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Abstract

Cotton leaf curl Burewala virus (CLCuBuV), belonging to the genus Begomovirus, pos-
sesses single-stranded monopartite DNA genome. The bidirectional promoters represent-
ing Rep and coat protein (CP) genes of CLCuBuV were characterized and their efficacy was
assayed. Rep and CP promoters of CLCuBuV and 35S promoter of Cauliflower mosaic
virus (CaMV) were fused with 3-glucuronidase (GUS) and green fluorescent protein (GFP)
reporter genes. GUS activity in individual plant cells driven by Rep, CP and 35S promoters
was estimated using real-time PCR and fluorometric GUS assay. Histochemical staining of
GUS in transformed tobacco (Nicotiana tabacum cv. Xanthi) leaves showed highest expres-
sion driven by Rep promoter followed by 35S promoter and CP promoter. The expression
level of GUS driven by Rep promoter in transformed tobacco plants was shown to be two to
four-fold higher than that of 35S promoter, while the expression by CP promoter was slightly
lower. Further, the expression of GFP was monitored in agroinfiltrated leaves of N.
benthamiana, N. tabacum and cotton (Gossypium hirsutum) plants using confocal laser
scanning microscopy. Rep promoter showed strong consistent transient expression in to-
bacco and cotton leaves as compared to 35S promoter. The strong constitutive CLCuBuV
Rep promoter developed in this study could be very useful for high level expression of trans-
genes in a wide variety of plant cells.

Introduction

Members of the family Geminiviridae, commonly called as geminiviruses, are characterized by
having single-stranded, circular DNA genome of 2.5-3.0 kb, which is either monopartite or bi-
partite and encapsidated within virions having geminate morphology. Different geminiviruses
can infect either monocotyledonous or dicotyledonous plants, and collectively, these viruses
cause a variety of major crop diseases. On the basis of genome organization, insect vector and
host range, the family, Geminiviridae is differentiated into seven genera, Curtovirus,
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Topocuvirus, Mastrivirus, Begomovirus, Becurtovirus, Eragrovirus and Turncurtovirus [1-3].
Begomovirus is the largest genus among geminiviruses having more than 200 species and trans-
mitted by whitefly (Bemisia tabaci) vector. Monopartite begomoviruses have one genomic
component (DNA-A) with six open reading frames (ORFs). The coat protein gene (AV1) and
AV2 are expressed from the viral sense strand while Rep gene (ACI), AC2, AC3 and AC4 are
expressed from the complimentary sense strand [4]. Most monopartite begomoviruses are as-
sociated with satellite molecule called betasatellite which is often required for the development
of wild type symptom in naturally-infected host plant. It requires a helper begomovirus for its
replication, systemic infection and whitefly vector-mediated transmission [5-8]. Some bego-
movirus betasatellite disease complexes are associated with a nanovirus like component named
alphasatellite [8-11].

The large intergenic region (LIR) of monopartite begomovirus and common region (CR) of
bipartite begomovirus contain bidirectional promoter which includes cis-acting regulatory ele-
ments, transcription factor binding sites (TFBs) and transcription start site required for the
control of gene expression and replication [12]. Functional analysis of CR of bipartite and LIR
of several monopartite geminiviruses have demonstrated that this region, located between 5’
ends of the first complimentary and virion sense ORFs, possesses promoter activity and is es-
sential for bidirectional transcription of both complimentary as well as virion sense genes [13-
16]. In the absence of transcriptional activator protein AC2, complimentary sense (Rep) pro-
moter of African cassava mosaic virus (ACMYV), Tomato golden mosaic virus (TGMV) and Cot-
ton leaf curl Multan virus (CLCuMuV) showed much stronger activity than the virion sense
(CP) promoter [17-19]. LIR sequence of several geminiviruses share little sequence homology
to one another but there are several conserved motifs present in almost all geminiviruses, like,
two TATA boxes located at either side of LIR and GC-rich box (except ACMV) [20]. The
TATA box motif and G-box motif located 15 nucleotide (nt) upstream of the stem-loop motif
in TGMYV is essential for activation of complementary sense gene transcription [21]. In Maize
streak virus, deletion of GC-rich region resulted in 70% reduction of promoter activity [22].
The LIR also contains the origin of replication of viral genome. The iterated elements (8-13 nt)
and stem-loop motif have been identified in the region of the putative TATA box of the com-
plimentary sense promoter [20,22,23].

Cotton leaf curl Burewala virus (CLCuBuV) is a whitefly-transmitted monopartite begomo-
virus and has recombinant genome composed of sequences derived from CLCuMuV and Cot-
ton leaf curl Kokhran virus (CLCuKoV) that were associated with cotton leaf curl disease
(CLCuD) during 1990s [24-26]. The genome of monopartite begomovirus is organized into six
OREFs viz. ACI (Rep), AC2 (TrAp), AC3 (REn), AC4, AV1 (CP) and AV2 which are transcribed
bidirectionally from the LIR [15]. Rep is involved in viral replication and acts as transcriptional
repressor of its own expression by binding to the iterated elements located in the LIR [12,27-
29].

In the present study, the bidirectional promoters of Rep and CP genes from the LIR se-
quence of CLCuBuV were isolated and characterized. Further, expression patterns and activi-
ties of GUS reporter gene tagged with Rep and CP promoters were monitored, quantified and
compared to CaMV 35S promoter in the transformed tobacco plants. Simultaneously, the GFP
reporter gene tagged with Rep and CP promoters was also monitored both in tobacco and cot-
ton leaves by agroinfiltration method. The observations of the present study revealed a promis-
ing future of CLCuBuV Rep promoter as a potential tool for ectopic gene expression in plants.
Further, it may be an alternate for the most widely used CaMV 35S promoter in plant
biotechnology applications.
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Materials and Methods
Cloning and sequencing of CLCuBuV genome

Cotton plants (Gossypium hirsutum) showing typical leaf curling, vein thickening and enation
on the abaxial side of leaf were collected from a field in Lucknow, U. P., India (26° 50’ 49.2" N,
80° 56’ 49.2” E). The leaf sample of the diseased cotton plant was collected from a private land
with the verbal consent of the owner to pick the leaf sample for academic purpose (Gossypium
hirsutum is not an endangered or protected species), in September of 2010. Total genomic
DNA from diseased cotton leaf was isolated using DN Aeasy plant mini kit (QIAGEN, Ger-
many) following the manufacturer’s instructions. Begomoviral complex was confirmed as de-
scribed by Kumar et al. [30]. Full-length genome of CLCuBuV was amplified using templiPhi
DNA amplification kit (GE healthcare, USA) as per manufacturer’s instructions. The RCA
(rolling circle amplification) product was partially digested with 1 U of HindIII restriction en-
zyme (Fermentas, USA) and incubated at 37°C for 25 min. The purified DNA fragment was li-
gated into pBluscriptSK+ vector and transformed into Escherichia coli DH5a. cells. The clone
was sequenced by automated sequencer (Ocimum Biosolutions Ltd., India) and the nucleotide
sequence was submitted in GenBank under the accession number KF767352. Genome organi-
zation of DNA-A component of CLCuBuV is represented in Fig. 1A.

Cloning of large intergenic region

Primers viz. PR For and PR Rev were designed on the basis of the submitted nucleotide se-
quence (KF767352) for amplification of LIR (Table 1). The amplification was performed in

50 pl of reaction mixture containing 100 ng of template DNA (RCA product), 50 pmol of each
primer, 1x Tag DNA polymerase buffer, 200 uM dNTPs and 1.25 U AmpliTaq DNA Polymer-
ase (Applied Biosystems, USA). The reactions were conducted at 94°C for 5 min as initial dena-
turation followed by 30 cycles of 94°C for 1 min, 48°C for 2 min, 72°C for 1 min and final
extension at 72°C for 5 min. The amplified DNA product was run on 1.5% agarose gel, stained
with EtBr and visualized in Gel documentation system (BIO-RAD, USA). The PCR product of

A B
Poly A Hygromycin CaMV 358 CLCuBuV GUS Poly A
[ - SR} pRepGUS1391Z
LB CP Rep RB
Poly A Hygromycin CaMV 358 CLCuBuV GUS Poly A
r r B -4 S pCPGUS1391Z
o LB Rep CP RB
CLCuBuV DNA-A
2.7 kb NOS-ter KanR NOS promoter CLCuBuV GFP  NOS-ter
- = D e e————_— S L AU
LB CcP Rep RB
,1
W NOS-ter KanR NOS promoter CLCuBuV GFP  NOS-ter
N - - () ) "CPGFP0029
acs (*% LB Rep cP RB

Fig 1. Genome organization and Schematic representation of different promoter constructs. (A) Genome organization of DNA-A component of Cotton
leaf curl Burewala virus. 6 ORFs are shown as arrows AV71 (CP) and AV2 on virion sense strand and AC7 (Rep), AC2 (TrAp), AC3 (REn) and AC4 on
complimentary sense strand. The large intergenic region (LIR), containing the potential stem-loop structure with the nonanucleotide TAATATTAC conserved
among all geminiviruses. (B) Schematic representation of the expression vectors showing the cloning of Rep and CP promoters. (CP: Coat protein; Rep:
Replication initiation protein; TrAP: Transcription activator protein; REn: Replication enhancer protein; CaMV 35S: Cauliflower mosaic virus 35S promoter;
CLCuBuV: Cotton leaf curl Burewala virus; LB: Left-border sequence of T-DNA; RB: Right-border sequence of T-DNA).

doi:10.1371/journal.pone.0121656.g001
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Table 1. List of oligonucleotide primers used for amplifying promoter fragments and genes.

Name of primer

Primer sequences in 5'-3'

PR

LIR

2G

Actin

5 AGATCTCATTGACTTTGGTCAATTAGAG 3' (For)
5'AGATCTCATACACCTAAAACCGTGAACGG 3’ (Rev)
5 TCTAGATTGGGGGGAGCCATTGACT 3' (For)

5 TCTAGATTCCTAGCCCTTATTACCAG 3' (Rev)

5 GTATCAGTGTGCATGGCTGGATATG 3’ (For)
5'GCGAGTGAAGATCCCTTTCTTGTTA 3 (Rev)
5'GCATAGAGGGAAAGCACAGC 3' (For)

5 TGGTAGGTATGGGCCAGAAA 3’ (Rev)

For: forward primer; Rev: reverse primer

doi:10.1371/journal.pone.0121656.t001

the expected size ca. 350 bp was recovered from the agarose gel and purified by using QIAEXII
Gel Extraction Kit (QIAGEN, Germany). The quantity and purity of gel eluted DNA were mea-
sured by BioPhotometer plus (Eppendorf, Germany) and cloned into pDrive PCR cloning vec-
tor (QIAGEN, Germany). The positive colonies were confirmed by PCR and restriction
digestion, and nucleotide sequences were determined using an automated sequencer
(ABI3730XL, Applied Biosystems, USA).

Sequence analysis

The cis-regulatory elements of the bidirectional promoter sequence of CLCuBuV were ana-
lyzed using the Plant Cis-Acting Regulatory Element (Plant CARE) database [31] and Cister:
Cis-Element Cluster Finder [32]. Transcription Factor Binding sites (TFBs) were identified by
using Plant cis-acting regulatory DNA elements (PLACE) database and PlantPAN: Plant Pro-
moter Analysis Navigator [33,34]. Neural Network Promoter Prediction (NNPP) server was
used for the prediction of transcription start site (TSS) [35].

Development of LIR-GUS and LIR-GFP gene fusion vectors

Four plant expression vectors viz. pRepGUS1391Z, pCPGUS1391Z, pRepGFP0029 and
pCPGFP0029 representing bidirectional CLCuBuV Rep/Cp promoter were constructed

(Fig. 1B). For generating pRepGUS1391Z and pCPGUS1391Z vectors, LIR of CLCuBuV, previ-
ously cloned in pDrive vector, was digested with BgIII restriction enzyme (Fermentas, USA)
and ligated into pPCAMBIA1391Z vector (Promoterless Vector kindly provided by Dr Sunil K
Mukherjee, ICGEB, New Delhi, India). The integration and orientation of the bidirectional
promoter was confirmed by PCR amplification and restriction digestion. The resulting plasmid
was named pRepGUS1391Z and pCPGUS1391Z. For constructing LIR-GFP fusion constructs,
LIR was first amplified using primer pair LIR For and LIR Rev (Table 1). The PCR amplicon
was cloned in pGEM-T Easy Vector (Promega, USA). GFP cloned in pBI121 vector was di-
gested with EcoRI and BamHI restriction enzymes (Fermentas, USA) and ligated into plant ex-
pression vector pGreen0029 (kindly provided by Dr Neera Bhalla Sarin, Jawaharlal Nehru
University, New Delhi, India). The resulting plasmid was named pGFP0029. LIR previously
cloned into pGEM-T Easy Vector was digested with Xbal restriction enzyme (Fermentas,
USA) and ligated into pGFP0029 vector. The orientation of the bidirectional promoter of
CLCuBuV was confirmed by PCR, restriction digestion and sequencing. The resulting gene
constructs were named as pRepGFP0029 and pCPGFP0029. pPCAMBIA2301 containing
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CaMV 35S promoter-GUS-NOS polyA cassette and pBI121 containing CaMV 35S promoter-
GFP-T NOS cassette were used as positive control.

Plant transformation

The plant expression vectors were introduced into Agrobacterium tumefaciens strain LBA4404
by freeze thaw method [36]. The gene constructs, namely pRepGFP0029 and pCPGFP0029,
were mobilized in A. tumefaciens strain LBA4404 along with pSoup helper plasmid [37]. Agro-
bacterium-mediated transformation of leaf discs of Nicotiana tabacum cv. Xanthi was carried
out essentially as described by Horsch et al. [38]. Regenerated hygromycin-resistant plants
were grown in glasshouse and the presence of the promoter was confirmed by PCR.

Histochemical localization of GUS activity

GUS staining was performed essentially as described [39]. Apical leaves of transformed tobacco
plants (or tissue samples), one month after sub culture were incubated overnight at 37°Cin a
solution containing 1 mM X-Gluc (Fermentas, USA), 50 mM sodium phosphate buffer pH 7.0,
0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 1 mM Na,EDTA, 0.1% Tri-
ton X100. The chlorophyll was removed using 70% ethanol. Petioles and leaves were sectioned
by hand after staining. The samples were observed and photographed under Nikon 80I micro-
scope (Nikon, Japan).

Fluorometric GUS activity assay

Quantitative GUS fluorometric assays were conducted according to the method of Jafferson
[40] by measuring the fluorescence of 4-methylumbelliferone (MU) formed as a result of the
cleavage of 4-methylumbelliferyl-B-D-glucuronide (MUG, Himedia) by GUS with a spectroflu-
orometer FP-6300 (JASCO, Japan). GUS activity was calculated as the production of MU from
MUG in pmol/min/pg of protein.

RT-PCR analysis of GUS transcripts driven by CLCuBuV Rep,
CLCuBuV CP and CaMV 35S promoters

Total RNA was isolated from leaves of transformed Nicotiana tabacum cv. Xanthi using
RNeasy Plant Mini kit (QIAGEN, Germany) according to manufacturer’s instructions. The
cDNA for RT-PCR was synthesized by reverse transcription of 5 g of total RNA using Long
Range 2 Step RT-PCR Kit (QIAGEN, Germany) following manufacturer’s instructions. The
gene specific primers 2G For and 2G Rev, and reference gene primers Actin For and Actin Rev
were designed with Primer3 software [41]. PCR was performed by 2G For and 2G Rev and
Actin For and Actin Rev primers (Table 1). The PCR was conducted at 95°C for 5 min as initial
denaturation followed by 35 cycles of 95°C for 30 s, 54°C for 30 s, 72°C for 1 min and final ex-
tension at 72°C for 5 min. The amplified PCR products were separated on 1.5% agarose gel,
stained with EtBr and visualized in gel documentation system (BIO-RAD, USA).

Reverse transcription quantitative real-time PCR (RT-qPCR)

RT-qPCR was performed using a LightCycler "96 Real-Time PCR System (Roche, USA) using
2G For and 2G Rev, Actin For and Actin Rev primers. RT-qPCR was carried out in 25 pl reac-
tion volumes consisting of 100 ng cDNA, 0.5 uM forward and reverse primers and 1x Maxima
SYBR Green Master Mix (Thermo Scientific, USA). PCR conditions included an initial dena-
turation at 95°C for 10 min, followed by a 45 cycle 3 step amplification with denaturation at
95°C for 30 s, annealing at 54°C for 30 s and extension at 72°C for 1 min. Duplex of all samples
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were run, a negative control and non reverse transcription control of the master mix was in-
cluded with all qPCR experiments. The expression level of the GUS gene was normalized using
the actin gene as an endogenous control. The relative quantification of samples was computed
using LightCycler 96 Software version 1.1.0.1320. Relative fluorescence was detected by the

Cq values.

Transient expression of GFP

A single colony of A. tumefaciens (strain LBA4404) carrying individual gene constructs
(pRepGFP0029, pCPGFP0029 and pBIGFP121) was inoculated in 10 ml of Yeast Extract Man-
nitol (YEM) medium supplemented with kanamycin (50 pg/ml) and rifampicin (50 ug/ml). It
was grown at 28°C for 48 h while shaking at 200 rpm. 500 ul of primary culture of A. tumefa-
ciens suspension was then inoculated into 50 ml of YEM medium containing 10 mM MES (pH
5.6), 100 pM acetosyringone and antibiotics (50 pg/ml). It was grown at 28°C for 16 h while
shaking at 200 rpm. The Agrobacterium cells were harvested by centrifuging at 3,000 rpm for
15 min and resuspended in MMMA medium (MS salts, 10 mM MES pH 5.6, 10 mM MgCl,
and 100uM acetosyringone) and incubated at room temperature for 2 h before agroinfiltration.
Agroinfiltration experiments were performed as essentially described previously [42]. Seeds
of N. benthamiana, N. tabacum and G. hirsutum were planted and grown in growth chamber
at 25°C under 16 h: 8 h, light: dark photoperiod. Plants were grown for 4 to 6 weeks before in-
filtration. The bacterial suspension was infiltrated into the intercellular space on the abaxial
side of each intact leaf by using 2 ml syringe without needle. The plants were then placed in
growth chamber (25°C, photoperiod, 16 h: 8 h, light: dark). The expression of GFP was moni-
tored 72 h post infiltration under UV light. Further, the GFP expression was monitored under
fluorescence microscope ECLIPSE 80i (Nikon, Japan) in the wavelength 330-380 nm.

Promoter expression analysis (CLSM)

Leaves of tobacco and cotton were agroinfiltrated with the individual promoter constructs car-
rying GFP reporter gene for assaying their transient activities as described earlier. The fluores-
cent images were captured with CLSM (Leica Microsystems, Germany) using LAS AF (Leica
Application Suit Advanced Fluorescence) software under oil-immersion objective
(40.0X1.1501L). To excite the expressed GFP in leaves the AOTF of 488 nm (at 40%) was used
and the fluorescence emissions were collected between 501 and 598 nm as described earlier
[43].

Results
Sequence analysis of CLCuBuV promoter

The bidirectional promoter was isolated from the LIR monopartite genome (DNA-A) of
CLCuBuV. Its size was 353 nucleotides long (Fig. 2). Analysis of the promoter sequence of
CLCuBuV revealed the presence of several putative cis elements such as G-box, stem-loop
motif, TATA boxes, a GC-rich region (GTGGGCCCTACC) and a conserved late element (CLE)
(Fig. 2, Tables 2 and S1). The TATA boxes and the GC rich region have been shown to be es-
sential for the activity of the geminivirus promoters. The putative CLE (TTGTGGGCCCTA)
sequence at +189 was suggested to be a potential functional target for AC2 gene to trans-acti-
vate the virion sense gene transcription [20,44]. The promoter sequence also revealed several
potential TFBs, the E-box motifs (CANNTG) at sites +24, +80, +223, —29, -85 and —228 [45],
the maize Dof transcription factor recognition core sequence AAAG at sites —7, —35, —131 and
+237 [46] and the root specific ATATT motifs at sites +88, +162 and —165 [47] (Table 3).
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—_ ————————CLCuBuV Rep promoter

AAAG motif

MBS AAAG motif

2593 CATTGACTTT GGTCAATTAG AGACAACTGA TGGGCTTTTA CTCTGGGAAT TGGAGACTGG

TATA-box

E-box
G-box ATATT motif Box|

2653 ATACAATTTA TAGTGTCTCC AAATGGCATA TTCTGTAAAT AACTAGAAGT TCGTTTGAAA

E-box Replication initiation site/putative stem-loop motif

2713 TTCAAATTCC CCTTTGGGTT CCAAAAGCGG CCATCCGTAT AATATTIACCG GATGGCCGCG

GC-rich region

ATATT motif
E-box AAAG motif

15 CGATTTTTTT GIGGGCCCTA CCATTAACTC TTGTCGGCCA ATCATATGAC GCGCTCAAAG

TATA-box Box|1

75 CTTAAATAAT TCTCCCGCTT ATTATAAGTA CTTCGTTGCT AAGTATGCGT TTGAAAATGT

135 GGGATCCACT GTTAAATGAG TTCCCCGACA CCGTTCACGG TTTTAGGTGTATG 187

CLCuBuvV CP promoter—— —

Fig 2. The nucleotide sequence of the large intergenic region of Cotton leaf curl Burewala virus determined in this study. Putative cis-acting
elements including TATA box, GC-rich sequence, stem-loop motif, E box, conserved late element (CLE), AAAG motif are indicated. The putative translation
start sites ATG and CAT are indicated in bold, and the transcription start site is indicated in bold italics.

doi:10.1371/journal.pone.0121656.9002

Other potential TFBs and cis regulatory DNA elements were also identified by searching the
Plant CARE, PLACE and PlantPAN databases as listed in Tables 2, 3 and S2.

Histochemical localization of GUS expression driven by CLCuBuV Rep,
CLCuBuV CP and CaMV 35S promoter constructs

PCR positive transformed tobacco plants were stained for GUS activity using X-Gluc staining
solution. Staining patterns of representative plant leaves are shown in Fig. 3. GUS staining of
the transgenic plants containing CLCuBuV Rep was shown to be stronger than that of the
plants carrying CaMV 35S promoter and CLCuBuV CP. The expression pattern of CLCuBuV
CP promoter was observed to be weaker than that of CaMV 35S promoter (Fig. 3A). The trans-
verse section of leaf (vascular tissue, lamina and midrib) of tobacco plants transformed with
CLCuBuV Rep promoter construct, showed strong GUS expression in the mesophyll (spongy
and palisade) cells and trichome (Fig. 3B and C).

GUS activity of CLCuBuV Rep and CP promoter in transformed tobacco

The GUS activity in hygromycin-resistant transformed tobacco plants was assayed by a fluoro-
metric quantification method and measured in pmol 4-methyl umbelliferone (4MU)/min/ug
proteins. The transgenic tobacco plants containing promoter-GUS constructs were regenerated
from hygromycin-resistant calli. Transgenic lines of tobacco plants were established for each
construct. Presence of the GUS gene and promoter sequence was confirmed by PCR. The GUS
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Table 2. List of putative cis-acting regulatory elements present in the CLCuBuV promoter region (Plant CARE).

S.

No.

1

12

13
14

TFBs

Box |

Box-W1

C-repeat/
DRE

CAAT-box

CGTCA-
motif

ERE
G-Box

GC-motif
MBS
Skn-1_motif

TATA-box

TGACG-
motif

W-box
Circadian

Function

light responsive element

fungal elicitor responsive element

regulatory element involved in cold- and
dehydration-responsiveness

common cis-acting element in promoter and
enhancer regions

cis-acting regulatory element involved in the MeJA-
responsiveness

ethylene-responsive element

cis-acting regulatory element involved in light
responsiveness

Unknown
MYB binding site involved in drought-inducibility

cis-acting regulatory element required for
endosperm expression

core promoter element around -30 of transcription
start

cis-acting regulatory element involved in the MeJA-
responsiveness

Unknown

cis-acting regulatory element involved in circadian
control

doi:10.1371/journal.pone.0121656.1002

Organism

Pisum sativum

Petroselinum crispum
Arabidopsis thaliana

Hordeum vulgare
Brassica rapa
Glycine max

H. vulgare

G. max

A. thaliana

B. rapa

G. max

A. thaliana

H. vulgare

Dianthus
caryophyllus
Triticum aestivum

Oryza sativa
A. thaliana
O. sativa

Lycopersicon
esculentum

G. max

A. thaliana

A. thaliana

G. max

Nicotiana tabacum
L. esculentum
Antirrhinum majus
G. max

A. thaliana

A. thaliana

A. thaliana

B. napus

A. thaliana

H. vulgare

A. thaliana
L. esculentum

Sequence

TTTCAAA
TTTCAAA
TTGACC
TGGCCGAC

CAAT

CAAAT
CAATT
CAAT

CAATT
CCAAT
CAAAT
CAATT
CCAAT
CGTCA

ATTTCAAA
TCCACATGGCA

GCCGCGCG
CAACTG
GTCAT

TTTA

TAATA
TATAA
TATAA
TAATA
tcTATAAAta
TTTTA
TATAAATT
TAATA
TATA
TATA
TATAAA
ATTATA
TATA
TGACG

TTGACC
CAANNNNATC

Matrix
score

7

7
6
8

a o0 o0 o0 o0 o0 A OO B

[oe]

10

oo

a » OO M OO OO OGO

(o]

Strand Position

- 114
— 290
- 11

- 213

|
N

123
64
219
48
218
80
14
49
- 227

+ 4+ + I+ o+ o+

175
24
- 226

+ 160
= 68
- 262
- 260
92
241

163
69

263
67

261
158
227

I+ 4+

+ 4+ o+

= 182

activity was assayed in mature leaves, shoots and roots of 4 weeks old transgenic lines for
each construct. The average level of GUS activity in mature leaves, transformed with pRe-
pGUS1391Z, pCPGUS1391Z and pCAMBIA2301 gene constructs, were 5175.12 (+180.74),
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Table 3. List of putative transcripitional factor binding sites (TFBs) present in CLCuBuV promoter region (PLACE database).

S.No. TFBs PLACE ID PLACE accession Sequence Copy number Reference
1 Auxin responsive ARFAT (ARF = Auxin response factor)  S000270 TGTCTC 2 [48]
2 Cytokinin responsive ARR1AT S000454 NGATT 2 [49]
3 Legumin specific CAATBOX1 S000028 CAAT 5) [50]
4 Mesohpyll Specific CACTFTPPCA1 S000449 YACT 6 [51]
5 Auxin responsive CATATGGMSAUR S000370 CATATG 2 [52]
6 Signal responsive CGCGBOXAT S000501 VCGCGB 4 [53]
7 Endosperm specific DOFCOREZM S000265 AAAG 5] [54]
8 Abscisic acid response element EBOXBNNAPA S000144 CANNTG 6 [55]
9 Abscisic acid signaling MYCCONSENSUSAT S000407 CANNTG 6 [56]
10 Root specific ROOTMOTIFTAPOX1 S000098 ATATT 3 [57]
11 Auxin responsive SURECOREATSULTR11 S000499 GAGAC 3 [58]
12 Light specific SORLIP2AT S000483 GGGCC 2 [59]
13 Wound specific WBOXATNPR1 S000390 TTGAC 2 [60]
14 Wound specific WBOXNTERF3 S000457 TGACY 2 [61]
15 Gibberellin specific WRKY710S S000447 TGAC 3 [62]
16 Water stress specific MYBCORE S000176 CNGTTR 2 [63]
17 Light responsive GT1CONSENSUS S000198 GRWAAW 2 [64]

doi:10.1371/journal.pone.0121656.t003

2106.72 (£363.07) and 2512.42 (£156.65) pmol 4MU/min/ug proteins, respectively (Fig. 4A)

(p < 0.001 by Student’s ¢ test).

Average value of GUS activity in shoots, transformed with pRepGUS1391Z, pCPGUS1391Z
and pCAMBIA2301 constructs, were 6179.65 (£85.99), 1788.34 (+126.22) and 2452.95
(+174.45) pmol 4MU/min/pg proteins, respectively (Fig. 4B) (p < 0.001 by student’s ¢ test).

Control

CLCuBuV Rep

CLCuBuV CP

Fig 3. Histochemical localization of GUS activity (blue coloration) directed by Cauliflower mosaic
virus 35S, Cotton leaf curl Burewala virus Rep and Cotton leaf curl Burewala virus CP promoters in
transformed Nicotiana tabacum leaves. (A) Whole leaves, (B) Transverse section through the midrib and
leaf lamina showing the presence of GUS signal in mesophyll cells, trichomes and vascular tissues (phloem
and xylem parenchyma cells). (C) Transverse section through the petiole. (C: Cortex; E: Epidermis; M:

Mesophyll; P: Phloem; X: Xylem).

doi:10.1371/journal.pone.0121656.g003
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Fig 4. Monitoring of GUS activity in 28 days old transformed Nicotiana tabacum plants. Soluble protein extracts from (A) leaves, (B) shoots, and (C)
roots were used for GUS assay. The data represent average + SD (n = 3; **, p < 0.01, *** p < 0.001 when compared with CaMV 35S promoter by student’s
t test) of each construct: CaMV 35S promoter (P CAMBIA2301), CLCuBuV Rep promoter (pPRepGUS1391Z) and CLCuBuV CP promoter (pCPGUS13912),
and wild type control tobacco. Experiment was repeated three times with several replicates. Error bars indicate SE. (n: Number of samples; p: p values).

doi:10.1371/journal.pone.0121656.9004

Average value of GUS activity in roots, transformed with pRepGUS1391Z, pCPGUS1391Z
and pCAMBIA2301 constructs, were 12835.02 (£492.25), 2882.52 (+262.83) and 4607.38
(+466.80) pmol 4MU/min/pg proteins, respectively (Fig. 4C) (p < 0.001 by student’s ¢ test).
The control tobacco plants showed no expression of GUS.

The efficacy of CLCuBuV Rep promoter was found to be higher than CaMV 35S promoter
in leaves, shoots and roots of all transgenic plants. However, the expression level of CLCuBuV
CP promoter was lower than that of CaMV 35S promoter in the tissues of leaves, shoots and
roots of the transformed plants. The GUS activity in the roots appeared to be higher than that
of the shoots and leaves (Fig. 4A, B and C).

Transcriptional regulation of GUS

To confirm the expression of GUS gene at mRNA level, RT-PCR analysis was performed using
total RNA samples from transgenic and non-transgenic plants of Nicotiana tabacum cv.
Xanthi. The RT-PCR analysis of transgenic plants showed that the transgenes were expressed
differentially in these transgenic plants (Fig. 5A). Further, no amplification was observed in
non-transgenic tobacco plant employing GUS-specific primers but amplification with actin-
specific primers was observed in both transgenic and non-transgenic tobacco plants (Fig. 5A).
The CLCuBuV Rep promoter transformed plants had shown higher expression level than
those of CLCuBuV CP and CaMV 35S promoter. The qRT-PCR was performed to study the
expression of GUS gene under the control of CLCuBuV Rep, CLCuBuV CP and CaMV 35S
promoter. Results revealed that GUS gene transcript level was four-fold higher in CLCuBuV
Rep promoter transformed plants compared to that of CaMV 35S promoter (Fig. 5B). Tran-
script level of GUS gene under the control of CaMV 35S promoter was observed slightly higher
than that of CLCuBuV CP promoter.
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Fig 5. Expression analysis of GUS transcripts under the control of Cotton leaf curl Burewala virus promoters in transformed Nicotiana tabacum
plants. (A) RT-PCR amplification of GUS transcripts from total RNA isolated from N. tabacum plants transformed by CLCuBuV Rep (1 and 2), CLCuBuV CP
(3 and 4) and CaMV 35S (5 and 6) promoter constructs, wild type control tobacco plant (7). Electrophoresis of RT-PCR amplification of actin transcripts
isolated from total RNA from transformed N. tabacum plants generated from the same constructs. (B) The relative ratio of GUS transcripts quantified by
Reverse transcription quantitative real-time PCR. All the experiments were repeated three times with several replicates. Error bars indicate SE.

doi:10.1371/journal.pone.0121656.9005

Visualization of transiently expressed GFP in tobacco and cotton leaves

The expression of GFP was detected in leaves of agroinfiltrated plants of both tobacco and cot-
ton under ultraviolet light 3 days post-infiltration. Fluorescent image of leaves expressing GFP
in tobacco and cotton were captured by the confocal microscope and fluorescence microscope
as described earlier and are presented in Figs. 6 and 7, respectively. Higher fluorescent intensity
of GFP was found in both tobacco and cotton leaves agroinfiltrated with CLCuBuV Rep pro-
moter construct as compared to CaMV 35S and CLCuBuV CP promoter constructs.

Discussion

Efficient genetic modification of plants for agronomic traits requires the use of efficient regula-
tory sequences to drive the expression of trans-genes in specific plant tissues or at certain devel-
opmental stages. The pattern of expression provided by different promoters must be analyzed
before they can be used to generate transgenic plants commercially. In this study the sequence
of LIR from CLCuBuV was analyzed. We have compared the expression patterns of GUS gene
driven by CLCuBuV Rep and CLCuBuV CP promoters with CaMV35S promoter in trans-
formed transgenic tobacco plants. The highest expression of GUS gene was obtained using the
CLCuBuV Rep promoter followed by the CaMV 35S promoter and the lowest activity was
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Fig 6. Visualization of green fluorescent protein expression by a confocal laser scanning microscope. (A) Nicotiana benthamiana, (B) N. tabacum,
and (C) Gossypium hirsutum leaves agroinfiltrated with Cauliflower mosaic virus 35S promoter (pBIGFP121), Cotton leaf curl Burewala virus Rep promoter
(pRepGFP0029) and Cotton leaf curl Burewala virus CP promoter () CPGFP0029) constructs.

doi:10.1371/journal.pone.0121656.9006

observed with CLCuBuV CP promoter (Figs. 4 and 5). In the transgenic tobacco plants the
CLCuBuV Rep promoter showed strong GUS activity while the CLCuBuV CP promoter
showed very weak activity. This may be due to the absence of AC2 gene product in CLCuBuV
[24-26]. Role of transactivator AC2 protein for activation of virion sense promoter has already
been reported [65,66]. The supremacy of Rep (AC1) promoter over the CP (AV1) promoter, in
the absence of transactivtor AC2 protein was demonstrated in CLCuMuV [19], ACMV [18],
Wheat dwarf virus [67] and Mungbean yellow mosaic India virus [68]. Gene expression process
in geminivirus shows an early expression of complimentary sense gene, whose products are
then involved in viral replication such as ACI (Rep) or they may act as transcription activator
for the virion sense gene expression, such as AC2 (TrAp). In contrast the expression of virion
sense genes usually appears later and requires complimentary sense gene product/products for
activation. The staining of GUS activity showed that the CLCuBuV promoter was active in all
the tobacco cells observed. The strongest histochemical staining for GUS activity was observed
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Control CaMV 35S LC CLCuBuV CP

Fig 7. Visualization of green fluorescent protein expression under fluorescent microscope (Nikon
80I). (A) Nicotiana benthamiana, (B) N. tabacum, and (C) Gossypium hirsutum leaves agroinfiltrated with
Cauliflower mosaic virus 35S promoter (pBIGFP121), Cotton leaf curl Burewala virus Rep promoter
(PRepGFP0029) and Cotton leaf curl Burewala virus CP promoter (o CPGFP0029) constructs.

doi:10.1371/journal.pone.0121656.g007

in the mesophyll cells and vascular tissue of the leaf transformed with CLCuBuV Rep promoter
construct (Fig. 3). The quantitative analysis of GUS assay clearly revealed that CLCuBuV Rep
promoter had two to four-fold higher activity than the CaMV 35S promoter, while CLCuBuV
CP promoter was lagging behind CLCuBuV Rep and CaMV 35S promoter, demonstrating
least activity among the three (Figs. 4 and 5).

Transcription level of the GUS reporter gene driven by CLCuBuV was quantified for the
first time in this study. RT-PCR and RT-qPCR based analysis of GUS-specific transcripts iso-
lated from transgenic tobacco plants containing CLCuBuV Rep, CLCuBuV CP and CaMV 35S
promoter constructs clearly showed a fair correlation between the steady-state level of mRNA
(transcript level) and GUS activity (protein level) (Fig. 5). Based on the above experimental evi-
dence, it was confirmed that the activity of CLCuBuV Rep promoter was significantly higher
than that of CaMV 35S and CLCuBuV CP promoters.

For the first time transient expression of GFP reporter gene under the control of CLCuBuV
promoters in different plants, such as, N. tabacum, N. benthamiana and G. hirsutum was also
investigated. Simultaneously, a positive control constitutive promoter CaMV 35S associated
with GFP was also used to study the degree of effectiveness between the promoters such as
CLCuBuV Rep, CLCuBuV CP and CaMV 358. In this study, the expression and localization of
the GFP reporter gene in agroinfiltrated leaves was monitored by confocal laser scanning mi-
croscopy (Fig. 6). Our histochemical results clearly showed that expression pattern of GFP
under the control of CLCuBuV Rep promoter were found to be more effective than CaMV 35S
promoter, used in consequent experiments.

Though several groups have carried out similar studies in tobacco and cotton plants, they
did not quantify the expression level driven by these promoters at transcriptional level
[15,16,19]. Ashraf et al. [15] quantified the transiently expressed GUS activity driven by CLCu-
BuV C1 gene promoter by fluorometric assay. Evidence was provided exhibiting 2-3 fold
higher GUS activity of CLCuBuV promoter than that of 35S. In present study, GUS activity
was quantified in stably transformed transgenic tobacco plants by RT-qPCR as well as fluoro-
metric assay. RT-qPCR clearly demonstrated that the expression of GUS activity was up to
four fold higher than 35S promoter. Further, for the first time, expression of GFP reporter gene
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under the control of CLCuBuV promoters (Rep and CP) was in situ localized in three different
plant species such as N. tabacum, N. benthamiana and G. hirsutum using confocal laser scan-
ning microscopy. Not only the novelty and degree of effectiveness of these promoters in three
different plants (N. tabacum, N. benthamiana and G. hirsutum) was demonstrated, but it also
reflects that it may be used to develop other valuable agronomic traits. The observations of the
present study reveal a promising future of CLCuBuV Rep promoter as a potential tool for ec-
topic gene expression in plants, particularly cotton.

Supporting Information

S1 Table. Putative functional cis-elements of CLCuBuV promoter (Cister: Cis-element
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$2 Table. Transcription factor binding sites in CLCuBuV promoter sequence.
(PDF)

Acknowledgments

Zainul A. Khan was supported by Ph.D. fellowship from U.G.C. Authors are thankful to DST-
FIST, (Government of India) for infrastructure facility.

Author Contributions

Conceived and designed the experiments: JAK MZA. Performed the experiments: ZAK. Ana-
lyzed the data: ZAK JAK. Contributed reagents/materials/analysis tools: JAK MZA. Wrote the
paper: ZAK JAK.

References

1. Stanley J, Bisaro DM, Briddon RW, Brown JK, Fauquet CM, Harrison BD, et al. Geminiviridae. In: Fau-
quet CM, Mayo MA, Maniloff J, Desselberger U, Ball LA, editors. Virus Taxonomy: Eighth Report of the
International Committee on Taxonomy of Viruses. London: Elsevier Academic Press; 2005. pp. 301—
326.

2. Fauquet CM, Briddon RW, Brown JK, Moriones E, Stanley J, Zerbini M, et al. Geminivirus strain de-
marcation and nomenclature. Arch Virol. 2008; 153: 783—-821. doi: 10.1007/s00705-008-0037-6 PMID:
18256781

3. Varsani A, Navas-Castillo J, Moriones E, Hernandez-Zepeda C, Idris A, Brown JK, et al. Establishment
of three new genera in the family Geminiviridae: Becurtovirus, Eragrovirus and Turncurtovirus. Arch
Virol. 2014; 159: 2193-2203. doi: 10.1007/s00705-014-2050-2 PMID: 24658781

4. Rojas MR, Hagen C, Lucas WJ, Gilbertson RL. Exploiting chinks in the plant’s armor: evolution and
emergence of geminiviruses. Annu Rev Phythopathol. 2005; 43: 361-394. PMID: 16078889

5. Briddon RW, Mansoor S, Bedford ID, Pinner MS, Saunders K, Stanley J, et al. Identification of DNA
components required for induction of cotton leaf curl disease. Virolology. 2001; 285: 234—243. PMID:
11437658

6. Saunders K, Bedford ID, Yahara T, Stanley J. Aetiology: the earliest recorded plant virus disease. Na-
ture. 2003; 422:831. PMID: 12712190

7. ZhouX, XieY, PengY, Zhang Z. Malvastrum yellow vein virus, a new Begomovirus species associated
with satellite DNA molecule. Chin Sci Bull. 2003; 48: 2206—2210.

8. KumarA, KumarJ, Khan ZA, Yadav N, Sinha V, Bhatnagar D, et al. Study of betasatellite molecule
from leaf curl disease of sunn hemp (Crotalaria juncea) in India. Virus Genes. 2010; 41: 432—440. doi:
10.1007/s11262-010-0531-2 PMID: 20890652

9. Mansoor S, Khan SH, Bashir A, Saeed M, Zafar Y, Malik KA, et al. Identification of a novel circular sin-
gle-stranded DNA associated with cotton leaf curl disease in Pakistan. Virology. 1999; 259: 190-199.
PMID: 10364503

PLOS ONE | DOI:10.1371/journal.pone.0121656 March 23, 2015 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121656.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121656.s002
http://dx.doi.org/10.1007/s00705-008-0037-6
http://www.ncbi.nlm.nih.gov/pubmed/18256781
http://dx.doi.org/10.1007/s00705-014-2050-2
http://www.ncbi.nlm.nih.gov/pubmed/24658781
http://www.ncbi.nlm.nih.gov/pubmed/16078889
http://www.ncbi.nlm.nih.gov/pubmed/11437658
http://www.ncbi.nlm.nih.gov/pubmed/12712190
http://dx.doi.org/10.1007/s11262-010-0531-2
http://www.ncbi.nlm.nih.gov/pubmed/20890652
http://www.ncbi.nlm.nih.gov/pubmed/10364503

@’PLOS | ONE

Characterization of Cotton Leaf Curl Burewala Virus Promoter

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Leke WN, Sattar MN, Ngane EB, Ngeve JM, Kvarnheden A, Brown JK. Molecular characterization of
begomoviruses and DNA satellites associated with okra leaf curl disease in Cameroon. Virus Res.
2013; 174:116-125. doi: 10.1016/j.virusres.2013.03.010 PMID: 23535770

Akhtar S, Khan AJ, Singh AS, Briddon RW. Identification of a disease complex involving a novel mono-
partite begomovirus with beta- and alphasatellites associated with okra leaf curl disease in Oman. Arch
Virol. 2014; 159: 1199-1205. doi: 10.1007/s00705-013-1926-x PMID: 24287711

Hanley-Bowdoin L, Settlage SB, Orozco BM, Nagar S, Robertson D. Geminiviruses: models for plant
DNA replication, transcription, and cell cycle regulation. Crit Rev Plant Sci. 1999; 18: 71-106.

Dinant S, Ripoll C, Pieper M, David C. Phloem specific expression driven by wheat dwarf geminivirus
V-sense promoter in transgenic dicotyledonous species. Physiol Plant. 2004; 121: 108-116. PMID:
15086824

Sunitha S, Mahajan N, Veluthambi K. The TrAP/REn monodirectional promoter of Mungbean yellow
mosaic geminivirus (MYMV) displays root-specific expression in transgenic tobacco. Plant Cell Tiss
Organ Cult. 2012; 109: 535-545.

Ashraf MA, Shahid AA, Rao AQ, Bajwa KS, Husnain T. Functional characterization of a bidirectional
plant promoter from cotton leaf curl Burewala virus using an Agrobacterium-mediated transient assay.
Viruses. 2014; 6:223-242. doi: 10.3390/v6010223 PMID: 24424501

Rasul F, Asad S, Zafar Y, Mansoor S. Characterization of a strong constitutive promoter from Cotton
leaf curl Kokhran virus for high level gene expression in monocotyledonous and dicotyledonous plants.
Int J Agric Biol. 2014; 16: 342-346.

Petty ITD, Coutts RHA, Buck KW. Transcriptional mapping of the coat protein gene of tomato golden
mosaic virus. J Gen Virol. 1988; 69: 1359-1365.

Zhan XC, Haley A, Richardson K, Morris B. Analysis of the potential promoter sequences of African
cassava mosaic virus by transient expression of the B-glucuronidase gene. J Gen Virol. 1991; 72:
2849-2852. PMID: 1940874

Xie Y, LiuY, Meng M, Chen L, Zhu Z. Isolation and identification of a super strong plant promoter from
cotton leaf curl Multan virus. Plant Mol Biol. 2003; 53: 1-14. PMID: 14756302

Arguello-Astorga GR, Guevara-Gonzalez RG, Herrera-Estrella LR, Rivera-Bustamante RF. Gemini-
virus replication origins have a group-specific organization of iterative elements: A model for replication.
Virology. 1994; 203: 90-100. PMID: 8093156

Eagle PA, Hanley-Bowdoin L. cis elements that contribute to geminivirus transcriptional regulation and
the efficiency of DNA replication. J Virol. 1997; 71: 6947—6955. PMID: 9261423

Fenoll C, Schwarz JJ, Black DM, Schneider M, Howell SH. The intergenic region of maize streak virus
contains a GC-rich element that activates rightward transcription and binds maize nuclear factors. Plant
Mol Biol. 1990; 15: 865-877. PMID: 2103478

Fontes EPB, Gladfelter HJ, Schaffer RL, Petty ITD, Hanley-Bowdoin L. Geminivirus replication origins
have a modular organization. Plant Cell. 1994; 6: 405-416. PMID: 8180499

Amrao L, Amin |, Shahid MS, Briddon RW, Mansoor S. Cotton leaf curl disease in resistant cotton is as-
sociated with a single begomovirus that lacks an intact transcriptional activator protein. Virus Res.
2010; 152: 153-163. doi: 10.1016/j.virusres.2010.06.019 PMID: 20600387

Ashraf MA, Shahid AA, Mohamed BB, Dahab AA, Bajwa KS, Rao AQ, et al. Molecular characterization
and phylogenetic analysis of a variant of highly infectious cotton leaf curl Burewala virus associated
with CLCuD from Pakistan. Aust J Crop Sci. 2013; 7: 1113-1122.

Shuja MN, Briddon RW, Tahir M. Identification of a distinct strain of cotton leaf curl Burewala virus. Arch
Virol. 2014; 159: 2787-2790. doi: 10.1007/s00705-014-2097-0 PMID: 24838851

Mullineaux PM, Rigden JE, Dry IB, Krake LR, Rezaian MA. Mapping of the polycistronic RNAs of toma-
to leaf curl geminivirus. Virology. 1993; 193: 414-423. PMID: 8438578

Sunter G, Hartitz MD, Bisaro DM. Tomato golden mosaic virus leftward gene expression: Autoregula-
tion of geminivirus replication protein. Virology. 1993; 195: 275-280. PMID: 8317105

Dry I, Krake L, Mullineaux P, Rezaian A. Regulation of tomato leaf curl viral gene expression in host tis-
sues. Mol Plant Microbe Interact. 2000; 13: 529-537. PMID: 10796019

Kumar A, Kumar J, Khan JA. Sequence characterization of cotton leaf curl virus from Rajasthan: phylo-
genetic relationship with other members of geminiviruses and detection of recombination. Virus Genes.
2010; 40: 282-289. doi: 10.1007/s11262-009-0439-x PMID: 20043195

Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, et al. PlantCARE, a database of
plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences.
Nucleic Acids Res. 2002; 30: 325-327. PMID: 11752327

PLOS ONE | DOI:10.1371/journal.pone.0121656 March 23, 2015 15/17


http://dx.doi.org/10.1016/j.virusres.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23535770
http://dx.doi.org/10.1007/s00705-013-1926-x
http://www.ncbi.nlm.nih.gov/pubmed/24287711
http://www.ncbi.nlm.nih.gov/pubmed/15086824
http://dx.doi.org/10.3390/v6010223
http://www.ncbi.nlm.nih.gov/pubmed/24424501
http://www.ncbi.nlm.nih.gov/pubmed/1940874
http://www.ncbi.nlm.nih.gov/pubmed/14756302
http://www.ncbi.nlm.nih.gov/pubmed/8093156
http://www.ncbi.nlm.nih.gov/pubmed/9261423
http://www.ncbi.nlm.nih.gov/pubmed/2103478
http://www.ncbi.nlm.nih.gov/pubmed/8180499
http://dx.doi.org/10.1016/j.virusres.2010.06.019
http://www.ncbi.nlm.nih.gov/pubmed/20600387
http://dx.doi.org/10.1007/s00705-014-2097-0
http://www.ncbi.nlm.nih.gov/pubmed/24838851
http://www.ncbi.nlm.nih.gov/pubmed/8438578
http://www.ncbi.nlm.nih.gov/pubmed/8317105
http://www.ncbi.nlm.nih.gov/pubmed/10796019
http://dx.doi.org/10.1007/s11262-009-0439-x
http://www.ncbi.nlm.nih.gov/pubmed/20043195
http://www.ncbi.nlm.nih.gov/pubmed/11752327

@’PLOS | ONE

Characterization of Cotton Leaf Curl Burewala Virus Promoter

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Frith MC, Hansen U, Weng Z. Detection of cis-element clusters in higher eukaryotic DNA. Bioinformat-
ics. 2001; 17:878-889. PMID: 11673232

Higo K, Ugawa Y, Iwamoto M, Korenaga T. Plant cis-acting regulatory DNA elements (PLACE) data-
base: 1999. Nucleic Acids Res. 1999; 27: 297-300. PMID: 9847208

Chang WC, Lee TY, Huang HD, Huang HY, Pan RL. PlantPAN: Plant Promoter Analysis Navigator, for
identifying combinatorial cis-regulatory elements with distance constraint in plant gene group. BMC Ge-
nomics. 2008; 9: 561. doi: 10.1186/1471-2164-9-561 PMID: 19036138

Reese MG. Application of a time-delay neural network to promoter annotation in the Drosophila mela-
nogaster genome. Comput Chem. 2001; 26: 51-56. PMID: 11765852

Holsters M, de Waele D, Depicker A, Messens E, van Montagu M, Schell J. Transfection and transfor-
mation of Agrobacterium tumefaciens. Mol Gen Genet. 1978; 163: 181-187. PMID: 355847

Hellens RP, Edwards EA, Leyland NR, Bean S, Mullineaux PM. pGreen: a versatile and flexible binary
Ti vector for Agrobacterium-mediated plant transformation. Plant Mol Biol. 2000; 42: 819-832. PMID:
10890530

Horsch RB, Fry JE, Hofmann NL, Eichholtz D, Rogers SG, Fraley RT. A simple and general method for
transferring genes into plants. Science. 1985; 227: 1229-1231. PMID: 17757866

Jefferson RA. Assaying chimeric genes in plants: the GUS fusion system. Plant Mol Biol Rep. 1987; 5:
387-405.

Jefferson RA, Kavanagh TA, Bevan MW. GUS fusions: beta-glucuronidase as a sensitive and versatile
gene fusion marker in higher plants. EMBO J. 1987; 6: 3901-3907. PMID: 3327686

Thornton B, Basu C. Real-Time PCR (qPCR) primer design using free online software. Biochem Mol
Biol Educ. 2011; 39: 145—154. doi: 10.1002/bmb.20461 PMID: 21445907

Ko cianska E, Kalantidis K, Wypijewski K, Sadowski J, Tabler M. Analysis of RNA silencing in agroinfil-
trated leaves of Nicotiana benthamiana and Nicotiana tabacum. Plant Mol Biol. 2005; 59: 647—-661.
PMID: 16244913

Sahoo DK, Ranjan R, Kumar D, Kumar A, Sahoo BS, Raha S, et al. An alternative method of promoter
assessment by confocal laser scanning microscopy. J Virol Methods. 2009; 161: 114—121. doi: 10.
1016/j.jviromet.2009.06.011 PMID: 19540268

Ruiz-Medrano R, Guevara-Gonzalez RG, Arguello-Astorga GR, Monsalve-Fonnegra Z, Herrera-
Estrella LR, Rivera-Bustamante RF. Identification of a sequence element involved in AC2-mediated
transactivation of the pepper huasteco virus coat protein gene. Virology. 1999; 253: 162—-169. PMID:
9918875

Schwarz JJ, Chakraborty T, Martin J, Zhou J, Olson EN. The basic region of myogenin cooperates with
two transcription activation domains to induce muscle-specific transcription. Mol Cell Biol. 1992; 12:
266-275. PMID: 1309591

Yanagisawa S, Schmidt RJ. Diversity and similarity among recognition sequences of Dof transcription
factors. PlantJ. 1999; 17:209-214. PMID: 10074718

Wanapu C, Shinmyo A. cis-regulatory elements of the peroxidase gene in Arabidopsis thaliana involved
in root-specific expression and responsiveness to high-salt stress. Ann N 'Y Acad Sci. 1996; 782: 107—
114. PMID: 8659887

GodaH, Sawa S, Asami T, Fujioka S, Shimada Y, Yoshida S. Comprehensive comparison of auxin-reg-
ulated and brassinosteroid-regulated genes in Arabidopsis. Plant Physiol. 2004; 134: 1555-1573.
PMID: 15047898

Ross EJH, Stone JM, Elowsky CG, Arredondo-Peter R, Klucas RV, Sarath G. Activation of the Oryza
sativa non-symbiotic haemoglobin-2 promoter by the cytokinin-regulated transcription factor, ARR1. J
Exp Bot. 2004; 55: 1721-1731. PMID: 15258171

Shirsat A, Wilford N, Croy R, Boulter D. Sequences responsible for the tissue specific promoter activity
of a pea legumin gene in tobacco. Mol Gen Genet. 1989; 215: 326-331. PMID: 2710102

Gowik U, Burscheidt J, Akyildiz M, Schlue U, Koczor M, Streubel M, et al. cis-Regulatory elements for
mesophyll-specific gene expression in the C4 plant Flaveria trinervia, the promoter of the C4 phospho-
enolpyruvate carboxylase gene. Plant Cell. 2004; 16: 1077-1090. PMID: 15100398

Xu N, Hagen G, Guilfoyle T. Multiple auxin response modules in the soybean SAUR 15A promoter.
Plant Science. 1997; 126: 193—201.

Yang T, Poovaiah BW. A calmodulin-binding/CGCG box DNA-binding protein family involved in multi-
ple signaling pathways in plants. J Biol Chem. 2002; 277: 45049-45058. PMID: 12218065

Yanagisawa S. Dof1 and Dof2 transcription factors are associated with expression of multiple genes in-
volved in carbon metabolism in maize. Plant J. 2000; 21: 281-288. PMID: 10758479

PLOS ONE | DOI:10.1371/journal.pone.0121656 March 23, 2015 16/17


http://www.ncbi.nlm.nih.gov/pubmed/11673232
http://www.ncbi.nlm.nih.gov/pubmed/9847208
http://dx.doi.org/10.1186/1471-2164-9-561
http://www.ncbi.nlm.nih.gov/pubmed/19036138
http://www.ncbi.nlm.nih.gov/pubmed/11765852
http://www.ncbi.nlm.nih.gov/pubmed/355847
http://www.ncbi.nlm.nih.gov/pubmed/10890530
http://www.ncbi.nlm.nih.gov/pubmed/17757866
http://www.ncbi.nlm.nih.gov/pubmed/3327686
http://dx.doi.org/10.1002/bmb.20461
http://www.ncbi.nlm.nih.gov/pubmed/21445907
http://www.ncbi.nlm.nih.gov/pubmed/16244913
http://dx.doi.org/10.1016/j.jviromet.2009.06.011
http://dx.doi.org/10.1016/j.jviromet.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19540268
http://www.ncbi.nlm.nih.gov/pubmed/9918875
http://www.ncbi.nlm.nih.gov/pubmed/1309591
http://www.ncbi.nlm.nih.gov/pubmed/10074718
http://www.ncbi.nlm.nih.gov/pubmed/8659887
http://www.ncbi.nlm.nih.gov/pubmed/15047898
http://www.ncbi.nlm.nih.gov/pubmed/15258171
http://www.ncbi.nlm.nih.gov/pubmed/2710102
http://www.ncbi.nlm.nih.gov/pubmed/15100398
http://www.ncbi.nlm.nih.gov/pubmed/12218065
http://www.ncbi.nlm.nih.gov/pubmed/10758479

@’PLOS | ONE

Characterization of Cotton Leaf Curl Burewala Virus Promoter

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hartmann U, Sagasser M, Mehrtens F, Stracke R, Weisshaar B. Differential combinatorial interactions
of cis-acting elements recognized by R2R3-MYB, BZIP, and BHLH factors control light-responsive and
tissue-specific activation of phenylpropanoid biosynthesis genes. Plant Mol Biol. 2005; 57: 155-171.
PMID: 15821875

Agarwal M, Hao Y, Kapoor A, Dong CH, Fuijii H, Zheng X, et al. A R2R3 type MYB transcription factor is
involved in the cold regulation of CBF genes and in acquired freezing tolerance. J Biol Chem. 2006;
281:37636-37645. PMID: 17015446

Elmayan T, Tepfer M. Evaluation in tobacco of the organ specificity and strength of the rol D promoter,
domain A of the 35S promoter and the 3552 promoter. Transgenic Res. 1995; 4: 388-396. PMID:
7581519

Maruyama-Nakashita A, Nakamura Y, Watanabe-Takahashi A, Inoue E, Yamaya T, Takahashi H.
Identification of a novel cis-acting element conferring sulfur deficiency response in Arabidopsis roots.
Plant J. 2005; 42: 305-314. PMID: 15842617

Hudson ME, Quail PH. Identification of promoter motifs involved in the network of phytochrome A-regu-
lated gene expression by combined analysis of genomic sequence and microarray data. Plant Physiol.
2003; 133: 1605-1616. PMID: 14681527

Xu X, Chen C, Fan B, Chen Z. Physical and Functional interactions between pathogen-induced Arabi-
dopsis WRKY 18, WRKY40, and WRKY60 transcription factors. Plant Cell. 2006; 18: 1310—1326.
PMID: 16603654

Nishiuchi T, Shinshi H, Suzuki K. Rapid and transient activation of transcription of the ERF3 gene by
wounding in tobacco leaves: Possible involvement of NtWRKY's and autorepression. J Biol Chem.
2004; 279: 55355-55361. PMID: 15509567

Xie Z, Zhang ZL, Zou X, Huang J, Ruas P, Thompson D, et al. Annotations and functional analyses of
the rice WRKY gene superfamily reveal positive and negative regulators of abscisic acid signaling in al-
eurone cells. Plant Physiol. 2005; 137: 176-189. PMID: 15618416

Solano R, Nieto C, Avila J, Canas L, Diaz |, Paz-Ares J. Dual DNA binding specificity of a petal epider-
mis-specific MYB transcription factor (MYB.Ph3) from Petunia hybrid. EMBO J. 1995; 14: 1773-1784.
PMID: 7737128

Buchel AS, Brederode FT, Bol JF, Linthorst HJM. Mutation of GT-1 binding sites in the Pr-1A promoter
influences the level of inducible gene expression in vivo. Plant Mol Biol. 1999; 40: 387-396. PMID:
10437823

Sunter G, Hartitz MD, Hormuzdi SG, Brough CL, Bisaro DM. Genetic analysis of tomato golden mosaic
virus: ORF AL2 is required for coat protein accumulation while ORF AL3 is necessary for efficient DNA
replication. Virology. 1990; 179: 69-77. PMID: 2219741

Hong Y, Saunders K, Hartley MR, Stanley J. Resistance to geminivirus infection by virus-induced ex-
pression of dianthin in transgenic plants. Virology. 1996; 220: 119-127. PMID: 8659104

Hofer JM, Dekker EL, Reynold HV, Woolston CJ, Cox BS, Mullineaux PM. Coordinate regulation of rep-
lication and virion sense gene expression in wheat dwarf virus. Plant Cell. 1992; 4:213-223. PMID:
1633494

Usharani KS, Periasamy M, Malathi VG. Studies on the activity of a bidirectional promoter of Mungbean
yellow mosaic India virus by agroinfiltration. Virus Res. 2006; 119: 154—162. PMID: 16458986

PLOS ONE | DOI:10.1371/journal.pone.0121656 March 23, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/15821875
http://www.ncbi.nlm.nih.gov/pubmed/17015446
http://www.ncbi.nlm.nih.gov/pubmed/7581519
http://www.ncbi.nlm.nih.gov/pubmed/15842617
http://www.ncbi.nlm.nih.gov/pubmed/14681527
http://www.ncbi.nlm.nih.gov/pubmed/16603654
http://www.ncbi.nlm.nih.gov/pubmed/15509567
http://www.ncbi.nlm.nih.gov/pubmed/15618416
http://www.ncbi.nlm.nih.gov/pubmed/7737128
http://www.ncbi.nlm.nih.gov/pubmed/10437823
http://www.ncbi.nlm.nih.gov/pubmed/2219741
http://www.ncbi.nlm.nih.gov/pubmed/8659104
http://www.ncbi.nlm.nih.gov/pubmed/1633494
http://www.ncbi.nlm.nih.gov/pubmed/16458986


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


