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ABSTRACT
RNA-guided Transcriptional Regulation in Plants via dCas9 Chimeric Proteins
Hatoon Baazim
Developing targeted genome regulation approaches holds much promise for
accelerating trait discovery and development in agricultural biotechnology. Clustered
Regularly Interspaced Palindromic Repeats (CRISPRs)/CRISPR associated (Cas) system
provides bacteria and archaea with an adaptive molecular immunity mechanism against
invading nucleic acids through phages and conjugative plasmids. The type II
CRISPR/Cas system has been adapted for genome editing purposes across a variety of
cell types and organisms. Recently, the catalytically inactive Cas9 (dCas9) protein
combined with guide RNAs (gRNAs) were used as a DNA-targeting platform to
modulate the expression patterns in bacterial, yeast and human cells. Here, we employed
this DNA-targeting system for targeted transcriptional regulation in planta by developing
chimeric dCas9-based activators and repressors. For example, we fused to the C-terminus
of dCas9 with the activation domains of EDLL and TAL effectors, respectively, to
generate transcriptional activators, and the SRDX repression domain to generate
transcriptional repressor. Our data demonstrate that the dCas9:EDLL and dCas9:TAD
activators, guided by gRNAs complementary to promoter elements, induce strong
transcriptional activation on episomal targets in plant cells. Moreover, our data suggest
that the dCas9:SRDX repressor and the dCas9:EDLL and dCas9:TAD activators are
capable of markedly repressing or activating, respectively, the transcription of an
endogenous genomic target. Our data indicate that the CRISPR/dCas9:TFs DNA
targeting system can be used in plants as a functional genomic tool and for
biotechnological applications.
.
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1

Introduction:

The ability to perturb the transcriptional patterns and interrogate gene functions in a sitespecific manner will open new bioengineering possibilities with applications in basic
biology and biotechnology. Since the advent of plant biotechnology, researchers have
attempted to up-regulate or down-regulate the expression levels of a specific gene of
interest (GOI) for functional studies. Over-expression is one of the first techniques
adopted in the investigation of gene function, enhancing the expression of the GOI and
then examining the resulting phenotypic effects. The first applications of over-expression
in plants used cell cultures [1] and later on Arabidopsis thaliana. These experiments
included the activation-tagging system [2], followed by a study on the FOX-hunting
system, which involved cDNA expression under strong promoter such as the cauliflower
mosaic virus 35S promoter [3].
An earlier study during 1990 aimed to over-express Chalcone synthase in Petunia
flowers, using a construct containing the petunia CHS gene expressed under the control
of 35S promoter [4], unexpectedly resulted in the complete and/or partial blockage of the
corresponding endogenous gene expression, producing a phenotype of white and/or
patterned flowers.

This study introduced a new technique, henceforth termed co-

suppression, which was then widely used in Arabidopsis, Drosophila and C. elegance
[5,6]. Studies investigating the co-suppression mechanism of action suggested two
hypotheses, the first of which suggests that the silencing occurs transcriptionally (TGS),
as a result of direct interaction between the chimeric gene and its endogenous homologue,
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which epigenetically silences the gene expression, either by methylation or chromatin
modification. The second and more plausible hypothesis, suggested post-transcriptional
gene silencing (PTGS), which allows the GOI to be transcribed, but prevents the gene
transcripts from accumulating as a result of rapid RNA degradation machinery [7,8]. This
process has a dosage effect; meaning that the RNA degradation is triggered when the
number of transcripts of the gene exceeds a certain threshold, as a result of the expression
of both introduced and endogenous homologue. Thus, the efficiency reduces when the
endogenous homologue is not expressed or mutated to the extent of losing its
functionality [9,10]. The RNA degradation here is very similar to RNA interference
(RNAi) in animals. Both processes involve the formation of a dsRNA, sharing sequence
homology with the co-suppressed gene, that are then processed to produce 20-25nt-long
short-interfering RNA (siRNA) fragments [11]. These fragments then bind to the gene
transcripts in a sequence-specific manner and subsequently mediate their degradation.
Such conventional techniques, however, suffer from several limitations, such as their
inefficiency, lack of reproducibility, and the random nature of their modification [12].
These co-suppression studies drew the attention to the RNAi system due to its sequencespecific binding properties. The first experiments introducing RNAi as a transcriptional
modulation tool was performed in C. elegans, where they showed that antisense RNAs
processed from a transgene or directly injected into a worm’s gonad are capable of
silencing genes in a sequence-specific manner [13]. Closer investigation of RNAi
revealed that this process occurs in two phases, an initiation phase, followed by an
execution phase. During the initiation phase the dsRNAs are generated, they then bind to
a multifunctional enzyme called Dicer via its dsRNA-binding domain. This enzyme also
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contains an RNA helicase and a catalytic RNAse III which will cleave the dsRNA into
short-interfering RNAs (siRNA) in an ATP-dependent manner. During the execution
phase these siRNA duplexes bind to a protein complex called RNA-dependent silencing
complex (RISC). This binding cause the degradation of the siRNA sense strand, thus,
enabling the antisense strand to recognize the complementary sequence in the target gene
mRNA [14]. The RISC performs both exonuclease and endonuclease activities [15],
within the cell’s cytoplasm and results in the silencing of the target gene [16] (Figure 1).
It has been proposed that these siRNAs are repeatedly used in the cell. On the other hand
the “Random degenerative PCR” theory
suggest that the siRNA strands are used as
primers that binds to the target mRNA and
generate more dsRNA fragments by the
help of RNA-dependent RNA polymerase
(RdRP), amplifying the RNAi signal [17].
RNAi provided researchers with a fast,
inexpensive and high-throughput module
for transcriptional repression; however,
the success of the RNAi gene silencing
depends on the formation of small RNAs
Figure	
  1:	
  RNAi.	
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   site,	
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   gene	
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by endoribonuclease Dicer [18] and the
formation of the RISC complex including
Argonaute proteins [19]. The functionality
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of the RNAi system also depends on the presence of the components of the silencing
machinery, and thus cannot be applied in every organism. Moreover, RNAi is limited by
several other factors such as its elevated level of toxicity in certain cell types, off-target
effects, non-heritability over many generations and difficulty of multiplexing.
Consequently, there was an increasing interest in generating site specific synthetic
transcriptional regulators that can be customized to regulate the expression levels of any
user-selected gene(s). During the past few decades several platforms were generated
fusing functional transcriptional domains to DNA-binding domains, such as Zinc finger
nucleases (ZFN) and Transcriptional activator-like effectors (TALE), two techniques that
revolutionized the field of targeted genome engineering.
1.1 Zinc finger-based transcriptional regulators:
Zinc finger arrays have been used as a programmable DNA binding module fused to
different transcriptional functional domains. The first of these domains to be fused to the
zinc finger was the FokI endonuclease [20], and was thereafter popularly used in many
studies that optimized the system in different organisms [21-24]. A zinc finger array is
made of a tandem repeat of 3 to 6 zinc finger domains linked by a highly conserved
linker sequence [25]. The repeat is capable of recognizing theoretically any user-defined
sequence in the DNA (Figure 2), providing a genome-engineering tool suitable for a
variety of application, ranging from pure scientific studies to applications in crop
development. Each zing finger domain is about 30 amino acids long, and is structured in
the form of a ββα domain [25-27]. The structure of the zinc finger domain is stabilized by
a zinc-ion, from which it takes its name, coordinated between a Cysteine and Histidine
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residues [25]. When the zinc finger array comes in contact with the DNA, the α-helix
domain protrudes into the minor groove of the DNA double helix, and the amino acids on
the N-terminus of the helix domain recognize 3 base pairs on the DNA strand [28]
(Figure 2).

Figure	
  2:	
  Each	
  zinc	
  finger	
  is	
  made	
  of	
  a	
  ββα	
  domain.	
  Zinc	
  finger	
  arrays	
  are	
  assembled	
  from	
  3	
  to	
  6	
  finger	
  
domains	
  linked	
  together	
  using	
  a	
  linker	
  sequence	
  stabilized	
  by	
  a	
  zinc	
  ion.	
  The	
  N-‐terminus	
  of	
  each	
  finger	
  
recognizes	
  a	
  3bp	
  code	
  on	
  the	
  DNA	
  strand,	
  facilitating	
  target	
  recognition.

Natural transcription factors usually consist of at least two domains, a DNA-binding
domain, and an effector domain, which performs the function of either activation or
repression [29]. Fusing the effector domain to a different DNA binding domain has been
proven to be an effective method in generating a versatile and flexible system to alter
gene expression profiles. One of the first transcriptional activators fused to zinc finger
array was the herpes simplex virus VP16 domain and its derivatives. VP16 is a strong
activator that functions both in mammalian and plant systems [30]. It consists of 490
amino acids, and contains manly two regions, a transcriptional activation domain, rich
with acidic residues, and a core domain, which directs the VP16-induced complex
formation. The core domain of VP16 is highly conserved, in contrast to the activation
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domain that differ between different strains of the virus even though it interacts with
many major components of the transcriptional machinery [31]. A fusion of four tandem
repeats of the minimal VP16 activation domain with a 3-finger and 6-finger zinc finger
domains was performed, using a luciferase (LUC) reporter gene. This study revealed high
levels of activation induced by the VP16-ZF array, and tested several binding targets,
shedding the light on the importance of the binding location of the transcriptional
regulator [32].VP16-ZF complexes that targeted regions far from the TATA-box showed
significant reduction in the level of activation. Other complexes targeting the beginning
of the transcription start site conveyed no activity, conceivably because it blocked the
binding of the RNA polymerase complex [32]. Designing such constructs with DNA
binding domains directed at transcription initiation sites is one strategy by which
transcriptional repression can be achieved, however, this kind of repression approach
proved not to be very effective [27,33]. Transcriptional repressors can also be achieved
by fusing repressor domains, such as Krüpple-associated box (KRAB), found naturally at
the N-terminus of zinc finger proteins [34], or mSin3 interaction domain, which mediates
repression by recruiting a histone deacetylase [35]. An important factor that plays a role
in the efficiency of the activation or repression is the strength of the promoter of the
target gene. It appears that strong promoters require strong repressors to repress their
activity, and vice versa [32].
Transcriptional factors are not the only functional domains that can be fused to the zinc
finger arrays. Zinc finger proteins have been fused to many other catalytic domains, such
as recombinases [36,37], methylases [38,39] and transposases for targeted gene
integration [40]. Zinc finger recombinases (ZFRs) contain a unique DNA binding site
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that recognize two inverted zinc finger binding sites, flanking a central sequence of 20
base pairs [41]. They are capable of mediating DNA cleavage, strand exchange and religation without requiring DNA synthesis or high energy cofactors [42]. In addition to
their autonomous functionality; unlike other nucleases, they are capable of cleaving their
target and re-ligating independently of the cellular repair mechanisms, which enables
them to work in nearly any cell during any developmental stage. However, these
recombinases are laborious to construct and require significant re-engineering to achieve
user-defined DNA targeting. Cytosine-5 DNA methyl-transferases (C5-Mtase) are
enzymes that function by binding to a specific sequence in the DNA, it targets a specific
cytosine molecule, flips it out into its nucleotide-binding pocket and transfers a methyl
group from the cofactor S-adenosyl-L-methionine (AdoMet) to the position 5 of the
cytosine [42]. Fused with zinc finger arrays C5-Mtase can be used in many applications.
The methylation of cytosine in the CpG islands in the promoter region of a specific gene
is capable of silencing the expression of that gene [43,44]. Moreover, the C5-Mtase ZF
complex can be modified into a cytotoxic enzyme that binds specific locations in the
DNA with extremely high affinity [45,46]. This modification is achieved through the
mutation of a cysteine amino acid in the catalytic active site of the C5-Mtase into a
glycine. This cytotoxic construct can have potential applications in targeted cell death.
Even though zinc finger DNA binding module provided a highly specific and versatile
tool for targeted genome modification, the construction of such modules remained to be a
formidable task. Different approaches have been developed to facilitate the engineering
of zinc fingers as DNA binding module, but the process remains limited in terms of target
diversity, and efficiency. The construction of these modules is also very laborious, time
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consuming and suffers from low reproducibility [47,48]. It is also important to further
investigate potential off-targeting effects that could lead to cellular toxicity [20,49,50].
1.2 TAL-based transcriptional regulators:
Transcription activator-like effectors have been identified in phyto-pathogenic bacteria
including Xanthomonas and Ralstonia where they reprogram the transcriptional
machinery of the plant host to their own benefit [51]. TALEs are transcription factors and
once injected via the type III secretion system (T3SS) they localize to the plant cell
nucleus, where they bind to the regulatory elements of the target genes. Several TALbased transcriptional regulators have been generated in a variety of organisms. These
proteins are typically composed of three domains; the N-terminus translocation domain,
the central repeat domain, and the C-terminus acidic transcriptional activation domain
(Figure 3). Most TAL effectors contain central repeat domain composing between 13 and
28 repeats [52], each of which have nearly identical 33-35 amino acids, the
polymorphism between these amino acids occurs in the position 12 and 13 called the
repeat-variable di-residues (RVD). Each RVD mediates site-specific binding to one
nucleotide in the DNA target sequence (figure 3). When using a truncated repeat region,
artificial TALEs maintained their activity down to a minimal of 6.5 repeats, and the 10.5
repeats were sufficient for full induction of the target genes [53]. Curiously, all naturally
occurring TALEs contain a truncated repeat of 20 nucleotides targeting a thymidine
nucleotide. This repeat unit is called 0-repeat or half repeat. The conservation of this
repeat could be an indicator of either the evolutionary origin of TALE proteins, or of a
critical functional necessity, possibly to maintain the integrity of the protein’s structure,
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Figure	
  3:	
  TAL	
  effector	
  DNA	
  binding	
  domain.	
  In	
  TALE	
  binding,	
  each	
  repeat	
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  the	
  12	
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   13	
   amino	
   acids	
   (RVDs)	
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   recognize	
   the	
   DNA	
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   a	
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manner.	
  TALE	
  can	
  be	
  fused	
  to	
  either,	
  transcriptional	
  activators	
  or	
  repressor	
  to	
  regulate	
  
gene	
  expression.

however, no evidence of this has been provided as of yet [54]. A recent study claimed
that this half repeat is in fact dispensable, by designing TALE proteins lacking the 0repeat domain for transient expression assays in N. Banthamiana and specific targeting of
endogenous genes in rice. The results represented in
the this study showed comparable levels of gene
activation with or without the presence of the last
half-repeat domain [54].
The code of repeat-to-nucleotide binding allows the
facile engineering of any user-selected DNA
sequence. The studies that investigated this code used
computational approaches to decipher the RVDTable	
  1:	
  RVD:nucleotide	
  binding	
  specificties.	
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nucleotide code and identified several RVD specificities [51,55] (Figure 4, Table 1).
RVDs retain different strengths in terms of affinity, some were classified as weak RVDs
such as NI, NK and NG, which allow more flexible binding specificities, others such as
HD and NN have stronger specificities [56], thus, designs with varying flexibility can be
made, allowing for instance binding in different systems without the need for codon
optimization.
Co-crystal structures of TALE DNA-binding domains bound to their target nucleotides
revealed that individual repeats comprise a two-helix v-shaped bundles that stack to form
super-helix around the DNA. The position of the hyper variable residues at position 12
and 13 are positioned in the DNA major groove, with the residue at the position 8 and
position 12 within the same repeat interact with each other, thereby possibly stabilizing
the structure of the domain while the residue at position 13 makes the base-specific
contact with the DNA [57,58]. Since TAL effectors are natural transcription activators,
studies implementing them for their activation function mainly tested the modularity of
their DNA binding domain. A study using the scaffold of the TALE AvrBs3 successfully
altered the specificity of this TAL effector by changing the RVD to match the tomato
Bs4, and the Arabidopsis EGL3 and KNAT1 promoter [59]. Fusion of repressor domains
such as SRDX to TAL effectors has been shown to repress the expression of the
RD29::LUC transgene and the RD29A endogenous gene as well as several other genes in
Arabidopsis [60].
As robust and efficient TAL-based synthetic transcriptional regulators are, they are still
limited by several factors, such as the requirement of TAL protein engineering for every
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single target, the unpredicted off-target binding due to repeat-context effects and the need
to express large proteins for every experimental set-up. Moreover, TALE repeats contain
a large number of highly conserved sequences, which requires more advanced cloning
methods, and the highly repetitive nature of TALEs creates restrictions in the carrier
vectors used for their delivery [61].
1.3 CRISPR/Cas9 systems:
The CRISPR/Cas9 system (Cluster Regulatory Interspersed Palindromic Repeat) is a
natural system used by about 40% of bacteria and 90% of archaea as a form of adaptive
immunity against invading viral or plasmid DNA [62]. The natural bacterial system
consists of Cas protein operons, CRISPR array, and two non-coding RNAs (Figure 5).
The main functional domain in this system is the Cas protein, providing the nuclease
activity. The CRISPR array on the other hand provides the DNA-binding specificity. It
contains a number of conserved repeat domains that separates the spacer sequence, a
sequence of 20 nucleotides complimentary to segments of the foreign viral or plasmid
DNA (Protospacer) [63,64]. Upon initial exposure to the viral or plasmid invader, the
surviving bacteria copy segments of the protospacers and incorporate them into its
CRISPR array. This sequence is utilized during a secondary exposure to the same viral or
plasmid genetic material. In type II CRISPR/Cas system, the CRISPR array is transcribed
into premature CRISPR RNA (pre-crRNA), a long array containing multiple spacer
sequences. This pre-crRNA is then processed, by the trans-acting CRISPR RNA
(tracrRNA) and RNAse III, into a fully matured short crRNA [65-67], providing a guide
to Cas9 endonuclease in a simple Watson-and-Crick sequence complimentary manner,
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resulting in the cleavage of the foreign DNA by the Cas9 endonuclease (Figure 5). Cas9
endonuclease differentiates between self and non-self DNA through a tri-nucleotide
sequence (NGG), referred to as protospacer-adjacent motif (PAM), a motif present only
on the foreign DNA and is recognized by the PAM-interacting domain (PI domain) in the
Cas9 protein [68]. Unlike type I and III CRISPR/Cas system, where the nuclease activity
is performed by a multi-Cas protein complex, type II CRISPR/Cas requires only Cas9
endonuclease.
The modularity of the DNA-binding domain of this system, and the simplicity of its
construction provided a fast and efficient tool for targeted genome engineering across
prokaryotic and eukaryotic species [69,70]. By fusing the two RNA molecules into a
chimeric single guide RNA (gRNA), containing a mature crRNA and a partial tracrRNA

Figure	
  4:	
  1.	
  Acquisition	
  phase:	
  When	
  a	
  foreign	
  viral	
  or	
  plasmid	
  DNA	
  invades	
  the	
  bacterial	
  cell,	
  surviving	
  bacteria	
  
acquire	
   fragments	
   of	
   the	
   foreign	
   DNA	
   (protospacer)	
   and	
   inserts	
   it	
   into	
   its	
   CRISPR	
   array	
   as	
   spacer	
   sequences	
  
separated	
   by	
   	
   conserved	
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   sequenc.	
   2.	
   Expression:	
   upon	
   secondary	
   exposure	
   the	
   spacer	
   sequences	
   are	
  
transcribed	
   into	
   a	
   pre-‐crRNA,	
   alongside	
   the	
   tracrRNA	
   and	
   Cas9	
   protein.	
   The	
   tracrRNA	
  mediates	
   the	
   maturation	
  
and	
  cleavage	
  of	
  the	
  pre-‐crRNA	
  into	
  crRNAs	
  which	
  is	
  them	
  associated	
  with	
  the	
  Cas9	
  protein	
  to	
  bind	
  to	
  the	
  invading	
  
viral	
  or	
  p lasmid	
  DNA	
  and	
  introduces	
  DSBs	
  into	
  the	
  foreign	
  DNA.
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the system have been developed to require only two components, a Cas9 protein and a
chimeric single-guide RNA (gRNA). In principle, using this system, it is possible to
target any user-defined sequence in the DNA and introduce a double stranded break
(DSB), which would trigger the cellular repair machineries such as non-homologous end
joining (NHEJ) and homology directed repair (HDR), with the only one requirement
being the PAM sequence.
A recent study investigated the crystalline structure of the CRISPR/Cas9 system during
its binding to the target DNA in S. pyogenes with a resolution of 2.5A [71]. This
structural analysis revealed that the Cas9 protein consists of two lobes, a recognition lobe
(REC), and a nuclease lobe (NUC), with the gRNA:DNA heteroduplex contained in a
positively charged groove in between the two lobes. This study also confirms the critical
role of PAM sequence in the recognition and binding to the DNA target [70,72], and
identified the PAM interacting domain (PI), which recognizes the NGG sequence. This
study also showed that the PI domain facilitates the separation of the DNA strands and
the formation of the gRNA:DNA heteroduplex.
These targeted genome modulation technologies, such as ZFs, TALEs and CRISPR/Cas
systems, provide a new generation of tools to answer core biological questions that could
include the DNA repair mechanism, recombination, metabolism and stress response.
These systems could also have medical application, through their capability of
introducing correct mutations of genetic diseases and supplying the correct template for
DNA repair pathways to adopt and re-write the mutated sequence. Using these targeted
genome modulation techniques has the potential to remove concerns about the insertion
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of foreign DNA into natural systems and the random DNA integration process. This
would help in casting away the doubt of GM crops in the eyes of the public. These new
biotechnological advances would also improve the overall quality and quantity of current
crop production, accelerate beneficial trait development and expand the range of traits.
1.3.1 RNA-guided dCas9 transcriptional regulation:
The NUC lobe of the Cas9 contains the Cas9
catalytic domains, RuvC and HNH [71]. Each
domain catalyzes the cleavage of a single DNA
strand; RuvC domain cleaves the sense strand,
and the HNH domain cleaving the anti-sense
strand. Mutations introduced to either catalytic
domain converts the Cas9 protein into a nickase
[70,73], which promotes homology-directed

Figure	
   5:	
   A	
   schematic	
   representation	
   of	
   the	
   dCas9	
  
protein,	
   point	
   mutations	
   in	
   the	
   Cas9	
   catalytic	
   sites	
  
(D10A	
   and	
   H840A)	
   results	
   in	
   a	
   catalytically	
   inactive	
  
Cas9,	
  referred	
  to	
  as	
  dead	
  Cas9	
  (dCas9)	
  protein.

repair (HDR). This is particularly useful due to the higher fidelity repair of this
mechanism, and the difficulty of promoting HDR in flowering plants where NHEJ is the
dominant process [74]. Introducing mutations in both catalytic domains (D10A, H840A)
produces a catalytically inactive Cas9, or dead Cas9 (dCas9) incapable of modifying the
DNA (Figure 6). However, this dCas9 together with a sgRNA is capable of generating a
DNA-binding complex that recognizes a sequence in the DNA. Therefore, catalytically
inactive Cas9 (dCas9) can be used as a DNA targeting module using user-specific crRNA
sequence.
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1.3.2 Transcriptional regulation in bacteria:
CRISPR/dCas9 systems have been applied to several bacterial organisms, such as E.coli,
Streptococcus pyogenes and Streptococcus pneumonia. In E.coli, targeting a dCas9
protein to the promoter elements or coding regions of the target genes was sufficient to
significantly repress the gene expression in a site-specific manner [75]. The
transcriptional repression effects could be due to a steric blockage of the binding of RNA
Pol II or inhibition of the transcript elongation. The efficiency of the transcriptional
repression is affected by the gRNA binding distance in the promoter from the
transcription start site of the target gene. Closer binding from the transcriptional start site
produces significant transcriptional repression. It remains to be determined whether the
distance from the transcriptional start site is promoter dependent or not. Other factors
affecting the efficiency include the complexity of the genome and its epigenetic status,
which affects the accessibility of the DNA to the CRISPR/dCas9 system.
1.3.3 Transcriptional regulation in eukaryotes:
CRISPR/Cas transcriptional regulators have been tested in several eukaryotic systems,
including yeast [76], tobacco [77,78], wheat [79], mice [80,81], rat [82], rabbits [83],
frogs [84], and fruit flies [85,86] as well as others. In yeast, CRISPR/Cas systems were
used to increase HDR and showed 100% rates of recombination of donor DNA sequences
[76]. The study in yeast also showed potential mutagenic capabilities of CRISPR/Cas9
systems by targeting an endogenous gene CAN1, a gene encoding a membrane arginine
permease. This gene was chosen because it provides a negative selectable marker on its
own, without the need to integrate a reporter gene to the system. When yeast cells are
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grown on a media containing the toxic arginine analogue canavanine, after transfection of
the Cas9 endonuclease and the gRNA targets [87], surviving cells will have (scar)sequences, left after cellular repair of the DSBs generated by the CRISPR/Cas9 complex,
preventing the permease gene from being expressed.
A dCas9 system has been developed recently to modulate gene expression in yeast and
mammalian cells. Mammalian cells however, have a very intricate genome that is
regulated by a variety of epigenetic modifications and regulatory pathways, and the
dCas9 alone showed very little efficiency [75]. Thus, attempts have been made to
improve the transcriptional modulation by fusing functional domains that might recruit
transcriptional activators or repressors. For transcriptional repression, KRAB and Kox1
were fused to dCas9 and successfully achieved gene repression. Furthermore,
transcriptional activators such as VP16 and p65 activation domain were also fused to
dCas9 and modulated transcriptional activation in both yeast and human HEK293 cells
[88].
A recent study used mouse and human HEK293T cells to establish a CRISPR activator
system [89], by fusing a minimal VP16 transcriptional activator domain (VP48) to the Cterminus of dCas9 protein. In their transient expression assay they used the GFP
transgene reporter system in mouse embryos and a tdTomato reporter transgene in human
HeLa cells to show dCas9VP48 activation of the promoter sequence of these genes. They
also demonstrated the synergy and modularity of the activation level through by
transfecting HEK293T cells with the dCas9 activator and serial of gRNA dilutions. The
activation of the human endogenous gene IL1RN promoter in HEK293T cells however
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required a stronger activator; the VP16 was used instead of VP48, targeting multiple sites
on the IL1RN promoter. Notably, they reported that targeting a dCas9 activator
downstream of the transcriptional start site hindered the gene expression, presumably by
blocking the polymerase enzyme and thus interrupting elongation.
1.3.4 Development of synthetic transcriptional regulators in plants via dCas9 CRISPR
systems:
Here, we attempted to optimize and use the dCas9 as a platform for targeted genome
regulation in plant cells. We used the dCas9 as a DNA-targeting module that can be
reprogrammed by the engineering of the gRNAs. Although the dCas9 per se might
function as a repressor, we sought to generate different chimeric proteins with functional
domains that have been proven to mediate transcriptional activation or repression. For
example, to generate a synthetic transcriptional activator we fused the dCas9 backbone to
the activation domain of the dHax3 TAL effector protein to generate the dCas9.TAD
hybrid protein. Similarly, we generated another synthetic activator by fusing the EDLL
domain to generate the dCas9.EDLL. These chimeric dCas9 transcriptional regulators
would allow us to test whether this system can be applied for site-specific transcriptional
activation in planta. To generate synthetic repressors, we fused the SRDX domain to the
dCas9 backbone to generate the dcas9.SRDX protein.
Both the EDLL and SRDX domains are found in plant transcription factors. They are
both associated with the ERF/EREBP family of transcriptional regulators. The
ERF/EREBP family members regulate transcription by binding to the GCC box on the
promoter of their target gene, and they are involved in the regulation of important plant
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processes, such as tolerance of biotic and abiotic stress and development [90-92]. EDLL
is a relatively short motif, consisting of 24 amino acids. It is an acidic activator,
comprising several acidic residues dispersed amongst hydrophobic leucine residues [93].
EDLL activates gene expression by binding to either proximal or distal positions from the
TATA-box of their target gene, with an activation strength that varies with the position of
their binding. SRDX on the other hand is driven from the transcriptional repressor
domain EAR (ERF-associated amphiphilic repression domain) [94]. This domain has
been found to be a very strong repressor, capable of performing its activity even in the
presence of strong activators such as VP16 [95]. To test the functionality of our synthetic
transcriptional regulators, we used the Agro-infiltration transient assay system to deliver
effector and target molecules in tobacco leaves (figure 7). Our results show that the
synthetic activators and repressors exhibit strong gene regulation activities. Our suite of
synthetic transcriptional regulators may have broad applications in plant biotechnology
and may help identify novel agricultural traits in important crop species.
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   infiltration,	
   leaf	
   discs	
   were	
   collected	
   and	
   subjected	
   to	
   qualitative	
   and	
  
quantitative	
   analysis.	
   When	
   testing	
   the	
   activity	
   of	
   the	
   transcriptional	
   regulators	
   on	
   an	
   episomal	
   target	
  
Agrobacterium	
  GV3101	
  strains	
  harboring	
  the	
  Bs3::uidA	
  in	
  pKGWFS7	
  is	
  mixed	
  with	
  effector	
  and	
  gRNA	
  molecules.	
  

28

2

Materials and methods:

2.1 Plasmid construction:
Human codon optimized dCas9 was obtained from AddGene (44246). dCas9 was
amplified from the original plasmid with primers 5'dCas9-F and 3'dCas9-R (SI) and
subcloned into pENTR-D/TOPO vector (Invitrogen). dCas9 clone was verified by Sanger
sequencing using primers listed in Supplementary information. dCas9 was subcloned to
the destination vector pK2GW7 by the gateway LR reaction using LR clonase II
(Invitrogen). Expression of dCas9 was driven by the constitutive cauliflower mosaic virus
promoter 35S.
To generate the dCas9 fusions with transcriptional activators and repressors, fragments
for dCas9 C-terminus in frame fusions of EDLL, TAD and SRDX were custom
synthesized by BluHeron (SI).
To generate dCas9.EDLL activator we custom synthesized a fragment comprising the Cterminus end of dCas9 fused to EDLL domain flanked by MluI and EcoRI restriction
sites (SI). The EDLL restricted fragment was subcloned to dCas9/pK2GW7 restricted
with MluI and EcoRI to generate the intended C-terminus fusion. A similar strategy was
used to generate dCas9.SRDX fusion protein using MluI and EcoRI (SI). Due to the
presence of EcoRI restriction site within the TAD sequence we custom synthesized a
fragment comprising a dCas9 C-terminus fused to the TAD flanked by MluI and XhoI
restriction sites (SI). MluI and XhoI were used to directly exchange the EDLL domain
sequence in the dCas9/pK2GW7 with TAD.
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A chimeric RNA, comprising crRNA and tracrRNA, was used in this study. Chimeric
RNA backbones were custom synthesized and expressed under the control of U6
Arabidopsis thaliana RNA polymerase III promoter (SI). All chimeric RNA backbones
comprising U6 promoter, 20nt targets and gRNA sequence were custom synthesized (SI).
The chimeric RNA containing specific targets was PCR amplified with the forward
primer carrying BamHI restriction site and reverse primer containing recognition
sequence for XbaI (SI). The integrity of the PCR product was confirmed by Sanger
sequencing using primers listed in the supplementary material. These fragments were
then cloned into the multiple cloning site (MCS) in the pYL156 destination vector by
restriction-ligation reaction using BamHI and XbaI. mBs3 promoter was fused to uidA
gene in pKGWFS7 vector as described before.
2.2 Agroinfiltration:
All dCas9 chimeric transcriptional regulators subcloned into pK2GW7, U6.gRNA cloned
in pYL156 and the Bs3.uidA in pKGWFS7, were transformed into A. tumefaciens, strain
GV3101 by electroporation [REF]. Agrobacteria were first cultured overnight in 5 mL
LB media containing suitable antibiotics, and subsequently cultured in 20 mL LB and
grown to the OD600 between 1.0 and 1.5. The Agrobacteria were collected and resuspended in the infiltration buffer (10mM MgCl2, 5mM MES, 0.1mM acetosyringone).
To study effector target binding and activation or repression, combination of Agrobacteia
containing effectors, episomal targets and gRNAs were mixed together to the OD600 0.6
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and co-delivered in different combinations into three to four week old tobacco N.
benthamiana leaves.
2.3 GUS qualitative and qualitative assays.
Infiltrated leaves were collected 36 to 48h post-infiltration for qualitative assay, and
immersed into GUS staining buffer (10mM NaH2PO4, 10mM EDTA, 0.1% Triton-X,
0.1% X-gluc, 1mM K4Fe(CN)6, 1mM K3Fe(CN)6) and kept at 37°C for 24h. The
following day discs were de-stained with 70% ethanol. For quantitative assays, proteins
were extracted from the disc leaves with 150µl of GUS extraction buffer (50mM
NaH2PO4, 10mM EDTA, 10mM β-mercaptoethanol, 0.1% Triton-X, 0.1% SDS). The
protein amounts in the samples were quantified by Bradford assay. For the fluorometric
assay, 90µl of assay buffer (50mM NaH2PO4, 10mM EDTA, 10mM β-mercaptoethanol,
0.1% Triton-X, 0.1% SDS, 5mM MUG) was mixed with 10µl of sample and incubated at
37ºC for 60 min. Reaction was stopped by adding 900µl 0.2M sodium carbonate (pH
9.5). Fluorescence was measured in a Tecan microplate reader at 360 nm (excitation) and
465 nm (emission) with 4-methyl-umbelliferon (MU) dilutions as standard. In all
experiments, background fluorescence, or auto-fluorescence, was subtracted from the
fluorescence readings of the samples.
2.4 RNA isolation and semi-quantitative PCR.
Total RNA was isolated from the leaf discs using the Qiagen RNeasy Plant mini kit.
Approximately 2 µg of total RNA was used for reverse transcription with SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen), to generate cDNA. ActinI and
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N.b PDS gene was PCR amplified using Phusion High-Fidelity DNA Polymerase
(Promega) with primer sets NB.actinI_RT_F, NB.actinI_qRT-Liu_R and
qRT.NB.PDS.303F, qRT.NB.PDS.875R, respectively (SI). DNA concentration of
samples was adjusted to equal molar ratios using actin as a reference.
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3

Results:

3.1 Design and construction of dCas9-based chimeric transcriptional regulators.
To test whether dCas9 can be used as a DNA targeting module for site-specific
transcriptional modulation in plants, we designed and constructed chimeric dCas9- based
transcriptional activators and repressors, respectively. The human codon-optimized
dCas9 was PCR amplified from pdCas9-humanized plasmid [75], subcloned into
pENTR-D/TOPO and subsequently cloned into pK2GW7 plant expression vector by LR
Gateway recombination cloning. The pK2GW7/dCas9 was used as a backbone to
generate dCas9 C-terminus fusions with functional transcriptional activation and
repression domains respectively. To build a chimeric transcriptional activator, we
selected the EDLL domain from the ERF/EREBP family of transcriptional regulators
because it was shown to function as a strong activation domain and be transferable to
other proteins and active in proximal and distal positions from the target promoter [93].
To generate the dCas9.EDLL chimeric transcriptional activator, we fused a custom
synthesized DNA fragment encoding the EDLL domain
(EVFEFEYLDDKVLEELLDSEERKR) in frame to the C-terminus of dCas9 backbone
using MluI and EcoRI restriction enzymes (Figure 7). Because TAL effectors functions
as transcription factors in planta, we constructed a second transcriptional activator by
fusing the activation domain of the dHax3 TAL effector to the C terminus of the dCas9
protein to generate dCas9.TAD. The chimeric dCas9.TAD (Figure 7) fusion was
generated by PCR amplifying the activation domain of the dHax3 (amino acid 683-960)
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and using MluI and XhoI restriction enzymes. For transcriptional repression, the SRDX
motif was shown to be a potent and dominant repressor that can be fused to a variety of
transcription factor for gene silencing purposes [94]. Therefore, we built a chimeric
dCas9 repressor by fusing the SRDX EAR motif (LDLDLELRLGFA) to the dCas9 Cterminus using MluI and EcoRI restriction enzymes, to generate dCas9.SRDX (Figure 7).
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   domain,	
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   to	
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   the	
   dCas9:TAD	
   synthetic	
   transcriptional	
  
activator.	
  Similarly	
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  EDLL	
  activation	
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  was	
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  of	
  dCas9	
  to	
  generate	
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  of	
  dCas9	
  to	
  generate	
  the	
  dCas9.SRDX	
  repressor.

To test the activity of the transcriptional activators, we constructed an episomal target
composed of Bs3 minimal promoter driving the uidA gene in pKGWFS7 vector (Figure
8A). Since the targeting of the dCas9 protein requires the guide RNA molecules, we
constructed U6::gRNAs, which were subcloned in pYL156 vector (SI) [96]. The gRNAs
were designed to bind to several places in the Bs3 promoter on the sense and antisense
strands. To test the activity of our transcriptional regulators on an endogenous target, we
selected the Nicotiana benthamiana phytoene desaturase gene (PDS). Thus, we generated
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few gRNAs capable of directing the dCas9 to several positions in the promoter or first
exon as shown in Figure 8B. The NGG PAM sequence requirement, for the streptococcus

Figure	
  4:	
  :	
  Schematic	
  representation	
  of	
  episomal	
  and	
  endogenous	
  gRNA	
  target	
  sequences	
  used	
  in	
  this	
  study.	
  
A)	
  Bs3	
  basal	
  promoter	
  driving	
  the	
  expression	
  of	
  the	
  uidA	
  in	
  pKGWFS7	
  binary	
  vector	
  is	
  used	
  as	
  an	
  episomal	
  
target	
  to	
  test	
   the	
  activity	
  of	
   the	
  synthetic	
   transcriptional	
   regulators	
   on	
  sense	
  and	
   antisense	
   strands.	
  gRNA	
  
target	
   sequences	
   are	
   shown,	
   selected	
   on	
   both	
   sense	
   and	
   antisense	
   strands	
   preceding	
   the	
   PAM	
   NGG	
  
sequences.	
  B)	
  PDS	
  gene	
  in	
  Nicotiana	
  benthamiana	
  is	
  used	
  as	
  an	
  endogenous	
  genomic	
  target	
  with	
  different	
  
gRNA	
  targets	
  in	
  the	
  promoter	
  region	
  and	
  the	
  first	
  exon.

pyogenes Cas9, was taken into consideration in the designs of all targets. To test the
functionality of our transcriptional effectors we transformed all binary constructs of
effectors, target and gRNAs into Agrobacterium tumefaciens and co-delivered them, in
different combinations, into plant cells via agroinfiltration for transient assays (Figure 6).
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3.2 The dCas9.TAs mediate strong transcriptional activation of a target gene.
We asked whether the chimeric dCas9.EDLL and dCas9.TAD transcriptional activators
were guided by the gRNAs to the complementary sequence elements of the Bs3 promoter
and whether they successfully activated the expression of the episomal uidA target gene
(Figure 9A). To answer this question, we co-delivered the dCas9.TAs, Bs3::uidA
episomal target and gRNAs in different combinations into three to four weeks old
tobacco leaves via Agrobacterium tumefaciens. The gRNAs were targeted to different
promoter elements on the sense and antisense strands of the Bs3::uidA promoter.
Infiltrated leaf disks were collected 36 to 48 hours post-infiltration and subjected to
qualitative and quantitative GUS analysis. Our results indicate that the dCas9.EDLL
synthetic transcriptional activator is capable of mediating site-specific transcriptional
activation of the uidA reporter gene (Figure 9B). Several controls were used in this
experiment including gRNA alone, Bs3::uidA target alone and gRNAs with noncomplementary sequence to the Bs3 promoter. A minimal background activation was
observed when Bs3::uidA was separately infiltrated into the tobacco leaves. Moreover,
when dCas9.EDLL was co-infiltrated with gRNA6 which is non-complementary to the
Bs3 sequence, a pronounced level of basal background was noted. Although higher
background was observed with the control gRNA, the target gRNAs mediated stronger
and reproducible transcriptional activation in at least 5 independent experiments. To
corroborate our transcriptional activation results with the dCas9.EDLL, we performed a
similar set of experiment using the dCas9.TAD composed of the dCas9 and dhax3 TAL
activation domain fusions. dCas9.TAD was guided to Bs3::uidA promoter by gRNA2
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and was capable of mediating site-specific transcriptional activation, when compared to
control combinations, indicating the versatility and reproducibility of the approach
(Figure 9C). Next, we investigated whether dCas9 chimeric activators generated in this
study are capable of enhancing expression levels of the endogenous N. benthamiana PDS
gene. We used the chimeric dCas9.EDLL and dCas9.TAD proteins with several gRNA
molecules designed to target the sense and antisense strands the PDS promoter as well as
fist exon of PDS gene. RT-PCR gene expression analysis indicated an increase in the
PDS expression level mediated by both dCas9.EDLL and dCas9.TAD transcriptional
activators when compared to the controls. gRNAs targeting to the sense (gRNA4),
antisense (gRNA5) and first exon (gRNA6) were capable of inducing comparable levels
of activation of PDS gene. Moreover, delivering multiple gRNAs simultaneously did not
trigger a synergistic effect on the activity level when compared to expression driven by
single gRNA molecules.
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Figure	
  5:	
  Transcriptional	
  activation	
  mediated	
  by	
  chimeric	
  dCas9.TFs.	
  A)	
  Schematic	
  representation	
  of	
  the	
  episomal	
  target	
  used	
  
in	
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   study	
  and	
   the	
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   of	
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   complex	
  on	
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  to	
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   the	
   transcription	
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   involved	
   in	
   the	
   assembly	
   and	
   functioning	
   of	
   the	
  
transcriptional	
  activation	
  machinery.	
  B)	
  dCas9.EDLL	
  activator	
  strongly	
  mediates	
  transcriptional	
  activation	
  when	
  guided	
  to	
  the	
  
Bs3	
   promoter	
   compared	
   to	
   Bs3	
   control,	
   and	
   	
   a	
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   gRNA	
   control	
   C)	
   Transcriptional	
   activation	
   using	
  
dCas9.TAD	
   chimeric	
   protein	
   resulted	
   in	
   higher	
   level	
   of	
   activation	
   when	
   compared	
   to	
   Bs3	
   control,	
   and	
   the	
   sequence	
   non-‐
specific	
  gRNA	
  control.	
  Error	
  b ars	
  indicate	
  standard	
  error	
  in	
  the	
  quantitative	
  assay.	
  Representative	
  leaf	
  disks	
  of	
  the	
  qualitative	
  
assay	
  are	
  shown.	
  These	
  data	
  represent	
  5	
  independent	
  experiments,	
  for	
  each	
  combination	
  3	
  to	
  4	
  plants	
  were	
  used.
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3.3 Positional of gRNAs binding in the promoter influence transcriptional activation.
Since our previous experiment demonstrated that a successful transcriptional activation
can be mediated by CRISPR/dCas9.TAs, we attempted to determine whether the
transcriptional activation is influenced by the positions of the gRNA promoter binding
sites relative to the transcriptional start site (TSS). Few gRNA molecules, complementary
to the promoter elements and with variable lengths from the TSS were designed as
follows: gRNA1: -297, gRNA2: -259 and gRNA3:-239. These gRNAs co-delivered with
each transcriptional activator (dCas9.EDLL and dCas9.TAD), along with the Bs3::uidA
in pKGWFS7 target vector. We determined the level of transcriptional activation
mediated by dCas9.EDLL and dCas9.TAD by employing the Nicotiana benthamiana
transient assays. Our results indicate that gRNA2 and gRNA1, targeting the sense strand,
mediated higher transcriptional activation when compared with gRNA3, which targets
the anti-sense strand, in the case of dCas9.EDLL (Figure 10A). In the dCas9.TAD
experiments, activation of targets located further upstream of the transcription start site
on the sense strand (gRNA1) are comparable with the targets located at the antisense
strand (gRNA3). Additionally, gRNA2 mediates stronger activity level in comparison
with gRNA1, indicating the importance of the gRNA binding distance from the TSS and
how it might influence the transcriptional activity (Figure 10B). Further characterization
is required using different promoters and with gRNAs binding sites that are widely
spaced.
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Figure	
  6:	
  Positional	
  effect	
  of	
  dCas9	
  promoter	
  binding	
  elements	
  on	
  transcriptional	
  activation	
  of	
  Bs3::uidA	
  episomal	
  
target	
  gene.	
  A)	
  Positional	
  effect	
  of	
  the	
  dCas9.EDLL	
  mediated	
  transcriptional	
  activation.	
  gRNA1	
  and	
  gRNA2	
  targeting	
  
sequences	
   on	
   the	
   sense	
   strand	
   mediated	
   stronger	
   transcriptional	
   activation	
   than	
   gRNA3	
   targeting	
   the	
   antisense	
  
strand	
   when	
   compared	
   to	
   the	
   Bs3	
   control	
   only.	
   The	
   delivery	
   of	
  the	
   gRNA2	
  alone	
   did	
  not	
   yield	
   any	
   positive	
   GUS	
  
signal.	
  B)	
  Positional	
  effect	
  of	
  the	
  dCas9.TAD	
  mediated	
  transcriptional	
  activation.	
  gRNA2	
  targeting	
  the	
  sense	
  strand	
  
closer	
   to	
   the	
   TSS	
   mediated	
   the	
   highest	
   level	
   of	
   transcriptional	
   activation.	
   Notably,	
   all	
   gRNA	
   targets	
   mediated	
  
significantly	
  higher	
  level	
  of	
  activation	
  in	
  comparison	
  with	
  the	
  Bs3	
  control.	
  Error	
  bars	
  indicate	
  standard	
  error	
  in	
  the	
  
quantitative	
  assay.	
  Representative	
  leaf	
  disk	
  of	
  the	
  qualitative	
  assay	
  is	
  shown.
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3.4 Transcriptional activation is enhanced by multiple gRNAs.
To test whether multiple gRNAs could result in synergistic effect on the transcriptional
activation, we co-delivered dCas9.EDLL, Bs3::uidA episomal target and multiple gRNAs
in different combinations into tobacco leaves. To measure the synergistic effect we used a
combination of the gRNAs that bind to the sense and antisense strands on the episomal
target with dCas9.EDLL and dCas9.TAD transcriptional activators. Our data show that
using multiple gRNAs that bind to the sense strand increased the overall transcriptional
activation when compared to the levels shown in single gRNA experiments. Using
multiple gRNAs that bind to sense and antisense strand resulted in a lower level of
transcriptional activation when compared with the levels observed using gRNAs targeting
the sense strand.
In the dCas9.EDLL experiments the use of two gRNAs binding to the sense strand
(gRNA2) and antisense strand (gRNA3) resulted in higher level of activation in
comparison with the single gRNA experiment (Figure 11A). Moreover, we observed
different transcriptional levels using different combination of gRNAs binding to the sense
and antisense strand. For example, using gRNA2 and gRNA3 showed higher
transcriptional activation level then using gRNA1 and gRNA3 (Figure 11A).
The same set of experiments was performed using dCas9.TAD. Combinations of gRNAs
that bind to the sense and antisense strands have led to increased transcriptional
activation levels when compared with gRNAs that bind to sense or antisense strand
separately. Consistent with the data that were shown with dCas9.EDLL combination of
the gRNAs targeting sense and antisense strand on locations closer to the transcription

41
start site (gRNA2 and gRNA3) showed higher level of activation in comparison to
combinations where the gRNAs targeting the sense strand were located further upstream
(gRNA1 and gRNA3) (Figure 11B).
Our data indicate that the use of gRNAs binding to the sense strand increase the
transcriptional activation levels of the uidA gene when compared to the other
combinations. Further, the gRNA binding site and distance relative to the TSS in the
promoter might influence the levels of transcriptional activation and thus further
characterization and studies need to be performed for each promoter.
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Figure	
  7:	
  Synergistic	
  effects	
  of	
  dCas9.TFs	
  complexes	
  on	
  the	
  overall	
  transcriptional	
  regulation	
  of	
  the	
  Bs3	
  promoter.	
  
A)	
  The	
  highest	
  activation	
  level	
  was	
  observed	
  using	
  gRNA1	
  and	
  gRNA2	
  targeting	
  the	
  sense	
  strand	
  in	
  the	
  Bs3	
  
promoter.	
  When	
  combining	
  targets	
  on	
  the	
  sense	
  and	
  antisense	
  strands,	
  targets	
  in	
  proximal	
  positions	
  from	
  each	
  
other	
  (gRNA	
  2	
  and	
  gRNA3)	
  showed	
  a	
  higher	
  level	
  of	
  activation	
  meanwhile	
  targets	
  located	
  further	
  away	
  from	
  each	
  
other	
  (gRNA1	
  and	
  gRNA3)	
  showed	
  the	
  lowest	
  activation	
  level.	
  Delivery	
  of	
  all	
  three	
  gRNAs	
  d oes	
  not	
  necessarily	
  
achieve	
  the	
  b est	
  level	
  of	
  activity.	
  B)	
  The	
  highest	
  activation	
  level	
  was	
  achieved	
  using	
  gRNA2	
  and	
  gRNA3	
  targeting	
  
sense	
  and	
  antisense	
  strands	
  respectively	
  at	
  proximal	
  positions.	
  In	
  contrast	
  gRNAs	
  targeting	
  the	
  sense	
  (gRNA1)	
  and	
  
antisense	
  (gRNA3)	
  strands	
  located	
  further	
  away	
  from	
  each	
  other	
  showed	
  lowest	
  activity	
  level.	
  The	
  delivery	
  of	
  all	
  
three	
  gRNAs	
  together	
  activated	
  the	
  GUS	
  gene	
  at	
  a	
  similar	
  levels	
  observed	
  in	
  the	
  same	
  combination	
  used	
  in	
  the	
  
dCas9.EDLL	
  experiment.	
  Error	
  bars	
  indicate	
  standard	
  error	
  in	
  the	
  quantitative	
  assay.	
  Representative	
  leaf	
  disk	
  of	
  the	
  
qualitative	
  assay	
  is	
  shown.
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3.5 The dCas9-SRDX mediates transcriptional repression of a PDS target gene.
CRISPR/dCas9 system has been shown to repress different target genes in bacterial and
mammalian cells, respectively [75]. Gene repression effects were robust and reversible.
In this study we attempted to test whether dCas9 fused to a repressor domain, such as
SRDX (dCas9.SRDX), would enable site specific repression of plant genes (Figure 12A).
Therefore, we constructed a chimeric dCas9.SRDX protein and several gRNA molecules
designed to target and bind to the promoter region of phytoene desaturase gene (PDS) in
N. benthamiana genome. Subsequently, we co-delivered via Agrobacterium tumefaciens
the dCas9.SRDX effector proteins with the guide RNA molecules into three to four
weeks old tobacco leaves. Infiltrated leaf samples were collected 36- to 48 hours postinfiltration (hpi) and the transcription regulation was assayed by semi-quantitative RTPCR analysis. Since previous reports have shown that dCas9 alone is capable of
repressing target genes, possibly by interfering with the transcriptional machinery or
physical hindrance of RNA pol II (Figure 12A) [75,88,97], we attempted to test out
whether dCas9 alone is capable of mediating such repression effects in planta.
Interestingly, our data show that dCas9 guided to the first exon of the PDS gene (gRNA6)
was capable of mildly repressing the PDS transcription. Moreover, dCas9 guided to the
sense strand of the promoter region (gRNA4) did not change noticeably the PDS
expression levels while dCas9 guided to the antisense strand resulted in elevated
expression levels (Figure 12B). When dCas9.SRDX chimeric protein was used, a marked
repression effects were demonstrated with all gRNAs targeting the exonic, sense and
antisense strands of the promoter region (Figure 12B). Therefore, our data demonstrate
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that dCas9.SRDX transcriptional repressor is capable of mediating transcriptional
repression of the PDS gene in a site-specific manner.

Figure	
   8:	
   dCas9.SRDX	
   mediated	
   repression	
   of	
   PDS	
   endogenous	
   target	
   in	
   Nicotiana	
   benthamiana	
   transient	
   leaf	
   assays.	
   A)	
  
gRNAs	
   guide	
   the	
   dCas9	
   transcriptional	
   repressor	
   to	
   the	
   target	
   site.	
   Whereas	
   dCas9	
   mediates	
   binding	
   to	
   the	
   target	
   DNA	
  
sequence,	
   SRDX	
   repressor	
   domain	
   recruits	
   the	
   transcription	
   factors	
   responsible	
   for	
   blocking	
   the	
   expression	
   of	
   the	
   gene.	
  
Repression	
  can	
  be	
  achieved	
   either	
  b y	
  b locking	
  the	
  transcriptional	
  initiation	
  when	
  dCas9.SRDX	
  binds	
  to	
  the	
  promoter	
  region	
  of	
  
the	
  gene	
  or	
  b y	
  interrupting	
  the	
  transcriptional	
  elongation	
  when	
  the	
  target	
  binding	
  takes	
  place	
  d ownstream	
  of	
  the	
  TSS.	
  B)	
  RT-‐
PCR	
   analysis	
   of	
   PDS	
   gene	
   expression	
   level.	
   (Lower	
   panel)	
   18S	
   and	
   28S	
   RNA	
   loading	
   controls.	
   (Middle	
   panel)	
   Normalized	
  
housekeeping	
  actinI	
  gene	
  expression.	
  (Upper	
  panel)	
  Variable	
  levels	
  of	
  transcriptional	
  regulation	
  of	
  PDS	
  gene.	
  The	
  expression	
  
pattern	
  of	
  PDS	
  observed	
  using	
  dCas9	
  alone	
  shows	
  uneven	
  repression	
  levels.	
  It	
  seems	
  that	
  gRNA6	
  guiding	
  the	
  dCas9	
  to	
  the	
  first	
  
exon	
  of	
  the	
  gene	
  yields	
  the	
  strongest	
  repression.	
  The	
  expression	
  of	
  the	
  PDS	
  gene	
  is	
  nearly	
  completely	
  down-‐regulated	
  when	
  
targeting	
   dCas9.SRDX	
   to	
   the	
   sense	
   (gRNA4)	
   and	
   antisense	
   (gRNA5)	
   strand	
   in	
   the	
   PDS	
   promoter,	
   as	
   well	
   as	
   dCas9.SRDX	
  
targeting	
  the	
   first	
   exon	
  (gRNA6)	
   when	
   compared	
   with	
   the	
  positive	
  controls.	
   Control	
  1:	
  dCas9	
   alone;	
   control	
   2:	
   dCas9.SRDX	
  
alone;	
  control	
  3:	
  dCas9+U6::gRNA	
  (SI);	
  control	
  4:dCas9.SRDX+U6::gRNA	
  (SI).

45

3.6 The dCas9-EDLL and dCas9-TAD mediate transcriptional activation of a PDS target
gene.
Next, we investigated whether the dCas9 chimeric activators generated in this study are
capable of enhancing expression levels of the endogenous N. Benthamiana PDS gene.
We used the chimeric dCas9.EDLL and dCas9.TAD proteins with several gRNA
molecules designed to target the sense and antisense strands of the PDS promoter as well
as the first exon of the PDS gene. RT-PCR gene expression analysis indicated an increase
in the PDS expression level mediated by both dCas9.EDLL and dCas9.TAD
transcriptional activators when compared to controls (Figure 13A). gRNAs targeting
sense (gRNA4), antisense (gRNA5) and first exon (gRNA6) were capable of inducing
comparable levels of activation of PDS gene (Figure 13B). Moreover, delivering multiple
gRNAs simultaneously did not trigger a synergistic effect on the activity level when
compared to the expression driven by single gRNA molecules (Figure13).
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Figure	
   9:	
   Transcriptional	
   activation	
   of	
   endogenous	
   PDS	
   target	
   using	
   dCas9.TAs.	
   A)	
   RT-‐PCR	
   analysis	
   of	
   PDS	
   gene	
  
expression	
  level	
  mediated	
  by	
  dCas9.EDLL	
  synthetic	
  activator.	
  (Upper	
  panel)	
  Normalized	
  housekeeping	
  actinI	
  gene	
  
expression.	
   (Lower	
   panel)	
   Similar	
   activation	
   levels	
   were	
   observed	
   when	
   using	
   single	
   gRNAs	
   targeting	
   the	
   sense	
  
(gRNA4)	
  and	
  antisense	
  (gRNA5)	
  strands	
  in	
  the	
  promoter	
  region	
  as	
  well	
  as	
  gRNA6	
  targeting	
  the	
  sense	
  strand	
  of	
  the	
  
first	
  exon.	
  Co-‐delivery	
  of	
  all	
  three	
  gRNAs	
  does	
  not	
  seem	
  to	
  induce	
  synergy.	
  However	
  all	
  gRNA	
  combinations	
  show	
  
higher	
  level	
  of	
  expression	
  in	
  comparison	
  with	
  the	
  controls.	
  Control	
  5:	
  dCas9.EDLL;	
  Control	
  6:	
  dCas9.EDLL+U6::gRNA.	
  
B)	
   RT-‐PCR	
   analysis	
   of	
   PDS	
   gene	
   expression	
   level	
   mediated	
   by	
   dCas9.TAD	
   synthetic	
   activator.	
   (upper	
   panel)	
  
Normalized	
  housekeeping	
  actinI	
  gene	
  expression.	
  (Lower	
  panel)	
  Using	
  single	
  and	
  multiple	
  combinations	
  of	
  gRNAs	
  
targeting	
   PDS	
   gene	
   shows	
   comparable	
   levels	
   of	
   expression	
   when	
   compared	
   to	
   one	
   another	
   which	
   exceeds	
   the	
  
expression	
  level	
  of	
  the	
  controls.	
  Control	
  7:	
  dCas9.TAD;	
  Control	
  8:	
  dCas9.TAD+U6::gRNA.
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3.7 Synthetic transcriptional repressor interferes and competes with transcriptional
activation machinery.
It has been reported that SRDX domain is a dominant repressor that retains its repression
function, even when fused to transcriptional factors containing activation domains
[94,98-100]. We attempted to study the effect of dCas9.SRDX on transcriptional
activation mediated by either dCas9.EDLL or dCas9.TAD chimeric transcriptional
activators. Co-delivering repressor and activator constructs simultaneously, with single or
multiple gRNAs targeting the Bs3 promoter of our episomal target, would enable
studying the effects of the dCas9.SRDX repressor on the activity of the transcriptional
activators. Since a single gRNA could guide either dCas9.SRDX or a dCas9.TA
(dCas9.EDLL or dCas9.TAD) to the episomal target, this system would test the
transcriptional interference of dCas9.SRDX with the activity of dCas9.TAs. For example,
when dCas9.SRDX was co-delivered with dCas9.EDLL and gRNA2 combination, we
observed significant reduction in the transcriptional activation levels normally mediated
by dCas9.EDLL (Figure 14A). Similarly, dCas9.SRDX was capable of reducing the
transcriptional activity mediated by dCas9.TAD (Figure 14B). Thus, dCas9.SRDX is
capable of interfering with transcriptional activation mediated by either transcriptional
activator.
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Figure	
   10:	
   Interference	
   analysis	
   of	
   the	
   dCas9:SRDX	
   repressor	
   with	
   dCas9:EDLL	
   and	
   dCas9:TAD	
   transcriptional	
  
activators	
   A).	
   dCas9.SRDX	
   is	
   capable	
   of	
   interfering	
   with	
   the	
   transcriptional	
   activation	
   mediated	
   by	
   dCas9:EDLL	
   .	
  
High	
  expression	
  level	
  observed	
  using	
  dCas9.EDLL	
  decreased	
  dramatically	
  when	
  dCas9.SRDX	
  repressor	
  co-‐delivered	
  
with	
   dCas9.EDLL..	
   B)	
   dCas9.SRDX	
   is	
   capable	
   of	
   mildly	
   interfering	
   with	
   the	
   transcriptional	
   activation	
   mediated	
   by	
  
dCas9:TAD.	
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Discussion:

In the present work, we show that the CRISPR/dCas9 system can be used as a platform
for targeted genome regulation on episomal and genomic targets (Figure 7). We
employed the catalytically inactive Cas9 protein combined with gRNA molecules as a
DNA targeting module. We optimized the CRISPR/dCas9 system for in planta expression
by subcloning the dCas9 gene into a binary vector under 35S constitutive promoter
(pK2GW7). The gRNA molecules were subcloned downstream of Pol III U6 promoter
into the pYL156 vector. The two binary vectors carrying the dCas9 protein and its gRNA
were co-delivered into plant cells via Agrobacterium tumefaciens to test their activities
on either episomal or genomic targets (Figure 6). It has been shown that the
CRISPR/dCas9 mediates DNA targeting in bacterial and human cells [75,101].
Moreover, chimeric proteins generated by domain fusions to the dCas9 protein were
capable of mediating targeted transcriptional regulation [102]. Since dCas9 was shown to
function as a transcriptional repressor by interfering with the formation of the
transcriptional machinery complex or hindering the RNA Pol II activity [75], we
attempted to test whether this CRSIPR/dCas9 ribonucleocomplex could mediate DNA
targeting and transcriptional activation or repression in planta. To do this, we generated
two dCas9 chimeric transcriptional activators by fusing different transcriptional
activation domains to the C-terminus of dCas9 (Figure 7). The EDLL domain of
ERF/EREBP family of plant transcriptional factors was used because it has been
established to be a strong transcriptional activator, easily transferable to other proteins
and can bind to either proximal or distal positions from the TATA box [93]. The second
dCas9 transcriptional activator was generated by fusing the activation domain of the
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dHax3 TAL effector protein of phytopathogenic, Xanthomonas sp, bacteria, due to its
strong and well defined nature of activation of the plant host target genes. We used Bs3
promoter of the resistance (R) gene from the dicot pepper plants [103], fused with uidA
gene as an episomal target. We tested the transcriptional activation and estimated the
activation levels qualitatively and quantitatively, through GUS expression assays.
Several gRNAs complementary to either the sense or antisense strands in the Bs3
promoter region were generated in pYL156 binary vector under the control of U6
promoter. Effector and guide RNA fused to target constructs were co-delivered
simultaneously into Nicotiana benthamiana leaves for transient assay.
Qualitative and quantitative analysis of the uidA gene indicate that the dCas9.EDLL
fusion protein is capable of activating transcription by 5 folds when compared to the Bs3
control alone (Figure 9B). Similarly the dCas9.TAD was capable by mediating the
transcriptional activation by 6 folds (Figure 9C). When using a control that targeted a
sequence outside the Bs3 promoter we observed a level of activation of 2-folds and 4folds in dCas9.EDLL and dCas9.TAD respectively (Figure 9B,C). This is not surprising
and can be explained by the fact that a high copy number of the episomal molecules will
be screened by the CRISPR/dCas9.TFs machinery to find gRNA complementary
sequences [104-106]. Thus, the process of binding and screening for the complementary
target could mildly activate the expression. Our interpretation of these data requires
further characterization. Overall, our data demonstrate the successful targeting and
transcriptional regulation as evident by the activation of uidA. Next, we attempted to
study whether gRNA molecules targeted to the antisense strand could bring about the
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same activation effects as those targeting the sense strand. We found that transcriptional
activation from gRNAs targeting the sense strands is 1.5 folds higher than those targeting
the antisense strand possibly due to a structural flexibility in bringing in the
transcriptional machinery and RNA polymerase activity (Figure 10). Moreover, we tested
whether the distance from the transcriptional start site (TSS) could play a role in the
transcriptional activation. We used several gRNAs targeted to -297 (gRNA1), -259
(gRNA2) and -239 (gRNA3) from the TSS and compared the level of transcriptional
activity induced by each of them (Figure 10). With both transcriptional activators,
gRNA2, binding closer to the TSS shows higher activity than gRNA1. This difference is
significantly observed with dCas9.TAD activation domain in contrast to the slight
difference observed using dCas9.EDLL. These data indicate that variable dCas9.TAs
would require different distances from the TSS for optimum and higher transcriptional
levels due primarily to structural requirements for the chimeric dCas9 fusions.
Furthermore, we wanted to determine whether there is an additive or synergistic effect by
using multiple gRNAs simultaneously targeted to sense and antisense strands (Figure 11).
We observed strong activation levels when we co-delivered two gRNAs targeting the
sense strand (gRNA1 and gRNA2) when compared to any other combination using the
dCas9.EDLL (Figure 11A). These data indicate that such combination can be used to
produce higher transcriptional levels of user-selected genomic targets. Interestingly, it is
not the case when using dCas9.TAD (Figure 11B). The strongest activation was observed
when mixing the gRNA2 targeting the sense strand closer to the TSS and gRNA3
targeting the antisense strand. This could indicate that the dCas9.TAD complexes binding
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could be feasible on sense and antisense strands simultaneously. Interestingly, the
weakest additive transcriptional activation effect is achieved when co-delivering gRNAs
targeting the sense strand farther to the TTS, and antisense strand. These data reveal that
using gRNAs targeted to the antisense strand of the promoter might compromise the
additive effects possibly due to the structural hindrance to the RNA pol II binding and
transcriptional initiation machinery. Our data indicate that using multiple gRNAs and
assembling transcriptional complexes on different promoter regions lead to an increase in
the overall transcriptional activation. Furthermore, our data indicate that it may not be
necessary to use several gRNA molecules simultaneously to obtain the most robust
transcriptional effect and that the number of gRNA molecules and dCas9 complexes may
reach a saturation point where using more gRNAs might structurally hinder the assembly
and activity of neighboring complexes and decrease the overall intended transcriptional
activation effect.
Since we demonstrated the transcriptional activation on episomal targets, we argued that
it might be possible to generate transcriptional repressors capable of down regulating
genomic targets in a site-specific manner. Therefore, we fused a dominant repression
domain, SRDX, from the ERF transcription factors family [107,108] to the C-terminus of
the dCas9 protein (Figure 7). This domain has been used before to down regulate target
genes when fused to transcription factors or TAL effectors as DNA binding modules
[100]. We delivered the dCas9.SRDX synthetic repressor with gRNAs targeting different
parts of the promoter of the PDS gene of Nicotiana benthamiana (Figure 8B). Our data
show that the dCas9.SRDX synthetic repressor is capable of mediating transcription
repression of the target genes as shown in Figure 12B. In conclusion, our present study
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provides the first evidence that CRSIPSR/dCas9 can be used for targeted plant genome
regulation. Moreover, we built several synthetic transcriptional factors using activation
and repression domains and demonstrated the feasibility of targeted transcriptional
regulation on episomal as well as genomic targets in planta. Several areas of
improvements still remain including using shorter versions of dCas9 capable of
mediating DNA targeting and optimizing strong repression and activation domains to the
dCas9 improved architecture. Generation of dCas9.TF over expression lines, for example
in Arabidopsis and tobacco, could facilitate the functional studies of single and multiple
genes under different nutritional, hormonal or environmental treatments respectively.
Because gRNA molecules can be delivered using weak symptomless virus capable of
systemic infection of the plant, using such approach it might be possible to build a
functional genomics platform in multiple plants species amenable to symptomless viral
infection as gRNA carriers. We can envision that a trait discovery platform can be built
by regulating the delivery of multiple gRNAs targeting single, multiple or all members of
a gene family. Although the current study awaits further characterization and application
on stable transgenic lines over-expressing dCas9, the present study opens enormous
possibilities to address important basic plant biology questions and enhance agricultural
biotechnology applications.
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SUPPLEMENTARY INFORMATION
Nucleotide Sequences:
44246 dCas9
TGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAGTAACGCCATTTTGCAAGGCA
TGGAAAATACATAACTGAGAATAGAGAAGTTCAGATCAAGGTTAGGAACAGAGAGACAG
CAGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCA
AGAACAGATGGTCCCCAGATGCGGTCCCGCCCTCAGCAGTTTCTAGAGAACCATCAGAT
GTTTCCAGGGTGCCCCAAGGACCTGAAATGACCCTGTGCCTTATTTGAACTAACCAATC
AGTTCGCTTCTCGCTTCTGTTCGCGCGCTTCTGCTCCCCGAGCTCAATAAAAGAGCCCA
CAACCCCTCACTCGGCGCGCCAGTCCTCCGATAGACTGCGTCGCCCGGGTACCCGTATT
CCCAATAAAGCCTCTTGCTGTTTGCATCCGAATCGTGGACTCGCTGATCCTTGGGAGGG
TCTCCTCAGATTGATTGACTGCCCACCTCGGGGGTCTTTCATTTGGAGGTTCCACCGAG
ATTTGGAGACCCCTGCCCAGGGACCACCGACCCCCCCGCCGGGAGGTAAGCTGGCCAGC
GGTCGTTTCGTGTCTGTCTCTGTCTTTGTGCGTGTTTGTGCCGGCATCTAATGTTTGCG
CCTGCGTCTGTACTAGTTAGCTAACTAGCTCTGTATCTGGCGGACCCGTGGTGGAACTG
ACGAGTTCTGAACACCCGGCCGCAACCCTGGGAGACGTCCCAGGGACTTTGGGGGCCGT
TTTTGTGGCCCGACCTGAGGAAGGGAGTCGATGTGGAATCCGACCCCGTCAGGATATGT
GGTTCTGGTAGGAGACGAGAACCTAAAACAGTTCCCGCCTCCGTCTGAATTTTTGCTTT
CGGTTTGGAACCGAAGCCGCGCGTCTTGTCTGCTGCAGCGCTGCAGCATCGTTCTGTGT
TGTCTCTGTCTGACTGTGTTTCTGTATTTGTCTGAAAATTAGGGCCAGACTGTTACCAC
TCCCTTAAGTTTGACCTTAGGTCACTGGAAAGATGTCGAGCGGATCGCTCACAACCAGT
CGGTAGATGTCAAGAAGAGACGTTGGGTTACCTTCTGCTCTGCAGAATGGCCAACCTTT
AACGTCGGATGGCCGCGAGACGGCACCTTTAACCGAGACCTCATCACCCAGGTTAAGAT
CAAGGTCTTTTCACCTGGCCCGCATGGACACCCAGACCAGGTCCCCTACATCGTGACCT
GGGAAGCCTTGGCTTTTGACCCCCCTCCCTGGGTCAAGCCCTTTGTACACCCTAAGCCT
CCGCCTCCTCTTCCTCCATCCGCCCCGTCTCTCCCCCTTGAACCTCCTCGTTCGACCCC
GCCTCGATCCTCCCTTTATCCAGCCCTCACTCCTTCTCTAGGCGCCGGAATTAGATCTC
GCCACCATGGACAAGAAGTATTCTATCGGACTGGCCATCGGGACTAATAGCGTCGGGTG
GGCCGTGATCACTGACGAGTACAAGGTGCCCTCTAAGAAGTTCAAGGTGCTCGGGAACA
CCGACCGGCATTCCATCAAGAAAAATCTGATCGGAGCTCTCCTCTTTGATTCAGGGGAG
ACCGCTGAAGCAACCCGCCTCAAGCGGACTGCTAGACGGCGGTACACCAGGAGGAAGAA
CCGGATTTGTTACCTTCAAGAGATATTCTCCAACGAAATGGCAAAGGTCGACGACAGCT
TCTTCCATAGGCTGGAAGAATCATTCCTCGTGGAAGAGGATAAGAAGCATGAACGGCAT
CCCATCTTCGGTAATATCGTCGACGAGGTGGCCTATCACGAGAAATACCCAACCATCTA
CCATCTTCGCAAAAAGCTGGTGGACTCAACCGACAAGGCAGACCTCCGGCTTATCTACC
TGGCCCTGGCCCACATGATCAAGTTCAGAGGCCACTTCCTGATCGAGGGCGACCTCAAT
CCTGACAATAGCGATGTGGATAAACTGTTCATCCAGCTGGTGCAGACTTACAACCAGCT
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CTTTGAAGAGAACCCCATCAATGCAAGCGGAGTCGATGCCAAGGCCATTCTGTCAGCCC
GGCTGTCAAAGAGCCGCAGACTTGAGAATCTTATCGCTCAGCTGCCGGGTGAAAAGAAA
AATGGACTGTTCGGGAACCTGATTGCTCTTTCACTTGGGCTGACTCCCAATTTCAAGTC
TAATTTCGACCTGGCAGAGGATGCCAAGCTGCAACTGTCCAAGGACACCTATGATGACG
ATCTCGACAACCTCCTGGCCCAGATCGGTGACCAATACGCCGACCTTTTCCTTGCTGCT
AAGAATCTTTCTGACGCCATCCTGCTGTCTGACATTCTCCGCGTGAACACTGAAATCAC
CAAGGCCCCTCTTTCAGCTTCAATGATTAAGCGGTATGATGAGCACCACCAGGACCTGA
CCCTGCTTAAGGCACTCGTCCGGCAGCAGCTTCCGGAGAAGTACAAGGAAATCTTCTTT
GACCAGTCAAAGAATGGATACGCCGGCTACATCGACGGAGGTGCCTCCCAAGAGGAATT
TTATAAGTTTATCAAACCTATCCTTGAGAAGATGGACGGCACCGAAGAGCTCCTCGTGA
AACTGAATCGGGAGGATCTGCTGCGGAAGCAGCGCACTTTCGACAATGGGAGCATTCCC
CACCAGATCCATCTTGGGGAGCTTCACGCCATCCTTCGGCGCCAAGAGGACTTCTACCC
CTTTCTTAAGGACAACAGGGAGAAGATTGAGAAAATTCTCACTTTCCGCATCCCCTACT
ACGTGGGACCCCTCGCCAGAGGAAATAGCCGGTTTGCTTGGATGACCAGAAAGTCAGAA
GAAACTATCACTCCCTGGAACTTCGAAGAGGTGGTGGACAAGGGAGCCAGCGCTCAGTC
ATTCATCGAACGGATGACTAACTTCGATAAGAACCTCCCCAATGAGAAGGTCCTGCCGA
AACATTCCCTGCTCTACGAGTACTTTACCGTGTACAACGAGCTGACCAAGGTGAAATAT
GTCACCGAAGGGATGAGGAAGCCCGCATTCCTGTCAGGCGAACAAAAGAAGGCAATTGT
GGACCTTCTGTTCAAGACCAATAGAAAGGTGACCGTGAAGCAGCTGAAGGAGGACTATT
TCAAGAAAATTGAATGCTTCGACTCTGTGGAGATTAGCGGGGTCGAAGATCGGTTCAAC
GCAAGCCTGGGTACCTACCATGATCTGCTTAAGATCATCAAGGACAAGGATTTTCTGGA
CAATGAGGAGAACGAGGACATCCTTGAGGACATTGTCCTGACTCTCACTCTGTTCGAGG
ACCGGGAAATGATCGAGGAGAGGCTTAAGACCTACGCCCATCTGTTCGACGATAAAGTG
ATGAAGCAACTTAAACGGAGAAGATATACCGGATGGGGACGCCTTAGCCGCAAACTCAT
CAACGGAATCCGGGACAAACAGAGCGGAAAGACCATTCTTGATTTCCTTAAGAGCGACG
GATTCGCTAATCGCAACTTCATGCAACTTATCCATGATGATTCCCTGACCTTTAAGGAG
GACATCCAGAAGGCCCAAGTGTCTGGACAAGGTGACTCACTGCACGAGCATATCGCAAA
TCTGGCTGGTTCACCCGCTATTAAGAAGGGTATTCTCCAGACCGTGAAAGTCGTGGACG
AGCTGGTCAAGGTGATGGGTCGCCATAAACCAGAGAACATTGTCATCGAGATGGCCAGG
GAAAACCAGACTACCCAGAAGGGACAGAAGAACAGCAGGGAGCGGATGAAAAGAATTGA
GGAAGGGATTAAGGAGCTCGGGTCACAGATCCTTAAAGAGCACCCGGTGGAAAACACCC
AGCTTCAGAATGAGAAGCTCTATCTGTACTACCTTCAAAATGGACGCGATATGTATGTG
GACCAAGAGCTTGATATCAACAGGCTCTCAGACTACGACGTGGACGCCATCGTCCCTCA
GAGCTTCCTCAAAGACGACTCAATTGACAATAAGGTGCTGACTCGCTCAGACAAGAACC
GGGGAAAGTCAGATAACGTGCCCTCAGAGGAAGTCGTGAAAAAGATGAAGAACTATTGG
CGCCAGCTTCTGAACGCAAAGCTGATCACTCAGCGGAAGTTCGACAATCTCACTAAGGC
TGAGAGGGGCGGACTGAGCGAACTGGACAAAGCAGGATTCATTAAACGGCAACTTGTGG
AGACTCGGCAGATTACTAAACATGTCGCCCAAATCCTTGACTCACGCATGAATACCAAG
TACGACGAAAACGACAAACTTATCCGCGAGGTGAAGGTGATTACCCTGAAGTCCAAGCT
GGTCAGCGATTTCAGAAAGGACTTTCAATTCTACAAAGTGCGGGAGATCAATAACTATC
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ATCATGCTCATGACGCATATCTGAATGCCGTGGTGGGAACCGCCCTGATCAAGAAGTAC
CCAAAGCTGGAAAGCGAGTTCGTGTACGGAGACTACAAGGTCTACGACGTGCGCAAGAT
GATTGCCAAATCTGAGCAGGAGATCGGAAAGGCCACCGCAAAGTACTTCTTCTACAGCA
ACATCATGAATTTCTTCAAGACCGAAATCACCCTTGCAAACGGTGAGATCCGGAAGAGG
CCGCTCATCGAGACTAATGGGGAGACTGGCGAAATCGTGTGGGACAAGGGCAGAGATTT
CGCTACCGTGCGCAAAGTGCTTTCTATGCCTCAAGTGAACATCGTGAAGAAAACCGAGG
TGCAAACCGGAGGCTTTTCTAAGGAATCAATCCTCCCCAAGCGCAACTCCGACAAGCTC
ATTGCAAGGAAGAAGGATTGGGACCCTAAGAAGTACGGCGGATTCGATTCACCAACTGT
GGCTTATTCTGTCCTGGTCGTGGCTAAGGTGGAAAAAGGAAAGTCTAAGAAGCTCAAGA
GCGTGAAGGAACTGCTGGGTATCACCATTATGGAGCGCAGCTCCTTCGAGAAGAACCCA
ATTGACTTTCTCGAAGCCAAAGGTTACAAGGAAGTCAAGAAGGACCTTATCATCAAGCT
CCCAAAGTATAGCCTGTTCGAACTGGAGAATGGGCGGAAGCGGATGCTCGCCTCCGCTG
GCGAACTTCAGAAGGGTAATGAGCTGGCTCTCCCCTCCAAGTACGTGAATTTCCTCTAC
CTTGCAAGCCATTACGAGAAGCTGAAGGGGAGCCCCGAGGACAACGAGCAAAAGCAACT
GTTTGTGGAGCAGCATAAGCATTATCTGGACGAGATCATTGAGCAGATTTCCGAGTTTT
CTAAACGCGTCATTCTCGCTGATGCCAACCTCGATAAAGTCCTTAGCGCATACAATAAG
CACAGAGACAAACCAATTCGGGAGCAGGCTGAGAATATCATCCACCTGTTCACCCTCAC
CAATCTTGGTGCCCCTGCCGCATTCAAGTACTTCGACACCACCATCGACCGGAAACGCT
ATACCTCCACCAAAGAAGTGCTGGACGCCACCCTCATCCACCAGAGCATCACCGGACTT
TACGAAACTCGGATTGACCTCTCACAGCTCGGAGGGGATGAGGGAGCTGATCCAAAAAA
GAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGG
TATAGAATTCTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGCGCTT
TAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCC
ACATCCACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCACCTTC
TACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTCGTGCAGGACGT
GACAAATGGAAGTAGCACGTCTCACTAGTCTCGTGCAGATGGACAGCACCGCTGAGCAA
TGGAAGCGGGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTG
GGCTCAGAGGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTCAGGGGCGGGCTCAGGGGCG
GGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAGCGCACG
TCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTGCAGCCCAAGCTT
ACCATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGC
CGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATC
CGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGG
CTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCAC
GCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGT
TGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGG
CCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCAA
GGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGC
CCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTC
ACCGTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAA
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GCCCGGTGCCTGACGCCCGCCCCACGACCCGCAGCGCCCGACCGAAAGGAGCGCACGAC
CCCATGCATCGATAAAATAAAAGATTTTATTTAGTCTCCAGAAAAAGGGGGGAATGAAA
GACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAGTAACGCCATTTTGCAAGGCATGGAA
AATACATAACTGAGAATAGAGAAGTTCAGATCAAGGTTAGGAACAGAGAGACAGCAGAA
TATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAAC
AGATGGTCCCCAGATGCGGTCCCGCCCTCAGCAGTTTCTAGAGAACCATCAGATGTTTC
CAGGGTGCCCCAAGGACCTGAAATGACCCTGTGCCTTATTTGAACTAACCAATCAGTTC
GCTTCTCGCTTCTGTTCGCGCGCTTCTGCTCCCCGAGCTCAATAAAAGAGCCCACAACC
CCTCACTCGGCGCGCCAGTCCTCCGATAGACTGCGTCGCCCGGGTACCCGTGTATCCAA
TAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCT
CTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCATGGGTAACAGTTTCTTGAAGTTG
GAGAACAACATTCTGAGGGTAGGAGTCGAATATTAAGTAATCCTGACTCAATTAGCCAC
TGTTTTGAATCCACATACTCCAATACTCCTGAAATAGTTCATTATGGACAGCGCAGAAG
AGCTGGGGAGAATTAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTAT
CCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGC
CTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGG
GAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTG
CGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCT
GCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGG
ATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAG
GCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCG
ACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCC
CTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCC
GCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAG
TTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCG
ACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTA
TCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGC
TACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTA
TCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGC
AAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAG
AAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGA
ACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAG
ATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTG
GTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTC
GTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTA
CCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTT
ATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTAT
CCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTT
AATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTT
TGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCA
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TGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTG
GCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCC
ATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGT
GTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACAT
AGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAG
GATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTT
CAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCC
GCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCA
ATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTA
TTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGAC
GTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCC
CTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGG
AGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCG
TCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGT
ACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACC
GCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGG
GCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTG
GGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCGCAAGGAATGGTGC
ATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGC
CGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCG
GCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCC
GGCGTAGAGGCGATTAGTCCAATTTGTTAAAGACAGGATATCAGTGGTCCAGGCTCTAG
TTTTGACTCAACAATATCACCAGCTGAAGCCTATAGAGTACGAGCCATAGATAAAATAA
AAGATTTTATTTAGTCTCCAGAAAAAGGGGGGAA
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N. benthamiana PDS gene with promoter sequence
TAACGAAAACATGGAATATGCGGGTAATAACCAAACAAGGCACAATAATACTAATAAGG
TTTGATATATGGCATATTTAGGTAAAAATCCCTTTTAATAAAAGTATCAGGACGAGAAA
CAAAAAAAGAAGATTACTACTACTAGAAAACCACGGGTCAGGTTGGATTACGTGGATCC
TCTATGACCCAGTAACCCATGTGGGAGATGGGAGCAAAGTGGTCAAACTTTAGAAGGAA
TGAGCAAAGCAAGAAATTAAAAAGAGAGAGAGGTGCTTTATCCATCAAATGTGGCTATG
GTAGGAAGAGCCAATGGTGGGACATTTTTGGAGTGTAGCCAAAACATAAAGGAAGGTCC
AGTGCGAGTTACTGCAAATTGAGTTGGGAGTGAGGATTAAAGAAGATAGTAACATATTT
CTAGCTAAATAGCAAACAAATGATCCGTTAACAGAAGTGGCCAAACCACCAAATTCAGG
CATCTCCACCAAATATTAGTTTTTTATACACAAAAGATTCAACACAAACAGTTAAGTAC
TTCTTTAATCGTTCCTAATTCTTTGTTCAGGGGTATCTTTTTGTGGGTAACGGCCAAAC
CACCACAAATTTTCAGTTCCCACTCTTAACTCTTTCAACTTCAACACAACAAATTAGTA
TTTGCTTTTCCTTCTTTGCTTATCTAGTGCATAACGATTTTCTACAACTTTAGCATAGT
CCACAACGTGAAACACAACTCCTTGGCGGTTTATACCGAGGTAAGAAATGATTTTGGTT
TCTTTGGTTACATCAGCTGAATGCTTTGCTTGAGAAAAGCTCTCTTTTTCCCGTTTAGG
ATCTTGTTTATTTGCTTTCGTTTTTCTACTCGTTTGAATTTTAACTTGATTTTGTGGGT
GAAGGCTAATTTTTCTCATAGTGTAAGAACAAGTTTCATATGTACTGTAAAAGCTAGAA
TCTTTTTTACTTTTGCATATAAATTTGTGTAATAAATGCTTAAGAACCAGAATATTTGA
AAAAGATAAGGAATTTTGCATAGTATTTAGGTTCACAAGTGGGACAATCTTCTTACACT
GAAATATCTTTATGTCAGGCTTAATTTACTGCTATCTTGTTCAATAAAATGCCCCAAAT
TGGACTTGTTTCTGCCGTTAATTTGAGAGTCCAAGGTAATTCAGCTTATCTTTGGAGCT
CGAGGTCTTCGTTGGGAACTGAAAGTCAAGATGTTTGCTTGCAAAGGAATTTGTTATGT
TTTGGTAGTAGCGACTCCATGGGGCATAAGTTAAGGATTCGTACTCCAAGTGCCACGAC
CCGAAGATTGACAAAGGACTTTAATCCTTTAAAGGTTTGTTTTGAATGCGAAAGTGTGA
TGCTGGATTTATGATCGTGGGCATATATCCTCTAAAATAAGAGATGTATATCTTGCCAT
TCAGGTAGTCTGCATTGATTATCCAAGACCAGAGCTAGACAATACAGTTAACTATTTGG
AGGCGGCGTTATTATCATCATCGTTTCGTACTTCCTCACGCCCAACTAAACCATTGGAG
ATTGTTATTGCTGGTGCAGGTGATTTTTTCCAGCCATCTATATTTGTAGTTTTCATTTT
TCTTTCTTTGGAAGGAAGATCATTCTATTAGTTATATTATCACTAGAATATTTACCTGT
ACATTCTTTTCTGATTAACTGTTTTGGACCGCAAAATTTTAGGTTCTTACTTCTTCGCC
ATTTTGCAACTAATCAGCAATTAGGAGCGGTTTGAAAACTAGTTTGTTTTGAACTATTT
TTGCCGTCACTCTATTTATATACTGTTGAATTGTCCCAAATCGGTGGAATTTGAGGTCC
TTGGTCTCATCTCATAAGCTAGCTTTTGGGGTTGAGTTACCACATCGGTGGGATTTGAG
GTCCTTCGTCTCCTTATATGTTCTTGGACAAGCTTCACCTCATAAGCTAGCTTTTGGGG
TTAGAGTTAGGCCCAAGGTCCATTTATCATATGCTTGTCTATTCTCTCTTATCATCTGA
GCCATGATAAGCGGGTGAACGTGCTGTCTATTGGGTGGCATGTCCAAAGGATCATTCTG
AAATATTGGAGGCAAATGAACCAATACCTTGTGCAAGATTGATCTCACTATACCTATAA
TCAGAGTACTGAGTTCCAAAAATTTCAAAACCCATTGAAAAGTCAAACGAGTTACATAT
AGGGGTTGCACTCTTCTACGGCTTGCAATATGTGAGAAAAAGATGAGAAGTCGATCTTC
ATATTTCATCTTTACTAGGCTGGACCATTGACTGGTTAGCAGTTTTGAACTTGTTCTTC
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AACTTGGCTTGCATGGTACTGTGCCGATCATTTCTTTTGTATTGTCATCAGCTGGTTGA
TTATCTGAGTACCTAAAGAAAGAATGTTATATGCATGATATATTCTACTGTACTATAAA
AGATATAATAAAGAATGCTAGCCGAGGTACTGCATGGCCTTTTCAGATAAATAGAAGCT
GTAGCATGATTCTAATTCAATTTTTTTGGGAATATCAGGTTTGGGTGGTTTGTCTACAG
CAAAATATCTGGCAGATGCTGGTCACAAACCGATATTGCTGGAGGCAAGAGATGTCCTA
GGTGGGAAGGTGAAGAATATCCAATCTTTCCTTTAATTTTATTCCTTTTTCTTTTGTGT
CCTTCCCTATTGATAGTCCCTTTTCAGGAAGGCTTCTGTTTGTTTTATTTGAAATCATT
TTTCATACTCTTTAAGCATTCAGTTGCTCAAACAATTGCAAGGATATTCACTATTCCTA
ATTTTGACCGTCTTCTTTTCTCTCAGTTTAGTTTTATTCCCCTCTCTTTTTGAAGGAAA
TAGATCTGTCCTAAAAATTTCCAGCTTTACTACTAATAGTGTTAATTGTCGATAAAATA
GTACATCATATTAGGTAAAAGATATGGACTGTATATTATTATCATTCTCTATTATTTTA
AACTGAGTCAATTTTAACCGTCCTGTTGGGTGCATTTCTCATATAAACAGTCTTTTCTG
TGAGATGCTATGTGAATTAGCTGATTGTTTTGGTATAGAGCACTATGTTAGTCAGTTTT
ATCTTACTGAAGCAGTCACCAAGAGTCTAGTTGTATAGGCTAGAAGATTGAATTAGCAT
TAATCTTTATGTGTTCTGCACCTGAATACTTGTACCTCCCTTTTAGGTAGCTGCATGGA
AAGATGATGATGGAGATTGGTACGAGACTGGGTTGCACATATTCTGTAAGTTTGACTCC
TCAAGAATGCTACTTTAATCTTCTAATACAGTCATAGCAATTTCTTTCAAGATCTCTTT
TATTAATCAGATAGCTATCCCTGTTTGTCTTTTGTCTTTTGCAAATAGCCAATTTTTGT
CAGTCGATCTGTATTCTGCCTTGCCTCTCTTTATTTATCTGCTAACTCGTATGGTGACT
CATACAAGTTGGTGCATCTCCTTTAAGTTGGGGCTTACCCAAATATGCAGAACCTGTTT
GGAGAACTAGGGATTGATGATCGGTTGCAGTGGAAGGAACATTCAATGATATTTGCGAT
GCCTAACAAGCCAGGGGAGTTCAGCCGCTTTGATTTTCCTGAAGCTCTTCCTGCGCCAT
TAAATGGTAAGTACTTAATCATGAGTAAATTTCTCCCTTCAGCGTTGATTATGCAAACT
TCCCCAATAAGGTATGAAATTGATTAGTCTTAATACCCTGGCACATTGCTAACATCAAA
AGAACATAAAGGTTCATTACGTCTTGATCAGAATTTCTGCATGTAGCTAAAGTGAATGA
GTGTCTGTATAGATTTTTACACATTGCAAGCATAAGCCTGTTATGTTATCTCTTTTTTT
CATTTCTCTACCTGTATCTCTTATTCTCATTTCTCTATCTATGCGTTATTACTTCTACA
GGAATTTTGGCCATACTAAAGAACAACGAAATGCTTACGTGGCCCGAGAAAGTCAAATT
TGCTATTGGACTCTTGCCAGCAATGCTTGGAGGGCAATCTTATGTTGAAGCTCAAGACG
GTTTAAGTGTTAAGGACTGGATGAGAAAGCAAGTATGTGATCGTTTTATCTTATTCTTT
AAAGTTCATAACCTTGAGGACATAGTTGACTTGCATATTGTTGATTTAACATGTTCGAA
TTGTCTACCTGCCTTTCTTTTTCTAACAACATAGATCTTACAATCTCAGCAGCAGCTAT
TTGCTTAATGCTTTTCAGGGTGTGCCTGATAGGGTGACAGATGAGGTGTTCATTGCCAT
GTCAAAGGCACTTAACTTCATAAACCCTGACGAGCTTTCGATGCAGTGCATTTTGATTG
CTTTGAACAGATTTCTTCAGGTTAGAATCCTGATCCACCCTCAAAACAAAAAGAGAGAA
AGGGATATAATCCTACCAAAGCTGTAAATCATGTTAGGGACCTGACATATCGGTGCAGG
AAACTTATGAGTGAACTTGTCCACTCTGTTTAACTTTTCTGATATATTTGAATTATTAA
TCTGCAGGAGAAACATGGTTCAAAAATGGCCTTTTTAGATGGTAACCCTCCTGAGAGAC
TTTGCATGCCGATTGTGGAACATATTGAGTCAAAAGGTGGCCAAGTCAGACTAAACTCA
CGAATAAAAAAGATCGAGCTGAATGAGGATGGAAGTGTCAAATGTTTTATACTGAATAA
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TGGCAGTACAATTAAAGGAGATGCTTTTGTGTTTGCCACTCCAGGTATAATATCCATTA
TACTAGTATCGATGCTTCCAGTTTTCACATTTTTAGTATGAGTACAATTAAAGGAGATG
CTTTTGTGTTTGCCACTCCAGGTATAATATCCATTACACTAGTATGACGCTTCCAGTTT
TCACATTTTAATATGAATTTATAGTTTTTTGCTGACTTTTGATTATCCAATTAGTGGAT
ATCTTGAAGCTTCTTTTGCCTGAAGACTGGAAAGAGATCCCATATTTCCAAAAGTTGGA
GAAGCTAGTGGGAGTTCCTGTGATAAATGTCCATATATGGTTAGTGATGAAAATTTTGC
TTTTCAGTGTTTGGTCTTCCTCTAGCATATCTATGTATGTGCATGTTAATGTCTATACG
TACATGTTTATGTGGTCCTCCCGTATTGTGTTTACTTCCCTTGAATGAGGAACTTATGG
ATGTACGCTTTTCCAACTTTGATTGTACACATTGCAATTGTCTGTTCAACTTTGAGGAG
CAGAACTTCCATTGTTTAGCTATTAGTGGCTGAGATTCCTGCTGAAAAGATTTGTATAA
ATTTAATTTGCAGGTTTGACAGAAAACTGAAGAACACATCTGATAATCTGCTCTTCAGC
AGGTTCATTTTTGATCAATTTTATTGTTCCAGACCAGTTTCTGCGTGTCCATGACTACA
TTCTCATATTAGCTCCCCCCCCCCCCCCCCCCCCCCCCNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCCCCCGGTCTCTTTTTTGCCATTTAA
ATGAGACCTTACAATTTGTTTAGTACTCTACCATAGTTTTTTAATCAATAAGCCAAAGG
GGAAAAACTAATAAAAGTGTATAAAATTTCTTCCTGTATTAGTCCAATTCTTTCGCAAC
TTATATTGTTAATTATTATTTATCTTTTGGATTGAAATGGATTTTGTATATCTAATAAT
ATAAACAAATATATCTCTTCCTCTTATAAGATTTTTCACCATAGAAAAATGCTCCCATA
AGGTCAGTCATTCTGGCTAAATATCCCACACTTCAACCATTGAGATATTTTGTTCTTTG
CATCCAGGAATACATTTGGCATCAATAGATAGGAATCAATGAAGATATATTATCAATTT
CCTGCAAGTTTCTTGGCACTAGAAACATTAGATCCATATCATGTAAATTGCCTTTGTTA
AATTGAAGGTCTATGAAATTTGGGTTGGTTTGAAAACCTTTTGTTTTTCCCCCCCACAT
CCCTAATCGTTTATTTAGTCAAGGTCAGACCTGACATGTTATGATGACCATTTCTCCAA
GGCATTTATAATGGACTGGAGTATCCATGCCACATTTCATCAGCTACATGTCGATTATG
TTCCCCTACTTTTAAATGGCACCATTGTTGGTGGAGCAAGATTATAGATTTTCCTGATA
CTTGTATGGGTTCCCTTGCTCAATCTCTCTTTTACTTCATGCAGAAGCCCGTTGCTCAG
TGTGTACGCTGACATGTCTGTTACATGTAAGGTATTGACTCGTCTGTACCATTATACTG
GTCTAATCTGTTGGGTATGAGTTGCTGGTAAATTGCATAATGCTTGTTGGATTTGTGTG
TGAGTTGCTGCTAGATCTATGTCCTGCTATATTTATGTATGAGTTGCTGTTGTTGCAAT
CTTCATTTCGAATGCATAATGATATAGGTTCTGTATGTACGGAATAGTCAGGACAATGC
TCCTGTCTGTGCACGGGGGCTCTACAGGAAGCAACTTTCGGAGGAGAAGTACAGAAAGT
GTGATGAATCTTAAGGCGGTTAAAGTAGTTTCTTTTAGCTAAATTTTGAAATAATTTGA
AGGAGGGGAAAACGCTCTCTCAGTCTGTGGTTGCATTGGTTGTGGGNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAGGGACCTTAATTCAGTGTT
ACCTGCATATAAATCAGACTAAAGCCTGGAGATCAGACGTTCTGCATATAAATAGATAA
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TTAATAATGATCTCGTAATACTCTAAAGCCTGGAGATCAGACTGTTTTAACTATCCTGA
GATGATTACTTTTACTCTCGGATTAGCTTAGGCGAGCTGCAAGACTACATCGAATCTTT
AGAAATGGGAACATAAAAAAGGTGCGAAGTGGGGAAGTGGCTGAACAATAGGCATATGT
GAGTGAGTGGGGAGTAAAATTACTTCCTTTACTTGGGTACAGTCAAGAATGGATGACAG
CTTAGCCCACTATATCTGTTCATGTGTTCTTTAGGGTCCTCTGATATAACTGGTCTCTC
TGCAGGAATATTACAACCCCAATCAGTCTATGTTGGAATTGGTATTTGCACCCGCAGAA
GAGTGGATAAATCGTAGTGACTCAGAAATTATTGATGCTACAATGAAGGAACTAGCGAA
GCTTTTCCCTGATGAAATTTCGGCAGATCAGAGCAAAGCAAAAATATTGAAGTATCATG
TTGTCAAAACCCCAAGGTCAGTAATCATTTTGCTTTCATAGTTGTGTAGTATGCGAGAA
TTACTGTCCACGTGGAATCTATTCCTGTTATGAATCCTGATTAATCTGCTTTTTACTTT
CAGGTCTGTTTATAAAACTGTGCCAGGTTGTGAACCCTGTCGGCCCTTGCAAAGATCCC
CTATAGAGGGTTTTTATTTAGCTGGTGACTACACGAAACAGAAGTACTTGGCTTCAATG
GAAGGTGCTGTCTTATCAGGAAAGCTTTGTGCCGAAGCTATTGTACAGGTTAGCTCTCA
CATTTTTTTCCCTTCCATTGATAGTGTATTTGATTATATTTTGTCATCTTTGCTGCGGT
AGAGAATTTTAGAAGCATTTCTCAGACATTAGTTAGCAGAGTTACTCAGGATATCTGCA
GTTTTGGAGCTTCAGTAGTAGCATGATAAAATGCAGAGGATTGTGTTTTTTCATTCTTT
ATTAAACCTTGTGCCAAAGGTCTTTTGGAAACAACCTCTCTACCCCGAGGTAGGGGTAA
GGTCTGCGTACATATTACCCTCCCCATACCCCATGCGTGGGATTATACTGGGTGGTTGT
TGTATAAACCTATATCTCTATAATTTGCAGGATTACGAGTTACTTCTTGGCCGGAGCCA
GAAGATGTTGGCAGAAGCAAGCGTAGTTAGCATAGTGAACTAAAATGTTAATTCTGTAC
ACAAAATTTAAGATGAAGGCGGCCACGCTGAATTAGCGTTGTACACAACTTATACAAGC
ACAGTACAACATTGAAACCAAATACGAGAAATGTTACACAAATATGTGCTGCTTTCCCT
CCGATTTAGTTCACAAGTTACGGACTAATTATAAGATGGAATTGTATGCAAATTGATTC
ATTCAAAACCAAACTTTTAAGCGTCAGTTATACTAGCAATACCTATAAGACATTAAACC
TTCACGTCTCAAGACATCAAAACTCGCTTTTAGAGTAAGTATCCAACTGAACCATGCAA
AACACAAAACTGAAACAACGAACCAAATGGAACTACTCAAATTTAAAAAGAAAGAGAAT
TAAAAATTTTAATTTCGTCAACTATTAAAATGTGCTTGCAAGTATGGGATTTTTTTTTG
AAATCCCCAAAAAACCTGTAGCCGCGACAACCTTAGCCTTTCGAGTGAGCACTTTGTGC
TCATTGGATAAACCTCCCATTGTGTAATAGCTTGCAAACTACACACGGGATATAAATTG
TACTAGGCAAGCCCTGTGCGACAGGCTCGACCTAGAAGATATTGAGGGAATCAATCCCA
GGTTGTCTG
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MluI-dCas9 – EDLL
TCTAAACGCGTCATTCTCGCTGATGCCAACCTCGATAAAGTCCTTAGCGCATACAATAA
GCACAGAGACAAACCAATTCGGGAGCAGGCTGAGAATATCATCCACCTGTTCACCCTCA
CCAATCTTGGTGCCCCTGCCGCATTCAAGTACTTCGACACCACCATCGACCGGAAACGC
TATACCTCCACCAAAGAAGTGCTGGACGCCACCCTCATCCACCAGAGCATCACCGGACT
TTACGAAACTCGGATTGACCTCTCACAGCTCGGAGGGGATGAGGGAGCTGATCCAAAAA
AGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAG
GTAGGATCCGAAGTTTTTGAATTTGAATATCTTGATGATAAGGTTCTTGAAGAACTTCT
TGATTCTGAAGAAAGAAAGAGATGACTCGAGGAATTC
MluI-dCas9-TALE-AD-BamHI-XhoI
AGTTTTCTAAACGCGTCATTCTCGCTGATGCCAACCTCGATAAAGTCCTTAGCGCATAC
AATAAGCACAGAGACAAACCAATTCGGGAGCAGGCTGAGAATATCATCCACCTGTTCAC
CCTCACCAATCTTGGTGCCCCTGCCGCATTCAAGTACTTCGACACCACCATCGACCGGA
AACGCTATACCTCCACCAAAGAAGTGCTGGACGCCACCCTCATCCACCAGAGCATCACC
GGACTTTACGAAACTCGGATTGACCTCTCACAGCTCGGAGGGGATGAGGGAGCTGATCC
AAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGA
GAAAGGTATCGATAGTCGCACAACTATCACGACCTGATCCCGCTCTTGCAGCATTGACA
AACGATCATTTAGTCGCACTTGCATGTTTAGGAGGACGACCAGCACTTGATGCCGTTAA
GAAAGGACTACCGCACGCCCCTGCATTGATTAAAAGAACAAACAGACGAATCCCGGAGA
GAACTTCACATCGTGTAGCCGATCATGCTCAAGTCGTAAGAGTTTTGGGTTTCTTCCAA
TGTCATTCCCACCCAGCTCAAGCTTTTGACGATGCAATGACTCAATTTGGAATGAGTAG
ACATGGACTCCTGCAATTATTTCGAAGGGTCGGAGTTACAGAGCTCGAAGCCAGGTCAG
GAACGCTGCCCCCCGCATCTCAACGATGGGATAGAATTCTCCAAGCCTCTGGAATGAAA
AGAGCTAAACCTTCACCAACGTCCACACAAACACCAGACCAAGCTTCTCTCCACGCTTT
TGCCGACTCACTAGAGAGAGATCTAGATGCACCGTCACCTATGCATGAAGGAGACCAAA
CAAGAGCCTCTTCAAGAAAACGTTCTCGTTCTGATAGAGCTGTCACTGGACCTTCCGCC
CAACAATCTTTCGAAGTCCGAGTTCCTGAGCAACGAGATGCCCTACACCTGCCTTTGCT
TTCTTGGGGAGTTAAGCGACCACGTACTAGAATTGGTGGACTACTCGATCCAGGTACAC
CAATGGATGCTGATCTCGTTGCTTCCTCTACCGTAGTATGGGAGCAAGACGCAGACCCC
TTCGCTGGAACTGCTGACGATTTCCCAGCCTTTAACGAGGAAGAATTGGCTTGGTTAAT
GGAACTTCTACCGCAAAAGTAGGGATCCGGCTCGAGC
MluI-dCas9 – SRDX
TCTAAACGCGTCATTCTCGCTGATGCCAACCTCGATAAAGTCCTTAGCGCATACAATAA
GCACAGAGACAAACCAATTCGGGAGCAGGCTGAGAATATCATCCACCTGTTCACCCTCA
CCAATCTTGGTGCCCCTGCCGCATTCAAGTACTTCGACACCACCATCGACCGGAAACGC
TATACCTCCACCAAAGAAGTGCTGGACGCCACCCTCATCCACCAGAGCATCACCGGACT
TTACGAAACTCGGATTGACCTCTCACAGCTCGGAGGGGATGAGGGAGCTGATCCAAAAA
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AGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAG
GTAGGATCCCTGGATCTGGATCTGGAACTGCGCCTGGGCTTTGCGTGATGACTCGAGGA
ATTC
Modified from li et.al 2013 (U6::gRNA)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGGGTCTTCGAGAAGACCTGTTTTAGAGCTAGA
AATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGAGCT
C

gRNA 1 (In 7)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
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GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGACCGATAGATTAACCATTTCGTTTTAGAGCT
AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
CGGTGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGA
GCTC

gRNA 2 (In 6)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGAAACCACAATTTGCACACCCGTTTTAGAGCT
AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
CGGTGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGA
GCTC

gRNA 3 (In 10)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGACGTGTTCATTGTTTAACCAGTTTTAGAGCT
AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
CGGTGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGA
GCTC

gRNA 4 (In 4)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
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TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGTGGCCAAACCACCAAATTCGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC
GGTGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGAG
CTC
gRNA 5 (In 5)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGTATAAAAAACTAATATTTGGGTTTTAGAGCT
AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
CGGTGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGA
GCTC
gRNA 6 (In 3)
GAGCTCGAATTCGGATCCAGAAATCTCAAAATTCCGGCAGAACAATTTTGAATCTCGAT
CCGTAGAAACGAGACGGTCATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGT
GAGTGTGAGTGAGACTTGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAA
TATAAATGGGCTTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTA
AGCTATTAACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTA
TATATGGTTAGAGACGAAGTAGTGATTGGGTATCTTTTTGTGGGTAAGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC
GGTGCTTTTTTTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATCTAGAAAGCTTGAG
CTC

Bs3 promoter
CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATGAGCA
ATGCTTTTTTATAATGCCAACTTTGTACAAAAAAGCAGGCTTCATAGTCAAGCTAACGA
AACTTATGCAAGGGAAATATGAAATTAGTATGCAAGTAAACTCAAAGAACTAATCATTG
AACTGAAAGATCAATATATCAAAAAAAAAAAAAAACAATAAAACCGTTTAACCGATAGA
TTAACCATTTCTGGTTCAGTTTATGGGTTAAACCACAATTTGCACACCCTGGTTAAACA
ATGAACACGTTTGCCTGACCAATTTTATCCCTTTATCTCTAACCATCCTCACAACTTCA
AGTTATCATCCCCTTTCTCTTTTCTCCTCTTGTTCTTGTCACCCGCTAAATCTATCAAA
ACACAAGTAGTCCTAGTTGCACATATATTTCACCCAGCTTTCTTGTACAAAGTTGGCAT
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TATAAGAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATA
AAATCATTATTTG
Primers for dCas9 amplification
dCas9-F

5’ CACCATGGACAAGAAGTATTCTATCGGACTGGCCA 3’

dCas9-R

5’ CTATACCTTTCTCTTCTTTTTTGGATCTACCTTTCTC 3’

Primers for dCas9 sequencing
dCas9-F

5’ CACCATGGACAAGAAGTATTCTATCGGACTGGCCA 3’

dCas9-F2

5’ GAGGATCTGCTGCGGAAGCAGCGCACTTTCGA 3’

dCas9-F3

5’ GAGCTCGGGTCACAGATCCTTAAAGAGCA 3’

dCas9-F4

5’ GGAAGTCAAGAAGGACCTTATCATCAAGCT 3’

dCas9-R1

5’ TGGGGAATGCTCCCATTGTCGAAAGTGCGCT 3’

dCas9-R2

5’ AGCTGGGTGTTTTCCACCGGGTGCTC 3’

dCas9-R3

5’ TCCAGTTCGAACAGGCTATACTTTGGGAGCTT 3’

Primers for gRNA amplification and sequencing
gRNA_ampl_F

5’ GAGCTCGAATTCGGATCCAGAAATCTCA 3’

gRNA_ampl_R

5’ GAGCTCAAGCTTTCTAGATAATGCCAAC 3’

Primers for PDS amplification (for RT-PCR)
qRT-NB-PDS-303F

5’ CGTTGGGAACTGAAAGTCAAGATG 3’

qRT-NB-PDS-875R

5’ ATGGCGCAGGAAGAGCTTCAG 3’

Primers for actin1 amplification
N.B.Actin1-F

5’ TGAAGATCCTCACAGAGCCTGG 3’

N.B.Actin1-R

5’ TTGTATGTGGTCTCGTGGATTC 3’

