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Abstract

The conserved late element (CLE) was originally identified as an evolutionarily conserved DNA sequence
present in geminiviral intergenic regions. CLE has subsequently been observed in promoter sequences of
bacterial (T-DNA) and plant origin, suggesting a role in plant and plant viral gene regulation. Synthetic
DNA cassettes harboring direct repeats of the CLE motif were placed upstream from a )46 to +1 minimal
CaMV 35S promoter-luciferase reporter gene and reporter activity characterized in Nicotiana species
during both transient and stable expression. A single direct-repeat cassette of the element (2 · CLE)
enhances luciferase activity by 2-fold, independent of the element’s orientation, while multiple copies of the
cassette (4–12 · CLE) increases activity up to 10- to 15-fold in an additive manner. Transgenic tobacco
lines containing synthetic CLE promoter constructs enhance luciferase expression in leaf, cotyledon and
stem tissues, but to a lesser extent in roots. Single nucleotide substitution at six of eight positions within the
CLE consensus (GTGGTCCC) eliminates CLE enhancer-like activity. It has been previously reported that
CLE interacts with the AC2 protein from Pepper Huasteco Virus (PHV-AC2). PHV-AC2 (also called AL2
or C2) is a member of the transcriptional activator protein, or TrAP, gene family. In transient and stable
expression systems PHV-AC2 expression was found to result in a 2-fold increase in luciferase activity,
irrespective of the presence of CLE consensus sequences within the reporter’s promoter. These data sug-
gests that the PHV-AC2 protein, instead of interacting directly with CLE, functions as either a general
transcriptional activator and/or a suppressor of post-transcriptional gene silencing.

Abbreviations: AC2, geminivirus encoded TrAP protein; Agst, agropine synthase terminator; AYVV,
Ageratum yellow veinvirus; bar, phosphinothricin acetyl transferase; BGMV, Bean golden mosaic virus;
CaMV, Cauliflower mosaic virus; CaMV35S, Cauliflower mosaic virus 35S promoter; CLCuV, Cotton leaf
curl virus; DTT, dithiothreitol; HcPro, viral helper component Protein (suppressor of silencing); GUSi,
intron-modified b-glucuronidase; IM, infiltration media; Km, kanamycin; LB, Luria–Bertani; FiLUC,
firefly (Photinus pyralis) intron-modified luciferase; MES, 2-(N-Morpholino)ethanesulfonic acid; MiMV,
Mirabilis mosaic virus; MS, Murashige and Skoog; Nost, nopaline synthase terminator; Npt II, neomycin
phosphotransferase II; pAg7, gene 7 terminator; pBS, pBluescript II (SK+); PClSV, peanut chlorotic
streak virus (promoter); PGMV, Pepper golden mosaic virus (formally Serrano golden mosaic virus); PHV,
Pepper Huasteco virus; Pnos, nopaline synthase promoter; PTGS, post-transcriptional gene silencing; PVY,
Potato virus Y; R0, primary transformant; R1, progeny of self fertilized R0 plant; RiLUC, Renilla reniformis
(sea pansy) intron-modified luciferase; RLU, relative light units; TBE, Tris–Borate EDTA; T-DNA,
transferred-DNA; TGMV, Tomato golden mosaic virus; ToLCV, Tomato leaf curl virus; TYLCV, Tomato
yellow leaf curl virus; TrAP, transcription activating protein; 35St, CaMV 35S terminator
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Introduction

A screen of directly repeated (DR) DNA sequence
elements from the intergenic regions of 28
sequenced geminiviruses and nanoviruses identi-
fied five DR motifs that both display enhancer-like
activity, and contain a DNA segment termed the
‘‘conserved late element’’ or CLE (Velten et al.,
2005). The CLE motif had initially been identified
in geminiviral DNA sequences by comparative
genome analysis (Arguello-Astorga et al., 1994).
The CLE consensus sequence (GTGGTCCC) is
enriched within geminiviral entries in GenBank
(�17-fold relative to random short sequences of
identical base composition) and within the Ara-
bidopsis genome database (�4-fold enhanced in
promoter sequences {)01 to )500 bp, relative to
translation start} compared to protein coding
sequences) (Velten et al., 2005). Single copies of a
CLE-like motif have also been identified within
close proximity ( £ 250 bp) of the predicted
TATA box binding site from viral (CaMV {35S},
FMV {34S}, MiMV and CLCuV), bacterial
(T-DNA, octopine synthase) and plant (e.g.
GapC4, PCNA) promoters, suggesting CLE func-
tions in viral and plant gene regulation (literature
summarized in Table 1).

Direct repeats of CLE-like motifs fused to
minimal ()46 to +8 bp) or truncated ()90 to
+1 bp) CaMV 35S promoters (CLE-46 and
CLE-90, respectively) have been shown to enhance
reporter gene (GUS) expression in bombarded pea
and tobacco leaf tissues (Ruiz-Medrano et al.,
1999). Furthermore, transformed tobacco plants
harboring the CLE-90::GUS fusion present a GUS
expression pattern different from that observed in
CLE-lacking control transgenics ()90::GUS)
(Ruiz-Medrano et al., 1999). Kosugi and col-
leagues also demonstrated that a head-to-tail
dimer of the CLE-like motif, IIa, (Table 1)
inserted upstream of a minimal ()54 to +5 bp)
CaMV 35S-GUS fusion could stimulate GUS
activity by �5.5-fold compared to a CLE-minus
control construct in tobacco protoplasts (Kosugi
et al., 1995). CLE elements derived from geminiv-
iruses added to minimal ()46 to +1 bp) CaMV
35S promoter-luciferase gene constructs also show
a positive effect (�2-fold) on expression of the
luciferase reporter gene (Velten et al., 2005).

Several recent reports (Table 1) have described
plant DNA binding proteins that associate with a

CLE-like DNA sequence present in many plant
promoter regions. The CLE-like sequence element
IIa, GTGGGCCCGT, identified in the promoter
of the rice proliferating cell nuclear antigen
(PCNA) gene (Kosugi et al., 1995), contains a
core sequence (GGNCCC) which is necessary for
the binding of rice (PCF1-6) (Kosugi and Ohashi
2002) and maize (TBP1) (Doebley et al., 1997)
transcription factors containing the TCP DNA
binding domain (Cubas et al., 1999). A similar
sequence element (tccgGTGGGCCCGaaac) iden-
tified from the maize GapC4 promoter also con-
tains a CLE-like sequence and can bind tobacco
nuclear extracts (Geffers et al., 2000). These
reports indicate that there are plant cis-acting
promoter elements closely resembling the CLE
consensus that are capable of interacting with
plant DNA binding proteins implicated in gene
regulation.

It has been reported that the CLE sequence
element upstream from the Pepper Huasteco Virus
(PHV) coat protein gene is involved in PHV-AC2
mediated transactivation of coat gene expression
(Ruiz-Medrano et al., 1999). Furthermore, the
prevalence of CLE elements in three major
dicot-geminivirus lineages correlates well with
observed conservation in the amino acid sequences
of a putative DNA-binding domain within the
corresponding viral AL2 genes, homologs of the
PHV-AC2 gene (Arguello-Astorga et al., 1994).
These reports suggest that CLE might be a
functional target of AC2 (or AL2), however, it
has recently been demonstrated that mutation of a
CLE consensus sequence upstream from the
TGMV coat protein does not affect activation by
TGMV-AL2; neither in plants containing replicat-
ing viral genomes nor in Nicotiana benthamiana
protoplasts transiently expressing a plasmid con-
struct (Sunter and Bisaro, 2003). Additionally, it
has been shown that the late promoters of Bean
golden mosaic virus (BGMV), which lack any CLE
motif, are functionally equivalent to the TGMV
late promoters and can be activated by homolo-
gous or heterologous TrAP proteins (TGMV-AL2
or BGMV-AL2) (Hung and Petty, 2001). There is
clearly some question as to exactly how AC2 and
homologous proteins from different geminiviruses
interact with host and virus systems to affect viral
(and possibly host) gene expression.

Transient gene expression systems have been
shown to trigger post-transcriptional gene
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silencing (PTGS) (Johansen and Carrington, 2001;
Voinnet et al., 2003; Cazzonelli and Velten, 2004)
and recently it was demonstrated that AC2-like
proteins can act as viral suppressors of PTGS
(Voinnet et al., 1999; van Wezel et al., 2002; van
Wezel et al., 2003; Selth et al., 2004; Vanitharani
et al., 2004). Since previous studies of the trans-
activation effects of PHV-AC2 on CLE-containing
promoters were performed in transient expression
systems, it is possible that PHV-AC2 does not
directly interact with the target genes, but instead
may increase gene expression by suppressing
PTGS occurring within the test system. To further
complicate the field, it has recently been reported
that geminiviral proteins (eg AC2, AC4) can play
different roles in mediating viral synergism and
suppression of PTGS (Vanitharani et al., 2004),
presenting the possibility that the CLE sequences
may still be capable of interacting with TrAP
proteins indirectly through unknown intermedi-
ates.

In this report, the in vivo properties of single,
multiple and mutated direct-repeat units of the
CLE consensus (fused to a )46 to +1 minimal
CaMV 35S promoter) have been quantified in
tobacco leaf tissues using luciferase as a reporter of
promoter function. The whole-plant expression
characteristics of functional synthetic promoters
containing multiple copies of the CLE motif (up to
six direct repeats) are described. In addition, the
effects of the PHV-AC2 protein on CLE-contain-
ing, and CLE-lacking, promoter function is
explored in transient and stable gene expression
systems. These data address the role of AC2 as a
possible suppressor of PTGS, or general activator
of transcription regulation, and support the sig-
nificance of the CLE motif in viral and plant gene
regulation.

Methods

Construction of synthetic promoter–reporter
gene cassettes

Plasmid constructs were prepared using standard
cloning techniques (Sambrook and Russell,
2001). The normalization vector, pE1778-
SUPER-RiLUC was prepared as previously
described (Cazzonelli and Velten, 2003).
pE1778-SUPER-RiLUC harbors a castor beanT
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catalase intron-modified Renilla reniformis lucif-
erase reporter gene (RiLUC), controlled by the
synthetic super promoter (Ni et al., 1995) present
within the binary vector, pE1778. The pE1778-
based plasmid contains a plant-functional kana-
mycin resistance marker consisting of the neo-
mycin phosphotransferase II coding region
controlled by the nopaline synthase promoter
and the T-DNA gene 7 terminator (Becker et al.,
1992) (S. Gelvin, personal communication).

Plasmids used to test promoter element func-
tion (pTest, pTm35, pTm35enh and pTPGEL1;
Figure 1A–D) contain two gene fusions cloned
head to tail within the multiple cloning region of
the binary vector, pPZP200 (Hajdukiewicz et al.,
1994). All ‘test’ plasmids contain a marker gene
for selection of transgenic plants positioned near
the T-DNA left border. The selectable marker
consists of the bar open reading frame, encoding

phosphinothricin acetyl transferase (Accession
number: AX235900), controlled by a peanut
chlorotic streak virus promoter (-240 to +1 bp)
(Maiti and Shepherd, 1998) and a CaMV 35S
transcription termination signal. The second gene
fusion within the test plasmids consists of an
intron-modified firefly luciferase gene (Mankin
et al., 1997) with a small 5¢ multiple cloning
region for inserting promoter regulatory regions
to be tested. The firefly luciferase gene is fused to
the nopaline synthase transcription terminator.

The suite of test (pT*) plasmids vary in the
transcription control sequences present 5¢ to the
firefly luciferase gene: ‘‘pTest’’ (Figure 1A) con-
tains no plant transcription regulatory compo-
nents; ‘‘pTm35’’(Figure 1B) contains a minimal
()46 to +1 bp) 35S promoter (Benfey and
Chua, 1990); ‘‘pTm35enh’’ (Figure 1C) has a
single enhancer element ()299 to )99 bp) from

Figure 1. Schematic diagram describing binary vectors. A–E: test vectors (pT*); T-DNA right border (RB); Firefly-intron coding

region (FiLUC); nopaline synthase terminator (Nost); peanut chlorotic streak virus promoter (PClSV); phosphinothricin acetyl

transferase (Bar); 35S terminator (35St); T-DNA left border (LB). (A) pTest: promoterless-FiLUC. (B) pTm35: minimal CaMV

35S promoter ()46 to +1 bp from CaMV 35S promoter). (C) pTm35enh: CaMV 35S enhancer region ()299 to )99 bp) added to

pTm35; (D) pTPGEL1: segment of the PGEL1 promoter ()1193 to +85 bp) fused to FiLUC gene. Lower case sequences high-

lighted in bold font indicate the 3¢ end (untranslated leader region) of the PGEL1 promoter and underlined nucleotides show a GC

rich sequence introduced during the cloning process. (E) pTDR*, general features of binary vectors containing direct-repeat CLE

sequences (DR) separated by a 10-bp spacer. (F) pE1778-SUPER-AC2: Agropine synthase terminator (Agst); PHV-AC2 coding re-

gion (PHV-AC2); super promoter (SUPER); nopaline synthase promoter (Pnos); neomycin phospho-transferase II coding region

(nptII); T-DNA gene 7 terminator (g7t). pE1778-SUPER-AC2 is a PHV-AC2 expression vector used for co-expression of PHV-

AC2. Sequences displayed below selected construct diagrams show the junction between the luciferase reporter gene and test pro-

moter. The FiLUC start codon is in bold uppercase font. The TATA box is underlined and highlighted in bold font. The start of

transcription underlined and highlighted in bold.
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the CaMV 35S promoter (Benfey and Chua,
1990) added to the pTm35 minimal promoter
using HindIII and XhoI; and ‘‘pTPGEL1’’
(Figure 1D) contains a segment ()1193 to
+85) from the strong constitutive PGEL1 pro-
moter (Accession number: AY819645) that was
removed from pPGEL1::iGUS plasmid
(Cazzonelli et al., 2005) with XbaI and inserted
into pTest (XbaI digested).

pTm35 (Figure 1B) plasmid served as a starting
point to create a suite of synthetic cassettes that test
the enhancer-like activity of single, multiple or
mutated copies of CLE DR cassettes (pTDR*;
Figure 1E, pTCLE*; Figure 4). PCR was used to
amplify oligonucleotides that overlap by a 10 bp
randomized stuffer sequence (GAAGATAATC)
and are flanked by XbaI and/or BamHI restriction
endonucleases (Table 2). The resulting PCR prod-
ucts (CLE-spacer-CLE) were digested with the
appropriate restriction enzyme(s) and cloned into
pTm35 (digested with XbaI and/or BamHI). A

single direct-repeat cassette of DR#2, #17 and #33
(Table 1) was amplified using the appropriate
primers (DR-Ux and DR-Lb; Table 2) and cloned
into pTm35 in their original orientation creating
the vectors pTDR#2(>), pTDR#17(<) and
pTDR#33(<), respectively (Figure 1; (Velten,
et al. 2005)). Multimerization of DR#2, #17 and
#33 was accomplished using specific oligonucleo-
tides (DR-Ux and DR-Lx; Table 2) and PCR to
amplify a product that was subsequently cloned
(in their original orientation as defined by the
GenBank sequence file) into pTDR#2(>),
pTDR#17(<) and pTDR#33(<), respectively.
The resulting enhancer cassette multimers,
pTDR#2–4 (>>), pTDR#2-L (>>>>>>),
pTDR#17–5 (<<), pTDR#17-H (<<<<),
pTDR#33-7 (<<), pTDR#33-J (<<<<) were
sequenced in order to confirm that the orientation
of the CLE direct-repeats were maintained during
ligation. Each (>) indicates one copy of a CLE
directly repeated dimer and describes the orienta-

Table 2. Primer sequences used during binary vector construction.

Primer Sequence (underlined = CLE sequence, bold = mutation site)

DR2-Ux 5¢ GCTCTAGACGTGGTCCCTGAAGATAATC 3¢
DR2-Lb 3¢ CTTCTATTAGGCACCAGGGACCTAGGGC 5¢
DR2-Lx 3¢ CTTCTATTAGGCACCAGGGAAGATCTCG 5¢
DR17-Ux 5¢ GCTCTAGAAGGGGACCACGAAGATAATC 3¢
DR17-Lb 3¢ CTTCTATTAGTCCCCTGGTGCCTAGGGC 5¢
DR17-Lx 3¢ CTTCTATTAGTCCCCTGGTGAGATCTCG 5¢
DR33-Ux 5¢ GCTCTAGAGTCATTTGGGACCACGAAGATAATC 3¢
DR33-Lb 3¢ CTTCTATTAGCAGGAAACCCTGGTGCCTAGGGC 5¢
DR33-Lx 3¢ CTTCTATTAGCAGGAAACCCTGGTGAGATCTCG 5¢
CLE-Ux 5¢ GCTCTAGAGTGGTCCCGAAGATAATC 3¢
CLE-Lb 3¢ CTTCTATTAGCACCAGGGCCTAGGGC 5¢
CLEm1-Ux 5¢ GCTCTAGAATGGTCCCGAAGATAATC 3¢
CLEm1-Lb 3¢ CTTCTATTAGTACCAGGGCCTAGGGC 5¢
CLEm2-Ux 5¢ GCTCTAGAGAGGTCCCGAAGATAATC 3¢
CLEm2-Lb 3¢ CTTCTATTAGCTCCAGGGCCTAGGGC 5¢
CLEm3-Ux 5¢ GCTCTAGAGTAGTCCCGAAGATAATC 3¢
CLEm3-Lb 3¢ CTTCTATTAGCATCAGGGCCTAGGGC 5¢
CLEm4-Ux 5¢ GCTCTAGAGTGATCCCGAAGATAATC 3¢
CLEm4-Lb 3¢ CTTCTATTAGCACTAGGGCCTAGGGC 5¢
CLEm5-Ux 5¢ GCTCTAGAGTGGACCCGAAGATAATC 3¢
CLEm5-Lb 3¢ CTTCTATTAGCACCTGGGCCTAGGGC 5¢
CLEm6-Ux 5¢ GCTCTAGAGTGGTACCGAAGATAATC 3¢
CLEm6-Lb 3¢ CTTCTATTAGCACCATGGCCTAGGGC 5¢
CLEm7-Ux 5¢ GCTCTAGAGTGGTCACGAAGATAATC 3¢
CLEm7-Lb 3¢ CTTCTATTAGCACCAGTGCCTAGGGC 5¢
CLEm8-Ux 5¢ GCTCTAGAGTGGTCCAGAAGATAATC 3¢
CLEm8-Lb 3¢ CTTCTATTAGCACCAGGTCCTAGGGC 5¢
AC2-5s 5¢ CGTGTCGACATGGATTTACGCACC 3¢
AC2-3¢ 5¢ AGCTCTAGACTATTTAAGTAAATCTGCCCAGAAATCG 3¢
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tion (> or <) of the CLE motif relative to the
promoter (>). pTCLE (Figure 4) was prepared by
cloning a PCR product (amplified using CLE-Lx
and CLE-Ub primers) into pTm35 (digested with
XbaI and BamHI). Mutagenesis of the CLE con-
sensus (GTGGTCCC) elements within each mutant
dimer was accomplished by substituting adenosine
at the nucleotide position indicated (Table 2, Figure
4). Plasmids pTCLEm1 to pTCLEm8 (Figure 4)
were constructed using specific primers (CLEm(-Ux
and CLEm(-Lb) to PCR amplify a product con-
taining two mutant copies of CLE for subsequent
cloning into pTm35 (digested with XbaI and
BamHI).

Analysis of the ‘‘helper component protein’’
(HcPro) and AC2 for activity as suppressors of
post-transcriptional gene silencing involved intro-
duction of plasmids engineered to express these
genes into Agrobacteria that were grown and
mixed with lines expressing the various reporter
constructs prior to leaf infiltration. The
pBIN61-HcPro plasmid was used to express an
HcPro gene from Potato virus Y (PVY) (Accession
number: AY775290) under control of the CaMV
35S promoter (Voinnet et al., 2003). pE1778-AC2
contains the TrAP protein (AC2) from the PHV-A
genome under control by the synthetic super
promoter (Ni et al., 1995) (GeneBank accession
number: AY044162, a plasmid clone of the
PHV-A genome, pBluescript::PHV-A, was
graciously provided by Dr. Robert Gilbertson).
Primers AC2-5¢ and AC2-3¢ (Table 2) were used to
PCR amplify the PHV AC2 coding region from
the plasmid, pBluescript::PHV-A. The AC2 PCR
product was purified, digested with SalI and XbaI,
and cloned into pE1778 (Figure 1F). Subsequent
sequencing of the pE1778-AC2 insert confirmed
that the AC2 coding sequence exactly matched
that used by Ruiz-Mendrano and coworkers
(Ruiz-Medrano et al., 1999). The pIG121 plasmid,
a CaMV 35S::GUS-intron binary vector, was used
as a negative (non-suppressing) control in mixed
Agrobacteria cultures, since it does not produce
any protein product (suppressor or activator) that
can directly impact Firefly-intron luciferase gene
(FiLUC) activity. pIG121 is based upon the
pBI101 binary vector and its detailed structure is
described elsewhere (Akama et al., 1992).
Predicted DNA sequence files for all the plasmids
used in this research are available from the authors
upon request.

Agrobacteria infiltration of tobacco leaf tissues

Plasmid vectors were electroporated into Agro-
bacteria (EHA105) as described (Walkerpeach and
Velten, 1994). The pE1778-RiLUC (SR) line of
Agrobacteria was further transformed with com-
patible test plasmids allowing RiLUC activity to
serve as a normalization control between indepen-
dent infusions. Agrobacteria lines were grown as
individual cultures at 28�C in LB media containing
the appropriate antibiotic selection (25 lg/ml
kanamycin sulfate or 100 lg/ml spectinomycin)
until each culture reached an OD600 of 0.8. The
resulting cultures were separately centrifuged at
8000 · g for 15 min, washed and re-suspended in
an equal volume of infiltration media (50 mM
MES (pH 5.6), 0.5% glucose, 2 mM NaPO4,
100 lM acetosyringone). Nicotiana tabacum
(SR1) and N. benthamiana plants were grown in
hydroponic solution under artificial lighting with a
16/8 h photoperiod in an environmentally con-
trolled growth room (22�C). Multiple individual
leaves (2 leaves per construct) were mechanically
infused with Agrobacteria by pressing the tip of
the syringe against the lower surface of the leaf
and applying gentle pressure to the plunger.
Quantitative measurement of luciferase activity
occurred 2–5 days post-inoculation (dpi) using an
in vivo floating leaf-disk assay described below.

Stable transformation of tobacco

Transformation of tobacco (N. tabacum, cv SR1)
was accomplished using Agrobacteria lines
(EHA105) containing pTm35enh pTm35
(Figure 1) and the pTDR* family of binary
vectors. Agrobacteria were co-cultivated with
tobacco leaf discs as described previously (Horsch
et al., 1988) (Svab et al., 1995). Regenerated
transgenic plants were maintained on MS-agar
medium containing B5 vitamins, 2.5 mg/l BASTA
(phosphinothricin or glufosinate-ammonium salt,
AGREVO) and 500 lg/ml Claforan (sodium cef-
otaxime, Hoechst). Primary transformants were
rooted on selective media, transferred to seedling
soil mixture and maintained under humid condi-
tions for a week prior to being potted to a sandy/
peat mixture and grown in an environmentally
controlled glasshouse (standard conditions = 70%
humidity, 22�C, 16/8 h photoperiod). First generation
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selfed seed (R1) were harvested, germinated on
herbicide treated soil (100 ll/l {v/v} of Agrevo) and
grown as above for 4 weeks (transformation
confirmed by luciferase assay). Generation of
transformed tobacco (N. tabacum, cv Ti68) con-
taining pPZP2.5LuNt (PGEL1 promoter::Firefly
Luciferase, lines (3-6, 4-10) andpPZP35sLuNt (CaMV
35S promoter::Firefly Luciferase, lines (4-5, 10-6) was
described previously (Cazzonelli et al. 2005).

Luciferase assays

Quantitative measurement of luciferase activity
was achieved using an in vivo floating leaf-disk
assay (Cazzonelli and Velten, manuscript in
preparation) and/or the in vitro Dual-luciferase�

kit from Promega Corp (in vitro assays were
performed according to the manufacturers
instructions). When both assays were applied,
separate leaf disks from the same infusion were
used for in vivo assays and in vitro assays. For
each in vivo assay two leaves from separate
plants were infused and four to eight leaf disks
(3 mm diameter) per infusion carefully cut using
a sharpened cork borer (excised leaf discs were
manipulated very carefully to avoid additional
wounding). Separate disks were floated on lucif-
erase assay media (LAM: Luciferin Assay Media
for FiLUC and CAM: Coelenterazine Assay
Media for RiLUC) in different wells of a 96
well, white-walled, microtiter plate and light
production measured over time using a FLUO-
star Optima luminometer� from BMG Lab
Technologies Inc. LAM buffer contains: 1 mM
luciferin (diluted from a 100 mM stock dissolved
in 20 mM MES, pH 5.6), 50 mM MES (pH 5.6),
0.5% glucose, 2 mM NaPO4, 0.5% v/v DMSO
and CAM buffer contains: 11.8 lM coelenter-
azine (diluted from a 2.36 mM stock dissolved in
methanol), 25 mM glucose, 0.1 M NaPO4

(pH 8), 0.05 M NaCl, 1 mM EDTA, 10 mM
DTT. The peak of light emission over a 90 min
time course was determined for each sample and
referred to as the relative light units emitted
(RLU). Background light emission in the firefly
and sea pansy luciferase assays was determined
by floating leaf discs from wild type SR1
tobacco on LAM and CAM media, respectively.
Relative light units (RLU) were adjusted by
subtracting background luminescence from the
maximum levels of light emission determined for

each sample. When indicated, firefly luciferase
values from Agrobacteria infusions were normal-
ized between test assays using Renilla luciferase
activity generated by the compatible pE1778-
SUPER-RiLUC binary plasmid.

CLE enhancer activity, transient assay
CLE enhancer activity in the transient expression
system was measured by comparing firefly lucifer-
ase activity in N. tabacum leaves infused with
Agrobacteria lines harboring the indicated test
plasmid, to FiLUC expression driven by the
CaMV 35S minimal promoter (pTm35). Leaf discs
(n = 6–8) were collected at 2–3 time points
post-infusion, and firefly (FiLUC) and sea pansy
(RiLUC) luciferase activities measured using the in
vivo assay or a combination of both in vivo and in
vitro assays. The degree of enhancement was
calculated as the ratio of luciferase activity in the
test constructs to that from the control pTm35
infusion (RLUpT*/RLUpTm35).

CLE enhancer activity, stable transgenics
Primary (R0) N. tabacum transgenics containing
the pT* test constructs were selected for herbicide
resistance and grown under standard conditions
for 4 weeks prior to being assayed for luciferase
activity using the in vivo floating leaf disc assay
(two leaf discs from multiple independent trans-
genic line {pTDR* (n = 8–19 lines); pTm35
(n = 7 lines) and pTm35enh (n = 10 lines)}.
Selfed seed from the R0 plants (= Secondary, R1

transformants) were germinated on herbicide
treated soil and grown under standard conditions
(see above) for four weeks prior to assay. For each
test construct multiple independent transgenic
lines were assayed {pTDR* (n = 6–14 lines);
pTm35 (n = 28 lines) and pTm35enh (n = 27
lines)}. For each line, a single leaf disc from each
of eight resistant plants was removed (3rd or 4th
true leaf) and assayed for luciferase activity using
the in vivo assay. Activity enhancement by CLE in
the pT* plants is reported relative to transgenics
containing the minimal promoter (pTm35) con-
trol, calculated as the ratio of luciferase activities
(RLUpT*/RLUpTm35).

Whole tissue bioluminescence
Firefly luciferase activity was directly observed in
intact plant tissues using a Photometrics Cool
SNAP HQ imaging system (Roper Scientific).
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Transgenic seeds (R1) were germinated on a
soil/peat mixture containing herbicide (100 ll/l
(v/v) of Agrevo) and three week old seedlings
(grown under standard conditions) were carefully
dissected into leaf, cotyledon, stem and root tissues,
using razor blades and broad forceps to minimize
tissue damage. The excised tissues were submerged
in an aqueous solution containing 0.4 mM luciferin
and 100 mM sodium citrate (pH�5.6) and photon
counting performed after 2 min of incubation (at
ambient temperature in the dark). Exposures of
60, 300 and 600 s were taken for all transgenic lines
examined. Image J software (v 1.32, available at
<http://rsb.info.nih.gov/ij/>) was used to enhance
different light levels and to create overlays of
multiple images (threshold settings were maintained
at 99–400 for all exposures).

PHV-AC2 activation of reporter activity,
transient assay
pE1778-SUPER-AC2, an Agrobacteria line
containing a binary plasmid engineered to express
the AC2 protein from Pepper Huasteco Virus
(PHV-AC2) under control of the super promoter,
was co-infused into N. tabacum and N. benthami-
ana leaves (2 leaves per plant per assay) in a mixed
culture containing an equal density of Agrobacte-
ria harboring the indicated test construct (pTm35,
pTDR#33, pTCLE, pTDR#2-L or pTPGEL1).
Three to four leaf discs per mixed infusion were
harvested at 90 h post-infusion and assayed for
firefly luciferase activity using the in vivo assay.
The luciferase enhancement ratio (RLUAC2/RLU-
pIG121) was determined by comparing RLU
emitted from the AC2-containning infusions to
values from control mixtures containing pIG121
(GUS expression plasmid) instead of the pE1778-
SUPER-AC2 line.

PHV-AC2 activation of reporter activity,
stable transgenics
One half of a leaf from transgenic N. tabacum
transformed with the indicated luciferase construct
(PGEL1 promoter::firefly luciferase, CaMV 35S
promoter::firefly luciferase, pTm35enh or
pTDR#2-L) was infiltrated with an Agrobacteria
line containing either pE1778-SUPER-AC2 or
pBIN61-HcPro (a confirmed viral suppressor of
PTGS) and the other half of the leaf (separated by
the mid-rib) with Agrobacteria containing the
negative control construct (pIG121, GUS expres-

sion). Infusions were performed in duplicate using
leaf tissues from two developmentally similar
plants. Three to four leaf discs from each infusion
were harvested 114 h post-infusion and assayed
for luciferase activity using the in vivo assay. The
luciferase enhancement ratio (RLUHcPro or AC2/
RLUpIG121) was determined by comparing the
RLU emitted from the AC2 or HcPro infusions
relative to the control (pIG121 infusion) for each
plant tested. The average enhancement ratio from
duplicate assays performed on 2 to 4 independent
lines (pPZP2.5LuNt#3-6, 4-10; pPZP35sLuNt#4-
5, 10-6; pTm35enh#3, 4, 5, 6; pTDR2-L#6, 12)
was calculated (error bars represent standard
error).

Results

Multiple copies of the CLE motif enhance luciferase
activity in an additive manner

Directly repeated copies of several naturally occur-
ring viral sequences containing the CLE motif (e.g.
DR#2, DR#17 and DR#33; Table 1) had previ-
ously demonstrated the capacity to enhance (�2-
fold) reporter gene activity when introduced
upstream of a )46 to +1 minimal CaMV 35S
promoter: FiLUC construct, independent of CLE
orientation (Velten et al., 2005). In order to
determine if multiple copies of CLE direct repeats
can further enhance transcription, a series of
constructs (pTDR*, Figure 1) harboring two
{pTDR#2-4(>>), pTDR#17-5(<<) and
pTDR#33-7(<<)}, four {pTDR#17-H and
pTDR#33-J(<<<<)} or six {pTDR#2-
L(>>>>>>)} copies of each CLE containing
viral direct-repeat cassette were generated from
synthetic oligonucleotides (described in Velten
et al., 2005) based upon GenBank sequence files
(sequence and accession numbers listed in Table 1).
The resulting element cassettes were multimerized
and fused to the minimal CaMV 35S::FiLUC
reporter (each ‘>’ or ‘<’ represents a direct-repeat
sequence cassette containing 2 copies of CLE,
orientation is relative to the minimal 35S promoter
{oriented rightward}). The resulting T-DNA binary
plasmid constructs were tested for luciferase activity
using both an Agrobacteria-infusion transient assay
system developed for N. tabacum leaf tissues
(Figure 2A) and in stably transformed plants
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(Figure 2B). A clear positive correlation between
the number of CLE copies within the promoter and
the level of luciferase activity was apparent in both
the transient and stable systems (Figures 2A and
2B). As CLE copy number increased {eg.
pTDR(33(<) = 2xCLE, pTDR(33-7(<<) = 4 ·
CLE, and pTDR(33-J (<<<<) = 8 · CLE},
measured luciferase activity was enhanced accord-
ingly. The orientation of the CLE motif within the
pTDR* constructs had no clear impact upon the
degree of promoter enhancement {compare
DR#2(>) with DR#17(<) or DR#33(<),
Figure 2A and 2B}. Eight to twelve copies of the

CLE element {pTDR(33-J(<<<<) = 8· CLE
and pTDR(2-L(>>>>>>) = 12· CLE} in-
creased luciferase activity to levels close to that
resulting from addition of the well defined CaMV
35S enhancer region to the minimal promoter
(pTm35enh; Figure 2A).

CLE element expression enhancement is displayed
throughout transgenic tobacco seedlings

The elevated luciferase activity associated with
multiple copies of CLE allowed further
characterization of the motif’s ability to affect

Figure 2. Quantification of CLE enhancer activity in tobacco leaf tissues. (A) Transient luciferase expression: N. tabacum leaves

were infused with Agrobacteria lines harboring the indicated pT* test plasmid or the minimal promoter (pTm35) control construct.

Firefly (FiLUC) and sea pansy (RiLUC) luciferase activities were measured using both in vivo and in vitro assays and results

presented as the ratio of normalized firefly luciferase activities from test constructs over pTm35 controls (RLUpT*/RLUpTm35). The

value shown for each test construct is the mean ratio from two time points (post infusion), each measured via both in vivo and in

vitro assays (error bars represent standard error among assays). (B) Stable luciferase transgenics: Herbicide resistant primary (R0)

or first generation selfed (R1) N. tabacum transgenics containing the indicated pT* test construct were assayed for luciferase activ-

ity using the in vivo assay. Activity enhancement is reported relative to minimal promoter pTm35 transgenic control lines,

calculated as the ratio of luciferase activities (RLUpT*/RLUpTm35) (error bars represent standard error among independent trans-

formed lines).
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expression throughout tobacco seedlings. Tobacco
transformants (R2 plants, mixed hemizygous and
homozygous) harboring single {pTDR#17(<),
#33(<) and #2(>)} or multiple (pTDR#17-
5(<), #33-J(<<<<) and #2-L(>>>>>>)}
cassettes of the CLE-containing viral direct repeat
were grown under uniform conditions and excised
tissues (leaf, root, cotyledon and stem) from 6 to 8
seedlings per transgenic line examined for biolu-
minescence using a CCD camera (Figure 3). Since
individual transformed lines typically show a large
variation in absolute expression levels, digital
overlays of images (captured under identical con-
ditions) from individual seedlings representing
5–15 independent transgenic lines were used to
present a visual average expression level
(Figure 3). Although the camera assays are only
semi-quantitative, captured light production from
the transgenic seedlings clearly shows that CLE
enhances luciferase activity in most tissues within
the seedlings. Furthermore, an obvious correlation
between CLE copy number and bioluminescence
level can be seen in the images, further supporting
the quantitative data derived from assaying leaf
tissue (eg. pTDR#17(<) vs. pTDR#17-5(<<);
pTDR#33(<) vs. pTDR#33-J(<<<<) and

pTDR#2(>) vs pTDR#2-L(>>>>>>), Fig-
ure 3). Compared to the tissue distribution of lucifer-
ase activity in pTm35 and pTm35enh plants, CLE
appears to enhance luciferase activity most effectively
in leaves and least effectively in root tissues (Figure 3).

Mutational analysis of the CLE consensus sequence

The viral direct-repeat sequences, DR#37 and
DR#40 (Table 1), each contain alterations (relative
to the consensus CLE = GTGGTCCC) in one
copy of the duplicated CLE elements
(DR#37 = GTGGgCCC, and DR#40 =
GTaGTCtC), yet retain the ability to enhance
minimum CaMV 35S promoter function (Velten,
et al. 2005). To further explore the effect of
changes in CLE base composition, the CLE con-
sensus (G1T2G3G4T5C6C7C8) was altered by sys-
tematically substituting adenosine for each of the 8
nucleotide positions. The resulting series of con-
structs (pCLEm1–8) are each identical to the parent
vector (pTCLE), except at a single position within
each CLE copy within the direct repeat (Figure 4).
Binary constructs harboring pTCLE, pTCLEm(1–
8) and pTDR#33 were independently infiltrated
into tobacco leaf tissues and assayed using the

Figure 3. Bioluminescence assays showing tissue specific expression of the CLE motif. Herbicide resistant R1 transgenic seedlings

transformed with the indicated pT* test construct were dissected into leaves (upper right), cotyledons (lower right), roots (lower

left) and stems (upper left) and floated on luciferin assay media. Captured images were enhanced and overlayed using NIH Image

J software (v 1.32) {threshold values were maintained at lowest = 99 (black) and highest = 400 (white)}. The n-value shown indi-

cates the number of independent transgenic lines (6–8 luciferase-positive seedlings from each line) assayed for each test construct.
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in vivo luciferase bioassay. Enhanced luciferase
activity (�1.9- to 2.3-fold) for pTCLE and
pTDR#33 was observed relative to the minimum
CaMV 35S parent construct (pTm35) which agrees
with our previous analysis (compare Figure 4 with
Figure 2 and DR values listed in Table 1). The very
similar activity enhancement observed with the
pTCLE and pTDR#33 constructs indicates that
neither the sequence flanking the CLE core con-
sensus (gtcattt in pTDR#33), nor the spacing of the
separation of repeats (pTCLE = 10 bp,
pTDR#33 = 17 bp), appear to have a dramatic
effect on CLE enhancer function.

Base substitution (Adenosine) at all positions
(G1T2G3G4T5C6C7C8) reduced CLE-associated
enhancement, with flanking bases (positions 1
and 8) and the central position 5 having the least
impact. Mutations at positions 1, 2, 3, 4, 6, and 7
not only failed to enhance luciferase expression,
but actually produced net reductions in activity,
showing only 50–75% of the luciferase levels seen
with the CLE-lacking minimum CaMV 35S parent
construct (Figure 4, pTCLEm2, 3, 4, 6 and 7). The
simplest explanation is that, at least in the case of
the DNA cassettes tested, introduction of sequence
upstream from the minimal 35S promoter appears
to disrupt low level transcription associated with
the minimum CaMV 35S promoter construct. In
the case of wild type CLE (and to a lesser extent

mutations m5 and m8) the loss of basal promoter
function appears to be masked by CLE enhancer
activity (missing in most of the mutant CLEs
tested). The marked loss of enhancer function seen
with the mutant CLE elements appears to require
that both copies of the element be mutated since
the CLE ‘repeat’ incorporated into the pTDR#40
test construct (Table 1) retained enhancer activity
despite the second CLE copy containing two
mismatches (GTaGTCtC) compared to the con-
sensus sequence (Velten, et al. 2005).

Effects of the AC2 transactivating protein on CLE
and non-CLE containing promoters

The AC2 (TrAP) protein from Pepper Huasteco
Virus (PHV-AC2) was previously reported to
enhance reporter gene activity (GUS) �2- to
3-fold through interaction with a single or directly
repeated CLE motif introduced upstream from a
)46 to +8 bp minimal CaMV 35S-GUS promoter
(Ruiz-Medrano, et al. 1999). To further examine
the impact of PHV-AC2 on CLE function, the
Agrobacterium transient assay system was used to
examine the effect of PHV-AC2 co-expression on
CLE/promoter-luciferase activity in both transient
and stable expression systems. Promoter–lucifer-
ase fusions, containing two to twelve copies of the
CLE element, were compared to constructs

Figure 4. Mutational analysis of the CLE cis-acting sequence. Agrobacteria harboring pE1778-SUPER-RiLUC and the indicated

test (pT*) binary vector were infiltrated into tobacco leaf tissues and 6–8 discs assayed for firefly and sea pansy luciferase activity

using both in vivo and in vitro assays. Firefly luciferase activity from the pTCLEm* constructs (containing mutant CLE repeat) is

reported relative to the activity from control infusions done using the minimal promoter::FiLUC plasmid (pTm35) ([RLUpT*/

RLUpTm35] · 100). Presented data are the mean values from all time points and both in vivo and in vitro assays. Error bars repre-

sent standard error. All tested elements (except pTDR#33) were significantly different from pTCLE at >95% confidence

(P < 0.05, Student’s t-test applied to raw data).
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harboring no CLE-like sequence components
(pTm35, pTPGEL1). Transient co-expression of
PHV-AC2 and luciferase was performed in both
N. tabacum and N. benthamiana using Agrobacte-
ria lines harboring pE1778-SUPER-AC2 (PHV-
AC2 expression) co-infused with a second line
carrying a test luciferase construct. The test
constructs contain the firefly-intron gene driven
by promoters containing: no CLE elements {Tm35
or TPGEL1}; 2 CLE elements {TDR#33(<) or
TCLE(>)}; or 12 copies of CLE
{TDR#2-L(>>>>>>)}. In the presence of
co-expressed PHV-AC2, luciferase activity in both
Nicotiana species was enhanced 2- to 3-fold
relative to infusions where the pE1778-SUPER-
AC2 construct was replaced with a negative
control plasmid expressing GUS (pIG121) (Fig-
ure 5A). There was no correlation between the
presence of CLE within the test promoter-lucifer-
ase construct and PHV-AC2 induced elevation in
luciferase activity. The two test promoters that
lack any CLE element (Tm35 and TPGEL1) were
enhanced by co-expression of PHV-AC2 at least
as effectively as the promoter harboring 12
copies of a virally derived CLE
{pTDR#2-L(>>>>>>), Figure 5A}.

A similar promoter-independent elevation of
reporter gene activity has been seen in infusions
containing a mixture of Agrobacteria lines con-
taining reporter gene constructs and promoter-
gene fusions expressing viral suppressors of gene
silencing. The reported suppressor-associated
increases in transient gene expression are thought
to result from suppressor-induced reduction in
PTGS occurring within the infused regions
(Schob et al., 1997; Voinnet and Baulcombe,
1997; Anandalakshmi et al., 2000; Llave et al.,
2000; Cazzonelli and Velten, 2003; Johansen and
Carrington, 2001; Voinnet et al., 2003; Vanitha-
rani et al., 2004). Viral TrAP protein homologs
of PHV-AC2 have been shown to act as general
suppressors of post-transcriptional gene silencing
(PTGS) (Voinnet et al., 1999; Van Wezel et al.,
2003; Selth et al., 2004; Vanitharani et al., 2004)
and the observed PHV-AC2 mediated elevation
of reporter gene expression in Agrobacteria
infusions could result from suppression of silenc-
ing, as opposed to direct CLE/promoter activa-
tion.

As an alternative to examining PHV-AC2
function in the transient system, where PTGS is

a proven factor, stably transformed N. tabacum
plants (containing FiLUC constructs driven by
promoters incorporating varying numbers of
CLE) were also tested for PHV-AC2 activation.
In these experiments one side of a transgenic
tobacco leaf (separated by the midrib) was infil-
trated with an Agrobacteria line containing
pIG121 (negative GUS control, producing no
viral suppressor) and the other half infused with
either pE1778-SUPER-AC2 (PHV-AC2 expressing)
or pBIN61-HcPro (producing the Potato virus Y;
Helper component Protein suppressor of PTGS).
The transgenic plants tested contained: no copy
of CLE {pPZP2.5LuNt = PGEL1 promoter);
one copy of CLE {pPZP35SLuNt = CaMV35S
promoter, pTm35enh = enhanced minimal-35S
promoter}; and 12 copies of CLE {pTDR#2-L
(>>>>>>) = 12xCLE synthetic promoter}.
Luciferase activities were measured and found to
be enhanced by PHV-AC2 in all of the transgenic
plant lines tested (2.1- to 2.7-fold), irrespective of
the presence of CLE within the different luciferase
promoters. In contrast, transient expression of the
HcPro suppressor of PTGS produced little signif-
icant luciferase activation (20–50% increases) within
the infused regions (Figure 5B). Activation of co-
expressed luciferase reporter genes by PHV-AC2, in
both transient and stable systems, does not corre-
late with the presence of CLE within test promoters
and therefore, does not support direct interaction
between the CLE motif and PHV-AC2 protein.

Discussion

The conserved late element (CLE) was originally
identified by sequence analysis as a DNA sequence
repeat present in many of the major dicot-gemin-
iviral genomes (Arguello-Astorga et al., 1994) and
has subsequently been found to be markedly
enriched within a comprehensive geminiviral
sequence database (Velten et al., 2005). CLE-like
motifs have since been identified in several strong
plant-functional promoter sequences (summarized
in Table 1), and although not generally recognized
as a cis-acting plant promoter element, is slightly
enhanced within Arabidopsis promoter sequences
(CLE = 3.9 in the -500 database vs. 2.79 for
comparable random sequences) (Velten et al.,
2005). A sequence element (IIa; GTGGGCC-
CGT), identified within the rice PCNA promoter,
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closely resembles the CLE consensus sequence and
binds plant transcription factors (Kosugi et al.,
1995; Cubas et al., 1999; Kosugi and Ohashi,
2002). The maize GapC4 promoter also contains a
cis-acting element (tccgGTGGGCCCgaaac) that

closely resembles the CLE sequence and was
shown to interact with components of tobacco
leaf nuclear extracts (Geffers et al., 2000). More
recently it has been demonstrated, using a tobacco
transient expression system, that directly repeated

Figure 5. The effect of the PHV-AC2 protein on CLE function (transient and stable luciferase reporter expression). (A) Transient

luciferase expression: Leaves from N. tabacum and N. benthamiana (as indicated) were infused with mixed Agrobacteria cultures

containing equal densities of lines harboring the indicated promoter::luciferase test construct; and either pE1778-SUPER-AC2

(PHV-AC2 expressing) or pIG121 (negative, GUS-expressing control). Infusions were assayed for firefly luciferase activity using the

in vivo assay. The luciferase enhancement ratio (RLUAC2/RLUpIG121) represents RLU emitted from the PHV-AC2 infusions

divided by RLU from the pIG121 control. The value presented is the mean enhancement ratio from duplicate assays (error bars

represent standard error). In both plant species reporter activity with AC2 was significantly different from the pIG121 controls at

>98% confidence (P < 0.02, Student’s t-test applied to raw data). (B) Stable luciferase transgenics: Transgenic N. tabacum

expressing the indicated promoter::luciferase construct were infiltrated with an Agrobacteria line containing either pE1778-SUPER-

AC2, pBIN61-HcPro or the pIG121 negative control. Leaf discs were assayed for luciferase activity using the in vivo assay. The

luciferase enhancement ratio [(RLUHcPro or AC2)/RLUpIG121] is shown for both PHV-AC2 or HcPro infusions relative to the con-

trol (pIG121). The value presented is the mean enhancement ratio from duplicate assays (error bars represent standard error).

Reporter activity enhancement with AC2 was different from pIG121 controls at >95% confidence (P < 0.05, Student’s t-test

applied to raw data), HcPRO enhancement was not statistically significant.
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copies of the CLE motif enhance reporter gene
activity when placed upstream from a minimal
CaMV 35S promoter (Velten et al., 2005). The
finding that CLE; behaves as a positive enhancer
of transcriptional regulation in plants, appears
within elements that bind plant transcription
factors, and is significantly enriched in the inter-
genic regions of viral genomes, strongly suggests
that CLE, or closely related sequence elements,
play some role in plant and viral gene regulation.

In order to better characterize the function of
CLE in plant gene regulation, the impact of
multiple copies of the CLE consensus on transient
expression from a minimal CaMV 35S-luciferase
gene fusion was examined in tobacco leaves
infused with Agrobacteria. Increasing the number
of CLE repeats elevated luciferase expression in an
additive manner that was independent of the
element’s orientation (Figures 2 and 3). Con-
structs containing the greatest number of CLE
motifs {pTDR#2-L(>>>>>>); 12xCLE and
pTDR#33-J(>>>>); 8xCLE} were able to
enhance luciferase activity in leaf and other tissues
to levels just below those observed with a recon-
structed CaMV 35S promoter that contains a
single CaMV 35S enhancer domain (pTm35enh)
(Figures 2 and 3). This finding is similar to
previously reported enhancement of minimal pro-
moter activity ()90 to +8, CaMV 35S) associated
with multimerization (4x) of the G-box 10 base
element (GCCACGTGCC) (Suzuki, et al., 1999).
The enhancer like activity of the CLE motif was
also analyzed in stably transformed tobacco tis-
sues using whole-plant bioluminescence, with the
finding that CLE element is able to enhance
expression levels in most tissues present within
the transgenic seedlings (Figure 3).

Mutational scanning analysis of the CLE
element (G1T2G3G4T5C6C7C8) indicated that sin-
gle nucleotide substitutions at positions 1, 2, 3, 4, 6
and 7 completely eliminates enhancer-like activity,
while substitutions at 5 and 8 are less disruptive,
only reducing relative enhancement (Figure 4). If,
as the data suggests, the CLE element functionally
tolerates at least some base variation at positions 5
and 8, the resulting consensus (GTGGNCCN)
matches important promoter sequences identified
in the rice PCNA (GTGGGCCCGT) and maize
GapC4 (GTGGGCCCG) promoters. The CLE
element appears to be a possible target for plant
encoded TCP domain transcription factors, con-

sistent with reports of a biased frequency of
occurrence for a CLE-like ‘‘TCP domain’’ binding
consensus sequence (Gt/cGGNCCC) within
Arabidopsis promoters (Kosugi and Ohashi, 2002).
It is possible that TCP domain-containing tran-
scription factors contribute to the observed CLE
enhancer activity in tobacco since Arabidopsis
promoters containing the TCP domain consensus
binding element were found to function in trans-
genic tobacco and to show reduced activity after
mutation of the element’s core sequence
(GGNCCC) (Kosugi and Ohashi 2002).

The exact function that the CLE element plays
in viral gene regulation is less clear. The CLE
motif was found to be enriched in regulatory
regions such as the coat and movement protein
promoters from the geminiviridae family
(Arguello-Astorga et al., 1994). The presence of
CLE in these intergenic regions correlates well
with a noted conservation in amino acid sequence
of the putative DNA-binding domain of the
transactivator AC2 protein (TrAP; also known
as AL2 or C2 protein) and it was suggested that
CLE might be a functional target of AC2 (Argu-
ello-Astorga et al., 1994; Sunter and Bisaro, 1992).
It was experimentally shown, using a transient
assay system (particle bombardment of tobacco
leaf tissues), that the Pepper Huasteco Virus AC2
transactivating protein could enhance reporter
gene activity of a construct containing 1 or more
copies of the CLE motif fused upstream from a
minimal CaMV 35S-GUS fusions (Ruiz-Medrano
et al., 1999). However, both transient and stable
transgene expression data (this paper) indicate that
the PHV AC2 protein is capable of enhancing
transcription of all tested promoter–reporter gene
constructs in a manner independent of the
presence of CLE-like elements within the test
promoters (Figure 5). Hung and co-orkers (2001)
also demonstrated, using a transient assay system
(electroporation of tobacco protoplasts), that the
beangolden mosaic virus (BGMV) late gene
promoters (which lack CLE elements) were acti-
vated by the a PHV-AC2 homolog, the BGMV
AL2 protein (Hung and Petty 2001). Recent
demonstration that transient expression systems
are subject to post-transcriptional gene silencing
(Voinnet et al., 1999; Johansen and Carrington)
and that viral encoded suppressors of gene silenc-
ing, such as HcPro, p19 and AC2 (from Tomato
Leaf Curl, Tomato Yellow Leaf Curl and African
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Cassava Mosaic viruses) can suppress PTGS
silencing effects (Voinnet et al., 1999;
Vanitharani et al., 2004), provide an alternative
mechanism for the elevation of luciferase activity
observed during co-expression of PHV-AC2
(Figure 5). It is possible that the enhanced reporter
gene activity in transient systems results from
PHV-AC2’s impact on PTGS and not through a
direct interaction between PHV-AC2 and CLE.
However, it has also been shown that there appear
to be differential roles for AC2-like proteins in
mediating viral synergism and suppression of
PTGS, implying multiple functions for the TrAP
family of geminiviral proteins (Hao et al., 2003;
Wang et al., 2003; Vanitharani et al., 2004). At
present there remains some controversy as to
whether AC2/AL2 (TrAP) proteins, specifically
PHV-AC2, interact directly with the CLE element
to affect promoter function.

The results presented here on the impact of
PHV-AC2 expression in leaves of stable FiLUC
transgenics raise additional questions regarding
the role of PHV-AC2 as a possible suppressor of
PTGS. In all transgenic lines tested, PHV-AC2
expression elevated the luciferase reporter gene
activity (relative to Agrobacteria infusions con-
taining the non-suppressing GUS control plas-
mid, pIG121, Figure 5b) by a factor of 2–3, while
expression of a confirmed suppressor of PTGS,
HcPro, had little, if any, significant effect
(20–50% increase). The failure of HcPro to
impact transgene expression in stable transfor-
mants is in contrast to what is routinely observed
in Agrobacteria leaf infusion assays. During
co-expression of PHV-AC2 or HcPro with
various FiLUC constructs (including pTm35) in
Agrobacteria-infused tobacco leaves, HcPro con-
sistently elevates FiLUC activity by 4- to 8-fold
while PHV-AC2 enhancement remains the same
factor of �2 seen in the stable FiLUC transgenics
(data not shown). The HcPro data in stable
transgenics does not directly support the conclu-
sion that significant PTGS is occurring in the
transformed lines tested. Thus, if PHV-AC2 is
actually functioning as a suppressor of silencing it
appears to make use of different mechanisms then
those employed by HcPro. Further analysis of the
impact of PHV-AC2 expression on FiLUC
transcription and silencing in both stable and
transient systems, including characterization of
mRNA levels and short RNAs, will be necessary

to resolve the molecular mechanism(s) of PHV-
AC2 function.

Acknowledgements

We would like to thank Kay McCrary and
DeeDee Laumbach for assisting with tobacco
transformations. Our appreciation also goes out
to Mel Oliver, Jungping Chen and Christopher
Rock for critical reading of the manuscript and
David Wheeler for his excellent technical assis-
tance. We wish to thank Dr. Robert Gilbertson
for providing cloned PHV DNA, Dr. J. Botella
for pGEL1::iGUS, Dr. D. Baulcombe for the
pBin61-HcPro plasmid, and Dr. Cleve Franks
for advice on statistical data analysis. Funding
was provided by a USDA-ARS post-doctoral fel-
lowship (CIC). Mention of a commercial or pro-
prietary product does not constitute an
endorsement by the USDA. USDA offers its
programs to all eligible persons regardless of
race, color, age, sex, or national origin.

References

Akama, K., Shiraishi, H., Ohta, S., Nakamura, K., Okada, K.
and Shimura, Y. 1992. Efficient transformation of Arabid-
opsis thaliana: comparison of the efficiencies with various
organs, plant ecotypes and Agrobacterium strains Plant Cell
Rep. 12: 7–11.

Anandalakshmi, R., Marathe, R., Ge, X., Herr, J.M. Jr., Mau,
C., Mallory, A., Pruss, G., Bowman, L. and Vance, V.B.
2000. A calmodulin-related protein that suppresses post-
transcriptional gene silencing in plants Science 290: 142–144.

Arguello-Astorga, G.R., Guevara-Gonzalez, R.G., Herrera-
Estrella, L.R. and Rivera-Bustamante, R.F. 1994. Gemini-
virus replication origins have a group-specific organization
of iterative elements: a model for replication Virology 203:
90–100.

Becker, D., Kemper, E., Schell, J. and Masterson, R. 1992. New
plant binary vectors with selectable markers located proxi-
mal to the left T-DNA border Plant Mol. Biol. 20: 1195–
1197.

Benfey, P. and Chua, N. 1990. The cauliflower mosaic virus 35s
promoter: combinatorial regulation of transcription in plants
Science 250: 959–966.

Cazzonelli C.I., McCallum E., Lee R. and Botella J., 2005.
Characterization of a strong, constitutive mung bean
promoter with a complex mode of regulation in planta.
Transgenic Res., submitted .

Cazzonelli, C.I. and Velten, J. 2003. Construction and testing of
an intron-containing luciferase reporter gene from Renilla
reniformis Plant Mol. Biol. Rep. 21: 271–280.

Cazzonelli, C.I. and Velten, J. 2004. Analysis of RNA-mediated
gene silencing using a new vector (pKNOCKOUT) and an in

480



planta Agrobacterium transient expression System Plant
Mol. Biol. Rep 22: 347–359.

Cubas, P., Lauter, N., Doebley, J. and Coen, E. 1999. The TCP
domain: a motif found in proteins regulating plant growth
and development Plant J 18: 215–222.

Doebley, J., Stec, A. and Hubbard, L. 1997. The evolution of
apical dominance in maize Nature 386: 485–488.

Geffers, R., Cerff, R. and Hehl, R. 2000. Anaerobiosis-specific
interation of tobacco nuclear factors with cis-regulatory
sequences in the maize GapC4i promoter Plant Mol. Biol. 43:
11–21.

Hajdukiewicz, P., Svab, Z. and Maliga, P. 1994. The small,
versatile pPZP family of Agrobacterium binary vectors for
plant transformation Plant Mol. Biol. 25: 989–994.

Hao, L., Wang, H., Sunter, G. and Bisaro, D.M. 2003.
Geminivirus AL2 and L2 proteins interact with and inacti-
vate SNF1 kinase Plant Cell 15: 1034–1048.

Horsch, R., Fry, J., Hoffman, N., Neidermeyer, J., Rogers, S.
and Fraley, R. 1988. Leaf disc transformation. In: S Gelvin
and R Schilperoort (Eds.), , Kluwer Academic Publishers,
Belgium, pp. 1–9.

Hung, H.-C. and Petty, I. 2001. Functional equivalence of late
gene promoters in bean golden mosaic virus with those in
tomato golden mosaic virus J. Gen. Virol. 82: 667–672.

Johansen, L.K. and Carrington, J.C. 2001. Silencing on the
spot. Induction and suppression of RNA silencing in the
Agrobacterium-mediated transient expression system Plant
Physiol. 126: 930–938.

Kosugi, S. and Ohashi, Y. 2002. DNA binding and dimeriza-
tion specificity and potential targets for the TCP protein
family Plant J. 30: 337–348.

Kosugi, S., Suzuka, I. and Ohashi, Y. 1995. Two of three
promoter elements identified in a rice gene for proliferating
cell nuclear antigen are essential for meristematic tissue-
specific expression Plant J. 7: 877–886.

Llave, C., Kasschau, K.D. and Carrington, J.C. 2000. Virus-
encoded suppressor of posttranscriptional gene silencing
targets a maintenance step in the silencing pathway Proc.
Natl. Acad, Sci, USA 97: 13401–13406.

Maiti, I.B. and Shepherd, R.J. 1998. Isolation and expression
analysis of peanut chlorotic streak caulimovirus (PClSV)
full-length transcript (FLt) promoter in transgenic plants
Biochem. Biophys. Res. Commun. 244: 440–444.

Mankin, S., Allen, G. and Thompson, W. 1997. Introduction of
a plant intron into the luciferase gene of Photinus pyralis
Plant Mol.Biol. Rep. 15: 186–196.

Ni, M., Cui, D., Einstein, J., Narasimhulu, S., Vergara, Q. and
Gelvin, S. 1995. Strength and tissue specificity of chimeric
promoters derived from the octopine and mannopine
synthase genes Plant J. 7: 661–676.

Ruiz-Medrano, R., Guevara-Gonzalez, R.G., Arguello-
Astorga, G.R., Monsalve-Fonnegra, Z., Herrera-Estrella,
L.R. and Rivera-Bustamante, R.F. 1999. Identification of a
sequence element involved in AC2-mediated transactivation
of the Pepper Huasteco Virus coat protein gene Virology
253: 162–169.

Sambrook, J. and Russell, D. 2001. Molecular Cloning: A
Laboratory Manual., Third ed., Cold Spring Harbor Lab-
oratory, New York.

Schob, H., Kunz, C. and Meins, F. Jr. 1997. Silencing of
transgenes introduced into leaves by agroinfiltration: a
simple, rapid method for investigating sequence require-
ments for gene silencing Mol. Gen. Genet. 256: 581–585.

Selth, L.A., Randles, J.W. and Rezaian, M.A. 2004. Host
responses to transient expression of individual genes encoded
by Tomato leaf curl virus Mol. Plant Microbe Interact. 17:
27–33.

Sunter, G. and Bisaro, D. 1992. Transactivation of geminivi-
rus AR1 and BR1 gene expression by the viral AL2 gene
product occurs a the level of transcription Plant Cell 4:
1321–1331.

Sunter, G. and Bisaro, D.M. 2003. Identification of a minimal
sequence required for activation of the tomato golden
mosaic virus coat protein promoter in protoplasts Virology
305: 452–462.

Suzuki, Y., Goto, K., Ishige, A., Komatsu, Y. and Kamei, J.
1999. Antinociceptive mechanism of Gosha-jinki-gan in
streptozotocin-induced diabetic animals: role of nitric oxide
in the periphery Jpn. J. Pharmacol. 79: 387–391.

Svab Z., Hajdukiewicz P. and Maliga P. 1995. Generation of
transgenic tobacco plants by cocultivation of leaf disks with
Agrobacterium pPZP binary vectors. In: Methods in Plant
Molecular Biology: A Laboratory Course Manual. Cold
Spring Harbor Laboratory Press, Plainview, NY, pp 55–77.

Wezel, R.van, Dong, X., Liu, H., Tien, P., Stanley, J. and
Hong, Y. 2002. Mutation of three cysteine residues in
tomato yellow leaf curl virus-China C2 protein causes
dysfunction in pathogenesis and posttranscriptional gene-
silencing suppression MPMI 15: 203–208.

Wezel, R.Van, Liu, H., Wu, Z., Stanley, J. and Hong, Y. 2003.
Contribution of the zinc finger to zinc and DNA binding by
a suppressor of posttranscriptional gene silencing J. Virol.
77: 696–700.

Vanitharani, R., Chellappan, P., Pita, J.S. and Fauquet,
C.M. 2004. Differential roles of AC2 and AC4 of
cassava geminiviruses in mediating synergism and sup-
pression of posttranscriptional gene silencing J. Virol. 78:
9487–9498.

Velten, J., Morey, K.J. and Cazzonelli, C.I. 2005. Plant viral
intergenic DNA sequence repeats with transcription enhanc-
ing activity Virol. J. 2: 16.

Voinnet, O. and Baulcombe, D.C. 1997. Systemic signalling in
gene silencing Nature 389: 553.

Voinnet, O., Pinto, Y.M. and Baulcombe, D.C. 1999. Suppres-
sion of gene silencing: a general strategy used by diverse
DNA and RNA viruses of plants Proc. Natl. Acad. Sci. USA
96: 14147–14152.

Voinnet, O., Rivas, S., Mestre, P. and Baulcombe, D. 2003. An
enhanced transient expression system in plants based on
suppression of gene silencing by the p19 protein of tomato
bushy stunt virus Plant J. 33: 949–956.

Walkerpeach, C. and Velten, J. 1994. Agrobacterium-mediated
gene transfer to plant cells cointegrate and binary vector
systems. In: S Gelvin and R Schilperoort (Eds.), , Second
ed., Kluwer Academic, Dordrecht, pp. B1:1–B1:19.

Wang, H., Hao, L., Shung, C.Y., Sunter, G. and Bisaro, D.M.
2003. Adenosine kinase is inactivated by geminivirus AL2
and L2 proteins Plant Cell 15: 3020–3032.

481


