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Viruses of the genusBegomovirus (family Geminiviridag are economically important
phytopathogens that are transmitted plant-to-plant by thewhite y Bemisia tabaci

Most Old World (OW) begomoviruses are monopartite and many athese interact
with symptoms and host range determining betasatellitesTomato leaf curl New Delhi
virus (TOLCNDV) is one of only a few OW begomoviruses with a bipagi genome

(components known as DNA A and DNA B). Four genes [AV2, coat ptein (CP),
transcriptional-activator protein (TrAP), and AC4] of TEINDV were mutated and the
effects of the mutations on infectivity, symptoms and the allity to maintain Cotton leaf
curl Multan betasatellite (CLCuMuB) were investigated. fiectivity and virus/betasatellite
DNA titer were assessed by Southern blot hybridization, PCRand quantitative PCR.
The results showed TrAP of TOLCNDV to be essential for maimance of CLCuMuB
and AV2 to be important only in the presence of the DNA B. AC4 wafound to be

important for the maintenance of CLCuMuB in the presence ofput indispensable in
the absence of, the DNA B. Rather than being required for matanance, the CP was
shown to possibly interfere with maintenance of the betasailite. The ndings show that
the interaction between a bipartite begomovirus and a betaatellite is more complex
than just trans-replication. Clearly, multiple levels ofteractions are present and such
associations can cause additional signi cant losses to crps although the interaction
may not be stable.

Keywords: ToOLCNDV, 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 pestidhe familyGeminiviridaechas
been expanded recently to include nine gen&agomoviryapulavirus, Curtoviryg&rablovirus,
Mastrevirus Topocuvirus Becurtovirus Eragrovirus,and Turncurtovirug (Brown et al., 2012;
Adams et al., 2013; Zerbini et al., 20 and the genu8egomovirusomprises the most destructive
viruses that are transmitted by the whiteBemisia tabaciTypically the genomes of begomoviruses
native to the New World (NW) consist of two components, desitgd as DNA A and DNA B,
and both these components are required for virus infectivitpwever, recently a monopartite
begomovirus, having a single component genome, homologoutedNA A component of
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the bipartite viruses, has been identi ed in the NWi¢lgarejo Recently a betasatellite has also been identi ed in associattbn
et al, 2013; Sanchez-Campos et al., P01 contrast, the leafhopper transmittetWheat dwarf India virusf the genus
monopartite begomoviruses are more prevalent in the OldVastrevirugfamily Geminiviridag in a monocotyledonous host
World (OW), with only a few bipartite begomoviruses having (Kumar et al., 201y} Betasatellites have so far only been identi ed
been characterized. Additionally, the majority of monof@t in the OW (Briddon and Mansoor, 20Q8although a group
begomoviruses have been shown to associate with a classobfsatellites derived from betasatellites, collectivelpvkm as
symptom-modulating satellites known as betasatellites. delatsatellites, have been shown also to be present in the NW
In common with all geminiviruses the genes encoded bylLozano et al., 20)6 Although only rst identied in 1999
the genomes (or genomic components) of begomoviruses af&aunders et al., 20))@he full-length sequences of greater than
expressed from both DNA strands and diverge from a non-1,000 betasatellites have to date been deposited in the dagba
coding intergenic region (IR). The DNA A of bipartite and indicating the importance of these molecules to agricultarthie
genomes of monopartite begomoviruses encode on the virionvarmer parts of the World. Betasatellites require a helpaisvir
sense strand the (A)V2 protein [involved in movement of thefor replication and movementin, as well as transmission betwee
virus in plants Rojas et al., 20QJLand the coat protein (CP; hostplantsBriddon et al., 20013 In many instances betasatellites
involved inin plantamovement, and insect transmission betweerhave been found to enhance virus DNA levels in plants as
plants; Rojas et al., 2005 The complementary-sense strandwell extending the host-range of the helper virusagnders
encodes the replication-associated protein [Rep; the onlysviru et al., 2000; Briddon et al., 200For example, the monopartite
encoded protein required for replication of the virus genomepbegomovirusCotton leaf curl Multan virugCLCuMuV), one
a rolling circle replication (RCR) initiator protein, as wels a of a number of begomoviruses causing cotton leaf curl disease
a suppressor of transcriptional gene silencing (TG8nley- (CLCuD) in Southern Asia, is poorly infectious to cotton
Bowdoin et al., 2004; Rodriguez-Negrete et al., ROftee  (Gossypium hirsutujrand induces non-symptomatic infections
transcriptional-activator protein [TrAP; which up-regulaé¢he (Briddon et al., 2000 In the presence of the betasatellite Cotton
late, virion-sense geneSi{nter and Bisaro, 199 Mmodulates host leaf curl Multan betasatellite (CLCuMuB), CLCuMuV is highly
gene expressiorHgao et al., 2003; Wang et al., 2003; Buchmaniinfectious to cotton and induces typical CLCuD symptoms
et al., 2009; Baliji et al., 2010; Castillo-Gonzéalez et2all5; (Briddon etal., 20011
Kumar et al., 2015 overcomes virus induced hypersensitive The single protein,bC1, encoded by betasatellites is a
cell death Hussain et al., 2007; Mubin et al., 201@nd is a suppressor of both PTGS and TG&u, 201}, extends virus
suppressor of host defense mediated by PT@G8¢ et al., 200},  host range Amin et al., 201} localize and co-localize at
the replication-enhancer protein (REn; helps in establishing @ndoplasmic reticulum and cell periphery and thus presumably
favorable environment for virus replicatioBettlage et al., 20P5 is involved in virus movement in host plantSéeed et al., 2017
and the C4 protein (a suppressor of PTGS and pathogenicityncreases DNA levels of the helper begomovirsddon et al.,
determinant;Vanitharani et al., 2004; Gopal et al., 2007; Saee2D01; Igbal et al., 20)Znodulates the levels of microRNAs
et al., 2008 The proteins encoded on the DNA B componentinvolved in host developmental processésn(n et al., 2011}
[the virion-sense encoded nuclear shuttle protein (NSP) ands a dominant pathogenicity/symptom determinarigeed et al.,
the complementary-sense encoded movement protein (MP)] arg005; Qazi et al., 207not only interacts with the virus-
involved in cell-to-cell and long-distance movement of theuis  encoded CP but also with many host-encoded fact@seng
(Noueiry et al., 1994 et al., 201}, binds in a sequence independent manner to DNA
The intergenic region (IR) comprises promoter elements aand RNA (Cui et al., 200 and suppresses host jasmonic acid
well as the origin of virion-strand DNA replication, consisj  production (Zhang et al., 20)2 The sequences of betasatellites
of a hairpin structure with the conserved, between mosencode a predicted hairpin structure with, in most cases, a
geminiviruses, nonanucleotide sequence (TAATATT/AC) andgeminivirus-like nonanucleotide sequence. Betasasléte true
adjacent to the TATA box of the Rep promoter, repeatedsatellites and thus depend entirely on helper virus-encoded Rep
sequences known as iteronsignley-Bowdoin et al., 1999 to initiate RCR. In most cases betasatellites lack the ite@n
Iterons are Rep binding sequences to which Rep binds prior ttheir helper viruses. Although the precise interactions betwe
introducing a nick within the nonanucletide sequence tdimte the virus-encoded Rep and the betasatellite DNA required
RCR of the virion-strandGladfelter et al., 1997The iterons of to initiate satellite RCR is uncleaSéunders et al., 20Q8it
viruses di er such that the Rep of one species will usually nohas been suggested that betasatellites have sequencéds whic
initiate replication of the genome of an unrelated virdsuello-  mimic iterons to allow Rep bindingNawaz-ul-Rehman et al.,
Astorga et al., 1994A sequence, known as the common region,2009.
is shared between the two genomic components of bipartite Tomato leaf curl New Delhi viruSToLCNDV) is a typical
begomoviruses and usually resides within the BRafley and OW bipartite begomovirus endemic to South and Southeast
Gay, 198R This ensures that each component has an origirAsia. Recently it has also been identi ed in southern Europe
of replication which will be recognized by the Rep encoded omnd North Africa (uarez et al., 2014; Mnari-Hattab et al.,
the DNA A component, maintaining the integrity of the split 2015; Panno et al., 20)L6Although ToLCNDV is believed to
genome. be a signi cant pathogen of tomato in India and Pakistan, the
Betasatellites are small 1,350 nt) ssDNA satellites that are virus has a wide host rangeéi(ssain et al., 2004; Tahir and
most commonly associated with monopartite begomovirusesiaider, 2005; Haider et al., 2006; Ito et al., 2008; Akhteal.et
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2009; Mizutani et al., 2011; Nagendran et al., 2016; SrixeastaTABLE 1 | Sequences of oligonucleotide primers used in mutagenesis,
et al., 2018 With increasing frequency ToLCNDV, and other ampli cation, detection, and quanti cation of virus components.

bipartite begomoviruses, are being identi ed in associatio

) ; _ Primer Sequence (5 239% Comments
of betasatellites most probably due to co-infections betwee
bipartite and betasatellite requiring monopartite begomoses  ToLNDmV2F CTCGAGACACAGTCGGCTARATC Mutate AV2
(Akhter et al., 2009; llyas et al., 2010; Jyothsna et al., 208&r,  ToLNDmV2R CTCGAGAATAGTTCTTTJFATTCTC
2017). Recently cotton in Pakistan exhibiting CLCuD symptomsroLNDmCPF ATCGATTAGGGAGCGATTCTaGTGTG Mutate CP
has been shown to be extensively infected by ToLCND®di ToLNDMCPR ATCGATCGCGATGTGTGAGTCCAGTTC
et al., 2015 The signi cance and e ects of the association of ncotoLnDF CTCGAGATGTATACGAACAACCAC Mutate TrAP
betasatellites with bipartite begomoviruses is uncleae ®hly  ,coTOLNDR  CTCGAGCAACTGEATGATCACG
study so far to address this issue concluded that there is ahcatoLnE CTCOAGTTGGATABGAACATGGATATGE Mutate AC4

“antagonism” between the DNA B and betasatellite component$,caro.nr

CTCGAGGGGAAATTCCAGTGCAAAAATAAC

suggesting that the interaction is not stablé/gthsna et al., ToLNV2pux/35sF  GGTCGACAAACATGTGGGATCC Amplify AV2
2013. . . . TOLNV2pvx/35sR CCCGGGCTTCTATACATTCTGTAC

A previous study has investigated the requirements fop. cppyxe  GCAAATCGATATGGCGAAGCGACCAG Amplify CP
maintenance of a betasatellite by mutagenesis of the genes Q,-ppyxr CCTCEACTATTAATTTCTEECCEARTE
a monopartite begomowrus.—spem cally the CLCuD-assodlateToLchpvxlg5F CAAGTCGACATGCAGTCTTCATC Amplify TrAP
Cotton quf curl Kokhran V|.rusand CLCyMuB (gbal et aI.,' TOLNCZpux/35R  ATCCCGGGACTTAAGGACCTGG
2012. In light of the occasional association of betasatelI|te§0LNC4pVX/35F CGTCOACAAGATGGGTCTCCGE Amplity ACA
with _blpartlte begomqwruses it seemed timely t_o mveseg;_ma _TOLNCApV/35R  CCCGGGTCTAGAACGTCTCCATC
requirements for maintenance of a betasatellite by a blpmrtltBetamF ATAAATCGATATGACAACGAGCGGAACAAA  AmpEZL
begomovirus. The study described here has investigated the

: BefaC1R TGTTCCCGGGTTAAACGGTGAACTTTTTATT
e ects of the mutagenesis of selected genes on symptoms an PCRFL ATGTGGGATCCACTGTTAATGAGTTCCE  TA aPCR
. .. . . €egomoi
infectivity of the bipartite TOLCNDV and also assessed the gomea q
. ) . BegomogPCRR1 GATTATATCTGCTGGTCGCTTCGACATAA
e ects of the mutations on the maintenance of the betasagellit i
CLCUMUB BetagPCRF2 CAAGTATATCAAGTCTGTGAACTATATCTT  betasatelli
BetagPCRR2 ~ GATACTATCCACAAAGTCACCATCGCTAAT 9PCR

BetaOl GGTACCACTACGCTACGCAGCAGCC Amplify
MATERIALS AND METHODS etao2 COTACCTACCCTOCCAGGGGTACA  betasatelite
MUtageneSiS by PCR TrO3F TCTGCCCTATCAACTTTCGATGGTA 18S rDNA
A clone of the DNA A component of TOLCNDV (acc. no. T04R AATTTGCGCGCCTGCTGCCTTCCTT aPCR
U15015) was used to produce specic gene mutants usingVPqPCRF GCCCATGATTCGTTCGGAC DNA B gPCR
mutagenic, abutting oligonucleotide primers in PCRalle ;,  BMPgPCRR GAATTCCGACCACCAAAGAT

Padidam et al., 1995To mutate the AV2 and TrAP genes, ) ) )

. The underlined nucleotides were changed to introduced a premature stop codon ah
areas of the genes not overlapplng the CP, Rep! and Rmercase nucleotides were added to introduce a frame-shift.
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?f the PTZ57R/T clone inserted to yield a full dimer. A partial
a stop codon that did not alter the amino acid sequencé'®ad-to-tail dimer of TOLCNDV DNA A harboring a mutation
of the Rep gene with which it overlaps. Mutated full-lengthOf the TrAP gene (TAA®?) was produced by digestion with
virus clones in the plasmid vector pTZ57R/T (InsTAcloneXd and Ps, releasing a fragment of 1,400 bp which was
PCR Cloning kit, Thermo Fischer Scientic) were completelycloned in pGreen0029. This partial clone was digested with

sequenced to ensure the absence of secondary (unwanteffjd and then the full-length clone, digested witkhd, was
mutations. inserted. A construct for AC4 gene mutation of ToLCNDV

DNA A (TA1ACY% was similarly produced using a550 bp

Production of Constructs for Infectivity Xhd and BamH fragment. The production of a construct
A partial direct repeat construct of the DNA A component of for the infectivity of CLCuMuB (acc. no. AJ298903;iddon
TOLCNDV harboring a mutation of the AV2 gene (f4v2) et al., 200), has been described previouslfpaged et al,
was produced by cloning a 900 bpXha and Pst fragment ~ 2009.

in pGreen0029Kellens et al., 2000 Then the full-lengthXha

insert of the pTZ57R/T clone was ligated into the uniqueAgrobacterium -Mediated Inoculation

Xhd restriction site of the pGreen0029 clone containing theConstructs for infectivity in binary vectors produced in shi
partial clone. The full-length PCR ampli ed product bearingeth study were electroporated infagrobacterium tumefacie(srain
mutation of the CP (TACP) was digested at the introduced GV3101 or LBA 4404Agrobacteriunmediated inoculation into
Mlul restriction site, circularized by ligation, digestedlwwKba  N. benthamiangplants was performed as described previously
and cloned in the binary vector pGreen0029. The resultanfHussain et al., 2004, 200Plants were maintained as described
clone was digested witMIul, and the full-lengthMlul insert  previously (gbal et al., 201R
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PCR-Mediated Diagnostics and Southern mutants (Supplementary Table 2). These statistical analyeses w
Blot Hybridization carried out by using “R-statistical and computing toolR (

Total genomic DNA was extracted from inoculated andPevelopmentCore Team, 2016
control plants by the CTAB method Doyle and Doyle,

1990. TA was detected by PCR using CP or AV2 primers

and CLCuMuB using primers betaOl/betaOZalfle 1). For RESULTS

electrophoresed in 1.5% agarose gels and then transferred . . . .
nylon membranes (Hybond XL, Amersham) by capillary transfef&cb”lty to Maintain CLCuMuB of Mutation

(Sambrook et al., 1989TA was detected using PCR-ampli ed, of the AV2 Gene of TOLCNDV

digoxigenin (DIG)-labeled (Roche, Germany) probes to the |RNild type ToLCNDV infection following inoculation with TA
(primers TOLNC4pvx/35R and ToLNV2pvx/35R) and/or TrAP and TB induced severe leaf curling, vein thickening, defedm
gene (primers TOLNC2pvx/35F and TOLNC2pvx/35R), whereastem and petioles symptoms iN. benthamianaplants at
CLCuMuB (b) was detected usinglaC1 gene probe (primers 12 days post inoculation (dpi)Fgure 1B. The two DNA
BetaC1F/BetaC1R). TOLCNDV DNA B (TB) was detected ofomponents of the virus were readily detected by PCR and
Southern blots using a PCR ampli ed radioactively labeled (MBSouthern blot hybridizationfigures 2A 3; Table 2. Inoculation
Fermentas, DecalL.ab®l DNA Labeling Kit) MP gene probe as of N. benthamianawith TA alone did not lead to symptoms.
described previouslyalakouras et al., 200 Hybridization was However, in 3 out of 20 plants inoculated, the component could
conducted at 50C for 16 h and signals were detected on X-rayPe detected in leaves developing subsequent to inoculatimgu
Im (Super RX, Fuiji Im) after treating with CDP-Star (Roche, PCR diagnostics but not by Southern blot hybridizatidalfle 2
Germany), while a phosphoimager (PharosEXSystems Life Figure 2A). The titer of TA in plants infected with TA alone was

Science Research Bio-Rad) was used to detect radioactiassig Signi cantly lower (1.786 nghg of genomic DNA) than the titer
on blots. of TAin plants infected with both the components of TOLCNDV

(3.730 ngiing of genomic DNA; Supplementary Table 1).

Quanti cation of Viral Components by Co-inoculation ofN.. b.elntham|aneplants with TA and (b did _

. . not lead to plants exhibiting symptoms. However, by diagnostic
Quant'ta_-t've Real_'T'm_e PCR ) PCR, 8 plants (out of 15 inoculated) were shown to containlvira
The quantity and quality of isolated genomic DNA was asseSSeyNA, whereas the betasatellite was detected in only 4 of the
using a NanoDrop ND-1000 spectrophotometer (Thermo Fishefra infected plants Table 2. Neither component was detected
Scientic) and the concentration was adjusted to 10mg/ i, Southern blotting, showing the level DNAs to be below
Reactions were conducted in an iCycler Thermal Cycler withne threshold for detection by hybridizatiorFigures 24 3A).
iQ5 Multicolor ReaI—T!me PCR Detection Sy§tem (Bio Rad). Thgyowever, gPCR showed plants co-infected with TA arfdt€
thermal cycler conditions were 9@ for 10 min followed by 40  ontain a higher titer of TA (2.226 ngh of genomic DNA) than
cycles of 94C for 30s (s), STC for 30s, and 7Z for 30S. plants infected with only TA (1.786 ngl of genomic DNA)
Reactions were performed in triplicate on 96 well-plates with @lthough this was still less than in TA with TB infections730
negative control (molecular grade water) and a positive @int ng/mg of genomic DNA) (Supplementary Table 1).
(TOLCNDV DNA A, DNA B, and CLCuMuB as standards). ~ co-inoculation ofN. benthamianaplants with TA and TB
Ampli cation of the 18S ribosomal RNA gene was includedy|ong with @ was as e cient in inducing symptomatic infection
to normalize for dierences in DNA concentrations between 45 jnoculation of both components without the betasatellite
samples. A.t the end of every run, in order to assess the spBci Ci(all inoculated plants developed symptoriable 2. However,
of the ampli ed product, a melting curve was performed from 57pcRr-mediated diagnostics revealed that the betasateltite
to 95 C with an increment of 0.5 every 10s. Real time PCR prasent in only 10 out of 20 inoculated plants, whereas TA
assay reactions consisted of 2k (25 ng) of template DNA, \yas detected in all plants by PCRaple 2. TA and TB but
12.5mL of SYBR Green Supermlx (Thermo Fischer SC|e_nt| C)not Cb were detected in TA, TB, andICinfected plants by
0.25mL (0.01 pM) of each primerTable ) and 9.5mL of sterile  goythern blot hybridization Kigures 2 3 and Supplementary
distilled water. Ten-fold serial dilutions of plasmids biearTA, Figure 1). The symptoms fo\. benthamianalants infected with
TB, and @ clones were used to obtain standard curves. SerinA, TB, and ® were comparable to the symptoms exhibited
dilutions of plasmids were spiked with the equal amount ofyy TA/TB infected plants without the betasatellitBigure 1).
healthy N. benthamianagenomic DNA and then analyzed in owever, plants which also contained the betasatellite had a
triplicate. Mean Ct values were used to calculate DNA titels@Is  shorter latent period (10 days; the time between inoculation

the standard curves. and the rst appearance of symptoms) than plants lacking
o _ the betasatelliteTable 2. Although the betasatellite could not
Statistical Analysis be detected by Southern blotting, the results of the gPCR

Chi-square procedure was used to test the equality of thanalysis showed that the betasatellite DNA level was 1.92 ng
proportions of infected (out of total inoculated) plants. (per mg of genomic DNA). Moreover, an enhanced level of
Signi cance was observed at 5% level and binomial nomemaat TA (5.04 ngihg of genomic DNA) was evident in presence
(A and B) was used to show signi cance between dierentof TB and betasatellite in comparison to plants infected with
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FIGURE 1 | Symptoms in N. benthamianaplants following inoculation with TOLCNDV, bearing mutatns of the AV2 and CP genes, in the presence and absence of
CLCuMuB. TheN. benthamianaplants shown were either not inoculated (healthyA) or inoculated with TA(B), TA and Cb (C), TA and TB(D), TA, TB, and (b (E),
TALV2 (F), TAL V2 and Cb (G), TAL V2 and TB (H), TAL V2, TB, and Cb (1), TAL CP (J), TAL CP and Cb (K), TALCP and TB (L), TAL 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 redeed on the gels were isolated from leaves of a
mock-inoculated plant (lane M) or plants inoculated witifA) TA (lane 1), TA and TB (lane 2), #4\V2 (lane 3), TA AV2 and TB (lanes 4-5), TA, TB and B (lane 6),
TALAVZ and Cb (lanes 7-9), TA and ® (lanes 10-12) TAAV2, TB and Cb (13-15),(B) TA (1), TA and TB (2), TACP (3), TA- €P and TB (4-5), TA, TB, and ® (6),
TAL CP and Cb (7-9), TA and ® (10-12) TA P TB and Cb (13-15),(C) TA and TB (1), TA (2), TRAC2 (3), TA, TB and @ (4), TALAC2 and Cb (5-8), TA and ®
(9-11) TAAC2 and TB (12), TAACZ TB, and Cb (13-14),(D) TA (1), TA and TB (2), TRAC4 (3—4), TA, TB, and ® (5), TA-AC4 and Cb (6-8), TA and @ (9-10),
TALAC4 and TB (11-12), TAAC4 TB and Cb (13-14). The viral DNA forms are labeled as single-stranddss), 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 phograph 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 ngfg of genomic DNA) or TA and ® Figure 1, Table 2. Surprisingly, the concentration of FAY2
(2.226 nging of genomic DNA; Supplementary Table 1). Thiswas signi cantly higher (4.236 ngj of genomic DNA;
indicates an additive e ect of the presence of TB arlildd TA  Supplementary Table 1) than for wild type infected plants
titer. (3.730 ngig of genomic DNA). In this infection, both the viral
N. benthamianglants inoculated with TA bearing a mutation components (TA and TB) were readily detected by PCR, qPCR
of the AV2 gene (TAAY2) failed to develop symptoms and and Southern hybridizationHigures 2 3).
virus could only be detected in one (out of 15) inoculated Plants inoculated with TAA2 TB, and ® developed
plants, signi cantly fewer than for plants inoculated with TA symptoms at 13 dpi that could not be distinguished from
(Supplementary Table 2). However the titer of viral DNA wasplants inoculated with just TAAV2 and TB (Table 2. PCR-
not signi cantly lower than for TA infections and in Souther mediated diagnostics showed that the betasatellite was not
hybridization the component was not detected, indicatingtth maintained e ciently (1 out of 15 plants), which is signi cdly
virus DNA levels in this plant were below the detection threlsh lower than the maintenance of lCfor TA, TB, and @
of Southern blotting. infections (7 out of 11 plantsTable 2 Supplementary Table
For plants inoculated with TAAV2 and TB, all inoculated 2). Again only viral DNA could be detected by Southern
plants developed symptoms comparable to wild type ToLCND\hybridization, not the betasatellite, from total DNA exttad
except for the delayed onset of symptoms (13-14 dayfom leaves developing subsequent to inoculatiBig@res 2A 3
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TABLE 2 | Infectivity of TOLCNDV and ToLCNDV DNA A harbouring mutatierof the AV2 and CP genes irN. benthamianain the presence and absence of CLCuMuB.

Inoculum* Infectivity Symptoms @ | atent period (days)
PCR diagnostics (plants infected/plants inoculated) South ern Blot analysis f
Expt. | Expt. Il Expt. 11l

TA Cb TA Ch TA Ch TA B 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 - ©) - - ULC, VT, ST 12
#TA, TB, O 8/8 4/8 6/6 3/6 6/6 3/6 (C) - ) ULC, VT, ST 10 (18)
TALAV2 /5 - 0/5 - 1/5 - () ) - NS -
TALAVZ cp 1/5 1/5 2/5 1/5 1/5 1/5 () - () NS -
TALAVZ TB 5/5 - 5/5 - 5/5 - ©) ©) - ULC, VT, ST 13-14
TALAVZ TB Cb 5/5 0/5 4/5 0/5 5/5 1/5 (C) ©) () ULC, VT, ST 13
TALCP 0/5 - 1/5 - 0/5 - () - - NS -
TALCP Cb 414 3/4 415 2/5 415 3/5 () - ) NS -
TALCP TB 5/5 - 5/5 - 415 - ©) ©) - ULC, VT, ST 13-14
TALCP TB, Cb 5/5 2/5 4/5 1/5 5/5 2/5 (C) ©) () ULC, VT, ST 13

*ToLCNDV DNA A is denoted as TA, TOLCNDV DNA B as TB and CLCuMuB as CToLCNDV DNA A having a mutation of the CP gene is denoted as A" and that having a mutation
of the AV2 gene as TAAVZ,

@symptoms exhibited by plants are shown as upward leaf curling (ULC)fsnting (ST), vein thickening (VT), vein yellowing (VY), or no symptorsy.

$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/ , and TA/C ) is duplicated inTables 2, 3.

TSouthern blot hybridization is denoted as either presentQ) or absent ( ).

and Supplementary Figure 1). Interestingly, a signi cantlythese numbers are not statistically di erent (Supplementary

enhanced level of TA®V2 (6.337 ngig of genomic DNA) Table 2). Also the titer of B was lower in co-infection

was detected in these plants compared to infections ofith TALCP than in co-infection with TA (Supplementary

TALAV2 with TB (4.236 ngihg of genomic DNA) and TAAY2  Table 1).

with Cb (2.235 ngig of genomic DNA; Supplementary  N. benthamianaplants inoculated with TAC? and TB

Table 1). 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
Effects on InfeCtIVIty’ Symptoms and the the wild type virus;Table 2, and the mutation did not a ect

Abi"ty to Maintain CLCuMuB of Mutation infectivity—all plants became infectedaple 2. Viral DNA

of the CP Gene of TOLCNDV was detected in symptomatic plants by PCR and Southern
N. benthamianglants inoculated with TA harboring a mutation blotting (Figures 28 3). However, TA P/TB infections were
of the CP gene (TA®P) did not develop symptomsFijgure 1)  associated with a lower DNA A titer than plants infected
and viral DNA could only be detected by PCR in one plantwith TA/TB (Supplementary Table 1). Similarly, inoculatioh o
(of 15 inoculated;Table 29, statistically signi cantly less than TA1CP TB, and @ into N. benthamianaplants resulted in
for plants inoculated with TA (3 infected out of 11 inoculated) symptoms at 13 dpi that were indistinguishable from plants
(Supplementary Table 2). However, no viral DNA was detectethoculated without the betasatellite. However, in diagnoRCR
in this plant by Southern blotting. The single plant infectediwi only 5 (out of 15 inoculated) plants were shown to contain
TALCP contained signi cantly less viral DNA than the plants betasatellite, which indicated that the betasatellite wasrlpo
infected with TA (Supplementary Table 1). maintained by the virus having a mutated CP in comparison
Co-inoculation of TA'CP with Cb to N. benthamiana to the wild type virus (8 out of 9 plantsTable 2, although
also did not lead to symptoms. However, PCR-mediatedhese numbers are not statistically dierent (Supplementary
diagnostics, but not Southern blotting (Supplementary Fegur Table 2). Of the three components TA and TB, but not the
1, Table 2, showed the presence of both T&” (12 plants betasatellite, were detected by Southern blotting from ltota
out of 15 inoculated) and the betasatellite (7 out of 15 plantsDNA extracted from leaves developing subsequent to ino@nat
in the upper leaves developing subsequent to inoculatior(Figures 2B 3 and Supplementary Figure 1). Interestingly the
Overall the betasatellite was maintained in fewer plants (1presence of either TB or ICincreased (doubled) the titer of
out of 24) by TOLCNDV DNA A with an intact CP than TAICP in co-infected plants (Supplementary Table 1). The
by DNA A with a mutated CP (8 out of 15), although inclusion of both TB and 6 with TA1CP had an additive
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(0.001 ngng of genomic DNA) of ® and the presence of this

172345678910 1M12M did not a ect the titer of TALA€2 (Supplementary Table 1).

. Inoculation of TALAC2 with TB to N. benthamianaplants

oc—> *” ! ? o ’ - induced symptoms that could not be distinguished from TA and
i ‘ g W ¥ TB infected plants, except for a delay in time to appearance

i : -, of symptoms (13 days rather than 12 dayable 3. Southern
» = 1 blotting and gPCR 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

priow of TATAC2 with TB signi cantly increased the titer of TA

: (Supplementary Table 1).

Inoculation of (b along with TA' A2 and TB did not shorten
the latent period (13 dpi). B was not detected in these plants
either by PCR or Southern blottingréble 3 Figures 2G 3C).

The gPCR results showed that betasatellite was neversheles
maintained by the virus bearing a mutation of TrAP but at
very low concentration (Supplementary Table 1). Surprisingly
Southern blotting, a reduced level of TB was deteckagiure 4).

lin— -

SC—>

SS—>

Effects of Mutation of the AC4 Gene of
ToLCNDV on Infectivity, Symptoms and the
Ability to Maintain CLCuMuBC

FIGURE 3 | Detection of TOLCNDV DNA B by Southern blotting in inoculate

N. benthamianaplants. The DNA extracts resolved on the agarose gel were N. benthamianaplants inoculated with TOLCNDV DNA A
extracted from the leaves of a mock-inoculated plant (M) anérom the leaves bearing a mutation of the AC4 gene (¥AC4) did not develop
of plants inoculated with TA2 (1), TA AY2 and T8 (2), TAAY2, TB, and Cb symptoms of infection. Viral DNA was detected by PCR in 7 out

(3), TAAC2 gnd TB (4), TAAC2 TB, and Cb (5), TAL CP and TB (6), TA CP, - . s -
T8, and Cb (7), TA-ACH and TB (8), TAAC4. T8, and Cb (9), TA (10), and TA of 11 inoculated plants; statistically signi cantly more théor

and TB (11). The sample loaded in lane 12 consisted of 5 ng of TBlasmid plants inoculated with TA (Supplementary Table 2)' However,
(acc. no. U15017). DNA was extracted from plants at 29 dpi and 10 mg was Southern blot hybridization did not detect the virus, indiing
resolved in each lane. The blot was exposed to a phosphor scen for 7 days. that viral DNA levels were lowHigure 2D). gPCR showed the
titer of TALAC4 to be signi cantly lower than for plants infected
with TA (Supplementary Table 1).

A greater number of asymptomatically infected\.
benthamianaplants (9 out of 13 inoculated) were detected
by PCR upon co-inoculation of TA*C4 with Cb, in comparison

. to plants inoculated with only TAAC4 (7 out of 11;Table 3,
Effects on Infectivity, Symptoms and the although this was not statistically di erent (Supplementagble

Ability to Maintain CLCuMuB of Mutation 2). Although Southern blotting failed to detect either conngat

of the Trap Gene of TOLCNDV (Figures 2D, 3D), gPCR showed the presence df © increase
N. benthamianalants inoculated with TA having a mutation in the titer of TALAS in comparison to infections involving only
the TrAP gene (TAAC2) failed to develop symptomsigure 4.  TALAC4 (Supplementary Table 1).
PCR-mediated diagnostics showed that 8 (out of 15 inocujated All N. benthamianaplants inoculated with TAAC4 and TB
plants nevertheless contained viral DNA in tissues distaht®® showed symptoms that were qualitatively and quantitatively
inoculation site Table 3, statistically signi cantly more than for equivalent to the symptoms induced by wild type TA/TB
wild-type TA (3 out of 10) Table 3 Supplementary Table 2). By (Figure 2). This infection was readily detected by PCR, Southern
Southern blotting viral DNA could not be detected for ¥A®2,  blotting and qPCR. The levels of both ¥AC4 and TB were
indicating that the titer of viral DNA was low, below the deteon  comparable to plants infected with wild type TA and TB
threshold Figure 20). qPCR showed the viral titer for T4C2  (Figures 2D, 5; Supplementary Table 1). Co-inoculation ab C
infected plants not to di er signi cantly from TA infected plas ~ with TA1AC4 and TB to N. benthamianaplants also resulted
(Supplementary Table 1). in symptoms typical of a wild type TA/TB infectiori-{gure 2).
Co-inoculation of TALAC2 and b also resulted in All the inoculated plants (9 out of 9) were symptomatic, but
asymptomatic infection and an equal number of plants (8betasatellite was detected in only one plarate 3. Viral DNA,
out of 15), as for inoculation with TAAC2 in the absence of but not the betasatellite, was detected by Southern blotting
Cb, showed the presence of viral DNAbGvas not detected (Figures 2D 3D). However, Southern blotting showed a possible
in TALAC2/Ch inoculated plants by either PCR or Southernreduced accumulation of TB{gure 3). This was not supported
hybridization (Table 3 Figure 2C Supplementary Figure 1). by the qPCR data which suggested a reduced titer of TA. This
However, gPCR showed the presence of a very low concentratiapparently contradictory result possibly is due to only a sngl

e ect, with three times as much TACP present in infected
plants.
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FIGURE 4 | Symptoms in N. benthamianaplants following inoculation with TOLCNDV, bearing mutains of the TrAP and AC4 genes, in the presence and absence of
CLCuMuB. The plants shown were either not inoculated (hediy; A) or inoculated with TA(B), TA and Cb (C), TA and TB(D), TA, TB, and (b (E), TAL €2 (F), TAL C2
and Cb (G), TAL €2 and TB (H), TAL €2, TB, and Cb (1), TAL €4 (J), TAL €4 and Cb (K), TAL 4 and TB (L), TAL €4, TB, and Cb (M). Photographs were taken at 25 dpi.
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TABLE 3 | Infectivity of TOLCNDV and complementary-sense (TrAP and A 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 f
Expt. | Expt. Il Expt. Il

TA Ch TA Cb TA Ch TA B Chb
#Mock 0/6 - 0/6 - 0/6 - () () ()
#TA 2/11 - 2/12 - 212 - () - - 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, b 8/8 4/8 6/6 3/6 6/6 3/6 (C) - ) ULC, VT, ST 10 (18)
TALAC2 2/5 - 3/5 - 3/5 - () - - NS -
TALAC2 ch 2/5 0/5 3/5 0/5 3/5 0/5 () - () NS -
TALACZ TB 5/5 - 5/5 - 3/3 - ©) ©) - ULC, VT, ST 13
TALACZ TB, Cb 5/5 0/5 5/5 0/5 5/5 0/5 (C) ©) () ULC, VT, ST 13
TALAC4 23 - 3/5 - 23 - () - - NS -
TALACA cp 3/5 0/5 2/3 0/3 415 0/5 () - - NS -
TALACA TB 3/3 - 33 - 3/3 - ©) ©) - ULC, VT, ST 12
TALAC4 TB, Cb 5/5 0/5 5/5 0/5 5/5 1/5 (©) ©) () ULC, VT, ST 12

*TOLCNDV DNA A is denoted as TA, TOLCNDV DNA B as TB, and CLCuMuB as CToLCNDV DNA A having a mutation of the TrAP gene is denoted as TA®? and that having a
mutation of the AV4 gene as TAAC4,

@symptoms exhibited by plants are shown as upward leaf curling (ULC)gin thickening (VT), stunting (ST), vein yellowing (VY), mild upwantling 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/ , and TA/C ) is duplicated inTables 2, 3.

TSouthern blot hybridization is denoted as either present}) or absent ( ).

plant having been analyzed. For inoculation of '’ with Cb may spread in plants, without inducing symptoms and at low
in no plants was 6 maintained. These inoculated plants thusDNA titer, in the absence of DNA BK(inkenberg and Stanley,

resemble TAAC4 infected plants in all respects. 1990; Evans and Jeske, 1993b; Briddon and Markham, 2001;
Saunders et al., 2002; Fontenelle et al., gQAdculation of TA
DISCUSSION with Cb partially complemented missing DNA B functions (more

plants showing the presence of TA than in plants inoculated
Although more commonly associated with monopartite With TA in the absence of the betasatellite) but did not lead
begomoviruses, betasatellites are being reported infratyye [0 Symptomatic infection. This contrasts with previous sesli
but increasingly, with bipartite begomovirusegygs et al., Which showed that TA and Einduced symptoms in tomato
2010; Jyothsna et al., 2013; Zaidi et al., 0The e ects of and mild, but transient, symptoms in cottorbgeed et al., 2007;
betasatellites on bipartite begomovirus infections hasbesn ~ Saced, 20)0The reason for the di erence is unclear but may
investigated in any detail although one study has suggest&§ due to the dierent methods of inoculation used (biolistic

that the interaction between a bipartite begomovirus and dnoculation for the earlier studies and thégrobacterium
betasatellite would not be stable. The study described hefgediated method used here). It has previously been noted that

was intended to investigate the e ects of a betasatellite @ tHOr Agrobacteriummediated inoculation some host/inoculum
infection of a bipartite begomovirus and to determine theavir combinations (particularly for begomoviruses associatéth w

requirements for maintenance of a betasatellite by a bigartitPetasatellites) are problematic. For example, no infectivity o
begomovirus. tomato was achieved bggrobacteriurrmediated inoculation

TOLCNDV is highly infectious toN. benthamianabut also  ©f TOLCNDV DNA A with CLCuMuB, even though this
has the ability to trans-replicate and maintain CLCuMuBbjC combination was mfecﬂous to tomato by biolistic inocutat
However, the betasatellite was maintained in only about 50% (Saeed, 2008 Similarly, CLCuMuV with CLCuMuB can be
inoculated plants. No change in symptoms was noted, anhoquollstmaHy inoculated to cottonE(_rlddon et al., ZOQ)laIth_ough
the presence of the betasatellite reduced the latent period f§0tton has so far proven recalcitrant to inoculation with see
the infection. Inoculation of plants with only the TA did not components usind\grobacteriunfunpublished results).
lead to symptomatic infection, although the virus component The symptoms induced by ToLCNDV DNA A bearing a
could be detected distal to the inoculation site in a smalhber ~ mutation of the AV2 gene (TAAY2), in the presence of the
of plants. This is consistent with earlier ndings which haveDNA B, were qualitatively the same as the symptoms induced
shown that the DNA A component of bipartite begomovirusesby the wild type virus inN. benthamianagbut attenuated with
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a longer latent period. However, the mutation did not a ect studies which showed that bipartite begomoviruses lackirgy t
infectivity, with all plants showing symptoms. This is cotesig ~ CP are infectious and the longer latent period suggested that
with previous ndings for bipartite begomoviruses?§didam the CP is required for fast long-distance movement of virus in
etal., 1996; Rouhibakhsh et al., 214 the absence of the DNA the phloem Brough et al., 1988; Etessami et al., 1989; Padidam
B, TALAV2 infections were non-symptomatic and the mutation et al., 1996; Briddon and Markham, 2001; Rojas et al., 2001;
signi cantly reduced the numbers of plants infected comparedRouhibakhsh et al., 20).1Inoculation of plants with TACP,
to plants inoculated with only TA. In the presence of TBy C but without the DNA B, resulted in asymptomatic infections,
was maintained poorly both by TAV2 and wild type DNA A.  but with signi cantly fewer plants infected than for inoctian
However, co-inoculation of TA”Y2 with Cb led to more plants with TA. This again is consistent with the idea that the CP
becoming infected in comparison to #AV2 alone, showing that is important for movement, likely required to protect viral
the betasatellite can, at least to some degree, complemesitimis ssDNA in the phloem. Co-inoculation of lCwith TA1CP also
AV2 functions. The role of AV2 for OW bipartite begomovirusesresulted in plants that were asymptomatically infected. Faren
remains unclear, since movement functions are provided bl NSplants were infected than for inoculations with only TAP,
and MP encoded by DNA B. However, involvement of AV2consistent with the idea that theC1 encoded by betasatellites
has been shown in cell-to-cell tra cking and suppression ofis involved in virus movement and may complement missing
gene silencing in bipartite begomovirusé&&s(flidam et al., 1996; DNA B functions Gaeed et al., 2007Although more plants
Rothenstein et al., 2007; Chowda-Reddy et al., RbEre levels were shown to maintain the betasatellite than for inoculas
of viral DNA were the same for the AV2 mutant and the wild of TA with Cb, this was not statistically signi cant. This could
type virus. This contrasts with previous ndings, where areeld indicate that there is an antagonism between the betagatell
level of viral DNA was observed iN. benthamianafor AV2  and the CP. Since betasatellites only encode a single product
mutants Padidam et al., 1996; Rouhibakhsh et al., 2@htl that bC1 (Saunders et al., 20))4the antagonism would likely be
mutation of the AV2 a ected CP expression, although the precisbetween CP andbC1l. Working on the hypothesis that the
mechanism was not de ned3ull et al., 200). The results also CP is required for protection of viral DNA during movement,
show that in the presence of the DNA B, AV2 is important for particularly in the phloem, it is possible thd&iC1 similarly
maintenance of the betasatellite but not in the absence ef thprotects the viral (and betasatellite) DNA during moveméritis
DNA B. This di erence may possibly be explained by the sizeis consistent with the nding thatC1 binds DNA Cui et al.,
speci ¢ binding of DNA by the NSP and MP proteins encoded on2005. It is also consistent with the idea th€1 facilitates virus
DNA B. For a NW bipartite begomovirus both NSP and MP havemovement from the site of inoculation to the phloensdeed
been shown to preferentially bind DNA that is larger than theet al., 200y and/or facilitates cell entry (re-infection) distal to
DNA of betasatellitesHojas et al., 1998t is thus possible that the inoculation site after movement of the virus in the phloem.
a betasatellite can only be e ciently maintained when a seto Kumar et al. (2006showed interaction of the CP dBhendi
protein, AV2, provides movement functions. In the absence oyellow vein mosaic viruand the bC1 of Bhendi yellow vein
the DNA B the betasatellite would move by the same mechanisrbetasatellite. The CP of geminiviruses plays a direct rolerad vi
likely involving the CP, and at the same rate as the DNA A. nuclear entry by associating with the viral ssDNA, protegtin
Begomoviruses native to the NW lack the (A)V2 genejt from nucleolytic degradation, and supplying it with nuctea
leading to the suggestion that this may be the reason for thiecalization signalsKalanichelvam et al., 1998For bipartite
apparent under representation of monopartite begomoviruses ibegomoviruses this function is likely masked in the preserice o
this region; only a single monopartite begomovirus havingrbe DNA B, which encodes a protein speci cally tasked with shogli
so far identi ed in the NW (Melgarejo et al., 2013; Sanchez-viral DNA in and out of the nucleus—the NS &fni and Epel,
Campos et al., 20)3Nawaz-ul-Rehman et al. (2008howed 2002. However, nuclear localization provided by the CP is likely
that the NW bipartite begomoviru€abbage leaf curl vireould  important early during infection, following delivery of visu
maintain CLCuMuBin the presence of the DNA B but not in particles by insect vectors, when expression of viral proteass
its absenceNawaz-ul-Rehman et al., 2009 his contrasts with yet to occur.
the ability of CLCuMuB to complement the DNA B of OW In contrast to the ndings with several other bipartite
begomovirusesYaeed et al., 20pand the ability of CLCuMuB begomovirusesgrough et al., 1988; Etessami et al., 1991; Evans
to complement (at least for infectivity) the AV2 mutation sko  and Jeske, 199Banutation of the TrAP gene of TOLCNDV did
here. This is suggestive of more di erences between NW andot prevent infection and the mutant virus (in the presence of
OW begomoviruses rather than just the absence of the AV2.genthe DNA B) induced wild-type symptoms iiN. benthamiana
Possibly the absence of the AV2 gene in NW viruses has led tAde reason for the di erence between ToLCNDV and the other
DNA A to become more reliant on DNA B functions and this may viruses examined is unclear. Two of the studies were on New
be re ected in the distinct, and conserved amino acid dieces World begomovirusesibutilon mosaic virugEvans and Jeske,
of, for example, the CP of viruses from these two regidrs ( 19933 andTomato golden mosaic vir(Brough et al., 1983and
etal., 200 produced double mutations of the TrAP and REn genes, rather
Inoculation of N. benthamiangplants with TOLCNDV DNA  than single mutations. This might have signi cantly disabtae
A bearing a mutation of the CP (TACP) and DNA B resulted in  virus since REn enhances DNA replication by interacting with
infections with symptoms comparable to infections of the wildRep and various host factor§éttlage et al., 2005The third
type virus. The only di erence was that the latent period wasstudy mutatedAfrican cassava mosaic viras OW begomovirus.
longer for the mutated virus. This is in agreement with earlie Possibly this virus is not well adapted to plants of 8@anaceae.
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Surprisingly, mutation of the TrAP gene more than doubled(suppressing transcriptional gene silencingp(riguez-Negrete
the numbers of plants in which there was independenttal., 201} Although the NSP of TOLCNDV has been shown to
spread of the component. The reason for this is uncleate an avirulence determinant in tobaccdussain et al., 2007
PossiblyN. benthamianahas a resistance which targets theit is possible that inN. benthamianathe AC4 product is a
TrAP of ToOLCNDV. However, this would seem unlikely sinceweak avirulence determinant, which is masked in the presence
expression of avirulence determinants is usually assabigite a  of the DNA B, and mutation of the gene relieves the virus from
hypersensitive response (necrosis) in the resistant hosthws  the e ects of a host resistance leading to enhanced levels of
not the case here (even when overexpressed frétatato virus  infectivity.

X vector or under the control of th€auli ower mosaic viru85S Although for wild type TOLCNDV (TA with TB) infections
promoter; data not shown). In fact the TrAP of TOLCNDV has with Cb, the betasatellite was maintained in about 50% of plants,
been shown to overcome the hypersensitive cell death indoged mutation of the AC4 gene signi cantly reduced the numbers
other virus gene products{ussain et al., 2007 of plants in which the betasatellite was maintained. In the

In both the presence and absence of the DNA B, the DNAabsence of the TB, the AC4 mutant virus did not maintain the
A bearing a mutation of TrAP (TAA2) did not maintain betasatellite. This indicates that for TOLCNDV the AC4 pratei
CLCuMuB. This indicates that, as was found for the monopartités important in the maintenance of the betasatellite in botle t
begomovirusCotton leaf curl Kokhran viru@€CLCuKoV) (gbal  presence and absence of the DNA B. These results contrasts
et al., 201p, TrAP is important for the maintenenace of a with the results for the monopartite begomovirus CLCuKoV,
betasatellite. TrAP performs multiple functions. It may ast a for which the C4 was found not to be important for the
a transcription factor to up-regulate expression of late frii maintenance of a betasatellite kv benthamianahighlighting
sense) genesS(inter and Bisaro, 1991; Gopal et al., 2007 possible di erences between mono- and bipartite begomoviruses
modulates host gene expression including micro RNA gene@dgbal et al., 2012 Nevertheless, itis evident that for the bipartite
(Trinks et al., 2005; Amin et al., 20)1&an be a pathogenicity begomovirus ToLCNDV the AC4 protein plays a part in the
factor (Van Wezel et al., 2001; Matet al., 2015 a suppressor maintenance of a betasatellite. However, the results arsistent
of transcriptional and post-transcriptional gene silencinguf  with the AC4 of ToOLCNDV having a role in virus movement,
Wezel et al., 2003; Buchmann et al., 2009; Jackel et al., 20a$ discussed above for monopartite begomoviruses. The gudin
Kumar et al., 201 may delay virus infectionShen et al., that the AC4 protein of some bipartite begomoviruses have
2014; Krenz et al., 20),5may counter programmed cell death suppressor of RNAI activityManitharani et al., 2004 although
(Hussain et al., 2007; Mubin et al., 2),L@onditions a virus this possibility has not been investigated for TOLCNDV yet,
non-speci ¢ enhanced-susceptibility phenotyp8uqter et al., might suggest that, rather than being a classical movement
200), suppresses jasmonate-mediated defeRseds-Diaz et al., protein, it instead overcomes a host RNAi-based resistance to
2016, and inactivates the SNF1-related kinase by interactinghovement.
with it and adenosine kinasedgo et al., 2003 Clearly TrAP is The work conducted here has shown that the TrAP is required
an important protein for TOLCNDV being involved in control for maintenance of the betasatellite and the AC4 protein is
of gene expression and numerous interactions with the hosmportant for maintenance, particularly in the absence of the
plant. Loss of any one of these could be the reason for the laédNA B. The AV2 was shown to be important for betasatellite
of maintenance of the betasatellite when TrAP is mutated anchaintenance, but only in the presence of the DNA B. In contrast
further studies will be required to determine which of theAR  the CP appeared to interfere with the maintenance of the
functions are required for betasatellite maintenance. betasatellite in the absence of the DNA B. These ndings are

Mutation of the AC4 gene of ToLCNDV had no e ect in general agreement with the earlier study of requireméats
on the infectivity or symptoms of the virus in the presencemaintenance of a betasatellite by a monopartite begomowruse
of the DNA B—all plants were infected/symptomatic. This isexcept for the C4, which was shown not to be important for
consistent with previous studies that mutated the AC4 genbetasatellite maintenance by a monopartite begomovitgisa(
of bipartite begomoviruses and indicates that the product oft al., 201p. The reason for the di erence is unclear but could
AC4 is not required for either infectivity or the induction indicate virus specic dierences with respect to overcoming
of symptoms Etessami et al., 1991; Hoogstraten et al., 19960st RNAi based defenses. For example, for the related bipartite
Pooma and Petty, 1996; Fontenelle et al., 0ddwever, in the begomovirusedfrican cassava mosaic viraed the Cameroon
absence of the DNA B, the DNA A component with the AC4strain ofEast African cassava mosaic vifiesmerly East African
mutation was signi cantly more infectious tdl. benthamiana cassava mosaic Cameroon virus) the TrAP and AC4 protein
than the wild type. The reason for this is unclear. The preciselay di erent roles in suppression of post-transcriptional gene
function of the (A)C4 product remains uncertain and may di er silencing {/anitharani et al., 2004 It will thus be necessary to
between monopartite and bipartite begomoviruses. For somexamine further viruses to assess whether the resultsredutai
begomoviruses it is a pathogenicity/symptom determinant, dere with ToOLCNDV, and earlier with CLCuKoV, are typical of
suppressor of post-transcriptional gene silencing and integfe all bipartite and monopartite begomoviruses.
with micro RNA expression of the hostvénitharani et al., Although the presence of the betasatellite did not appear
2004; Gopal et al., 2007; Saeed et al., 2008; Amin et al.,)2011@a signi cantly enhance symptoms of ToLCNDV infections in
For monopartite begomoviruses the C4 is implicated in virudN. benthamianawhich contrasts with the results for another
movement Rojas et al., 200and preventing DNA methylation isolate of TOLCNDV ({yothsna et al., 20),3the viral DNA
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A levels were signi cantly increased in the presence of tha betasatellite and show that the interaction of betastslli

satellite. The prominent increase in DNA B levels and de@easvith begomoviruses is complex. Overall the apparent con ict

in betasatellite levels reported biyothsna et al. (2013yere between CP and the betasatellite suggests that the ini@mact

not seen here. Signi cant falls in betasatellite DNA titerswa (bipartite begomovirus [DNA A, DNA B] and betasatellite) il

only detected for infections with the TrAP mutant virus. Thu be unstable and will not lead to supervirulent tripartite virase

a betasatellite can enhance bipartite begomovirus infestio Nevertheless, the presence of both the DNA B and betasatellit

although it remains unclear whether this interaction istdéa  signi cantly increases DNA A titer. Since such infectioresnc

whether the betasatellite will be maintained long term. occur with some regularity in the eld, due to co-infectiori a
Having investigated the interactions between a betadatellibipartite begomovirus and a betasatellite-associated partibe

and both monopatrtite and bipartite helper begomoviruses, it wi begomovirus, they can nevertheless cause signi cant iatdit

be interesting to investigate the e ects of mutations of gku losses to crops.

encoded genes on the other geminivirus-associated seseliite

alphasatellites and the betasatellite-derived deltasageidry AUTHOR CONTRIBUTIONS

et al., 1997; Nawaz-ul-Rehman et al., 2010; Idris et al.,;2011

Fiallo-Olivé et al., 2012, 2016; Hassan et al., 2016; LozaZb performed the majority of the experimental work. MS

et al., 201p Both types of molecules appear to lack a strongonducted the gPCR and some of the Southern blot hybridirati

selection mechanism for their maintenance by begomovBuseanalyses. RB conceived the study and supervised the work. ZI and

(such as that provided, in some hosts, lfy1 for betasatellites) IA prepared the rst draft of the manuscript which was edited by

and alphasatellites di er from betasatellites in being capaiil RB and SM. The nal manuscript was read and approved by all

autonomous replicationNlansoor et al., 1999The interactions authors.

of these satellites with begomoviruses will be the focusitofé
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