance of, e.g. 16 is very promising,
since on average such a result would be expected every 10716
random trials. However, the theoretical significance relies on
the correctness of the background model (computed here as
k-mer and dyad frequencies in the whole set of promoters). In
some cases, sets of plant promoters can deviate from the theo-
retical model, due to heterogeneity of the input (e.g. inclusion
of repetitive sequences). The negative control consists in
measuring the significance obtained by submitting a random
selection of promoters from the organism of interest (maize in
the example). Although each of these genes is likely to be regu-
lated by one or more transcription factors (and its promoter
should contain corresponding binding sites), in principle the
random set as a whole should not be co-regulated, so that the
elements would differ from gene to gene, and there should
thus be no over-represented motif in their promoters.

4. Should the connection to the server interrupt it might be safer
to go back and choose “email” as delivery option. The mail
message provides a link to the data, which is actually stored at
the server.


http://geneontology.org/
http://geneontology.org/
http://plants.rsat.eu/data/chapter_expression_clusters/
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10.

11.

12.

. Itis crucial to have one gene ID per row for submitting queries

to retrieve-seq, because only the first word of each row is con-
sidered as a query.

. This program is generally relevant when analyzing sets con-

taining a large number of sequences such as ChIP-seq peaks or
genome-wide promoter sets.

. Plant transcription databases are unfortunately still very frag-

mentary, so one might be tempted to check more complete
collections such as footprintDB or JASPAR core all. However,
the results should be interpreted with caution, because there is
no conservation of cis-regulation between plants and other
kingdoms of the tree of life.

. The option “Origin” indicates the reference position relative

to each sequence (start, center, or end). When this option is set
to “end”, the coordinates are computed relative to the end of
the sequence, with negative values indicating upstream loca-
tion. The option “Offset” enables to shift the reference point
by a given number. For the current example, setting the offset
to —200 will give coordinates from —1000 to +200, the 0 cor-
responding to the TSS.

. Clearly, more than one random cluster should be evaluated, as

suggested in Fig. 2, where the results of up to 50 random
groups are displayed next to the clusters of [4].

Orthologues reported are annotated in Ensembl Compara,
generated by a pipeline where maximum likelihood phyloge-
netic gene trees play a central role. These gene trees, recon-
ciled with their species tree, have their internal nodes annotated
to distinguish duplication or speciation events, and thus sup-
port the annotation of orthologous and paralogous genes,
which can be part of complex one-to-many and many-to-many
relations. Adapted from: http://www.ensembl.org/info/
genome,/compara,/homology_method.html.

This will permute the columns of input PWMs producing
matrices with different consensus. Column-permuted
matrices are used as negative controls because they con-
serve the information content and nucleotide frequencies
of the original motifs, but at the same time alter the
sequence of nucleotides captured by the original motif,
which is not recognized anymore.

“Ncor” is the relative width-normalized Pearson correlation of
two PWMs aligned with matrix-scan. This normalized score
prevents spurious matches that would cover only a subset of
the aligned matrices (e.g. matches between the last column of
the query matrix and the first column of the reference matrix,
or matches of a very small motif against a large one).


http://www.ensembl.org/info/genome/compara/homology_method.html
http://www.ensembl.org/info/genome/compara/homology_method.html
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Chapter 19

RSAT::Plants: Motif Discovery in ChiP-Seq Peaks of Plant
Genomes

Jaime A. Castro-Mondragon*, Claire Rioualen*,
Bruno Contreras-Moreira, and Jacques van Helden

Abstract

In this protocol, we explain how to run ab initio motif discovery in order to gather putative transcription
factor binding motifs (TFBMs) from sets of genomic regions returned by ChIP-seq experiments. The pro-
tocol starts from a set of peak coordinates (genomic regions) which can be either downloaded from ChIP-
seq databases, or produced by a peak-calling software tool. We provide a concise description of the
successive steps to discover motifs, cluster the motifs returned by different motif discovery algorithms, and
compare them with reference motif databases. The protocol is documented with detailed notes explaining
the rationale underlying the choice of options. The interpretation of the results is illustrated with an
example from the model plant Arabidopsis thaliana.

Key words Chromatin immunoprecipitation DNA-sequencing (ChIP-seq), Transcription factor
(TF), Transcription factor binding motifs (TFBM), Transcription factor binding site (TFBS), Gene
ontology (GO), Functional enrichment

1 Introduction

1.1 The ChIP-seq The ChIP-seq method [1, 2], which enables one to characterize tran-
Technology scription factor binding sites (7FBS) or chromatin marks in a whole
genome, has gained a tremendous popularity to study genetic and
epigenetic regulation. Although the main field of application so far
has been Human and model organisms (Table 1), the ChIP-seq tech-
nology opens wide perspectives for the analysis of plant regulation.
Chromatin  immunoprecipitation, followed by high-
throughput sequencing and mapping on a reference genome,
shows regions with high enrichment in reads. These regions, so-
called ChIP-seq peaks, can be detected by using peak-calling algo-
rithms. They typically encompass a few hundreds base pairs, and

*The authors of this chapter contributed equally to the work.

Reinhard Hehl (ed.), Plant Synthetic Promoters: Methods and Protocols, Methods in Molecular Biology, vol. 1482,
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Table 1

ChIP-seq samples per taxa. Number of ChIP-seq samples available in the
Gene Expression Omnibus database [13] (Dec 18, 2015) per taxonomic
group (see Note 14)

GEO ChIP-seq
Taxon series
No taxon specified (any taxon) 4722
Metazoa 4255
Homo sapiens 1542
Mus musculus 1793
Caenorhabditis elegans 410
Drosophila melanogaster 542
Fungi 238
Saccharomyces cevevisine 163
Viridiplantae 157
Bacteria 64
Escherichin coli 24
Alveolata 14
Archaea 1

are centered on a binding site for the immunoprecipitated tran-
scription factor (TF). They thus need to be further processed in
order to discover transcription factor binding motifs (7FBM) and
define the precise locations of the binding sites.

The characterization of TFBM from ChIP-seq experiments
presents several advantages:

1. ChIP-seq peaks provide a relatively precise information about
TF binding locations (~200 bp precision). This makes a drastic
difference with the approaches based on co-expression clusters
(transcriptome arrays, RNA-seq), in particular for multicellular
organisms (Metazoa, Plants), where regulatory regions can be
found not only in the upstream promoter, but also in introns,
downstream, and dispersed over wide distances.

2. The transition from ChIP-chip to ChIP-seq yet increased the
precision of genome-wide location analyses.

3. Motifs discovered in ChIP-seq peaks are typically built from
several hundreds or thousands of binding sites, and are thus
much more robust than the previous-generation motifs built
from a handful of'sites that had been gathered one by one with
Electrophoretic Mobility Shift Assays (EMSA) or footprint
(low throughput) experiments.



1.2 Principle
of the ChiP-seq
Technology
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4. Peak collections better reflect the in vivo diversity of binding sites
for the TF of interest than in vitro methods such as Systematic
Evolution of Ligands by EXponential Enrichment (SELEX).

5. Since peaks encompass a few hundred base pairs, they contain
binding sites not only for the immunoprecipitated factor, but
also for other interacting factors. Ab initio motif discovery thus
enables us to detect additional motifs, and infer putative part-
ners of the studied factor.

The knowledge gained from analyzing motifs and sites in
ChIP-seq peaks may be used to enforce the design of synthetic
promoters by predicting potentially important interactions between
multiple TF (i.e. co-occurring motifs), synthetic promoters, and
native promoters of the target species.

Since ChIP-seq peaks typically encompass several megabases or
tens of megabases, specialized bioinformatics tools have been
developed to discover motifs ab initio and scan the peaks for puta-
tive binding sites [3—-6]. In this chapter, we explain how to com-
bine the motit discovery workflow peak-motifs [5, 6] and some
other tools of the Regulatory Sequence Analysis Tools (RSAT,
http:/ /rsat.eu/) [7] to discover and interpret TFBMs from plant
ChIP-seq peaks.

The principle of Chromatin ImmunoPrecipitation sequencing
(ChIP-seq) technology [1, 2] is to cross-link a DNA-binding
protein (TF, histone) with its bound DNA, shear the DNA by
ultrasonication, immunoprecipitate the protein of interest,
release the cross-link, select DNA fragments of reasonable size
(~300 bp), and sequence their extremities (NGS sequencing is
typically restricted to sequences smaller than the fragments).
The primary result of a ChIP-seq experiment is a file with raw
short reads (typically 36-75 bp), which can be mapped onto a
reference genome.

Figure la shows the density profile of ChIP-seq reads for the
transcription factor MYB3R3, mapped onto chromosomes 1 and 2
of the genome of A. thaliana (TAIR10 assembly version). This
primary view of the data reveals a first difficulty for the interpreta-
tion of ChIP-seq data: some genomic regions are covered by a
huge number of reads. These regions correspond to repetitive ele-
ments in centromeric and telomeric regions of the chromosomes.
For the sake of comparison, Fig. 1b shows the density profile of a
control experiment where the ChIP-seq protocol was run with an
anti-GFP antibody, supposed to give an unspecific signal. This
mock experiment reveals the same hyper-mapped regions, and can
serve to estimate background and discard unspecific reads for the
peak-calling. Note that mock experiments generally give reduced
libraries. An alternative way to estimate unspecific background is to
sequence genomic DNA without applying the immunoprecipita-
tion procedure (genomic input).


http://rsat.eu/
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Fig. 1 Density profiles of reads mapped on chromosomes 1 and 2. (@) MYB3R3-bound immunoprecipitated
chromatin. Reads were mapped on the TAIR10 assembly of Arabidopsis thaliana genome. (b) Control experi-
ment (mock with anti-GFP antibody). Reads from the control experiment are used as “input” for the peak-
calling, which enables peak-callers to avoid reporting peaks in the repetitive regions. In both ChIP and control
tracks, note the striking concentration of reads in particular genomic locations, corresponding to repetitive
regions. The map was generated with the Interactive Genome Viewer [12]

1.3 Choice

of a Peak-Caller
and Tuning of Its
Parameters

One of the most crucial steps of the ChIP-seq analysis is the choice
of a peak-calling program and the tuning of its parameters.

The peak-calling procedure consists in identifying genomic
regions presenting a significant enrichment in reads in the ChIP-
seq data, compared to some control set. The control set can either
be a mock experiment, as in Fig. 1b, or a full-genome sequencing.
A large number of different programs exist for peak-calling [8, 9].

Figure 2 shows a detailed view of the peaks identified by some
popular peak-callers on an arbitrary genomic region of the MYB3R3.
Note the difference between the numbers and widths of the peaks,
depending on the peak-calling tool. One of the most popular peak-
calling programs, MACS, comes in two releases [ 10]. The first ver-
sion, MACS14, tends to return wide regions encompassing several
topological peaks (compare the peaks with the MYB3R3 density
profiles). MACS2, an upgraded version of MACS14, allows to spec-
ify parameters to obtain narrower peaks. Homer [11], based on the
findPeaks algorithm, outputs very sharp peaks. The series of
SWEMBL [12] peaks illustrates the impact of the parameters. This
peak-caller proposes a “gradient” option (-R), which strongly
affects the number of peaks and their width. SPP [13], using the
FDR as a main parameter, is also to be carefully configured.

Most publications rely on the prior choice of a popular peak-
caller, which is run with default parameters. Table 2 shows the
wide range of peaks that can be found in a single dataset depending
on the peak-calling algorithm and its configuration. However, the
most appropriate algorithm and, even more, the fine-tuning of its
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Fig. 2 Peak profiles obtained with a variety of peak-calling algorithms and parameters. Zoom of the reads and
peaks in an illustrative region of chromosome 1 (coordinates 570,625-580,625). Each peak-caller is denoted
by a specific color: MACS (pink) [10], Homer (green) [11], SWEMBL (orange) [12], and SPP (cyan) [13]. Two
peaks are detected by most peak-callers, although with different widths. One of these peaks is located in a
gene promoter (at 572 kb), and another one within an intron (576 kb). The sensitivity of each peak-caller can
be tuned with some specific parameters, as illustrated with the SWEMBL series (sensitivity increases from top
to bottom) or SPP (false discovery rate set to 0.001 or 0.01, resp.). Relatively stringent settings are recom-
mended to obtain a good trade-off between sensitivity and relevance of the peaks

parameters depend on the organism, data type, and even the pur-
pose of the analysis (gathering high-confidence binding locations,
identitying likely target genes, building a transcription factor bind-
ing motif, etc.) [9]. There is unfortunately no gold standard that
would permit to assess the relative merits of peak-callers, and define
their optimal parameters.

However, a variety of criteria can be used to evaluate the rele-
vance of the returned peaks by various indirect indications, some of
which will be illustrated in this protocol:

e Enrichment of the reference motif (annotated motif for the
immunoprecipitated factor) in the peak sequences (RSAT
matvix-quality);

e Concentration of the reference motif at peak centers;

* Significance of the motifs discovered by ab initio approaches
(RSAT peak-motifs);
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Fig. 9 Heatmap of mutual coverage of peak-calling results. The second column indicates the number of peaks
depending on the peak-calling program and the main parameters affecting the stringency of the result. Further
columns indicate the proportion of peaks of one peak-calling result (row) covered by peaks of another peak-
calling result (columns)

1.4 The Plant

Regulatory Sequence

Analysis Tools

1.5 Functional

Interpretation

of ChIP-Seq Peaks

* Biological relevance of the transcription factors putatively
bound to the discovered motifs ( FootprintDB search);

¢ Functional enrichment of the genes linked to the peaks (Gene
ontology);

¢ Concentration of the discovered motifs at the peak centers
(RSAT position-analysis);

Regulatory Sequence Analysis Tools (RSAT, http: / /rsat.cu/) is a spe-
cialized software suite for the analysis of cis-regulatory elements in
genomic sequences [7]. Since 2015, the services have been distrib-
uted on taxon-specific servers, including a Plant RSAT (http://plants.
rsat.eu/). This address will redirect you to the host server http://
floresta.eead.csic.es/rsat, which will be used for this protocol.

RSAT supports several approaches to interpret the peaks in func-
tional terms:

1. Motif envichment. In some cases, the immunoprecipitated factor
is already known, and a reference motif exists in some database.


http://rsat.eu/
http://plants.rsat.eu/
http://plants.rsat.eu/
http://floresta.eead.csic.es/rsat
http://floresta.eead.csic.es/rsat
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1.6 Transcription
Factor Binding Motifs

It is generally a good practice to start by measuring the enrich-
ment of the peak set for this reference motif, in order to check
that the procedure went fine (from the wet lab to the bioinfor-
matics workflow that produced the peaks).

2. Motif discovery. Several ab initio methods can be used to detect
exceptional motifs in the peak sequences, based on different
criteria: over-representation, biased positional distribution rel-
ative to the peak centers, etc.

Transcription Factor Binding Motifs (TFBMs) are generally repre-
sented as Position-Specific Scoring Matrices (PSSMs). They are
built from an alignment of TF binding sites. Each cell of the matrix
indicates the frequency of a given nucleotide (matrix rows) in a
given column of the aligned sites (matrix columns). They can be
depicted as sequence logos [14].

The widespread use of high-throughput technologies, for
example ChIP-seq, allows to discover novel TFBMs or improve
the quality of those existing (i.e. by increasing the number of sites
to build the TFBMs). As more TFBMs are available, repertoires
are required to give an easy access to these motifs. Currently there
are many public and private motif databases, some of them special-
ized on few organisms (Athamap for Arabidopsis thaliana,
Hocomoco for Human and Mouse, etc.) and others have taxon-
wide collections of TFBMs (Jaspar, TRANSFAC, CisBP) for plants,
vertebrates, fungi, insects, etc. However, as these databases are
growing, and since a single new study could produce an entire col-
lection of motifs [ 15], efforts to collect, integrate and update many
motif databases must be done. One option is FootprintDB [16]
which is a meta-database encompassing 14 up-to-date motif data-
bases (see Chapter 17).

In this protocol, we show how to run ab initio discovery on a
set of ChIP-seq peak sequences, compare discovered motifs with a
reference motif database, and cluster the discovered motifs to
obtain a non-redundant collection.

2 Materials

2.1 Required
Software

This protocol requires to dispose of

e a computer with any Web browser installed;
e a set of peak coordinates from a ChIP-seq or related
experiment.

For visualization purposes (Figures 1, 2), we also recommend
to install the Integrative Genome Viewer [17].


http://dx.doi.org/10.1007/978-1-4939-6396-6_17

2.2 Data Sources

2.3 Data Formats

2.4 Study Case
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Peaks can be obtained either from NGS databases [18, 19] or by
running a peak-calling software tool on genome-mapped reads.
This protocol starts from pre-computed peak coordinates, and
does not cover the read mapping and peak calling procedures.

Peak coordinates should be provided in &ed format (see the descrip-
tion of NGS file formats at the UCSC genome browser (see Note 1)).
Alternatively, this protocol can be run with peak sequences in fasta
format (in which case the sequence retrieval steps can be skipped).

As a study case we take a recent MYB3R3 study [20]. We will use
a BED file available at the Gene Expression Omnibus Database
(GEO), under accession GSE60554 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgiracc=GSE60554), which contains the
results of a ChIP-seq experiment with the MYB3R3 transcription
factor of Arabidopsis thaliana. The peaks can be found at the bot-
tom of the GEO Web page for the MYB3R3-ChIP-ped sample
(GSM1482283, http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgiracc=GSM 1482283, peak file GSMI1482283 MYB3R3-GFP_
ChIP_peaks.bed.txt gz) (see Note 2).

The reference motif for this case is that of c-Myb in tobacco
[21], likely to be similar to MYB3R3 in Arabidopsis thaliana.

3 Methods

3.1 Retrieval of Peak
Sequences

from the Peak
Coordinates

1. Obtain a bed-formatted list of peak coordinates (see Note 3).

2. Open a connection to the Plant Regulatory Sequence Analysis
Tools server (http://plants.rsat.eu/).

3. On the left-side panel, open the toolbox “Sequence tools”
and click “sequences from bed /gff/vct”.

4. Choose the appropriate genome in the Organism pop-up
menu (see Note 4). For the study case, the reference organ-
ism is Arabidopsis thaliana. TAIR10.29, where the suffix
TAIRI0 indicates the assembly, and the number 29 the
EnsemblGenome version.

5. Enter the Genomic coordinates of your peaks (se¢ Note5).
Coordinates can be entered in different ways: (1) directly
pasted in the text area; (2) large files can be uploaded from
your computer to the server (option Choose file); (3) enter
the URL of a coordinates file available on o Web server (e.g. BED
file on your account of a Galaxy server). For the study case you
can enter the downloaded file GSM1482283 MYB3R3-GFP_
ChIP_peaks.bed.txt gz.

6. Verify that the option Mask repeats is checked, as plant
genomes are often repeat-rich (see Note 6).


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60554
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60554
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1482283
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1482283
http://plants.rsat.eu/
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3.2 Ab Initio Motif
Discovery in ChIP-Seq
Peak Sequences

Bosut

Pesslt Hlo{s)

7. For the Output option, choose server, and click GO to submit
the job.

8. After a few seconds, a result page (shown in Fig. 3) should
appear with the links to the FASTA file containing the peak
sequences, plus some additional links to the input BED file and
a log file. Note that the results are kept on the server for a
restricted duration (72 h). If you want to keep track of the
results, you can right-click on the fasta sequence file and down-
load it to your computer.

At this stage of the protocol, you should have at your disposal
a file containing peak sequences in fasta format. Typical peak sets
include a few hundreds to tens of thousands of peaks, with lengths
varying from tens to hundreds of base pairs each.

Note that the results page contains links to other RSAT tools.
These enable you to transfer the obtained fasta file directly to the
next step of the analysis.

We will now describe the way to discover motifs from ChIP-seq
peak sequences. We obtained these sequences in the previous sec-
tion, in the form of a fasta file, but it is also possible to upload your
own fasta file from your computer directly in the peak-motifs sec-
tion. We assume here that the sequences are transferred from the
previous step.

1. At the bottom of the sequence retrieval result page, the Next
step box presents a series of buttons to transfer the fasta
sequences to another tool for further analyses (Fig. 3). Click on
the peak-motifs button. This will display a new Web form
shown in Fig. 4, pre-loaded with the URL of the peak sequences.

Cooeinale fie (e

[matrices]

Foaton toechs ooy mares Poaton spechc scomg mmces

purge sequence

Mash reshuncant fragments.

Fig. 3 Results of the sequences retrieval procedure. View of the result page from the sequence retrieval step,
made using a BED file [15] and the tool “sequences from bed/gff/vct”. Next analysis steps can be processed
with by simply clicking the corresponding buttons
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—I Peak Seq I

Title (mandatory)

Or select a file to upload (.gz compressed files supported)

Choose File | Mo file chosen

URL of a sequence file available on a Web server (e.g. Galaxy).

P =)

Mask | none ¥

(1 only have coordinates in a BED file, how to get sequences 7)

Peak sequences (mandatory)  Paste your sequence (fasta format)

eead,caic 16/03/01/retrieve-seq-bed_

Optlonal: controf dataset for differential analysis (test vs control)

Control sequences  Paste your sequence (fasta format)

Or select a file to upload (.gz compressed files supported)

‘Choose File [ND file chosen

URL of a sequence file available on a Web server (e.g. Galaxy).

Mask none H

» Reduce peak sequences
- Motif discovery parameters

» Compare discovered motifs with

(e.g. i Jaspar) or

motifs

p Locate motifs and export predicted sites as custom UCSC tracks
- Reporting options

Output display (& email

Note: emall output is preferred for very large datasets or many comparisons with motifs collections

Fig. 4 View of the peak-motifs form. Two fields are required in order to proceed with the analysis: “title” and
“peak sequence”. Here, the sequence file was automatically uploaded from the previous step

2. Before running peak-motifs, you are requested to type a Title
for the job. For the study case, we can for example type “A.
thaliana MYB3R3 versus GFP - GSM1482283”.

3. The Reduce peak sequences frame allows you to trim the
number and length of the peaks. By default all peaks are
retained but those longer than 1 Kb (500 bp on either side of
the peak center) are shortened, because they are suspected to
result from peak-calling artifacts rather than to represent trust-

able binding sites.

4. The Motifs discovery frame permits to choose the discovery
algorithms and tune their parameters. By default only o/zg0-

analysis and position-analysis are activated (see Note 7).

5. Under Motifs discovery activate oligomer lengths 6 and 7

(see Note 8).

6. Check that the Markov order is sct to automatic (adapted to
sequence length) (see Note 9).
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7.

10.

11.

12.

13.

Check that the Number of motifs per algorithm is set to 5
(see Note 10).

. Under Compare discovered motifs with databases, you can

select one or more motif collections in order to annotate any
discovered motifs. For plant sequences we recommend
footprint DB-plants, which integrates motifs from diverse pub-
lic databases (see Chapter 17).

. Optionally, the button below Add your own motif database

allows you to upload a custom database of transcription factor
binding motifs in a TRANSFAC-formatted file.

If there is a known motif for the immunoprecipitated factor,
you can upload it with option Add known reference motifs
for this experiment (se¢ Note 11).

Click on the title Locate motifs and export predicted sites,
check the option Search putative binding sites in the peak
sequences, and activate the option Peak coordinates specified
in fasta headers in bedtools getfasta format (also for
retrieve-seq-bedoutput). Here, we assume that the sequences
were obtained from RSAT retrieve-seq-bed as indicated above
(see Note 12) but some alternative formats are also supported.

You can type in your email address to be notified of the job
submission and completion, or you can choose display, and
click GO.

After a few seconds, the server displays a confirmation of
the job submission, with a link to the result Web page.
Clicking on this link will open the result page on a separate
tab of your Web browser. This page will be progressively
updated to show the results of the analysis. A typical analysis
should take from a few minutes to 1 h, depending on the
sequence size and the selected options (motif discovery algo-
rithms, motif databases, sequence scanning).

Results will progressively be displayed on this page. Once the
job is completed, a summary of all results will appear in a box
at the top of the results page. After completion of the peak-
motifs workflow, we recommend to download the results on
your computer for further analyses, since they are kept on the
server for a restricted time.

(a) Clicking on the link Download all results, in the header
box of the result Web page, will allow you to save a zipped
file containing the whole HTML report. You will thus be
able to visualize these pages locally on your computer.

(b) Right-clicking on the link Download all matrices
(TRANSFAC format) and saving it as peak-motifs_motifs_
discovered.tf will allow you to keep a file containing all the
motifs matrices. This file contains all discovered motifs, in
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3.2.1 |Interpretation
of the Peak-Motifs Results
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the flat-file motif description format designed for the
TRANSFAC database (this format is convenient because it
allows to associate annotations to each motift). We will use it
below in the section about matrix clustering (Subheading 3.3).

(c) In the Sequence composition (test sequences) section,
right-click on the link “[coordinates: UCSC BED track]”
(right panel) and save the BED file as peak-motifs_test_seq-
coord.bed. This file contains the peaks used for the peak-
motifs analysis.

(d) At the bottom of the Web page, look for section Motif
locations (sites), then Predicted sites on test peaks (all
motifs). Right-click on the “[bed]” link to download the
corresponding file peak-motifs_all_motifs_seqcoord.bed. This
file can be loaded in a genome browser such as IGV [17].

The peak-motifs results are displayed in a Web form giving access to
all the files generated during the analysis.

Figure 5 shows a partial snapshot of the peak-motifs results

with the study case. Since the workflow covers many types of analy-
ses and results, here we attempted to present a human-readable
report, organized according to the successive steps of the work-
flow: sequence composition (Fig. 5a), motif discovery (Fig. 5b),
and comparison of discovered motifs with known motifs (Fig. 5¢).

This section, described in Fig. 5a, shows some properties of the
peak sequences.

The top panel of the synthetic table shows the distribution of
sequence lengths. In this study case, we can observe that most
sequences have a length around 200 bp, which is a good indi-
cation for transcription factor ChIP-seq peaks (histone peaks
are generally longer).

The second panel shows the nucleotide composition of the
sequences, with a heatmap indicating the frequencies of each
nucleotide, and a plot displaying the profile of frequencies for
each nucleotide along the peaks. In this example, we can see
that G and C are less frequent than A and T over the whole
peak width. Interestingly, we also notice a nucleotidic skew,
with an enrichment of Asand Gs upstream peak centers, and a
symmetrical enrichment of Tsand Cs downstream.

The third panel shows the dinucleotide composition of the
sequences. The transition table indicates the probabilities of
each nucleotide (column) depending on the preceding nucleo-
tide (“prefix”, rows). Gray shades denote the relative frequen-
cies, and highlight dependencies between adjacent nucleotides.
For example, in the study case, we observe that the frequency
of As varies from 0.36 after another A (AA dinucleotide) to
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Fig. 5 Peak-motifs results. (a) General information about the peak sequences of our study case, including their
composition in nucleotides and dinucleotides, and the corresponding profiles. (b) Discovered motifs (by algo-
rithm). This example shows the 6-nucleotide motifs found with the oligo-analysis algorithm, using a Markov
model of order 3. (¢) Discovered motifs (with motif comparison). Shows the comparison of the discovered
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0.21 after a T (TA dinucleotide). The dinucleotide profiles
provide a visual representation of the positional distribution
for each dinucleotide. On the study case we note an upstream—
downstream skew for AA, TT, CC and GG, and a local deple-
tion of TA and AT in the peak centers.

This section (Fig. 5b) shows the full list of discovered motifs, orga-
nized by motif discovery algorithm (oligo-analysis, position-analysis)
and by k-mer size.

The name of each motif (e.g. oligos_6nt_mkv3_m]l) indicates:

e The algorithm used (oligos for oligo-analysis, positions for
position-analysis).

e The k-mer length used to build the motif (6 nt, 7 nt).

e The order of the Markov model (mkv).

¢ The rank of the motif (ml to m5).

In addition, the motif logo is displayed in both orientations.

In this section, an important information is that each discov-
ered motif is associated with an e-value and a derived significance
score: sig=-logl0(E-value). The e-value indicates the expected
number of false positives. E-values much lower than 1 (corre-
sponding to highly positive sig scores) indicate a very significant
over-representation (oligo-analysis) or positional bias (position-
analysis) of the motif. The most significant motifs are highlighted
in red and bold. In our study case, the motif CACGTG is over-
represented with a significance of 187, which corresponds to an
e-value (expected number of false positives) of ~107187. The same
motif is found by position-analysis, yet with a much lower signifi-
cance (s=3.34, e-value 0.00046). It is thus the most significant
motif in terms of over-representation, but other motifs are much
more significant in terms of positional bias, in particular wwttG-
GCGGGAaaat (positions_6nt_m1l), which achieves a significance
of 34.61. This example shows the interest of combining two inde-
pendent criteria to discover exceptional motifs.

Tllustrated in Fig. 5c, this section displays each motit individually
with matches found in collections of known TFBMs (e.g.
FootprintDB plants, Jaspar plants, etc.).

Additionally, for each motif, two other plots are shown:

e The positional distribution of predicted sites relative to peak
centers (e.g. showing that most matches are located around
the center of the peaks).

e The distribution of the number of binding sites per sequence.
For the CACGTG motif, occurrences per peak show a particu-
lar teeth-shaped distribution due to the reverse complemen-
tary palindromic nature of the motif (occurrences are
systematically found on both strands).
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3.3 Motif Clustering

3.3.1 Interpretation
of the Matrix-Clustering
Results

Note that the algorithms produce redundant motifs. For exam-
ple a motif with the core GGCGGG is found by both oligo-analysis
and position-analysis, with different k-mer lengths; thus, the next
step in the analysis is to reduce the redundancy of the motifs.

Using different motif discovery algorithms to analyze the same
sequences is useful and recommended to increase the sensitivity
(some algorithms discover motifs that others do not) or to cor-
roborate the results (e.g. gain confidence by observing that the
same motifis both over-represented and concentrated on the peak
centers). However in some cases the redundancy between motifs
returned by different algorithms and with different parameters
makes it difficult to interpret the results as a whole.

The RSAT website includes a new specialized tool called
matrix-clustering, which identifies groups of similar motifs, gener-
ates consensus matrices, and provides a dynamical visual interface
to browse and inspect the relationships between multiple motifs.
We will use this tool to obtain a non-redundant collection of motifs
from the motifs discovered with peak-motifs.

1 Open a connection to the Plants Regulatory Sequence Analysis
Tools server (http://plants.rsat.eu/).

2 On the left-side panel, open the toolbox “Matrix tools” and
click “matrix-clustering”.

3 On the #itle box you can give a title to the analysis for example
Myb3R3 discovered motifs.

4 Upload the motif file obtained from peak-motifs and select the
TRANSFAC format.

5 In the Motif comparison options section, you can fine-tune
the thresholds that will be used to split the tree with all the
motifs in a collection of trees (forest). The default cutoffs are
relatively lenient, but for this application more conservative
values can be chosen. In the column lower threshold, set w to 5,
cor to 0.75, and Ncor to 0.55.

6 In the Clustering options section, select Ncor (Normalized
Pearson Correlation) as a Metric to build the trees and aver-
age as the Agglomeration rule.

7 You can either select email output and fill up your address, or
display, and click GO.

After a few seconds, the website displays a link to the result
page. You can already open this page as soon as the link appears.
Even though the program may take a few minutes to accomplish
the clustering, the result page will be updated periodically.

The matrix-clustering results are organized in different sections
(Fig. 6). You can display/hide each one by clicking on the
buttons.
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Results Summary

Results Summary

Nb Input motifs Nb Clusters Found Linkage method | Similarity metric Thresholds to partition Complete results [2ip]
the tree (Y
Ncor = 0.55
20 8 average Neor cor =075 Download
w=5

Clusters Summary
Logo Forest
Individual Motif View
Individual Cluster View
Heatmap View
Additional Files

References

Fig. 6 Matrix-clustering results. General view of matrix-clustering report. Each button can be clicked to show/
hide details

e The Results summary section shows a table indicating the
number of input motifs, the number of clusters and the param-
eters used to cluster the motifs, additionally a link to download
all the results in zip. In this case the 20 motifs discovered with
peak-motifs were regrouped in eight distinct clusters.

e The Clusters summary section shows a table with the motifs
belonging to each cluster and the logos in both orientations
representing the 700t motifs of each cluster (i.e. a motif formed
by summing or averaging the counts of all the motifs belong-
ing to the cluster).

e The Logo Forest section points to a link where the clusters are
displayed as a set of trees, each corresponding to a cluster. In
this link you can dynamically expand/collapse the tree, each
time a branch is collapsed, it shows the &ranch-motif which
represents all the descendant motifs of the collapsed branch.
Figure 7 shows the first three clusters of the logo forest pro-
duced by matrix-clustering from the motifs discovered by
peak-motifs in MYB3R3 peaks.

*  The Individual Motif View section shows a table with all the
input motifs and some of their attributes (assigned cluster,
aligned and colored consensus, small logos).

*  The Individual Cluster View section shows some properties of
each cluster individually. You can select a specific numbered
node of tree to select its corresponding branch-motif.

e The Heatmap view section shows a heatmap of the motifs
grouped in clusters.

*  The Additional Files section shows a table with additional files
(motif comparison results, the motifs associated to each cluster,
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Fig. 7 Matrix-clustering results. The 20 motifs discovered by peak-motifs in the MYR3R3 ChIP-seq peaks were
separated in eight clusters. Each tree shows the alignments of a cluster of similar motifs. The /eaves indicate
the motif discovery algorithm with which each motif was found. Note that the similar motifs are discovered
independently by different algorithms (oligo-analysis, position-analysis), or are found with different parame-
ters (e.g. k-mer length) of the same algorithm



3.4 Negative
Controls with Random
Genomic Regions

Uncovering Regulatory Motifs in Chip-Seq Peak Sequences 315

etc.) including the Root motifs file, which contains the collection
of non-redundant motifs. This file will be used for the following
part of the analysis.

1. Right-click the “Root motifs” link and save file as matrix-
clustering_cluster_root_motifs.tf on your computer.

The 20 motifs discovered with peak-motifs were separated in
eight clusters of variable size (Fig. 7). For example, cluster 1 con-
tains 8 motifs corresponding to the EF2 family while the motif for
cluster 6 (singleton) corresponds to the MSA motif reported in the
published work selected as our case study [15].

RSAT motif discovery tools compute the significance of the motifs
based on theoretical models (Markov chains, which take into
account the dependencies between adjacent nucleotides). However,
it is not obvious a priori that these models perfectly suit the
properties of biological sequences. A pragmatic way to check the
correctness of the models is to measure the empirical rate of false
positives with a negative control set, i.e. set of sequences supposedly
not enriched for any particular TFBM. In principle, motif discov-
ery programs should be able to return a negative answer (no result)
when such datasets are submitted.

When analyzing genomic regions such as ChIP-seq peaks, the
recommended negative control consists in analyzing regions of the
same sizes as the peaks picked up at random in the reference genome.

1 Open a connection to the Plant Regulatory Sequence Analysis
Tools server (http://plants.rsat.eu/).

2 In the left-side panel, open the toolbox “NGS ChIP-seq” and
click “random genome fragments”.

3 Under Random fragments, click the “Browse...” button and
locate the peak sequences file on your computer (the fasta file
downloaded at step 8 in Subheading 3.1).

4 Under Organisms, select the reference organism. For the
study case, this is Arabidopsis thaliana. TAIR10.29.

5 In the Output section, select Sequences in fasta format (only
for RSAT organisms) and check the Mask repeats option.

6 Select the server output and click GO. The selection of ran-
dom genomic regions should take a few seconds.

7 On the result page, you can access the randomly picked up
genomic sequences by clicking on the link to the fasta file
(Genomic fragments (fasta)). You can optionally save this result
to keep a copy of these random genomic fragments.

8 In the Next Step section of the result page, click on the peak-
motifs button. This will display a peak-motifs form pre-filled
with the URL of the random genomic sequences. Set the
title to “A. thaliana random fragments”. Check that all the
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3.4.1 Interpretation
of the Negative Control

Peak-motifs

other parameters have the same parameters as for the analysis
of the actual ChIP-seq peaks in the previous sections, and
click GO (see Note 13).

9 Once the job is completed, open the results page, and click the
link Download all matrices (TRANSFAC format) in the
summary, to store the matrices on your computer.

10 Repeatthe matrix-clusteringanalysis (steps 1-8 in Subheading
3.3) using the matrices obtained with Random fragments
(TRANSFAC file).

The goal of this negative control is to obtain an empirical estima-
tion of the rate of false positives. In some cases, these controls reveal
that the actual rate of false positive exceeds the theoretical expecta-
tion (indicated by the e-value of the motif discovery programs).

When the sequences of interest are genomic regions such as
ChIP-seq peaks, the most relevant negative control consists in
selecting random genomic regions of the same sizes. For the study
case, we analyzed a dataset made of 2,931 random regions from
Arabidopsis thaliana. The sequence length distribution is, as
expected, exactly the same as for the actual peaks analyzed above.
However the mono- and di-nucleotide composition may differ,
because they reflect a random sampling of any type of genomic
regions rather than regulatory regions.

The analysis of random genomic regions returned 17 motifs
(Fig. 8a), most of which are of low complexity (e.g. atAAaATA-
aata, aaaAACAAAA, or motifs showing repeated sequences, e.g.
TATATATA). Some of these motifs show a high similarity with
some reference motifs stored in FootprintDB, suggesting that they
might correspond to some actual transcription factor.

The most important criterion in this control is to inspect the
significance of the discovered motifs in the section Discovered
motifs (by algorithm) (Fig. 8a). In our experience, programs
based on a global over-representation (olzgo-analysis, dyad-analysis)
tend to return results even with random genomic regions, although
with significance hopefully lower than with the real peaks: in the
study case, oligo-analysis returns significance scores of 188 with the
actual peaks, and 13.6 with random genomic regions. These motifs
are actually correctly qualified of over-represented, but their over-
representation is general in the genome rather than specific to the
peaks. These motifs can correspond to low complexity regions or to
functional elements found in abundance throughout the genome.

In contrast, programs relying on positional distributions
(position-analysis, local-word-analysis) generally perform very well
in negative controls (Fig. 8a), in the sense that they return motifs
of poor significance (lower than 3) or no motif at all. This empha-
sizes once again the importance of evaluating multiple criteria
before considering a motif as relevant.
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Fig. 8 Negative controls with random genomic regions. (a) Partial results of the peak-motifs motif discovery
result in random genomic regions. Note that the most significant motifs are poor-complexity motifs corre-
sponding to repetitive elements. (b) Overview of the matrix-clustering results for these motifs. Note the high
number of clusters, indicating that most motifs are detected by only one motif discovery method. (¢) Clustering
of the motifs discovered in the random peaks
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In the section Discovered motifs (with motif comparison),
the positional distribution of predicted sites is not as concentrated
around the centers of random fragments as they were for actual
MYB3R peaks (Fig. 5¢). Also, the number of matches is generally
lower than the real peaks.

With our random trial, the clustering separated the 17 significant
motifs into 14 clusters (Fig. 8b, c), where only three clusters con-
tain at least two motifs (the rest are singletons). This lack of con-
sistency between the discovered motifs is also an indication of the
poorer relevance of the motifs discovered in random regions, rela-
tive to those found in actual peaks.

4 Notes

1. Format descriptions at UCSC: https://genome.ucsc.edu/
FAQ/FAQformat.html

2. Direct access to the peak coordinates of the study case: ftp://
ftp.ncbi.nlm.nih.gov/geo/samples/GSM1482nnn/
GSM 1482283 /suppl/GSM1482283_MYB3R3-GFP_ChIP_
peaks.bed.txt.gz

3. When working with lab data, peaks are obtained by running
peak-calling programs on the aligned reads. Alternatively they
can be downloaded from specialized databases such as GEO
([18], http:/ /www.ncbi.nlm.nih.gov/geo/) or ArrayExpress
([19],https: //www.ebi.ac.uk /arrayexpress/).

4. Itis very important to specify the same assembly as used for the
read mapping, since otherwise the coordinates on the BED file
might not match the correct genomic sequences. Please con-
tact the administrator of the RSAT Plant site if the required
assembly does not appear in the list.

5. A common difficulty with BED files is that the chromosome
naming convention differs between genome databases. In par-
ticular, some databases systematically use a “chr” prefix (chrl,
chr2, chr3, ..., chrMt, chrPt) whereas some others simply use
the chromosome number (1, 2, 3, ...) or name (Mt, Pt). To
circumvent this problem, the sequence retrieval tool automati-
cally checks the consistency of chromosome names between
the query BED file and the genome sequence file installed on
RSAT, and prepends or removes the chr prefix if required.

6. In plant genomes, repeated elements may result from various
sources: transposons, polyploidy, etc. (see Chapter 18).
Repetitive elements cause particular problems for motif discov-
ery, because the statistics of over-representation rely on an
assumption of independence between the sequences. It is thus
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recommended to mask repeated elements during the motif dis-
covery step of a ChIP-seq analysis workflow. Note that in some
other contexts (for example, scanning sequences with a TF
binding motif), it might be relevant to keep the repetitive ele-
ments in order to detect all the putative binding sites.

. Two other algorithms can be selected for finding motifs:

dyad-analysis detects over-represented dyads (spaced pairs of
trinucleotides), which are typically bound by dimeric tran-
scription factors; local-words detects k-mers with local over-
representation, i.e. having a higher number of occurrences in
a particular positional window, relative to the rest of the
peaks. Selecting more algorithms is sometimes helpful to
gather a wider set of discovered motifs, as some algorithms
can discover motifs that other would not. However, in many
cases the different algorithms return very similar motifs, thus
producing redundancy in the result. We thus activated by
default the two algorithms offering a good trade-off between
computing time and sensitivity, and which rely on two com-
plementary criteria (over-representation and positional dis-
tribution relative to peak centers).

. Beware, oligomer-length is not the same as motif length.

Indeed, the significant k-mers and dyads are assembled and
used as seeds to collect sites, which are in turn aligned to build
the final motifs (position-specific scoring matrices). The result-
ing matrices are thus generally wider than the oligomer length.
The default lengths were chosen because they generally pro-
vide a good trade-off between sensitivity and specificity, and
were shown to return the most relevant motifs [22].

. The program oligo-analysis relies on Markov models to com-

pute the prior probability of each k-mer, i.e. its probability
to be found at a given position in the sequence. In peak-
motifs, the prior probability of each oligonucleotide (k-mer)
is estimated on the basis of the frequencies of smaller k-mers
in the sequence. The Markov order specifies the stringency
of the background model. Increasing the order improves the
specificity at the cost of sensitivity. This automatic option
applies an ad-hoc rule to choose a Markov order ensuring a
balance between sensitivity and specificity, depending on the
total size of the peak set.

By default the program restricts the results to five motifs (assem-
bled matrices) per algorithm. This number could be increased if
you have some particular reason to think that the peak set con-
tains a wider variety of motifs, with a proportional increase in the
computing time. This can be useful for example for peaks from
particular histone modification marks corresponding to enhancer
regions supposedly bound by multiple factors.
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Beware, there is a distinction between the options reference
motifs and custom database. Reference motifs should be one or
a few motifs expected to be found in the ChIP-seq peaks,
whereas the custom database may be a large collection encom-
passing all the known motifs for the organism or taxon of
interest.

By default, sequence scanning returns the putative binding
site coordinates relative to the peak sequences. If appropri-
ately formatted, the sequence headers of the peak file can
indicate the coordinates of each peak relative to the chro-
mosomes. The program can then convert each binding site
coordinate from peak-relative to chromosome coordinates.
The resulting files can then be loaded in a genome viewer
(e.g. IGV).

The peak-motifs analysis will take approximately the same time
as for the actual peaks, between a few minutes and several tens
of minutes depending on the sequence size.

Example of structured query to gather ChIP-seq series (GSE)
for a given taxon in GEO datasets (http: //www.ncbi.nlm.nih.
gov/gds/): (“gse”[Entry Type] AND “genome binding/
occupancy profiling by high throughput sequencing”[ DataSet
Type] AND “Viridiplantae”[ Organism]).
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