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Viruses of the genusBegomovirus (family Geminiviridae) are economically important
phytopathogens that are transmitted plant-to-plant by the white�y Bemisia tabaci.
Most Old World (OW) begomoviruses are monopartite and many ofthese interact
with symptoms and host range determining betasatellites.Tomato leaf curl New Delhi
virus (ToLCNDV) is one of only a few OW begomoviruses with a bipartite genome
(components known as DNA A and DNA B). Four genes [AV2, coat protein (CP),
transcriptional-activator protein (TrAP), and AC4] of ToLCNDV were mutated and the
effects of the mutations on infectivity, symptoms and the ability to maintain Cotton leaf
curl Multan betasatellite (CLCuMuB) were investigated. Infectivity and virus/betasatellite
DNA titer were assessed by Southern blot hybridization, PCR, and quantitative PCR.
The results showed TrAP of ToLCNDV to be essential for maintenance of CLCuMuB
and AV2 to be important only in the presence of the DNA B. AC4 was found to be
important for the maintenance of CLCuMuB in the presence of,but indispensable in
the absence of, the DNA B. Rather than being required for maintenance, the CP was
shown to possibly interfere with maintenance of the betasatellite. The �ndings show that
the interaction between a bipartite begomovirus and a betasatellite is more complex
than just trans-replication. Clearly, multiple levels of interactions are present and such
associations can cause additional signi�cant losses to crops although the interaction
may not be stable.

Keywords: ToLCNDV, CLCuMuB, begomovirus, mutation, movement

INTRODUCTION

Viruses belonging to familyGeminiviridaehave circular, single-stranded (ss)DNA genomes of
� 2.8–5.6 kb encapsidated in twinned quasi-icosahedral particles. The familyGeminiviridaehas
been expanded recently to include nine genera (Begomovirus, Capulavirus, Curtovirus, Grablovirus,
Mastrevirus, Topocuvirus, Becurtovirus, Eragrovirus,and Turncurtovirus) (Brown et al., 2012;
Adams et al., 2013; Zerbini et al., 2017) and the genusBegomoviruscomprises the most destructive
viruses that are transmitted by the white�yBemisia tabaci. Typically the genomes of begomoviruses
native to the New World (NW) consist of two components, designated as DNA A and DNA B,
and both these components are required for virus infectivity. However, recently a monopartite
begomovirus, having a single component genome, homologous tothe DNA A component of
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the bipartite viruses, has been identi�ed in the NW (Melgarejo
et al., 2013; Sánchez-Campos et al., 2013). In contrast,
monopartite begomoviruses are more prevalent in the Old
World (OW), with only a few bipartite begomoviruses having
been characterized. Additionally, the majority of monopartite
begomoviruses have been shown to associate with a class of
symptom-modulating satellites known as betasatellites.

In common with all geminiviruses the genes encoded by
the genomes (or genomic components) of begomoviruses are
expressed from both DNA strands and diverge from a non-
coding intergenic region (IR). The DNA A of bipartite and
genomes of monopartite begomoviruses encode on the virion-
sense strand the (A)V2 protein [involved in movement of the
virus in plants (Rojas et al., 2001)] and the coat protein (CP;
involved inin plantamovement, and insect transmission between
plants; Rojas et al., 2005). The complementary-sense strand
encodes the replication-associated protein [Rep; the only virus-
encoded protein required for replication of the virus genome,
a rolling circle replication (RCR) initiator protein, as well as
a suppressor of transcriptional gene silencing (TGS)Hanley-
Bowdoin et al., 2004; Rodríguez-Negrete et al., 2013], the
transcriptional-activator protein [TrAP; which up-regulates the
late, virion-sense genes (Sunter and Bisaro, 1997), modulates host
gene expression (Hao et al., 2003; Wang et al., 2003; Buchmann
et al., 2009; Baliji et al., 2010; Castillo-González et al.,2015;
Kumar et al., 2015), overcomes virus induced hypersensitive
cell death (Hussain et al., 2007; Mubin et al., 2010), and is a
suppressor of host defense mediated by PTGS (Yang et al., 2007)],
the replication-enhancer protein (REn; helps in establishing a
favorable environment for virus replication;Settlage et al., 2005)
and the C4 protein (a suppressor of PTGS and pathogenicity
determinant;Vanitharani et al., 2004; Gopal et al., 2007; Saeed
et al., 2008). The proteins encoded on the DNA B component
[the virion-sense encoded nuclear shuttle protein (NSP) and
the complementary-sense encoded movement protein (MP)] are
involved in cell-to-cell and long-distance movement of thevirus
(Noueiry et al., 1994).

The intergenic region (IR) comprises promoter elements as
well as the origin of virion-strand DNA replication, consisting
of a hairpin structure with the conserved, between most
geminiviruses, nonanucleotide sequence (TAATATT/AC) and,
adjacent to the TATA box of the Rep promoter, repeated
sequences known as iterons (Hanley-Bowdoin et al., 1999).
Iterons are Rep binding sequences to which Rep binds prior to
introducing a nick within the nonanucletide sequence to initiate
RCR of the virion-strand (Gladfelter et al., 1997). The iterons of
viruses di�er such that the Rep of one species will usually not
initiate replication of the genome of an unrelated virus (Argüello-
Astorga et al., 1994). A sequence, known as the common region,
is shared between the two genomic components of bipartite
begomoviruses and usually resides within the IR (Stanley and
Gay, 1983). This ensures that each component has an origin
of replication which will be recognized by the Rep encoded on
the DNA A component, maintaining the integrity of the split
genome.

Betasatellites are small (� 1,350 nt) ssDNA satellites that are
most commonly associated with monopartite begomoviruses.

Recently a betasatellite has also been identi�ed in associationwith
the leafhopper transmittedWheat dwarf India virusof the genus
Mastrevirus(family Geminiviridae) in a monocotyledonous host
(Kumar et al., 2014). Betasatellites have so far only been identi�ed
in the OW (Briddon and Mansoor, 2008) although a group
of satellites derived from betasatellites, collectively known as
delatsatellites, have been shown also to be present in the NW
(Lozano et al., 2016). Although only �rst identi�ed in 1999
(Saunders et al., 2000), the full-length sequences of greater than
1,000 betasatellites have to date been deposited in the databases,
indicating the importance of these molecules to agriculture in the
warmer parts of the World. Betasatellites require a helper virus
for replication and movement in, as well as transmission between,
host plants (Briddon et al., 2003). In many instances betasatellites
have been found to enhance virus DNA levels in plants as
well extending the host-range of the helper virus (Saunders
et al., 2000; Briddon et al., 2001). For example, the monopartite
begomovirusCotton leaf curl Multan virus(CLCuMuV), one
of a number of begomoviruses causing cotton leaf curl disease
(CLCuD) in Southern Asia, is poorly infectious to cotton
(Gossypium hirsutum) and induces non-symptomatic infections
(Briddon et al., 2000). In the presence of the betasatellite Cotton
leaf curl Multan betasatellite (CLCuMuB), CLCuMuV is highly
infectious to cotton and induces typical CLCuD symptoms
(Briddon et al., 2001).

The single protein,bC1, encoded by betasatellites is a
suppressor of both PTGS and TGS (Zhou, 2013), extends virus
host range (Amin et al., 2010), localize and co-localize at
endoplasmic reticulum and cell periphery and thus presumably
is involved in virus movement in host plants (Saeed et al., 2007),
increases DNA levels of the helper begomovirus (Briddon et al.,
2001; Iqbal et al., 2012) modulates the levels of microRNAs
involved in host developmental processes (Amin et al., 2011b),
is a dominant pathogenicity/symptom determinant (Saeed et al.,
2005; Qazi et al., 2007), not only interacts with the virus-
encoded CP but also with many host-encoded factors (Cheng
et al., 2011), binds in a sequence independent manner to DNA
and RNA (Cui et al., 2005), and suppresses host jasmonic acid
production (Zhang et al., 2012). The sequences of betasatellites
encode a predicted hairpin structure with, in most cases, a
geminivirus-like nonanucleotide sequence. Betasatellites are true
satellites and thus depend entirely on helper virus-encoded Rep
to initiate RCR. In most cases betasatellites lack the iterons of
their helper viruses. Although the precise interactions between
the virus-encoded Rep and the betasatellite DNA required
to initiate satellite RCR is unclear (Saunders et al., 2008), it
has been suggested that betasatellites have sequences which
mimic iterons to allow Rep binding (Nawaz-ul-Rehman et al.,
2009).

Tomato leaf curl New Delhi virus(ToLCNDV) is a typical
OW bipartite begomovirus endemic to South and Southeast
Asia. Recently it has also been identi�ed in southern Europe
and North Africa (Juarez et al., 2014; Mnari-Hattab et al.,
2015; Panno et al., 2016). Although ToLCNDV is believed to
be a signi�cant pathogen of tomato in India and Pakistan, the
virus has a wide host range (Hussain et al., 2004; Tahir and
Haider, 2005; Haider et al., 2006; Ito et al., 2008; Akhter etal.,
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2009; Mizutani et al., 2011; Nagendran et al., 2016; Srivastava
et al., 2016). With increasing frequency ToLCNDV, and other
bipartite begomoviruses, are being identi�ed in association
of betasatellites most probably due to co-infections between
bipartite and betasatellite requiring monopartite begomoviruses
(Akhter et al., 2009; Ilyas et al., 2010; Jyothsna et al., 2013;Anwar,
2017). Recently cotton in Pakistan exhibiting CLCuD symptoms
has been shown to be extensively infected by ToLCNDV (Zaidi
et al., 2016). The signi�cance and e�ects of the association of
betasatellites with bipartite begomoviruses is unclear. The only
study so far to address this issue concluded that there is an
“antagonism” between the DNA B and betasatellite components,
suggesting that the interaction is not stable (Jyothsna et al.,
2013).

A previous study has investigated the requirements for
maintenance of a betasatellite by mutagenesis of the genes of
a monopartite begomovirus—speci�cally the CLCuD-associated
Cotton leaf curl Kokhran virusand CLCuMuB (Iqbal et al.,
2012). In light of the occasional association of betasatellites
with bipartite begomoviruses it seemed timely to investigate the
requirements for maintenance of a betasatellite by a bipartite
begomovirus. The study described here has investigated the
e�ects of the mutagenesis of selected genes on symptoms and
infectivity of the bipartite ToLCNDV and also assessed the
e�ects of the mutations on the maintenance of the betasatellite,
CLCuMuB.

MATERIALS AND METHODS

Mutagenesis by PCR
A clone of the DNA A component of ToLCNDV (acc. no.
U15015) was used to produce speci�c gene mutants using
mutagenic, abutting oligonucleotide primers in PCR (Table 1;
Padidam et al., 1995). To mutate the AV2 and TrAP genes,
areas of the genes not overlapping the CP, Rep, and REn
genes were mutated. Additionally, an extra nucleotide was
introduced into AV2 and CP primers to introduce a frame-shift.
Mutation of the AC4 gene was accomplished by introducing
a stop codon that did not alter the amino acid sequence
of the Rep gene with which it overlaps. Mutated full-length
virus clones in the plasmid vector pTZ57R/T (InsTAclone
PCR Cloning kit, Thermo Fischer Scienti�c) were completely
sequenced to ensure the absence of secondary (unwanted)
mutations.

Production of Constructs for Infectivity
A partial direct repeat construct of the DNA A component of
ToLCNDV harboring a mutation of the AV2 gene (TA1 AV2)
was produced by cloning a� 900 bpXhoI and PstI fragment
in pGreen0029 (Hellens et al., 2000). Then the full-lengthXhoI
insert of the pTZ57R/T clone was ligated into the unique
XhoI restriction site of the pGreen0029 clone containing the
partial clone. The full-length PCR ampli�ed product bearing the
mutation of the CP (TA1 CP) was digested at the introduced
MluI restriction site, circularized by ligation, digested with XbaI
and cloned in the binary vector pGreen0029. The resultant
clone was digested withMluI, and the full-lengthMluI insert

TABLE 1 | Sequences of oligonucleotide primers used in mutagenesis,
ampli�cation, detection, and quanti�cation of virus components.

Primer Sequence (5 0-30)$ Comments

ToLNDmV2F CTCGAGACACAGTCGGCTAgGATC Mutate AV2

ToLNDmV2R CTCGAGAATAGTTCTTTTATATCTC

ToLNDmCPF ATCGATTAGGGTAGCGATTCTaGTGTG Mutate CP

ToLNDmCPR ATCGATCGCGATGTGTGAGTCCAGTTC

mC2TOLNDF CTCGAGATGTACTACGAACAACCAC Mutate TrAP

mC2TOLNDR CTCGAGCAACTGACATGATCACG

mC4ToLNF CTCGAGTTGGATCAGAACATGGATATGC Mutate AC4

mC4ToLNR CTCGAGGGGAAATTCCAGTGCAAAAATAAC

ToLNV2pvx/35sF GGTCGACAAACATGTGGGATCC Amplify AV2

ToLNV2pvx/35sR CCCGGGCTTCTATACATTCTGTAC

PadCPPVXF GCAAATCGATATGGCGAAGCGACCAG Amplify CP

PadCPPVXR GGTCGACTATTAATTTGTGGCCGAATC

ToLNC2pvx/35F CAAGTCGACATGCAGTCTTCATC Amplify TrAP

ToLNC2pvx/35R ATCCCGGGACTTAAGGACCTGG

ToLNC4pvx/35F CGTCGACAAGATGGGTCTCCGC Amplify AC4

ToLNC4pvx/35R CCCGGGTCTAGAACGTCTCCATC

BetaC1F ATAAATCGATATGACAACGAGCGGAACAAA AmplifybC1

BetaC1R TGTTCCCGGGTTAAACGGTGAACTTTTTATT

BegomoqPCRF1 ATGTGGGATCCACTGTTAAATGAGTTCCC TA qPCR

BegomoqPCRR1 GATTATATCTGCTGGTCGCTTCGACATAA

BetaqPCRF2 CAAGTATATCAAGTCTGTGAACTATATCTT betasatellite
qPCRBetaqPCRR2 GATACTATCCACAAAGTCACCATCGCTAAT

Beta01 GGTACCACTACGCTACGCAGCAGCC Amplify
betasatelliteBeta02 GGTACCTACCCTCCCAGGGGTACA

Tr03F TCTGCCCTATCAACTTTCGATGGTA 18S rDNA
qPCRTr04R AATTTGCGCGCCTGCTGCCTTCCTT

BMPqPCRF GCCCATGATTCGTTCGGAC DNA B qPCR

BMPqPCRR GAATTCCGACCACCAAAGAT

$ The underlined nucleotides were changed to introduced a premature stop codon and
lower case nucleotides were added to introduce a frame-shift.

of the pTZ57R/T clone inserted to yield a full dimer. A partial
head-to-tail dimer of ToLCNDV DNA A harboring a mutation
of the TrAP gene (TA1 AC2) was produced by digestion with
XhoI and PstI, releasing a fragment of� 1,400 bp which was
cloned in pGreen0029. This partial clone was digested with
XhoI and then the full-length clone, digested withXhoI, was
inserted. A construct for AC4 gene mutation of ToLCNDV
DNA A (TA 1 AC4) was similarly produced using a� 550 bp
XhoI and BamHI fragment. The production of a construct
for the infectivity of CLCuMuB (acc. no. AJ298903;Briddon
et al., 2001), has been described previously (Saeed et al.,
2005).

Agrobacterium -Mediated Inoculation
Constructs for infectivity in binary vectors produced in this
study were electroporated intoAgrobacterium tumefaciens(strain
GV3101 or LBA 4404.Agrobacterium-mediated inoculation into
N. benthamianaplants was performed as described previously
(Hussain et al., 2004, 2005). Plants were maintained as described
previously (Iqbal et al., 2012).
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PCR-Mediated Diagnostics and Southern
Blot Hybridization
Total genomic DNA was extracted from inoculated and
control plants by the CTAB method (Doyle and Doyle,
1990). TA was detected by PCR using CP or AV2 primers
and CLCuMuB using primers beta01/beta02 (Table 1). For
Southern blotting, 10mg of DNA extracted from plants was
electrophoresed in 1.5% agarose gels and then transferred to
nylon membranes (Hybond XL, Amersham) by capillary transfer
(Sambrook et al., 1989). TA was detected using PCR-ampli�ed,
digoxigenin (DIG)-labeled (Roche, Germany) probes to the IR
(primers ToLNC4pvx/35R and ToLNV2pvx/35R) and/or TrAP
gene (primers ToLNC2pvx/35F and ToLNC2pvx/35R), whereas
CLCuMuB (Cb) was detected using abC1 gene probe (primers
BetaC1F/BetaC1R). ToLCNDV DNA B (TB) was detected on
Southern blots using a PCR ampli�ed radioactively labeled (MBI
Fermentas, DecaLabelTM DNA Labeling Kit) MP gene probe as
described previously (Dalakouras et al., 2009). Hybridization was
conducted at 50� C for 16 h and signals were detected on X-ray
�lm (Super RX, Fuji �lm) after treating with CDP-Star (Roche,
Germany), while a phosphoimager (PharosFXTM Systems Life
Science Research Bio-Rad) was used to detect radioactive signals
on blots.

Quanti�cation of Viral Components by
Quantitative Real-Time PCR
The quantity and quality of isolated genomic DNA was assessed
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scienti�c) and the concentration was adjusted to 10 ng/mL.
Reactions were conducted in an iCycler Thermal Cycler with
iQ5 Multicolor Real-Time PCR Detection System (Bio Rad). The
thermal cycler conditions were 94� C for 10 min followed by 40
cycles of 94� C for 30 s (s), 57� C for 30 s, and 72� C for 30 s.
Reactions were performed in triplicate on 96 well-plates with a
negative control (molecular grade water) and a positive control
(ToLCNDV DNA A, DNA B, and CLCuMuB as standards).
Ampli�cation of the 18S ribosomal RNA gene was included
to normalize for di�erences in DNA concentrations between
samples. At the end of every run, in order to assess the speci�city
of the ampli�ed product, a melting curve was performed from 57
to 95� C with an increment of 0.5� C every 10 s. Real time PCR
assay reactions consisted of 2.5mL (25 ng) of template DNA,
12.5mL of SYBR Green Supermix (Thermo Fischer Scienti�c),
0.25mL (0.01 pM) of each primer (Table 1) and 9.5mL of sterile
distilled water. Ten-fold serial dilutions of plasmids bearing TA,
TB, and Cb clones were used to obtain standard curves. Serial
dilutions of plasmids were spiked with the equal amount of
healthy N. benthamianagenomic DNA and then analyzed in
triplicate. Mean Ct values were used to calculate DNA titers using
the standard curves.

Statistical Analysis
Chi-square procedure was used to test the equality of the
proportions of infected (out of total inoculated) plants.
Signi�cance was observed at 5% level and binomial nomenclature
(A and B) was used to show signi�cance between di�erent

mutants (Supplementary Table 2). These statistical analyses were
carried out by using “R-statistical and computing tool” (R
Development Core Team, 2016).

RESULTS

Effects on Infectivity, Symptoms, and the
Ability to Maintain CLCuMuB of Mutation
of the AV2 Gene of ToLCNDV
Wild type ToLCNDV infection following inoculation with TA
and TB induced severe leaf curling, vein thickening, deformed
stem and petioles symptoms inN. benthamianaplants at
12 days post inoculation (dpi) (Figure 1B). The two DNA
components of the virus were readily detected by PCR and
Southern blot hybridization (Figures 2A, 3; Table 2). Inoculation
of N. benthamianawith TA alone did not lead to symptoms.
However, in 3 out of 20 plants inoculated, the component could
be detected in leaves developing subsequent to inoculation using
PCR diagnostics but not by Southern blot hybridization (Table 2;
Figure 2A). The titer of TA in plants infected with TA alone was
signi�cantly lower (1.786 ng/mg of genomic DNA) than the titer
of TA in plants infected with both the components of ToLCNDV
(3.730 ng/mg of genomic DNA; Supplementary Table 1).

Co-inoculation ofN. benthamianaplants with TA and Cb did
not lead to plants exhibiting symptoms. However, by diagnostic
PCR, 8 plants (out of 15 inoculated) were shown to contain viral
DNA, whereas the betasatellite was detected in only 4 of the
TA infected plants (Table 2). Neither component was detected
in Southern blotting, showing the level DNAs to be below
the threshold for detection by hybridization (Figures 2A, 3A).
However, qPCR showed plants co-infected with TA and Cb to
contain a higher titer of TA (2.226 ng/mg of genomic DNA) than
plants infected with only TA (1.786 ng/mg of genomic DNA)
although this was still less than in TA with TB infections (3.730
ng/mg of genomic DNA) (Supplementary Table 1).

Co-inoculation ofN. benthamianaplants with TA and TB
along with Cb was as e�cient in inducing symptomatic infection
as inoculation of both components without the betasatellite
(all inoculated plants developed symptoms;Table 2). However,
PCR-mediated diagnostics revealed that the betasatellitewas
present in only 10 out of 20 inoculated plants, whereas TA
was detected in all plants by PCR (Table 2). TA and TB but
not Cb were detected in TA, TB, and Cb infected plants by
Southern blot hybridization (Figures 2, 3 and Supplementary
Figure 1). The symptoms forN. benthamianaplants infected with
TA, TB, and Cb were comparable to the symptoms exhibited
by TA/TB infected plants without the betasatellite (Figure 1).
However, plants which also contained the betasatellite had a
shorter latent period (10 days; the time between inoculation
and the �rst appearance of symptoms) than plants lacking
the betasatellite (Table 2). Although the betasatellite could not
be detected by Southern blotting, the results of the qPCR
analysis showed that the betasatellite DNA level was 1.92 ng
(per mg of genomic DNA). Moreover, an enhanced level of
TA (5.04 ng/mg of genomic DNA) was evident in presence
of TB and betasatellite in comparison to plants infected with
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FIGURE 1 | Symptoms in N. benthamianaplants following inoculation with ToLCNDV, bearing mutations of the AV2 and CP genes, in the presence and absence of
CLCuMuB. TheN. benthamianaplants shown were either not inoculated (healthy;A) or inoculated with TA(B), TA and Cb (C), TA and TB(D), TA, TB, and Cb (E),
TA1 V2 (F), TA1 V2 and Cb (G), TA1 V2 and TB (H), TA1 V2, TB, and Cb (I), TA1 CP (J), TA1 CP and Cb (K), TA1 CP and TB (L), TA1 CP, TB, and CLCuMuB(M).
Photographs were taken at 25 dpi.
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FIGURE 2 | Detection of TA inN. benthamianaplants by Southern blot hybridization. The DNA samples resolved on the gels were isolated from leaves of a
mock-inoculated plant (lane M) or plants inoculated with(A) TA (lane 1), TA and TB (lane 2), TA1 AV2 (lane 3), TA1 AV2 and TB (lanes 4–5), TA, TB and Cb (lane 6),
TA1 AV2 and Cb (lanes 7–9), TA and Cb (lanes 10–12) TA1 AV2, TB and Cb (13–15),(B) TA (1), TA and TB (2), TA1 CP (3), TA1 CP and TB (4–5), TA, TB, and Cb (6),
TA1 CP and Cb (7–9), TA and Cb (10–12) TA1 CP, TB and Cb (13–15),(C) TA and TB (1), TA (2), TA1 AC2 (3), TA, TB and Cb (4), TA1 AC2 and Cb (5–8), TA and Cb
(9–11) TA1 AC2 and TB (12), TA1 AC2, TB, and Cb (13–14),(D) TA (1), TA and TB (2), TA1 AC4 (3–4), TA, TB, and Cb (5), TA1 AC4 and Cb (6–8), TA and Cb (9–10),
TA1 AC4 and TB (11–12), TA1 AC4, TB and Cb (13–14). The viral DNA forms are labeled as single-stranded(ss), open-circular (oc), and super-coiled (sc). DNA
isolations were performed at 29 dpi and� 10 mg of DNA was resolved in each lane. For each blot a cropped photograph of the genomic DNA bands on the ethidium
bromide-stained agarose gel are shown below the blot to showequal loading.

TA and TB (3.730 ng/mg of genomic DNA) or TA and Cb
(2.226 ng/mg of genomic DNA; Supplementary Table 1). This
indicates an additive e�ect of the presence of TB and Cb on TA
titer.

N. benthamianaplants inoculated with TA bearing a mutation
of the AV2 gene (TA1 AV2) failed to develop symptoms and
virus could only be detected in one (out of 15) inoculated
plants, signi�cantly fewer than for plants inoculated with TA
(Supplementary Table 2). However the titer of viral DNA was
not signi�cantly lower than for TA infections and in Southern
hybridization the component was not detected, indicating that
virus DNA levels in this plant were below the detection threshold
of Southern blotting.

For plants inoculated with TA1 AV2 and TB, all inoculated
plants developed symptoms comparable to wild type ToLCNDV
except for the delayed onset of symptoms (13–14 days;

Figure 1; Table 2). Surprisingly, the concentration of TA1 AV2

was signi�cantly higher (4.236 ng/mg of genomic DNA;
Supplementary Table 1) than for wild type infected plants
(3.730 ng/mg of genomic DNA). In this infection, both the viral
components (TA and TB) were readily detected by PCR, qPCR
and Southern hybridization (Figures 2, 3).

Plants inoculated with TA1 AV2, TB, and Cb developed
symptoms at 13 dpi that could not be distinguished from
plants inoculated with just TA1 AV2 and TB (Table 2). PCR-
mediated diagnostics showed that the betasatellite was not
maintained e�ciently (1 out of 15 plants), which is signi�cantly
lower than the maintenance of Cb for TA, TB, and Cb
infections (7 out of 11 plants;Table 2, Supplementary Table
2). Again only viral DNA could be detected by Southern
hybridization, not the betasatellite, from total DNA extracted
from leaves developing subsequent to inoculation (Figures 2A, 3
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TABLE 2 | Infectivity of ToLCNDV and ToLCNDV DNA A harbouring mutations of the AV2 and CP genes inN. benthamianain the presence and absence of CLCuMuB.

Inoculum* Infectivity Symptoms @ Latent period (days)

PCR diagnostics (plants infected/plants inoculated) South ern Blot analysis †

Expt. I Expt. II Expt. III

TA Cb TA Cb TA Cb TA TB Cb

#Mock 0/6 – 0/6 – 0/6 – (� ) (� ) (� )
#TA 2/11 – 2/12 – 2/12 – (� ) – – NS –
#TA, Cb 5/8 3/8 5/8 3/8 5/8 3/8 ( � ) – (� ) NS –
#TA, TB 6/6 – 6/6 – 6/6 – (C) – – ULC, VT, ST 12
#TA, TB, Cb 8/8 4/8 6/6 3/6 6/6 3/6 ( C) – (� ) ULC, VT, ST 10 (12$ )

TA1 AV2 0/5 – 0/5 – 1/5 – (� ) (� ) – NS –

TA1 AV2, Cb 1/5 1/5 2/5 1/5 1/5 1/5 ( � ) – (� ) NS –

TA1 AV2, TB 5/5 – 5/5 – 5/5 – (C) (C) – ULC, VT, ST 13-14

TA1 AV2, TB, Cb 5/5 0/5 4/5 0/5 5/5 1/5 ( C) (C) (� ) ULC, VT, ST 13

TA1 CP 0/5 – 1/5 – 0/5 – (� ) – – NS –

TA1 CP, Cb 4/4 3/4 4/5 2/5 4/5 3/5 ( � ) – (� ) NS –

TA1 CP, TB 5/5 – 5/5 – 4/5 – (C) (C) – ULC, VT, ST 13-14

TA1 CP, TB, Cb 5/5 2/5 4/5 1/5 5/5 2/5 ( C) (C) (� ) ULC, VT, ST 13

*ToLCNDV DNA A is denoted as TA, ToLCNDV DNA B as TB and CLCuMuB as C� . ToLCNDV DNA A having a mutation of the CP gene is denoted as TA1 CP and that having a mutation
of the AV2 gene as TA1 AV2.
@Symptoms exhibited by plants are shown as upward leaf curling (ULC), stunting (ST), vein thickening (VT), vein yellowing (VY), or no symptoms (NS).
$ For plants in which C� was not detected.
#Controls inTables 2 , 3 are additive, thus the data for the controls (inoculation with TA, TA/TB, TA/TB/C� , and TA/C� ) is duplicated inTables 2 , 3.
†Southern blot hybridization is denoted as either present (C) or absent (� ).

and Supplementary Figure 1). Interestingly, a signi�cantly
enhanced level of TA1 AV2 (6.337 ng/mg of genomic DNA)
was detected in these plants compared to infections of
TA1 AV2 with TB (4.236 ng/mg of genomic DNA) and TA1 AV2

with Cb (2.235 ng/mg of genomic DNA; Supplementary
Table 1).

Effects on Infectivity, Symptoms and the
Ability to Maintain CLCuMuB of Mutation
of the CP Gene of ToLCNDV
N. benthamianaplants inoculated with TA harboring a mutation
of the CP gene (TA1 CP) did not develop symptoms (Figure 1)
and viral DNA could only be detected by PCR in one plant
(of 15 inoculated;Table 2), statistically signi�cantly less than
for plants inoculated with TA (3 infected out of 11 inoculated)
(Supplementary Table 2). However, no viral DNA was detected
in this plant by Southern blotting. The single plant infected with
TA1 CP contained signi�cantly less viral DNA than the plants
infected with TA (Supplementary Table 1).

Co-inoculation of TA1 CP with Cb to N. benthamiana
also did not lead to symptoms. However, PCR-mediated
diagnostics, but not Southern blotting (Supplementary Figure
1, Table 2), showed the presence of both TA1 CP (12 plants
out of 15 inoculated) and the betasatellite (7 out of 15 plants)
in the upper leaves developing subsequent to inoculation.
Overall the betasatellite was maintained in fewer plants (15
out of 24) by ToLCNDV DNA A with an intact CP than
by DNA A with a mutated CP (8 out of 15), although

these numbers are not statistically di�erent (Supplementary
Table 2). Also the titer of Cb was lower in co-infection
with TA1 CP than in co-infection with TA (Supplementary
Table 1).

N. benthamianaplants inoculated with TA1 CP and TB
developed symptoms that were indistinguishable from those
induced by the wild-type virus, although the latent period
was somewhat longer (13–14 days compared to 10 days for
the wild type virus;Table 2), and the mutation did not a�ect
infectivity—all plants became infected (Table 2). Viral DNA
was detected in symptomatic plants by PCR and Southern
blotting (Figures 2B, 3). However, TA1 CP/TB infections were
associated with a lower DNA A titer than plants infected
with TA/TB (Supplementary Table 1). Similarly, inoculation of
TA1 CP, TB, and Cb into N. benthamianaplants resulted in
symptoms at 13 dpi that were indistinguishable from plants
inoculated without the betasatellite. However, in diagnostic PCR
only 5 (out of 15 inoculated) plants were shown to contain
betasatellite, which indicated that the betasatellite was poorly
maintained by the virus having a mutated CP in comparison
to the wild type virus (8 out of 9 plants;Table 2), although
these numbers are not statistically di�erent (Supplementary
Table 2). Of the three components TA and TB, but not the
betasatellite, were detected by Southern blotting from total
DNA extracted from leaves developing subsequent to inoculation
(Figures 2B, 3 and Supplementary Figure 1). Interestingly the
presence of either TB or Cb increased (doubled) the titer of
TA1 CP in co-infected plants (Supplementary Table 1). The
inclusion of both TB and Cb with TA1 CP had an additive
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FIGURE 3 | Detection of ToLCNDV DNA B by Southern blotting in inoculated
N. benthamianaplants. The DNA extracts resolved on the agarose gel were
extracted from the leaves of a mock-inoculated plant (M) andfrom the leaves
of plants inoculated with TAAV2 (1), TA1 AV2 and TB (2), TA1 AV2, TB, and Cb
(3), TA1 AC2 and TB (4), TA1 AC2, TB, and Cb (5), TA1 CP and TB (6), TA1 CP,
TB, and Cb (7), TA1 AC4 and TB (8), TA1 AC4, TB, and Cb (9), TA (10), and TA
and TB (11). The sample loaded in lane 12 consisted of 5 ng of TBplasmid
(acc. no. U15017). DNA was extracted from plants at 29 dpi and� 10 mg was
resolved in each lane. The blot was exposed to a phosphor screen for 7 days.

e�ect, with three times as much TA1 CP present in infected
plants.

Effects on Infectivity, Symptoms and the
Ability to Maintain CLCuMuB of Mutation
of the Trap Gene of ToLCNDV
N. benthamianaplants inoculated with TA having a mutation in
the TrAP gene (TA1 AC2) failed to develop symptoms (Figure 4).
PCR-mediated diagnostics showed that 8 (out of 15 inoculated)
plants nevertheless contained viral DNA in tissues distal tothe
inoculation site (Table 3), statistically signi�cantly more than for
wild-type TA (3 out of 10) (Table 3; Supplementary Table 2). By
Southern blotting viral DNA could not be detected for TA1 AC2,
indicating that the titer of viral DNA was low, below the detection
threshold (Figure 2C). qPCR showed the viral titer for TA1 AC2

infected plants not to di�er signi�cantly from TA infected plants
(Supplementary Table 1).

Co-inoculation of TA1 AC2 and Cb also resulted in
asymptomatic infection and an equal number of plants (8
out of 15), as for inoculation with TA1 AC2 in the absence of
Cb, showed the presence of viral DNA. Cb was not detected
in TA1 AC2/Cb inoculated plants by either PCR or Southern
hybridization (Table 3; Figure 2C; Supplementary Figure 1).
However, qPCR showed the presence of a very low concentration

(0.001 ng/mg of genomic DNA) of Cb and the presence of this
did not a�ect the titer of TA1 AC2 (Supplementary Table 1).

Inoculation of TA1 AC2 with TB to N. benthamianaplants
induced symptoms that could not be distinguished from TA and
TB infected plants, except for a delay in time to appearance
of symptoms (13 days rather than 12 days;Table 3). Southern
blotting and qPCR detected the mutated virus in infected
plants at levels equivalent to plants infected with TA and
TB (Figures 2C, 3, 4). As for TA/TB infections, co-infection
of TA1 AC2 with TB signi�cantly increased the titer of TA
(Supplementary Table 1).

Inoculation of Cb along with TA1 AC2 and TB did not shorten
the latent period (13 dpi). Cb was not detected in these plants
either by PCR or Southern blotting (Table 3; Figures 2C, 3C).
The qPCR results showed that betasatellite was nevertheless
maintained by the virus bearing a mutation of TrAP but at
very low concentration (Supplementary Table 1). Surprisingly, in
Southern blotting, a reduced level of TB was detected (Figure 4).

Effects of Mutation of the AC4 Gene of
ToLCNDV on Infectivity, Symptoms and the
Ability to Maintain CLCuMuBC
N. benthamianaplants inoculated with ToLCNDV DNA A
bearing a mutation of the AC4 gene (TA1 AC4) did not develop
symptoms of infection. Viral DNA was detected by PCR in 7 out
of 11 inoculated plants; statistically signi�cantly more thanfor
plants inoculated with TA (Supplementary Table 2). However,
Southern blot hybridization did not detect the virus, indicating
that viral DNA levels were low (Figure 2D). qPCR showed the
titer of TA1 AC4 to be signi�cantly lower than for plants infected
with TA (Supplementary Table 1).

A greater number of asymptomatically infectedN.
benthamianaplants (9 out of 13 inoculated) were detected
by PCR upon co-inoculation of TA1 AC4 with Cb, in comparison
to plants inoculated with only TA1 AC4 (7 out of 11;Table 3),
although this was not statistically di�erent (Supplementary Table
2). Although Southern blotting failed to detect either component
(Figures 2D, 3D), qPCR showed the presence of Cb to increase
the titer of TA1 AC4 in comparison to infections involving only
TA1 AC4 (Supplementary Table 1).

All N. benthamianaplants inoculated with TA1 AC4 and TB
showed symptoms that were qualitatively and quantitatively
equivalent to the symptoms induced by wild type TA/TB
(Figure 2). This infection was readily detected by PCR, Southern
blotting and qPCR. The levels of both TA1 AC4 and TB were
comparable to plants infected with wild type TA and TB
(Figures 2D, 5; Supplementary Table 1). Co-inoculation of Cb
with TA1 AC4 and TB to N. benthamianaplants also resulted
in symptoms typical of a wild type TA/TB infection (Figure 2).
All the inoculated plants (9 out of 9) were symptomatic, but
betasatellite was detected in only one plant (Table 3). Viral DNA,
but not the betasatellite, was detected by Southern blotting
(Figures 2D, 3D). However, Southern blotting showed a possible
reduced accumulation of TB (Figure 3). This was not supported
by the qPCR data which suggested a reduced titer of TA. This
apparently contradictory result possibly is due to only a single
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FIGURE 4 | Symptoms in N. benthamianaplants following inoculation with ToLCNDV, bearing mutations of the TrAP and AC4 genes, in the presence and absence of
CLCuMuB. The plants shown were either not inoculated (healthy; A) or inoculated with TA(B), TA and Cb (C), TA and TB(D), TA, TB, and Cb (E), TA1 C2 (F), TA1 C2

and Cb (G), TA1 C2 and TB (H), TA1 C2, TB, and Cb (I), TA1 C4 (J), TA1 C4 and Cb (K), TA1 C4 and TB (L), TA1 C4, TB, and Cb (M). Photographs were taken at 25 dpi.
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TABLE 3 | Infectivity of ToLCNDV and complementary-sense (TrAP and AC4) gene mutants inN. benthamianain the presence and absence of CLCuMuB.

Inoculum* Infectivity Symptoms @ Latent period (days)

PCR diagnostics (plants infected/plants inoculated) South ern Blot analysis †

Expt. I Expt. II Expt. III

TA Cb TA Cb TA Cb TA TB Cb

#Mock 0/6 – 0/6 – 0/6 – (� ) (� ) (� )
#TA 2/11 – 2/12 – 2/12 – (� ) – – NS –
#TA, Cb 5/8 3/8 5/8 3/8 5/8 3/8 ( � ) – (� ) NS –
#TA, TB 6/6 – 6/6 – 6/6 – (C) – – ULC, VT, ST 12
#TA, TB, Cb 8/8 4/8 6/6 3/6 6/6 3/6 ( C) – (� ) ULC, VT, ST 10 (12$ )

TA1 AC2 2/5 – 3/5 – 3/5 – (� ) – – NS –

TA1 AC2, Cb 2/5 0/5 3/5 0/5 3/5 0/5 ( � ) – (� ) NS –

TA1 AC2, TB 5/5 – 5/5 – 3/3 – (C) (C) – ULC, VT, ST 13

TA1 AC2, TB, Cb 5/5 0/5 5/5 0/5 5/5 0/5 ( C) (C) (� ) ULC, VT, ST 13

TA1 AC4 2/3 – 3/5 – 2/3 – (� ) – – NS –

TA1 AC4, Cb 3/5 0/5 2/3 0/3 4/5 0/5 ( � ) – – NS –

TA1 AC4, TB 3/3 – 3/3 – 3/3 – (C) (C) – ULC, VT, ST 12

TA1 AC4, TB, Cb 5/5 0/5 5/5 0/5 5/5 1/5 ( C) (C) (� ) ULC, VT, ST 12

*ToLCNDV DNA A is denoted as TA, ToLCNDV DNA B as TB, and CLCuMuB as C� . ToLCNDV DNA A having a mutation of the TrAP gene is denoted as TA1 AC2 and that having a
mutation of the AV4 gene as TA1 AC4.
@Symptoms exhibited by plants are shown as upward leaf curling (ULC), vein thickening (VT), stunting (ST), vein yellowing (VY), mild upwardcurling of the edges of leaves (EC), or no
symptoms (NS).
$ For plants in which C� was not detected.
#Controls inTables 2 , 3 are additive, thus the data for the controls (inoculation with TA, TA/TB, TA/TB/C� , and TA/C� ) is duplicated inTables 2 , 3.
†Southern blot hybridization is denoted as either present (C) or absent (� ).

plant having been analyzed. For inoculation of TA1 AC4 with Cb
in no plants was Cb maintained. These inoculated plants thus
resemble TA1 AC4 infected plants in all respects.

DISCUSSION

Although more commonly associated with monopartite
begomoviruses, betasatellites are being reported infrequently,
but increasingly, with bipartite begomoviruses (Ilyas et al.,
2010; Jyothsna et al., 2013; Zaidi et al., 2016). The e�ects of
betasatellites on bipartite begomovirus infections has notbeen
investigated in any detail although one study has suggested
that the interaction between a bipartite begomovirus and a
betasatellite would not be stable. The study described here
was intended to investigate the e�ects of a betasatellite on the
infection of a bipartite begomovirus and to determine the viral
requirements for maintenance of a betasatellite by a bipartite
begomovirus.

ToLCNDV is highly infectious toN. benthamianabut also
has the ability to trans-replicate and maintain CLCuMuB (Cb).
However, the betasatellite was maintained in only about 50%of
inoculated plants. No change in symptoms was noted, although
the presence of the betasatellite reduced the latent period for
the infection. Inoculation of plants with only the TA did not
lead to symptomatic infection, although the virus component
could be detected distal to the inoculation site in a small number
of plants. This is consistent with earlier �ndings which have
shown that the DNA A component of bipartite begomoviruses

may spread in plants, without inducing symptoms and at low
DNA titer, in the absence of DNA B (Klinkenberg and Stanley,
1990; Evans and Jeske, 1993b; Briddon and Markham, 2001;
Saunders et al., 2002; Fontenelle et al., 2007). Inoculation of TA
with Cb partially complemented missing DNA B functions (more
plants showing the presence of TA than in plants inoculated
with TA in the absence of the betasatellite) but did not lead
to symptomatic infection. This contrasts with previous studies
which showed that TA and Cb induced symptoms in tomato
and mild, but transient, symptoms in cotton (Saeed et al., 2007;
Saeed, 2010). The reason for the di�erence is unclear but may
be due to the di�erent methods of inoculation used (biolistic
inoculation for the earlier studies and theAgrobacterium-
mediated method used here). It has previously been noted that
for Agrobacterium-mediated inoculation some host/inoculum
combinations (particularly for begomoviruses associated with
betasatellites) are problematic. For example, no infectivity of
tomato was achieved byAgrobacterium-mediated inoculation
of ToLCNDV DNA A with CLCuMuB, even though this
combination was infectious to tomato by biolistic inoculation
(Saeed, 2008). Similarly, CLCuMuV with CLCuMuB can be
biolistically inoculated to cotton (Briddon et al., 2001) although
cotton has so far proven recalcitrant to inoculation with these
components usingAgrobacterium(unpublished results).

The symptoms induced by ToLCNDV DNA A bearing a
mutation of the AV2 gene (TA1 AV2), in the presence of the
DNA B, were qualitatively the same as the symptoms induced
by the wild type virus inN. benthamianabut attenuated with
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a longer latent period. However, the mutation did not a�ect
infectivity, with all plants showing symptoms. This is consistent
with previous �ndings for bipartite begomoviruses (Padidam
et al., 1996; Rouhibakhsh et al., 2011). In the absence of the DNA
B, TA1 AV2 infections were non-symptomatic and the mutation
signi�cantly reduced the numbers of plants infected compared
to plants inoculated with only TA. In the presence of TB, Cb
was maintained poorly both by TA1 AV2 and wild type DNA A.
However, co-inoculation of TA1 AV2 with Cb led to more plants
becoming infected in comparison to TA1 AV2 alone, showing that
the betasatellite can, at least to some degree, complement missing
AV2 functions. The role of AV2 for OW bipartite begomoviruses
remains unclear, since movement functions are provided by NSP
and MP encoded by DNA B. However, involvement of AV2
has been shown in cell-to-cell tra�cking and suppression of
gene silencing in bipartite begomoviruses (Padidam et al., 1996;
Rothenstein et al., 2007; Chowda-Reddy et al., 2008). Here levels
of viral DNA were the same for the AV2 mutant and the wild
type virus. This contrasts with previous �ndings, where a reduced
level of viral DNA was observed inN. benthamianafor AV2
mutants (Padidam et al., 1996; Rouhibakhsh et al., 2011) and that
mutation of the AV2 a�ected CP expression, although the precise
mechanism was not de�ned (Bull et al., 2007). The results also
show that in the presence of the DNA B, AV2 is important for
maintenance of the betasatellite but not in the absence of the
DNA B. This di�erence may possibly be explained by the size-
speci�c binding of DNA by the NSP and MP proteins encoded on
DNA B. For a NW bipartite begomovirus both NSP and MP have
been shown to preferentially bind DNA that is larger than the
DNA of betasatellites (Rojas et al., 1998). It is thus possible that
a betasatellite can only be e�ciently maintained when a second
protein, AV2, provides movement functions. In the absence of
the DNA B the betasatellite would move by the same mechanism,
likely involving the CP, and at the same rate as the DNA A.

Begomoviruses native to the NW lack the (A)V2 gene,
leading to the suggestion that this may be the reason for the
apparent under representation of monopartite begomoviruses in
this region; only a single monopartite begomovirus having been
so far identi�ed in the NW (Melgarejo et al., 2013; Sánchez-
Campos et al., 2013). Nawaz-ul-Rehman et al. (2009)showed
that the NW bipartite begomovirusCabbage leaf curl viruscould
maintain CLCuMuBin the presence of the DNA B but not in
its absence (Nawaz-ul-Rehman et al., 2009). This contrasts with
the ability of CLCuMuB to complement the DNA B of OW
begomoviruses (Saeed et al., 2007) and the ability of CLCuMuB
to complement (at least for infectivity) the AV2 mutation shown
here. This is suggestive of more di�erences between NW and
OW begomoviruses rather than just the absence of the AV2 gene.
Possibly the absence of the AV2 gene in NW viruses has led the
DNA A to become more reliant on DNA B functions and this may
be re�ected in the distinct, and conserved amino acid di�erences
of, for example, the CP of viruses from these two regions (Ha
et al., 2006).

Inoculation ofN. benthamianaplants with ToLCNDV DNA
A bearing a mutation of the CP (TA1 CP) and DNA B resulted in
infections with symptoms comparable to infections of the wild
type virus. The only di�erence was that the latent period was
longer for the mutated virus. This is in agreement with earlier

studies which showed that bipartite begomoviruses lacking the
CP are infectious and the longer latent period suggested that
the CP is required for fast long-distance movement of virus in
the phloem (Brough et al., 1988; Etessami et al., 1989; Padidam
et al., 1996; Briddon and Markham, 2001; Rojas et al., 2001;
Rouhibakhsh et al., 2011). Inoculation of plants with TA1 CP,
but without the DNA B, resulted in asymptomatic infections,
but with signi�cantly fewer plants infected than for inoculation
with TA. This again is consistent with the idea that the CP
is important for movement, likely required to protect viral
ssDNA in the phloem. Co-inoculation of Cb with TA1 CP also
resulted in plants that were asymptomatically infected. Far more
plants were infected than for inoculations with only TA1 CP,
consistent with the idea that thebC1 encoded by betasatellites
is involved in virus movement and may complement missing
DNA B functions (Saeed et al., 2007). Although more plants
were shown to maintain the betasatellite than for inoculations
of TA with Cb, this was not statistically signi�cant. This could
indicate that there is an antagonism between the betasatellite
and the CP. Since betasatellites only encode a single product,
bC1 (Saunders et al., 2004), the antagonism would likely be
between CP andbC1. Working on the hypothesis that the
CP is required for protection of viral DNA during movement,
particularly in the phloem, it is possible thatbC1 similarly
protects the viral (and betasatellite) DNA during movement.This
is consistent with the �nding thatbC1 binds DNA (Cui et al.,
2005). It is also consistent with the idea thatbC1 facilitates virus
movement from the site of inoculation to the phloem (Saeed
et al., 2007) and/or facilitates cell entry (re-infection) distal to
the inoculation site after movement of the virus in the phloem.
Kumar et al. (2006)showed interaction of the CP ofBhendi
yellow vein mosaic virusand the bC1 of Bhendi yellow vein
betasatellite. The CP of geminiviruses plays a direct role in viral
nuclear entry by associating with the viral ssDNA, protecting
it from nucleolytic degradation, and supplying it with nuclear
localization signals (Palanichelvam et al., 1998). For bipartite
begomoviruses this function is likely masked in the presence of
DNA B, which encodes a protein speci�cally tasked with shuttling
viral DNA in and out of the nucleus—the NSP (Gafni and Epel,
2002). However, nuclear localization provided by the CP is likely
important early during infection, following delivery of virus
particles by insect vectors, when expression of viral proteinshas
yet to occur.

In contrast to the �ndings with several other bipartite
begomoviruses (Brough et al., 1988; Etessami et al., 1991; Evans
and Jeske, 1993a), mutation of the TrAP gene of ToLCNDV did
not prevent infection and the mutant virus (in the presence of
the DNA B) induced wild-type symptoms inN. benthamiana.
The reason for the di�erence between ToLCNDV and the other
viruses examined is unclear. Two of the studies were on New
World begomoviruses,Abutilon mosaic virus(Evans and Jeske,
1993a) andTomato golden mosaic virus(Brough et al., 1988), and
produced double mutations of the TrAP and REn genes, rather
than single mutations. This might have signi�cantly disabled the
virus since REn enhances DNA replication by interacting with
Rep and various host factors (Settlage et al., 2005). The third
study mutatedAfrican cassava mosaic virus, an OW begomovirus.
Possibly this virus is not well adapted to plants of theSolanaceae.
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Surprisingly, mutation of the TrAP gene more than doubled
the numbers of plants in which there was independent
spread of the component. The reason for this is unclear.
PossiblyN. benthamianahas a resistance which targets the
TrAP of ToLCNDV. However, this would seem unlikely since
expression of avirulence determinants is usually associated with a
hypersensitive response (necrosis) in the resistant host, which is
not the case here (even when overexpressed from aPotato virus
X vector or under the control of theCauli�ower mosaic virus35S
promoter; data not shown). In fact the TrAP of ToLCNDV has
been shown to overcome the hypersensitive cell death inducedby
other virus gene products (Hussain et al., 2007).

In both the presence and absence of the DNA B, the DNA
A bearing a mutation of TrAP (TA1 AC2) did not maintain
CLCuMuB. This indicates that, as was found for the monopartite
begomovirusCotton leaf curl Kokhran virus(CLCuKoV) (Iqbal
et al., 2012), TrAP is important for the maintenenace of a
betasatellite. TrAP performs multiple functions. It may act as
a transcription factor to up-regulate expression of late (virion-
sense) genes (Sunter and Bisaro, 1991; Gopal et al., 2007),
modulates host gene expression including micro RNA genes
(Trinks et al., 2005; Amin et al., 2011a), can be a pathogenicity
factor (Van Wezel et al., 2001; Matić et al., 2016), a suppressor
of transcriptional and post-transcriptional gene silencing (van
Wezel et al., 2003; Buchmann et al., 2009; Jackel et al., 2015;
Kumar et al., 2015), may delay virus infection (Shen et al.,
2014; Krenz et al., 2015), may counter programmed cell death
(Hussain et al., 2007; Mubin et al., 2010), conditions a virus
non-speci�c enhanced-susceptibility phenotype (Sunter et al.,
2001), suppresses jasmonate-mediated defense (Rosas-Díaz et al.,
2016), and inactivates the SNF1-related kinase by interacting
with it and adenosine kinase (Hao et al., 2003). Clearly TrAP is
an important protein for ToLCNDV being involved in control
of gene expression and numerous interactions with the host
plant. Loss of any one of these could be the reason for the lack
of maintenance of the betasatellite when TrAP is mutated and
further studies will be required to determine which of the TrAP
functions are required for betasatellite maintenance.

Mutation of the AC4 gene of ToLCNDV had no e�ect
on the infectivity or symptoms of the virus in the presence
of the DNA B—all plants were infected/symptomatic. This is
consistent with previous studies that mutated the AC4 gene
of bipartite begomoviruses and indicates that the product of
AC4 is not required for either infectivity or the induction
of symptoms (Etessami et al., 1991; Hoogstraten et al., 1996;
Pooma and Petty, 1996; Fontenelle et al., 2007). However, in the
absence of the DNA B, the DNA A component with the AC4
mutation was signi�cantly more infectious toN. benthamiana
than the wild type. The reason for this is unclear. The precise
function of the (A)C4 product remains uncertain and may di�er
between monopartite and bipartite begomoviruses. For some
begomoviruses it is a pathogenicity/symptom determinant, a
suppressor of post-transcriptional gene silencing and interferes
with micro RNA expression of the host (Vanitharani et al.,
2004; Gopal et al., 2007; Saeed et al., 2008; Amin et al., 2011a).
For monopartite begomoviruses the C4 is implicated in virus
movement (Rojas et al., 2001) and preventing DNA methylation

(suppressing transcriptional gene silencing) (Rodríguez-Negrete
et al., 2013). Although the NSP of ToLCNDV has been shown to
be an avirulence determinant in tobacco (Hussain et al., 2007),
it is possible that inN. benthamianathe AC4 product is a
weak avirulence determinant, which is masked in the presence
of the DNA B, and mutation of the gene relieves the virus from
the e�ects of a host resistance leading to enhanced levels of
infectivity.

Although for wild type ToLCNDV (TA with TB) infections
with Cb, the betasatellite was maintained in about 50% of plants,
mutation of the AC4 gene signi�cantly reduced the numbers
of plants in which the betasatellite was maintained. In the
absence of the TB, the AC4 mutant virus did not maintain the
betasatellite. This indicates that for ToLCNDV the AC4 protein
is important in the maintenance of the betasatellite in both the
presence and absence of the DNA B. These results contrasts
with the results for the monopartite begomovirus CLCuKoV,
for which the C4 was found not to be important for the
maintenance of a betasatellite inN. benthamiana, highlighting
possible di�erences between mono- and bipartite begomoviruses
(Iqbal et al., 2012). Nevertheless, it is evident that for the bipartite
begomovirus ToLCNDV the AC4 protein plays a part in the
maintenance of a betasatellite. However, the results are consistent
with the AC4 of ToLCNDV having a role in virus movement,
as discussed above for monopartite begomoviruses. The �nding
that the AC4 protein of some bipartite begomoviruses have
suppressor of RNAi activity (Vanitharani et al., 2004), although
this possibility has not been investigated for ToLCNDV yet,
might suggest that, rather than being a classical movement
protein, it instead overcomes a host RNAi-based resistance to
movement.

The work conducted here has shown that the TrAP is required
for maintenance of the betasatellite and the AC4 protein is
important for maintenance, particularly in the absence of the
DNA B. The AV2 was shown to be important for betasatellite
maintenance, but only in the presence of the DNA B. In contrast,
the CP appeared to interfere with the maintenance of the
betasatellite in the absence of the DNA B. These �ndings are
in general agreement with the earlier study of requirementsfor
maintenance of a betasatellite by a monopartite begomoviruses
except for the C4, which was shown not to be important for
betasatellite maintenance by a monopartite begomovirus (Iqbal
et al., 2012). The reason for the di�erence is unclear but could
indicate virus speci�c di�erences with respect to overcoming
host RNAi based defenses. For example, for the related bipartite
begomovirusesAfrican cassava mosaic virusand the Cameroon
strain ofEast African cassava mosaic virus(formerly East African
cassava mosaic Cameroon virus) the TrAP and AC4 protein
play di�erent roles in suppression of post-transcriptional gene
silencing (Vanitharani et al., 2004). It will thus be necessary to
examine further viruses to assess whether the results obtained
here with ToLCNDV, and earlier with CLCuKoV, are typical of
all bipartite and monopartite begomoviruses.

Although the presence of the betasatellite did not appear
to signi�cantly enhance symptoms of ToLCNDV infections in
N. benthamiana, which contrasts with the results for another
isolate of ToLCNDV (Jyothsna et al., 2013), the viral DNA
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A levels were signi�cantly increased in the presence of the
satellite. The prominent increase in DNA B levels and decrease
in betasatellite levels reported byJyothsna et al. (2013)were
not seen here. Signi�cant falls in betasatellite DNA titer was
only detected for infections with the TrAP mutant virus. Thus
a betasatellite can enhance bipartite begomovirus infections
although it remains unclear whether this interaction is stable,
whether the betasatellite will be maintained long term.

Having investigated the interactions between a betasatellite
and both monopartite and bipartite helper begomoviruses, it will
be interesting to investigate the e�ects of mutations of virus-
encoded genes on the other geminivirus-associated satellites, the
alphasatellites and the betasatellite-derived deltasatellites (Dry
et al., 1997; Nawaz-ul-Rehman et al., 2010; Idris et al., 2011;
Fiallo-Olivé et al., 2012, 2016; Hassan et al., 2016; Lozano
et al., 2016). Both types of molecules appear to lack a strong
selection mechanism for their maintenance by begomoviruses
(such as that provided, in some hosts, bybC1 for betasatellites)
and alphasatellites di�er from betasatellites in being capable of
autonomous replication (Mansoor et al., 1999). The interactions
of these satellites with begomoviruses will be the focus of future
studies.

CONCLUSIONS

The interaction of a bipartite begomovirus with a betasatellite
was found to be more complex than just transreplication
by the virus. The study here showed TrAP to be essential
for maintenance of a betasatellite and AV2 to be important
only in the presence of the DNA B. AC4 was found to
be important for the maintenance of the betasatellite in the
presence of DNA B but essential in the absence of the
DNA B. Rather than being required for maintenance, the
CP was shown to possibly interfere with maintenance of the
betasatellite. These results di�er from those obtained for an
analysis of the maintenance by a monopartite begomovirus of

a betasatellite and show that the interaction of betasatellites
with begomoviruses is complex. Overall the apparent con�ict
between CP and the betasatellite suggests that the interaction
(bipartite begomovirus [DNA A, DNA B] and betasatellite) will
be unstable and will not lead to supervirulent tripartite viruses.
Nevertheless, the presence of both the DNA B and betasatellite
signi�cantly increases DNA A titer. Since such infections can
occur with some regularity in the �eld, due to co-infection of a
bipartite begomovirus and a betasatellite-associated monopartite
begomovirus, they can nevertheless cause signi�cant additional
losses to crops.
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