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CLASSIQUE (Dellaporta) CLASSIQUE + SDS CLASSIQUE + CHLOROFORME CLASSIQUE + SDS+ CHLOROFORME 

 Pour 50 ml de tampon 
 5 ml Tris 1M ph8,  
 5 ml EDTA 0,5M ph8,  
 5 ml NaCl 5M,  
 au dernier moment : 
 0,23 g Na2SO3  
 500 µL RNase à 10mg/ml 
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 Ajouter 300 µl d'isopropanol 
 Mélanger doucement par retournement 
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ABSTRACT 

Begomoviruses (family Geminiviridae) are frequently detected with alpha- and betasatellites, 

DNA molecules which depend on the virus for maintenance in plant. Except some begomoviruses 

like Cotton leaf curl virus which rely on a specific betasatellite for a full symptomatic infection in 

its natural host plant, most begomoviruses which were frequently detected with satellites do not 

rely on them for infectivity. Although the maintenance of such associations could depend on the 

respective accumulation of both the virus and the satellite, the dynamic accumulations of these 

molecules have poorly been investigated until now. Tomato yellow leaf curl virus ( TYLCV) is 

one of the most damaging begomovirus worldwide. The most invasive strains, Mediterranean IL 

and Mld, were almost never detected in association with satellites, although they were 

experimentally proved to transreplicate them, particularly betasatellites, with a dramatic increase 

of the TYLCV virulence. The potential maintenance of satellites with TYLCV in tomato plants 

was assessed by testing the relative intra-plant accumulation of TYLCV and satellites and the 

transmission efficiency of satellites by the natural whitefly vector of TYLCV, Bemisia tabaci. 

Three satellites previously isolated from okra in Burkina Faso, were shown to be transreplicated 

by TYLCV in tomato plants: Cotton leaf curl Gezira betasatellite (CLCuGB), Cotton leaf curl 

Gezira alphasatellite (CLCuGA) and Okra leaf curl Burkina Faso alphasatellite (OLCBFA). The 



dynamic of TYLCV and satellite DNAs monitored between 11 and 150 days post-inoculation 

(dpi) by quantitative PCR (qPCR) revealed that alphasatellites did not impact the virus DNA 

accumulation whereas CLCuGB accumulated at the expense of the virus from 18 dpi. Although 

the ratio virus:satellite amount varies over time, satellites were maintained in all test plants up to 

150 dpi. Transmission with B. tabaci from TYLCV+CLCuGB or TYLCV+OLCBFA-infected 

tomato plants revealed that both satellites were transmitted in more than 50% of TYLCV-infected 

plants at 32 dpi and in more than 30% of TYLCV-infected plants for CLCuGB at 150 dpi. The 

possible maintenance of satellites by TYLCV is discussed in the light of these results. 

 

INTRODUCTION 

Begomoviruses are circular single stranded plant DNA viruses belonging to the family 

Geminiviridae. The first begomovirus genomes to be characterized comprised two genome 

components of about 2600 nts (A and B components), and the very first was the genome of Bean 

golden mosaic virus, the type member of begomoviruses (Haber et al., 1981). Ten years later, 

Tomato yellow leaf curl virus ( TYLCV) was the first begomovirus species for which a 

monopartite genome was reported (Dry et al., 1993; Kheyr-Pour et al., 1991; Navot et al., 1991); 

the single component was similar to the A component of bipartite begomoviruses. About ten years 

later, two circle DNA subviral agents of half the size of begomovirus components were detected 

essentially in association with monopartite begomoviruses but sometimes also with bipartite 

begomoviruses. As their homology with begomovirus genomes was extremely limited and as they 

depended on begomoviruses for their propagation —two features consistent with the definition of 

satellite DNA— they were named betasatellite and alphasatellite. The Ageratum yellow vein 

betasatellite (AYVB) was shown to depend on Ageratum yellow vein virus (AYVV) for 

replication, and encapsidation (Dry et al., 1993; Saunders et al., 2000). Betasatellites encode a 

multifunctional protein named betaC1which was reported to enhance symptom expression (Cui et 

al., 2004; Saunders et al., 2004), to suppress transcription gene silencing and post transcription 

gene silencing (Cui et al., 2005), and to be involved in virus movement (Patil and Fauquet, 2010; 

Saeed et al., 2007). Whereas betasatellites do not exhibit any homology with any genome, the 

alphasatellites are homologous to nanovirus components. Indeed, they encode a replication 

associated protein (Rep) which is similar to the Rep gene of nanoviruses (Saunders and Stanley, 

1999). Alphasatellites were often detected in association with begomovirus/ betasatellites 

complexes (Briddon et al., 2004; Xie et al., 2010). Their effect on helper virus is much less 

pronounced than that of betasatellites. Unlike betasatellites, alphasatellites do not modulate virus 



symptoms except in two instances where alphasatellites were reported to attenuate them (Idris et 

al., 2011; Wu and Zhou, 2005). Most alphasatellites have no or a very low effect, if any, on the 

helper virus accumulation (Briddon et al., 2004; Kumar et al., 2015; Kumar et al., 2014). 

However, a significant decrease has been observed in some cases (Kon et al., 2009; Saunders et 

al., 2002; Wu and Zhou, 2005). Two alphasatellites, Gossypium darwinii symptomless 

alphasatellite (GDarSLA) and the Gossypium mustelinium symptomless alphasatellite 

(GMusSLA) were shown to have strong gene silencing activities (Nawaz-ul-Rehman et al., 2010). 

For some begomoviruses like Cotton leaf curl virus (CLCuV), Tomato yellow leaf curl China 

virus (TYLCCNV) or AYVV, betasatellites are indispensable for efficient infectivity and wild-

type symptom development in their natural host plant (Cui et al., 2004; Mansoor et al., 1999). For 

other begomoviruses, they are dispensable and are not always found in co-infection with them. 

Indeed, analysis of field samples and infectivity studies revealed that although Tomato leaf curl 

Ghana virus (ToLCGV) and Tomato yellow leaf curl Mali virus (TYLCMLV) could be 

occasionally associated with betasatellite, they did not require it for induction of disease 

symptoms (Chen et al., 2009; Kon and Gilbertson, 2012). Finally, there are begomoviruses, 

particularly those from Mediterranean, Southern African and NW regions, which were never 

reported in association with betasatellites. This is for example the case of Tobbaco leaf curl and 

tomato leaf curl virus species from the South West Indian Ocean Islands (Lefeuvre et al 2007) and 

of the TYLCV strains of the Mediterranean Basin, namely Israel (IL) and Mild (Mld). It is 

presently not clear if the absence of betasatellites with these viruses is merely due to the fact that 

betasatellites are not present in those geographic regions which would have obviously limited the 

betasatellite/begomovirus encounters, or if they are not adapted to maintain betasatellites. 

TYLCV-IL and TYLCV-Mld have been reported to transreplicate efficiently betasatellites from 

different origin in experimental conditions and always with an increase of symptom severity. 

TYLCV is the major and most damaging tomato begomovirus and a potential increase of its 

virulence induced by an invading betasatellite with possible tolerance breaking of the cultivars 

extensively used in the Mediterranean countries may have dramatic consequences on tomato 

production. Such a risk cannot be excluded because a Middle Eastern strain of TYLCV ( TYLCV-

OM) (Khan et al., 2014; Khan et al., 2008) and a TYLCV related species from Mali (TYLCMLV) 

(Chen et al., 2009) were reported with betasatellites in natural conditions.  

However, the capacity of these viruses to maintain satellites has never been investigated. The 

objective of this study was to address this question by monitoring accumulation dynamics of 

satellite and viral DNA in plants co-inoculated with the non-betasatellite associated TYLCV-Mld 



and various satellite combinations. TYLCV-Mld has been experimentally shown to transreplicate 

AYVB and assist it for transmission with Bemisia tabaci, the natural whitefly vector of 

begomoviruses. However there has been no quantification of the viral and the betasatellite DNA 

and the possible impact of an alphasatellite on the betasatellite- TYLCV-Mld complex has not 

been evaluated. To fill these gaps and assess the possibility of a sustainable association of 

TYLCV-Mild with satellites tomato plants were co-inoculated with TYLCV-Mld and various 

combinations of two alpha and one betasatellite from Burkina Faso. Viral and satellite DNA 

accumulations were monitored overtime between 18 and 150 days post inoculation (dpi) and 

vector transmission efficiency of satellites was assessed at 32 and 150 dpi.  

MATERIAL AND METHODS 

Virus and satellites  

The Mild strain of Tomato yellow leaf curl virus ( TYLCV-Mld, accession no AJ865337) isolated 

from tomato plants (Solanum lycopersicum) in Réunion island in 2002 (Delatte et al., 2005) was 

used as helper virus with three satellites isolated from okra in Burkina Faso (Tiendrébéogo et al., 

2010): Cotton leaf curl Gezira betasatellite (CLCuGB, database accession number FN554575), 

Cotton leaf curl Gezira alphasatellite (CLCuGA, database accession number FN554580) and Okra 

leaf curl Burkina Faso alphasatellite (OLCBFA, database accession number FN554581). 

The full length genomes of alpha- and betasatellites were released from their pGEM-T Easy vector 

with restriction enzyme (PstI for CLCuGB and CA and BamHI for OA) and ligated as a tandem 

repeat into the unique corresponding restriction site of pCambiOA300. Agrobacterium 

tumefaciens strain C58 MP90 was then transformed with each of the recombinant plasmid by 

electroporation. 

Plant inoculation, experimental design, and growth conditions 

The transformed A. tumefaciens clones were grown at 28°C in a liquid LB medium containing 

kanamycin (50 mg/ml) and gentamycin (20 mg/ml). After about 26 h, when suspensions reached 

optical densities (OD) of about 3 to 5, the agroinfectious bacteria cultures for TYLCV-Mld and 

satellites were adjusted to identical ODs with LB medium. The equally concentrated virus and 

satellite cultures were centrifuged 20 min at 1,000 g and each pellet was resuspended in water 

(same volume as the pelleted volume) containing 150 mM acetosyringone and 10 mM MgCl2. For 

mixed virus-satellite infections the same procedure was used except that the same volumes of 

equally concentrated virus and satellite containing cultures were mixed before centrifugation. The 

resuspension volume of the mixed inoculums was such as the concentration of virus containing 



agrobacteria was identical in mixed and single infections. Fourteen day old tomato plants of the 

susceptible cultivar ‘Monalbo’ (INRA) were agroinfiltrated in cotyledons (Vuillaume et al., 2011). 

Each of the following combinations of agroinfectious cultures were inoculated to 30 to 125 tomato 

plants in “Experiment 1”: TYLCV alone (T), TYLCV and each of the three sallelites: TYLCV + 

CLCuGB (T+B), TYLCV+CLCuGA (T+CA) and TYLCV + OLCBFA (T+OA); and TYLCV 

with combinations of beta- and alphasatellites (T+B+CA, T+B+OA). The inoculated plants were 

randomized within 5 blocks in the containment chamber, each block containing 6 to 25 plants of 

each treatment. Only plants detected positive at 18 dpi for the agroinoculated clones were kept for 

further samplings. Those plants were re-organized so that each of the five blocks contained 3 to 9 

plants of each treatment. Samples were collected at 11, 18, 25 and 32 dpi. 

Two subsequent independent experiments including some virus/satellite combinations and 

sampling dates of “Experiment 1” were conducted. In “Experiment 2”, 30 tomato plants were 

inoculated with T, T+B or T+CA. In “Experiment 3”, 20 tomato plants were inoculated with T or 

T+B. Plants were sampled at 18, 32 and 150 dpi. 

The negative control consisted of tomato plants inoculated with A. tumefaciens clone containing 

an “empty” plasmid. Tomato plants were grown in containment chambers under 14 h light at 

26°C, and 10 h dark at 24°C and irrigated with 15:10:30 NPK+ oligoelements. Each plant sample 

from which DNA was extracted for real time PCR analysis consisted of 5 leaf discs of 5 mm 

diameter collected from the youngest unfolded leaf. 

Extraction of total DNA 

Total DNA was extracted using a modification of a reported protocol (Dellaporta et al., 1983): 

each leaf sample was ground in 400 µL of 100 mM Tris-HCl buffer (pH 8.0), containing 50 mM 

EDTA, 500 mM NaCl and 1% (weight/vol) SDS. The extract was incubated at 65°C for 10 min 

and centrifuged at 16,000 g for 10 min. One volume of isopropanol was added to the supernatant. 

The mix was centrifuged at 16,000 g for 20 min and the pellet washed with 70% ethanol. The 

pelleted DNA was resuspended in 50 µL sterile water and stored at –20°C if not used 

immediately. 

Quantitative PCR conditions  

The total amount of virus and satellite in each plant sample was determined by SYBR Green real-

time (qPCR). The 10 μL reaction mixture consisted of 5 µL LightCycler FastStart DNA Master 

Plus SYBR green I kit Mix (Roche, Germany), 0.3 μM of each primer (Table 1), and 2 µL of a 

1/100 dilution of the template DNA extract. TYLCV primers were designed in the AC2/AC3  



Table 1: Primers for the quantification of TYLCV and satellites DNA by real time PCR 

Primer name Primer sequence 
Annealing 

temperature 

 TYLCV 
TYM 1431-F CTTAAGAAATGACCAGTCTGAGT 

 60 °C 
TYM 1576-R AGATTCAACCACAACATCAGG 

Beta 
CLCuGB-343-FW AACCCATTCATTATTTC 

52 °C 
CLCuGB-424-Rev CGTTCATCATACCATA 

Alpha1 
CLCuGA-213-fw GAATTGAACCCCCATCTGGAGA 

60 °C 
CLCuGA-293-rev CCTAGTTTCTTCTTTCATGC 

Alpha2 
OLCA-FW ATGAATAAAGATTCACA 

 50 °C 
OLCA-rev CAATTCAGACAGACGCT 

25S gene 
25SRNA1137 Fw AGAACTGGCGATGCGGGATG 

 60 °C 
25SRNA1297Rev GTTGATTCGGCAGGTGAGTTGT 

 

  



region,CLCuGB primers in the betaC1 gene, and alphasatellite primers in their Rep gene. Two 

technical replicates per sample were amplified. Amplification conditions were 95 °C for 10 min, 

followed by 40 cycles of 10 s at 95 °C, 30 s at annealing temperature (Table 1), and 20 s at 72°C. 

To standardize all measurements of viral and satellite DNA accumulations, the amount of plant 

DNA in each extracted sample was estimated in parallel with a qPCR test targeting the 

endogenous 25S RNA gene; the amplification conditions were the same as above except that the 

time of annealing was 20 s and of elongation 10 s. PCR efficiencies were assessed with standard 

curves obtained by the amplification of serial tenfold dilution of the recombinant plasmids 

containing each target sequence; efficiencies ranged from 88% to 93%. All PCR fluorescence data 

were analyzed using the 2nd derivative max function of the LightCycler480 Software and the 

program LinRegPCR, (Ruijter et al., 2009) coupled to Pfaffl’s quantification model (Pfaffl, 2001). 

The starting concentration of the target, called N0, is expressed in arbitrary fluorescence units per 

sample. N0 was calculated for each well from the values of the fluorescence threshold (Ft), the 

mean PCR efficiency of the corresponding qPCR plate (Emean) derived from the individual well 

efficiencies, and the fractional number of cycles needed to reach the fluorescence threshold (Ct): 

N0 = Ft/Emean
Ct

 

 

After checking key quality control points, technical replicates, and negative and positive controls, 

the N0 values of the targets (virus or satellite) were calibrated with the N0 of the endogenous 25S 

RNA gene determined for each sample. The calibrated value (CV) was calculated as follow: 

 

As CV is the ratio of numbers having the same arbitrary fluorescence unit, CV has no unit and 

was used only to define relative DNA accumulation. 

Finally, as SYBR
TM

 Green I is a dsDNA intercalating molecule (Zipper et al., 2004), the 

fluorescence of an amplicon depends on its size. To weight the CV values according to the size of 

the satellite and virus amplicons, a size-relative CV (CVr) was calculated: 

 

A positive detection threshold was determined for the virus and the satellites as 3 times the mean 

N0 of 11 healthy plant samples tested with the corresponding primer pairs. 

  



Insect transmission by the vector B. tabaci  

The efficiency of whitefly transmission of TYLCV, OLCBFA and CLCuGB was assessed by 

determining the percentage of infected plants following inoculation with female whiteflies in three 

different experiments. In “Experiment V1”, B. tabaci individuals were from a Q2 type population 

of the putative species Mediterranean (Med), originally collected from Hyeres in the South east 

region of France) and reared on cucumber plants before the test. Transmission test were performed 

with source plants exhibiting the following infection status: TYLCV alone, TYLCV + OLCBFA, 

or TYLCV-CLCuGB. For each infection status, approximately 400 young adults were given an 

acquisition access period (AAP) of 48h on each of three individually caged infected tomato plants 

29 dpi. At the end of the AAP, two females selected after observation under a stereomicroscope 

were transferred to 14-day old tomato plants for a 120h- inoculation access period (IAP). At 30 

dpi, presence of TYLCV and CLCuGB were detected from symptom observation. For the 

identification of OLCBFA-infected tomato plants, detection was performed by qPCR using 

specific primers (Table 1).  

The source plants used in “Experiment V2” were infected with TYLCV or TYLCV+CLCuGB. 

The experimental conditions were the same as those of “Experiment 1” except that the B. tabaci 

population was of the Q1 type of the putative Med species, a population originally collected from 

Angers in the North west region of France and reared on cucumber plants before the test. 

The experimental conditions of “Experiment V3” were the same as “Experiment V2” except that 

source plants were tested following different infection periods, 32 and 150 dpi, and that three 

females instead of two were used for each test plants; two females were transferred to test plants 

as in the previous experiment and a third one from the same AAP population was transferred the 

following day. 

Statistical analysis 

All statistical analyses concerning virus and satellite accumulations were performed using R 

Studio software, version 3.0.3. (R_Development_Core_Team, 2010). At each of the four sampling 

time points (11, 18, 25 and 32 dpi), ANOVA tests were used to compare within host DNA 

accumulation (after a log transformation of CVr data) of each target between between treatments, 

and to compare different targets within plants. The nature and results of each statistical test are 

indicated in the section “Results”. The transmission efficiencies were analysed with a generalized 



linear model (GLM) and a hierarchical GLM model with a binomial distribution (JMP 11, SAS 

Institute Inc, Cary,North Carolina, USA). 

 

RESULTS 

 

1. Virus and satellite infection 

Tomato plants were agroinoculated with TYLCV-Mld, alone (T) or with the following satellites: 

betasatellite CLCuGB (T+B), alphasatellite CLCuGA (T+CA), alphasatellite OLCBFA (T+OA), 

CLCuGB + CLCuGA (T+B+CA), or CLCuGB + OLCBFA (T+B+OA). The DNA level of each 

component was assessed in the plants of each treatment sampled at 11, 18, 25 and 32 dpi. The 

expected infection pattern was obtained in 80% of the plants inoculated with T and T+B , in 46% 

with T+CA, in 72% with T+CA, 27% with T+B+CA and 49% with T+B+OA (Table 2). Only 

plants exhibiting the expected infection profile in each treatment at 18 dpi were used for symptom 

observation and growth measures at 32 dpi (Table 3). The typical yellow leaf curl symptoms 

observed at 32 dpi on plants infected with TYLCV alone (Fig. 1) were not distinguishable from 

those of plants co-infected with alphasatellites (T+CA, T+OA). However, any plant containing the 

betasatellite (T+B, T+B+CA, T+B+OA) exhibited a typical symptom pattern consisting of severe 

downward leaf curling and stunting (Fig.1). 

The impact of viral and satellite infections on plant growth was estimated by measuring plant 

heights at 32 dpi (Fig.2, Experiment 1). The plants of the T and T+OA treatments were not 

significantly different from the mock agroinoculated plants whereas the plants of the other 

treatments were significantly smaller. The height of the plants infected with TYLCV alone was 

similar to that of the plants coinfected with T+OA or T+CA but significantly higher than that of 

plants coinfected with CLCuGB (T+B, T+B+CA and T+B+OA). Thus, the plants in which the 

betasatellite was detected were in average 25% smaller than plants infected with the virus alone.  

 

2. Comparison of the accumulation dynamics of TYLCV and satellite DNAs  

Using the calibrated fluorescence values CVr derived from the qPCR tests, the level of viral and 

satellite DNAs within plants was compared within and between treatments (Fig. 3). Only plants 

which proved positive by qPCR for the detection of all agroinoculated clones at 18 dpi were used 

for DNA quantifications and analysis (Table 3). At 11dpi, the level of TYLCV DNA was higher 

than that of any satellite DNA irrespective of the treatment. In many plants, at least one of the  



 

Table 2: Infection rate of agroinoculation of TYLCV with different satellites. 
a
 
:
Number of plants infected with satellites/Number of inoculated plants (percentage) 

Inoculum Infectivity 
a
 

Mock (empty plasmid)  

TYLVC 24/30 (80%) 

 TYLCV+CLCuGA 23/50 (46%) 

 TYLCV+OLCBFA 36/50 (72%) 

 TYLCV+CLCuGB 41/50 (82%) 

 YLCV+CLCuGB+CLCuGA 34/125 (27%) 

 YLCV+CLCuGB+OLCBFA 37/75 (49%) 

 

Table 3 : Number of plants tested by qPCR per treament and per experiment. T: TYLCV; T+B : 

TYLCV+CLCuGB; T+CA : TYLCV+CLCuGA; T+OA: TYLCV+OA; T+B+CA : 

TYLCV+CLCuGB+CLCuGA; T+B+OA : TYLCV+CLCuGB+OA  

 dpi T T+B T+CA T+OA T+B+CA T+B+OA 

Experiment 1        

 11 23 17 23 21 17 21 

 18 22 22 20 21 22 23 

 25 21 23 22 21 24 24 

 32 23 23 23 22 22 22 

Experiment 2         

 18 5 17 18    

 32 5 19 20    

 150 5 15 14    

Experiment 3         

 18 14 12     

 32 13 12     

 150 16 12     



 

Fig. 1: Leaf symptoms observed on tomato plants infected with TYLCV or with TYLCV + 

CLCuGB at 32 and 150 dpi. 

 

 

Fig. 2: Growth estimation at 32 

days post inoculation of tomato 

plants infected with TYLCV and 

different combination of satellites.  

TYLCV (T),  

TYLCV+CLCuGB (T+B), 

TYLCV+CLCuGA (T+CA), 

TYLCV+OLCBFA (T+OA) 

TYLCV+OLCBFA+CLCuGB 

(T+OA+B), 

TYLCV+CLCuGA+CLCuGB 

(T+CA+B). 

 Healthy plants were used as 

control. Boxplots with different 

letters indicate significant 

differences between treaments 

(Tukey’s test, p=0.05). 

  



inoculated components was below the positive detection threshold at 11 dpi: 43% in T+CA, 38% 

in T+OA, 11% in T+B, 25% in T+B+CA, 47% in T+B+OA. Interestingly, the plants which were 

negative for the detection of alphasatellites (25 to 43% depending on the treatments) were more 

frequent than those which were negative for the detection of the betasatellite (0 to 16%) or 

TYLCV (4 to 8%). At 18, 25 and 32 dpi, the amount of CLCuGB DNA was strikingly higher than 

that of TYLCV except in treatment T+B+OA at 18 and 32 dpi (Fig. 3). Interestingly the 

dominance of CLCuGB DNA over TYLCV DNA is not only due to a high accumulation of 

CLCuGB per se, but also because of the low level of TYLCV DNA accumulation in these plants 

compared to that of plants infected with TYLCV only (T) (Fig 3). Unlike levels of betasatellite 

DNA which were consistently higher than those of TYLCV DNA at the three last sampling dates, 

levels of alphasatellite CA was always lower than that of TYLCV DNA except at 32 dpi for 

treatment T+CA (Fig. 3). The levels of OLCBFA DNAs were above, similar or below that of 

TYLCV DNA depending on treatment and collection dates.  

The highest DNA accumulation of TYLCV was at 18 dpi in all the treatments (Fig 4). The 

accumulation dynamic of betasatellite DNA was similar between the three treatments (T+B, 

T+B+CA, T+B+OA) but the highest accumulation was at 25 dpi (Fig. 5). The accumulation 

dynamic of the CA alphasatellite DNA was similar between the two treatments (T+CA, T+B+CA) 

with a general increase over time (Fig 5). However, the accumulation dynamic of the OA 

alphasatellite DNA was different between the T+OA and T+B+OA, particularly between the 

samples collected at 18 and 25 dpi (Fig. 5). 

 

3.  Interactions between alpha- and beta-satellite DNAs 

Interactions between satellites were revealed by comparing their accumulations in association with 

TYLCV alone or in association with TYLCV and another satellite. Such a comparison revealed 

that OLCBFA but not CLCuGA had a negative impact on the DNA accumulation of the 

betasatellite (Fig. 5). Indeed the DNA accumulation of the betasatellite at 32 dpi was significantly 

lower in plants of treatment T+B+OA compared to plants of treatment T+B. Inversely, the 

betasatellite had a negative impact on the DNA accumulations of OLCBFA at 25 dpi (Fig.5). The 

accumulation of CLCuGA was also decreased by the betasatellite at 18, 25 32 dpi but the 

difference was not significant. Intriguingly, the betasatellite impact was positive on the DNA 

accumulation of OA at 18 dpi 

  



. 

 

 

 

 

 

 

 Fig 3: Accumulation of virus and satellite DNA 

at 11, 18, 25 and 32 days post inoculation (dpi) 

in tomato plants infected with either TYLCV 

alone or TYLCV with different combination of 

satellites.  

Virus ( TYLCV) and satellite DNA were 

quantified with real-time PCR on individual 

plant samples in the different treatments:  

 TYLCV (T), TYLCV+CLCuGB (T+B), 

TYLCV+CLCuGA ( T+CA), 

TYLCV+OLCBFA (T+OA) 

TYLCV+OLCBFA+CLCuGB (T+OA+B), 

TYLCV+CLCuGA+CLCuGB (T+CA+B). 

 A size-relative calibrated value (CVr) 

calculated with the fluorescence emitted by the 

amplification products and with the size of the 

amplicons provided DNA accumulation 

measures comparable between virus and satellite 

targets.  

Within the boxes, the horizontal line indicates 

the median value (50% quantile), the box itself 

delimits the 25% and 75% quantiles, and the 

vertical lines represent the normal range of the 

values.  

Red boxes correspond to the TYLCV-Mld 

genome, blue boxes to the CLCuGA genome, 

pink boxes to the OLCBFA genome and yellow 

boxes to the CLCuGB genome.  

Boxplots with different letters indicate 

significant differences between samples at each 

date of sampling (Tukey’s test, p=0.05).  

 



4. Negative impact of alpha- and betasatellites on the DNA accumulation of TYLCV 

The accumulation of TYLCV DNA of plants co-infected with satellites was mostly lower than that 

of plants infected with TYLCV alone at the three latest sampling dates (Fig. 4). The three satellites 

could be distinguished by the intensity of their impact on TYLCV DNA accumulation. The 

highest impact was observed with the betasatellite: in all the treatments including the betasatellite, 

the accumulation of TYLCV DNA was significantly lower than that in the TYLCV treatment (T) 

without satellites. Alphasatellites did not modulate this negative impact on TYLCV as the TYLCV 

DNA accumulation was similar in the three treatments including the betasatellite, irrespective of 

the sampling date. The second highest impact was observed with OLCBFA. The accumulation of 

TYLCV DNA in treatment T+OA was significantly lower than that in treatment T at 32 dpi. 

CLCuGA has no significant impact on TYLCV DNA accumulation. In spite of the deleterious 

effect of CLCuGB and OLCBFA on the DNA accumulation of TYLCV, the accumulation 

dynamic of TYLCV was conserved. Indeed, in all the treatments, the highest DNA accumulation 

of TYLCV was at 18 dpi.  

 

5. Testing the maintenance of TYLCV and satellites up to five months post inoculation 

In view of the gradual decrease of TYLCV DNA accumulation induced by CLCuGB over the last 

three sampling times, it was not known if the decrease may continue beyond 32 dpi and eventually 

induce a decline of TYLCV. Inversely, as TYLCV-Mld is not a satellite-associated begomovirus, 

it was not known how long its assistance to satellites may continue beyond 32 dpi. To answer 

these questions, we monitored TYLCV and satellite DNA accumulation at 18, 32 and 150 dpi in 

two other experiments. In Experiment 2, tomato plants were agroinoculated with T, T+B and 

T+CA, and in Experiment 3, with T and T+B. 

The symptoms observed at 32 dpi on the plants agroinfected in Experiments 2 and 3 were similar 

to those observed in the first experiment (Fig. 1). The symptoms observed at 150 dpi were milder 

than those observed at 32 dpi.  

Like in Experiment 1, CLCuGB exhibited a deleterious effect on the accumulation of TYLCV 

DNA at 18 and 32 dpi in both supplementary experiments, 2 and 3 (Fig. 6 and 7). Likewise, as in 

Experiment 1, CLCuGA did not exhibit any deleterious effect on TYLCV DNA accumulation at 

18 and 32 dpi in Experiment 2. The presence of CLCuGA was even beneficial to TYLCV at 18 

dpi in (Fig.6). The infectious status of the plants tested at 32 and 150 dpi was identical indicating 

that neither the virus, nor the satellites have decreased below their detection level. At 150 dpi, the  



 

Fig.4: Accumulation of TYLCV DNA at 11, 18, 25 and 32 days post inoculation in tomato plants 

infected with TYLCV either alone or with different combination of satellites. TYLCV DNA was 

quantified with real-time PCR on individual plant samples in different treatments: TYLCV (T), 

TYLCV+CLCuGB (T+B), TYLCV+CLCuGA (T+CA), TYLCV+OLCBFA (T+OA), 

TYLCV+OLCBFA+CLCuGB (T+OA+B) and TYLCV+CLCuGA+CLCuGB (T+CA+B). DNA 

accumulation and box plots are as in Figure 3. The color of each treatment is given at the top of 

each graph. Boxplots with different letters indicate significant differences between samples at 

each date of sampling (Tukey’s test, p=0.05).  

  



 

Figure 5: Accumulation of CLCuGA, CLCuGB and OLCBFA DNA at 11, 18, 25 and 32 days post inoculation in tomato plants infected with TYLCV and 

different combination of satellites.  

Satellite DNA was quantified with real-time PCR on individual plant samples in different treatments: TYLCV+CLCuGB (T+B), TYLCV+CLCuGA 

(T+CA), TYLCV+OLCBFA (T+OA), TYLCV+OLCBFA+CLCuGB (T+OA+B) and TYLCV+CLCuGA+CLCuGB (T+CA+B). DNA accumulation and 

box plots are as in Figure 3. Boxplots with different letters indicate significant differences between samples at each date of sampling (Tukey’s test, p=0.05).  



DNA accumulation of TYLCV was similar in T and T+B treatments in both experiments (Fig. 6 

and 7) indicating that the deleterious effect of CLCuGB on TYLCV accumulation detected up to 

32 dpi has disappeared at 150 dpi. CLCuGA has no detectable effect on the accumulation of 

TYLCV DNA at 150 dpi. At 150 dpi, the amount of TYLCV and CLCuGB DNA in plants of T+B 

treatment is similar to the amount of TYLCV in plants of the T treatment. Interestingly CLCuGA 

DNA accumulation is significantly higher than that of the virus and CLCuGB at 150 dpi, 

irrespective of the treatment.  

 

6. Vector transmission of TYLCV and satellites 

As the DNA of CLCuGB and OLCBFA were shown to accumulate at higher levels than the DNA 

of TYLCV at 32 dpi (Fig. 3), it was thought that they may be readily transmitted by the vector B. 

tabaci from such plants. However as they also have a deleterious effect on TYLCV DNA 

accumulation at 32 dpi, they may have also a negative impact on the transmission efficiency of 

TYLCV. These assumptions were tested with two transmission experiments in which tomato 

plants were used as source at 32 dpi. In Experiment V1, three source plants agroinfected with 

TYLCV alone (T), three with TYLCV and CLCuGB (T+B) and three with TYLCV and OLCBFA 

(T+OA) were sampled at 32 dpi to assess virus and satellite DNA accumulation at the beginning 

of the acquisition access period (AAP). As in Experiment 1 (Fig. 3), both satellites had a 

deleterious effect on TYLCV DNA accumulation of (Fig. 8). As expected, the transmission 

efficiency of TYLCV was infected with TYLCV alone (21.9%). As in Experiment 1, both 

satellites accumulated at higher levels than TYLCV (Fig. 8). As expected, OLCBFA was readily 

transmitted with 75% of the TYLCV-infected test plants (8 plants) which tested positive for the 

OLCBFA (Suppl. Table 1). The transmission efficiency of CLCuGB was lower, with 50% of the 

TYLCV-infected test plants (6 plants) exhibiting the typical symptoms associated with CLCuGB.  

In Experiment V2, the transmission efficiency of CLCuGB was tested again but with a different 

Med biotype (Q1 instead of Q2). As in the previous experiments, the CLCuGB exhibited a 

deleterious effect on TYLCV DNA accumulation and its accumulation was at a higher level than 

that of TYLCV (Fig. 8). As expected, the transmission efficiency of TYLCV was lower with 

plants coinfected with CLCuGB (5.9%) than with plants infected with TYLCV alone (13.1%) and 

the difference was significant (p-value=0.0342) (Suppl. Table 1). CLCuGB was readily 

transmitted with 100% of the TYLCV-infected test plants (6 plants) exhibiting the typical 

symptoms associated with CLCuGB. Compared to experiment V1, this higher efficiency may be 



due to the contrasted ratio of CLCuGB/ TYLCV DNA accumulation between the two 

experiments, 10 in Experiment V2 and only 1.5 in Experiment V1 (Fig. 8).  

Unlike the DNA accumulation patterns assessed at 32 dpi where the amount of CLCuGB DNA 

was about 5 times higher than that of TYLCV DNA (Figs 3, 6, 7, 8) and where CLCuGB had a 

deleterious effect on viral DNA accumulation, at 150 dpi instead, the DNA amounts of CLCuGB 

and TYLCV irrespective of the treatment were all similar (Figs 6, 7). To test if these contrasted 

accumulation patterns may have an effect on transmission efficiencies of TYLCV and CLCuGB, 

32 dpi and 150 dpi source plants were compared in Experiment V3. As in the previous 

experiments, the CLCuGB exhibited a deleterious effect on TYLCV DNA accumulation at 32 dpi 

and its accumulation was at a higher level than that of TYLCV (Fig. 8B). Unexpectedly however, 

the DNA accumulation pattern obtained with the 150 dpi plants was different from that obtained 

in Experiment 2 and 3. Indeed, instead of the similar DNA accumulations obtained previously, the 

three monitored DNA accumulations were significantly different with that of TYLCV alone being 

the highest, followed by that of TYLCV in coinfection, and the lowest being that of CLCuGB 

(Fig.8). CLCuGB was transmitted in 4 of the 13 (30%) TYLCV-infected plants at 150 dpi while it 

was transmitted in 64% of TYLCV infected plants at 32 dpi. This result is consistent with the 

DNA accumulation of CLCuGB in the 150 dpi source plants which is lower than that of the 32 dpi 

plants (Fig.8C); a similar difference of CLCuGB amount was detected in Experiments 2 and 3 

(Figs 6 and 7). The transmission rate of TYLCV was significantly higher from TYLCV infected 

plants (19.9%) than from TYLCV+CLCuGB infected plants (10.5%; Fig.9C, Suppl. Tables 1C 

and 2). This result is consistent with the significant difference of TYLCV DNA accumulation 

between OT and OT+B source plants (Fig 9C). Unfortunately, contrasted transmission frequencies 

(10-45%) were recorded between the three 32 dpi source plants infected with TYLCV alone which 

compromised the reliability of the transmission efficiency assessment for this treatment (Suppl. 

Tables 1C). The apparent absence of deleterious effect of CLCuGB on TYLCV transmission 

efficiency as observed in Experiment V1 and V2 may be due to a technical problem in this 

treatment.  

To summarize, OLCBFAand CLCuGB are readily transmitted from 32 dpi source plants (50-

100% success) and the transmission efficiency of betasatellite tested with 150 dpi source plants 

was lower (30%). The transmission efficiency of TYLCV is consistently reduced when its DNA 

accumulation is reduced in source plants coinfected with beta- or alpha-satellites. 

 



 

Fig. 6 : Accumulation of virus and satellite DNA at 18, 32 and 150 days post 

inoculation in tomato plants infected with TYLCV (T), TYLCV+CLCuGB 

(T+B), and TYLCV+CLCuGA (T+CA). 

 TYLCV and satellite DNA was quantified with real-time PCR on individual 

plant samples in the different treatments. DNA accumulation and box plots are 

as in Figure 3. Red boxes correspond to the TYLCV-Mld genome, blue boxes 

to the CLCuGA genome, and yellow boxes to the CLCuGB genome. Boxplots 

with different letters indicate significant differences between samples at each 

date of sampling (Tukey’s test, p=0.05).  

 

 

Fig. 7 : Accumulation of TYLCV and CLCuGB DNA at 18, 32 

and 150 days post inoculation in tomato plants infected with TYLCV 

(T) or TYLCV+CLCuGB (T+B). TYLCV and CLCuGB DNA were 

quantified with real-time PCR on individual plant samples in 

different treatments. DNA accumulation and box plots are as in 

Figure 3. Red boxes correspond to the TYLCV-Mld genome, and 

yellow boxes to the CLCuGB genome. Boxplots with different letters 

indicate significant differences between samples at each date of 

sampling (Tukey’s test, p=0.05) 
with different letters indicate significant differences between samples at each 

date of sampling (Tukey’s test, p=0.05).
sampling  



 

Fig. 8: TYLCV transmission rate and DNA accumulation of virus and satellite in source 

plants. 

Transmission rates were estimated from three source plants per treatment. 20, 30 to 45, and 20 to 

45 tomato test plants were used per source plant in experiment 1, 2 and 3 respectively. Treatments 

are coded as following: 32 dpi TYLCV-infected plants (YT), 150 dpi TYLCV-infected plants 

(OT), 32 dpi TYLCV+CLCuGB-infected plants (YTB), 150 dpi TYLCV+CLCuGB infected 

plants (OTB) and TYLCV+OLCBFA (YTOA). Error bars represent standard deviation between 

source plants. Histogram with different letters indicate significant differences between treatment 

(Fisher’s exact test, p=0.05).  

Accumulation of TYLCV, OLCBFA and CLCuGB DNA were estimated at 32 and 150 dpi in 

tomato plants infected with the different combination described above. DNA was quantified with 

real-time PCR on the three individual source plants of the different treatments in each 

transmission experiment. DNA accumulations are as in Figure 3. Red boxes correspond to the 

TYLCV-Mld genome in 32 dpi-infected plants; green boxes to the TYLCV-Mld genome in 150 

dpi-infected plants, yellow boxes to the CLCuGB genome in treatments YTB and OTB and the 

pink box corresponds to the OLCBFA genome in treatments YTOA. Error bars represent standard 

deviation between source plants.  

plants (OTB) and TYLCV+OLCBFA (YTOA). Error bars represent standard deviation betw

source plants. Histogram with different letters indicate significant differences between treat
 



DISCUSSION 

 

For some begomoviruses like Cotton leaf curl virus, betasatellites were reported to be 

indispensable for a full symptomatic infection in their natural host species. For other 

begomoviruses which were reported at least once with a satellite (alpha or beta) in natural 

conditions, it is generally not known if the association is frequent or merely accidental. At least 

two complementary approaches may be used to address this question: (i) collecting and testing a 

larger number of virus infected plants to determine the frequency of plants co-infected with 

satellites, or (ii) identifying a feature that might be diagnostic of a sustained association between 

virus and satellites. In this paper we propose some original results which may help to find out 

such a feature. These results were generated by monitoring the dynamic of DNA accumulation of 

virus and satellites between 11 and 150 dpi and by assessing the transmission efficiency of virus-

satellite associations compared to that of virus alone. Our approach is original because of the 

following reasons. Firstly, it is the first time that the accumulation dynamic of virus and satellites 

were monitored over such an extended period of infection (11-150 dpi); the measures reported in 

previous studies were generally limited to a single time point except in two reports where the 

accumulation dynamic was monitored between 6 and 65 dpi(Cui et al., 2004; Jyothsna et al., 

2013). Secondly, it is the first time that an experiment was designed and used to compare virus 

DNA accumulation with satellite DNA accumulation; except a single report in which ToLCNDV 

and betasatellite DNA accumlations were measured by qPCR over time but were only compared 

within and not between targets (Jyothsna et al., 2013), the other reports contain estimations of 

viral and satellite DNA accumulations by Southern-blot without any explicit intention to compare 

them to each other. Thirdly, it is the first time that the dynamics of DNA accumulations were 

monitored simultaneously for alpha- and beta-satellites.  

Although TYLCV-Mld was never reported with satellites in natural conditions, it has been shown 

to readily transreplicate AYVB with increased symptom severity (Ueda et al., 2012). Thus, 

TYLCV-Mld was considered as an appropriate candidate to examine this new approach, not only 

because satellite transreplication is possible, but also because a sustainable association of 

betasatellites with one of the most damaging tomato begomovirus would have dramatic 

agronomic consequences. We show here for the first time that TYLCV-Mld can support the 

replication and the systemic spread of CLCuGB, CLCuGA and OLCA in tomato plants, which 

showed that TYLCV-Mld can be a helper virus of large range satellites, including Asian and 

African ones. Moreover, as the monitoring of Experiments 2 and 3 were extended beyond the 



month period which was generally scrutinized in previous studies, we were able to show that the 

support provided by TYLCV-Mld is efficient because it lasts at least up to 5 months after 

infection. Indeed all the plants which were positive for the detection of CLCuGB or CLCuGA at 

18 dpi remained positive at 150 dpi.  

 

The diseased phenotypes of the tomato plants inoculated with the different satellite combinations 

were recorded. OLCBFA and CLCuGA did not modulate the height and the symptoms induced by 

TYLCV. Alphasatellites were reported to have no impact on virus symptoms (Briddon et al., 

2004; Kon et al., 2009)} except in two instances where they attenuated them (Idris et al., 2011; 

Wu and Zhou, 2005). In contrast, plants coinfected with TYLCV and betasatellite presented more 

severe leaf symptoms and were smaller than those infected with TYLCV alone. This is consistent 

with previous results which showed that the severity of symptoms was dramatically increased 

when TYLCV was experimentally coinfected with betasatellite ((Ito et al., 2009; Kon and 

Gilbertson, 2012; Ueda et al., 2012; Zhang et al., 2009). This increase of the symptom severity 

was shown to be caused by protein betaC1, a pathogenicity determinant encoded by the 

betasatellite (Mansoor et al., 2006). The symptoms exhibited by betasatellite infected plants 

coinfected with either of the two alphasatellite presented similar symptoms with plants infected 

only with CLCuGB and TYLCV. Similar observation was reported for numerous 

begomovirus/satellites complexes (Kon and Gilbertson, 2012; Kumar et al., 2015) although some 

alphasatellites were reported to attenuate the symptom induced by the betasatellite (Idris et al., 

2011; Wu and Zhou, 2005). 

DNA accumulation of TYLCV- Mld was consistently and significantly reduced when co-infected 

with CLCuGB. This result was observed in three independent experiments and also when plants 

were co-inoculated with TYLCV, CLCuGB and an alphasatellite. This is in contrast with the nil 

or positive impact of betasatellite on begomovirus accumulation which has been generally 

reported (Jyothsna et al., 2013; Kon and Gilbertson, 2012; Kumar et al., 2013; Li et al., 2005; 

Saunders et al., 2000; Tiwari et al., 2010). A decrease of the virus DNA accumulation was 

however suggested although not stated by the authors, from the Southern-blot analyses in tomato 

plants coinfected with TYLCV and AYVB (Ueda et al., 2012), in Nicotiana benthamiana plants 

coinfected with Eupotarium yellow vein virus and its cognate betasatellite (Saunders et al., 2008), 

and in tomato plants coinfected with Tomato leaf curl Bangalore virus and Luffa leaf distortion 

betasatellite (Tiwari et al., 2010). Such a decrease of DNA accumulation observed for TYLCV-

Mld could be explained by competition effects for access to the replication complex. The same 



competition hypothesis has been proposed to explain the deleterious effect of RNA satellites on 

the accumulation of their helper virus (Roossinck et al., 1992). The fact that alphasatellites did 

not modulate the negative impact of CLCuGB is consistent with their replication autonomy. 

 

The decrease of TYLCV DNA accumulation at 150 dpi in tomato plants infected with TYLCV is 

consistent with previous results showing that TYLCV genome decreased in frequency at the latest 

stage of infection when coinfected with another begomovirus, suggesting that it was outcompeted 

in such situation (Garcia-Andres et al., 2007; Urbino et al., 2013). However it is the first time that 

decrease is shown from plants infected with TYLCV only which indicate that the decrease of 

DNA accumulation is not related to competition with another virus or satellite but is merely 

reflecting the normal virus cycle in tomato plants.  

 

Comparing the dynamics of DNA accumulation of virus and satellites between 11 and 150 dpi is 

revealing some interesting features of virus-satellite interactions. The DNA accumulation of viral 

DNA was significantly higher than that of the satellites at the earliest collection time (11 dpi, 

Experiment 1) whereas at the latest collection time (32 dpi), the amount of satellite DNA was 

similar and for most of them, significantly higher, than that of the virus DNA. The low satellite 

accumulation at the earliest time point is consistent with the dependence status of satellites which 

can only replicate (betasatellite) and move (alpha and beta-satellites) after virus has replicated and 

produced the required proteins. Interestingly this initiation phase is very short and particularly for 

the betasatellite which only needs one more week, and possibly less, to accumulate at a 

significantly higher level than that of the helper virus. Unexpectedly, although alphasatellites are 

autonomous for their replication, their dynamic of accumulation is similar to that of TYLCV 

(Figure 3 and 6). This can be explained by their dependence on the virus coat protein for 

movement. CLCuGB, the replication-dependent satellite, accumulated at a higher level than both 

alphasatellites in tri-infected plants (Figure 6) suggesting that, in addition to its ability to be 

transreplicated by the virus, it is more efficient than alphasatellites to recruit the viral coat protein. 

Moreover, the comparison between the two alphasatellites revealed contrasted interactions with 

the virus and the betasatellite: (i) OLCBFA accumulated more efficiently than CLCuGA, 

irrespective of the satellite combinations, (ii) OLCBFA exhibited a significant deleterious effect 

on betasatellite and virus accumulations whereas CLCuGA had no detectable effect. The more 

efficient replication of OLCBFA may exert a higher need of common resources including the CP, 

which in turn has a negative impact on virus accumulation as previously reported (Kon and 

Gilbertson, 2012; Saunders et al., 2002; Wu and Zhou, 2005) and betasatellite accumulation. The 



contrasted phenotypes of the alphasatellites is consistent with their high nucleotide divergence 

(49%) and amino acid divergence of their Rep (58%) in spite of their common origin; they were 

both isolated from okra plants collected during the same sampling in Burkina Faso (Tiendrébéogo 

et al., 2010). The hypothesis of contrasted replication efficiency may be tested in a leaf disk assay 

or in electroporated protoplasts. 

As the ratio between the amounts of virus and satellite DNAs was changing over time, the 

relative accumulations determined before 32 dpi is apparently not relevant to predict the 

virus/satellite ratio of older plants. One of the major results obtained with the later sampling is 

that the deleterious effect of both beta- and alpha-satellite detected at 32 dpi may disappear in 

further samplings as shown in Experiments 2 and 3. Further tests are needed to test if the 

variations of the virus satellite ratios detected during the first month of infection reach a steady 

state later on, and if so, when it occurs.  

CLCuGB and OLCBFA were shown here to have a negative impact on TYLCV DNA 

accumulation. The transmission efficiency monitored from TYLCV-infected plants with or 

without satellites showed that the transmission efficiency of TYLCV was positively correlated 

with the DNA accumulation. It is supposed that the decrease of DNA accumulation is itself 

correlated with a decrease of the transmissible form of the virus, most probably the virions. Very 

interestingly, whitefly transmission results of a DNA virus and its DNA satellites are very similar 

to aphid transmission results of the RNA virus Cucumber mosaic virus (genus Cucumovirus, 

family Bromoviridae) and its RNA satellites (Escriu et al., 2000). Like TYLCV-Mld, the 

transmissibility of CMV is correlated with viral accumulation, and its accumulation is affected by 

satellites RNAs. Necrogenic RNA satellites increased dramatically the virulence of CMV in 

tomato. Although the RNA satellites were never reported to provide any benefit to CMV and 

were considered as hyperparasites (Alonso-Prados et al., 1998), they have been responsible of 

tomato necrosis epidemics on tomato in France and Spain (Jordá et al., 1992; Marrou et al., 

1973). The fitness components derived from the transmission tests of CMV with or without RNA 

satellites were introduced into deterministic models of virulence evolution, which predicted that 

the emergence of CMV genotypes supporting satRNAs necrogenic for tomato would emerge only 

under some conditions including high density aphid-vector populations (Escriu et al., 2003). 

Thus, it cannot be excluded that TYLCV-Mld supporting betasatellites may also emerge under 

some environmental conditions including high density whitefly-vector populations which may 

compensate the deleterious effect of the satellites on the transmission efficiency of TYLCV. Such 

a scenario is realistic particularly in Asian and African agroecosystems which contain 

betasatellite-associated begomoviruses. Indeed, TYLCV-IL a sister strain of TYLCV-Mld has 



been detected in association with an alphasatellite in Japan (Shahid et al., 2014). Moreover, a 

TYLCV strain from Oman (TYLCV-OM) has been shown to be associated with both a 

betasatellite (Tomato leaf curl betasatellite, ToLCB) and an unusual alphasatellite (Ageratum 

yellow vein Singapore alphasatellite, AYVSGA) (Idris et al., 2011) in tomato plants in Oman. 

The risk of emergence of a TYLCV-Mld/betasatellite association is presently very low in 

Western Mediterranean countries because betasatellites have never been reported. However the 

risk cannot be excluded because betasatellite-associated begomoviruses may be accidentally 

introduced and the recent introduction of Tomato leaf curl New Delhi virus (ToLCNDV) into 

Spain reminds us that it is possible. Fortunately, the isolate of ToLCNDV was apparently 

introduced without any of the satellites reported in association with it in India (Jyothsna et al., 

2013). 
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Supplementary Table 1 Transmission rates of TYLCV and satellites.  

Experiment V1 

Treatment 
Source 

plant 

Number 

of test 

plant 

Number of 

TYLCV 

positive 

Number of 

satellite 

positive 

 TYLCV 

transmission rate 

Satellite 

transmission rate 

YT 1 20 4 
 

0.2 
 

YT 2 20 5 
 

0.25 
 

YT 3 20 3 
 

0.15 
 

YT+OA 1 20 2 1 0.1 0.5 

YT+OA 2 20 3 2 0.15 0.75 

YT+OA 3 20 3 3 0.15 1 

YT+B 1 20 1 0 0.05 0 

YT+B 2 20 4 2 0.2 0.5 

YT+B 3 20 1 1 0.05 1 

Experiment V2 

Treatment 
Source 

plant 
Number of 

test plant 

Number of 

TYLCV 

positive 

Number of 

CLCuGB 

positive 

 TYLCV 

transmission 

rate 

Satellite 

transmission rate 

YT 1 45 8 

 

0.178 

 YT 2 45 5 

 

0.111 

 YT 3 44 4 

 

0.091 

 YT+B 1 45 3 3 0.067 1 

YT+B 2 45 1 1 0.022 1 

YT+B 3 30 2 2 0.067 1 

Experiment V3 

Treatment 
Source 

plant 

Number of 

test plant 

Number of 

TYLCV 

positive 

Number of 

CLCuGB 

positive 

 TYLCV 

transmission 

rate 

Satellite 

transmission rate 

YT 1 20 2   0.100   

YT 2 20 9   0.450   

YT 3 20 2   0.100   

OT 1 45 8   0.178   

OT 2 45 10   0.222   

OT 3 45 8   0.178   

YTB 1 45 11 8 0.244 0.727 

YTB 2 44 13 6 0.295 0.462 

YTB 3 22 4 4 0.182 1.000 

OTB 1 45 4 0 0.089 0.000 

OTB 2 44 4 1 0.091 0.250 

OTB 3 45 5 3 0.111 0.600 

Transmission rates were estimated from three source plants per treatment in experiment 1, 2 and 3 

respectively. Treatments are coded as following:  

YT: 32 dpi TYLCV-infected plants 

OT : 150 dpi TYLCV-infected plants  

YTB: 32 dpi TYLCV+CLCuGB-infected plants  

OTB: 150 dpi TYLCV+CLCuGB infected plants 

YTOA: TYLCV+OLCBFA 

Error bars represent standard deviation between source plants. Histogram with different letters 

indicate significant differences between treatment (Fisher’s exact test, p=0.05). 



Supplementary Table 2 : Mean transmission rates of TYLCV , CLCuGB and OLCBFA  

 
Treatment 

Mean transmission 

rate 
Confidence interval 

Exp 1 
   

 
YT 21.9% [12.7%-33.4%] 

 
YT+B 10.5% [4.1%-20.1%] 

 
YT+OA 15.4% [7.8%-25.9%] 

Exp 2 
   

 
YT 13.1% [8%-19.5%] 

 
YT+B 5.9% [2.4%-11.1%] 

Exp 3 
   

 
YT 19.8% [10.3%-31.8%] 

 
YT+B 24.6% [16.6%-33.6%] 

 
OT 19.9% [13.8%-27%] 

 
OT+B 10.5% [6.1%-16.4%] 

Transmission rates were estimated from three source plants per treatment in experiment 1, 2 

and 3 respectively. Treatments are coded as following:  

YT: 32 dpi TYLCV-infected plants 

OT : 150 dpi TYLCV-infected plants  

YTB: 32 dpi TYLCV+CLCuGB-infected plants  

OTB: 150 dpi TYLCV+CLCuGB infected plants 

YTOA: TYLCV+OLCBFA 

Error bars represent standard deviation between source plants. Histogram with different letters 

indicate significant differences between treatment (Fisher’s exact test, p=0.05).  



 

(Abouzid et al., 1988)

Jeske et al., 2001)

(Mason et al., 2008)
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(Briddon et al., 2002)
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Abstract 

Most Old World begomoviruses are associated with circular ssDNA betasatellites. Although 

betasatellites are generally reported to have a positive impact on DNA accumulation of the 

helper virus, some rare reports suggest a negative effect in some cases. Interestingly, with 

Tomato yellow leaf curl virus, the impact was apparently negative for the Mild (Mld) strain 

whereas a positive impact was shown with the Israel (IL) strain in distinct reports. To further 

investigate the negative impact of a betasatellite on its helper virus, we compared the impact 

of Cotton leaf curl Gezira betasatellite (CLCuGB) on DNA accumulation of TYLCV-Mld and 

TYLCV-IL. We report for the first time that betasatellites can have a negative impact on viral 

DNA accumulation of their helper virus ( TYLCV-Mld), and show the contrasting effect of 

CLCuGB on viral DNA accumulation of TYLCV-IL and TYLCV-Mld irrespective of host 

species (tomato or Datura stramonium). As the major genetic difference between the IL and 

Mld strains resides at the 5’ ends of the Rep gene and the intergenic region, the possible 

contribution of this region to an efficient begomovirus/betasatellite interaction is discussed.  

  



INTRODUCTION 

Plant viruses of the genus Begomovirus (family Geminiviridae) have one or two genomic 

circular single-stranded (ss) DNA components of about 2.8 kb each, and are transmitted by 

the whitefly Bemisia tabaci. Most Old World monopartite begomoviruses are detected with 

circular ssDNA molecules of about 1.3 kb reported as betasatellites [3, 22]. Betasatellites are 

detected only rarely with bipartite begomoviruses and have not been reported from the New 

World. They are considered as DNA satellites because they rely on begomoviruses for their 

encapsidation, replication, movement and spread by B. tabaci. The betasatellite genome 

encodes a protein (betaC1) that acts as a symptom/pathogenicity determinant. betaC1 was 

reported as a suppressor of PTGS (post-transcriptional gene silencing) and is suspected to be 

involved in begomovirus movement in plants [1, 29, 34]. For some begomoviruses, like 

Ageratum yellow vein virus, betasatellites are required for symptomatic infection of the host 

[35]. However, betasatellites are dispensable for symptomatic infection with some 

begomoviruses (Tomato leaf curl Ghana virus (ToLCGV) [16], Tomato yellow leaf curl Mali 

virus (TYLCMLV), [7]); these helper viruses are not always detected with betasatellites in the 

wild. The fact that some monopartite begomoviruses were never reported with a betasatellite 

does not necessarily mean that they are not capable of assisting betasatellites. For example, 

the two most common strains of Tomato yellow leaf curl virus [ TYLCV-Israel (IL) and -Mild 

(Mld)] have never been detected with a betasatellite but were shown experimentally to 

transreplicate readily various betasatellites [15, 39, 41]. The severity of the symptoms 

exhibited by tomato and Nicotiana benthamiana plants coinfected with TYLCV and 

betasatellites increased substantially in comparison to those of plants infected with virus only. 

Although it has not been fully demonstrated, betasatellites are supposedly replicated by the 

same mechanism as that reported for viral genomes. Replication of virus genome relies on an 

interaction between the replication-associated protein (Rep) encoded by the C1 gene of 

begomoviruses and tandemly repeated motifs (iterons) located in the intergenic region (IR), at 

variable distances from the conserved stemloop of each virus component [10, 19]. The 

recognition between Rep and iterons of a cognate genome is usually specific, limiting Rep 

transreplication to its own genome, which includes the B component in bipartite 

begomoviruses [5, 6]. Although betasatellites do not encode a Rep and do not contain the 

iteron sequences of their helper viruses, they can be transreplicated by diverse begomoviruses 

[15, 25, 36]. For instance, Cotton leaf curl Multan betasatellite is transreplicated naturally by 

seven distinct begomoviruses [24], and five betasatellites were shown to be transreplicated 



following co-inoculation with three distinct species of tomato-infecting begomoviruses [31]. 

Iteron-like sequences detected in various betasatellite sequences have been proposed to be 

involved in Rep binding [11, 23, 36] but the recognition process seems to be more relaxed 

than that seen between geminivirus strains or species [23]. 

Interactions between begomoviruses and betasatellites reportedly enhance the DNA level of 

the helper virus [13, 17, 18, 35, 38]. This beneficial effect on the virus could be explained by 

enhanced movement [34], or suppression of host defenses (e.g. gene silencing), mediated by 

betaC1. Although the negative impact of betasatellites on viral DNA accumulation has not 

been stated explicitly, there are several reports where it may be deduced from presented 

Southern blot data: Eupotarium yellow vein virus with its cognate betasatellite in Nicotiana 

benthamiana [36], Tomato leaf curl Bangalore virus (ToLCBaV) with Luffa leaf distortion 

betasatellite in tomato plants [38] and TYLCV-Mld with Ageratum yellow vein betasatellite 

(AYVB) in tomato plants [39]. The objective of the present study was to investigate this 

possible negative impact of betasatellites on viral DNA accumulation and, more specifically, 

to test if it is due to the betasatellite, the virus or the host plant. The tests were carried out with 

TYLCV as helper virus because contrasting results have been reported with TYLCV-IL and 

TYLCV-Mld strains regarding their viral DNA accumulation in co-infection with 

betasatellites [15, 39 ]. Thus, unlike AYVB, which seems to have a negative impact the DNA 

accumulation of TYLCV-Mld [39], the Cotton leaf curl Gezira betasatellite had a positive 

impact on DNA accumulation of TYLCV-IL [15]. However, as these tests were carried out in 

two separate laboratories with different betasatellite species, it is unclear if the contrasting 

impact on virus accumulation is due to different experimental conditions, the betasatellite 

species used or the virus strains themselves. Therefore, to disentangle the effects of these 

different factors, we designed a new test in which a representative of CLCuGB, one of the 

previously used betasatellite species, was co-infected with representatives of TYLCV-IL and 

TYLCV-Mld under the same experimental conditions. A possible host plant effect was also 

tested by comparing tomato and Datura stramonium. Our results confirm that betasatellites 

can have a negative impact on viral DNA accumulation of their helper virus, and show a 

contrasting effect of CLCuGB on viral DNA accumulation of TYLCV-IL and TYLCV-Mld 

irrespective of host species. As the major difference between the IL and Mld strains is due to 

a recombination within the 5’ end of the Rep gene and the 5’ end of the intergenic region (IR), 

the possible involvement of this region in an efficient begomovirus/betasatellite interaction is 

discussed. 



MATERIALS AND METHODS 

Agroinfectious clones of TYLCV-IL, TYLCV-Mld and CLCuGB 

The clones TYLCV-Mld[RE:02] and TYLCV-IL[RE:Re4:04] (EMBL accession nos. 

AJ865337 and AM409201, respectively) were isolated from tomato plants (Solanum 

lycopersicum) sampled in Réunion Island in 2002 and 2004, respectively, and have been used 

in previous studies as agroinfectious clones [8, 20, 26, 27]. However, as preparation of an 

agroinfectious clone of TYLCV-IL[RE:Re4:04] has not been described to date, we provide 

this description here. The NcoI-restricted full-length genome, and a NcoI/EcoRI 0.9-mer 

genome fragment were generated. The 0.9-mer fragment was ligated into an NcoI/EcoRI 

double-restricted pCambia0380 vector and the NcoI-restricted full-length genome was ligated 

into the recombinant NcoI-restricted vector. The 1.9-mer genome was introduced into a clone 

of Agrobacterium tumefaciens, strain C58 MP90, via electroporation. 

The CLCuGB clone (EMBL accession no. FN554575) was isolated from an okra plant in 

Burkina Faso and cloned as a PstI-restricted full-length genome into the vector pGEMT [37]. 

An agroinfectious clone was prepared in this study as follows: the PstI-restricted full-length 

genome was ligated as a tandem repeat into the unique PstI restriction site of the vector 

pCambia2300. An A. tumefaciens clone of strain C58 MP90 was transformed as above. 

Agroinoculation and plant growth conditions 

The transformed A. tumefaciens clones were grown at 28°C in liquid LB medium containing 

kanamycin (50 mg/mL) and gentamycin (20 mg/mL). After about 26 h, when suspensions 

reached optical densities (OD) of about 3–5, the agrobacteria cultures containing the 

infectious TYLCV-IL, TYLCV-MLd and CLCuGB genomes were adjusted to identical ODs 

with LB medium. The equally concentrated IL and Mld cultures were centrifuged 20 min at 

1,000 g and each pellet was resuspended with water (same volume as the centrifuged volume) 

containing 150 mM acetosyringone and 10 mM MgCl2. For mixed virus-satellite infections 

the same procedure was used except that the same volumes of equally concentrated 

agrobacteria cultures containing the infectious virus and CLCuGB genomes were mixed 

before centrifugation. The resuspension volume of the mixed inocula was such that viruses 

were inoculated at the same agrobacterial concentration in mixed and single infections. 

Fourteen-day-old tomato plants of the susceptible cultivar ‘Monalbo’ were agroinfiltrated in 

cotyledons [40]. Each of the following combinations of agroinfectious cultures was inoculated 

onto 20 tomato plants: TYLCV-Mld (Mld), TYLCV-Mld+CLCuGB (Mld+B), TYLCV-IL 



(IL), TYLCV-IL+CLCuGB (IL+B). For each combination, infected plants were sampled at 

18, 32 and 43 days post inoculation (dpi). Each plant sample consisted of five 4-mm-diameter 

leaf disks from the youngest leaf for which five leaflets were visible. Samples were conserved 

at –80°C until DNA quantification with real-time PCR (qPCR). The number of plant samples 

analyzed with qPCR is given in Table S1. 

The same experiment was conducted with 30-day-old Datura stramonium plants except that 

the agrobacterial suspensions were injected into the stem. A total of 5–8 plants infected with 

each of the different combinations described above were analyzed with qPCR at 18 and 25 

dpi. 

Plants were grown in containment chambers with 14 h light at 26°C, and 10 h dark at 24°C, 

and were irrigated with 15:10:30 NPK+ oligoelements.  

Extraction of total DNA 

Total DNA was extracted using a modification of a reported protocol [9]: each leaf sample 

was ground in 400 µL of 100 mM Tris-HCl buffer (pH 8.0), containing 50 mM EDTA, 

500 mM NaCl and 1% (weight/vol) SDS. The extract was incubated at 65°C for 10 min and 

centrifuged at 16,000 g for 10 min. One volume of isopropanol was added to the supernatant. 

The mix was centrifuged at 16,000 g for 20 min and the pellet washed with 70% ethanol. The 

pelleted DNA was resuspended in 50 µL sterile water and stored at –20°C if not used 

immediately. 

Quantitative PCR conditions 

The total amount of virus and betasatellite in each plant sample was determined by SYBR 

Green real-time qPCR. The 10 μL reaction mixture consisted of 5 µL LightCycler FastStart 

DNA Master Plus SYBR green I kit Mix (Roche, Germany), 0.3 μM of each primer (Table 1), 

and 2 µL of a 1/100 dilution of the template DNA extract. The same primers were used to 

quantify DNA accumulation of the IL and Mld strains of TYLCV. The primers for 

quantification of CLCuGB DNA were targeted to the betaC1gene—a unique gene encoded by 

the satellite; it was therefore expected that the satellite DNAs measured by qPCR would 

consist mostly of functional genomes. Two technical replicates per sample were amplified. 

Amplification conditions were 95 °C for 10 s followed by 40 cycles of 10 s at 95°C, 30 s at 

the annealing temperature (Table 1) and 20 s at 72°C. To standardize all measurements of 

viral and satellite DNA accumulation, we quantified the amount of plant DNA in each 

extracted sample by targeting the endogenous 25S RNA gene in a parallel qPCR; the



  

Table 1 Description of real-time PCR primers 

 

  

Primer ID 5’- 3’ sequence Targeted region 
Amplicon 

length 

Annealing 

T° 

 TYLCV-1431-fw  AAACGCCATTCTCTGCC 
AC2/AC3 TYLCV 

genes (IL and Mld) 
124 bp 60°C 

TYLCV-1576- rev CACAAGATAGCCAAGAAGAAACC 

CLCuGB-343-fw AACCCATTCATTATTTC 

betaC1 gene 81 bp 52°C 

CLCuGB-424-rev CGTTCATCATACCATA 

25S-RNA-1137- fw GTTGATTCGGCAGGTGAGTTGT 

25S-RNA gene 161 bp 60°C 

25S-RNA-1297-rev AGAACTGGCGATGCGGGATG 



amplification conditions were the same as above except that the annealing time was 20 s. PCR 

efficiencies were assessed with standard curves obtained by the amplification of serial tenfold 

dilution of the recombinant plasmids containing each target sequence; efficiencies ranged 

from 88% to 93%. All PCR fluorescence data were analyzed using the 2nd derivative max 

function of the LightCycler480 Software and the program LinRegPCR, [33] coupled to 

Pfaffle’s quantification model [28]. 

The starting concentration of the target, called N0, is expressed in arbitrary fluorescence units 

per sample. N0 was calculated for each well from the values of the fluorescence threshold 

(Ft), the mean PCR efficiency of the qPCR plate concerned (Emean) derived from the 

individual well efficiencies, and the fractional number of cycles needed to reach the 

fluorescence threshold (Ct): 

N0 = Ft/Emean
Ct

 

After checking key quality control points, technical replicates, and negative and positive 

controls, a calibrated fluorescence value (CV) was calculated for virus and satellite (referred 

to as target) for each sample, using the N0 of the endogenous 25S RNA gene: 

 

As CV is the ratio of numbers having the same arbitrary fluorescence unit, CV has no unit and 

was used only to define relative DNA accumulation. 

Finally, as SYBR
TM

 Green I is a dsDNA intercalating molecule [43], the fluorescence of an 

amplicon depends on its size. To weight the CV values according to the size of the satellite 

and virus amplicons, a size-relative CV (CVr) was calculated: 

 

A positive detection threshold for the viruses and the satellite was determined as 3 times the 

mean N0 of 7 healthy plant samples tested with the corresponding primer pairs. 

 

Statistical analysis 

All statistical analyses were performed using R Studio software, version 3.0.3. [30]. At each 

of the three sampling time points (18, 32 and 43 dpi) in tomato plants, ANOVA tests were 

used to compare DNA accumulation (after a log transformation of CVr data) of the same 



target between different groups of plants. Kruskal-Wallis rank sum tests were used to 

compare virus and satellite DNA accumulation in D. stramonium at 18 and 25 dpi. The nature 

and results of each statistical test are indicated in the Results. 

RESULTS 

Virus symptoms 

Tomato and D. stramonium plants were agroinoculated with TYLCV-IL or TYLCV-Mld, 

either alone or with CLCuGB. The inoculations were 100% successful. Tomato plants 

infected with IL or Mld exhibited an undistinguishable typical yellow leaf curl symptom 

(Fig. 1). Tomato plants co-infected with the betasatellite, irrespective of the virus strain, 

exhibited clearly distinct symptoms with severe downward leaf curling and stunting. 

Similarly, D. stramonium plants infected with IL or Mld exhibited undistinguishable mild 

downward leaf curling whereas plants co-infected with the betasatellite showed clearly 

distinct symptoms, again irrespective of the virus strain, including severe leaf distortion, 

curling, crumpling, and stunted plant growth (Fig. 1). 

 DNA accumulation of TYLCV-Mld and TYLCV-IL in tomato plants 

DNA accumulation of TYLCV-IL, TYLCV-Mld and CLCuGB was estimated by qPCR in 

tomato samples collected at 18, 32 and 43 dpi. In plants infected with Mld only, the 

accumulation of viral DNA ranged from 1.6x10
-3

 to 2.5x10
-3

 between 18 and 43 dpi (Table 2, 

Fig. 2). DNA accumulation of IL was about 3 times lower at around 0.6 to 0.8x10
-3

 between 

18 and 43 dpi. TYLCV-Mld viral DNA was up to 3 times lower in plants infected with 

Mld+B than with the virus alone (0.8x10
-3 

vs 2.4x10
-3

 at 32 dpi and 43 dpi); this difference 

was significant at all dates (Table 2). In contrast, TYLCV-IL DNA accumulation was 

generally similar in IL+B and IL-infected plants (0.6 to 0.8x10
-3

 ) except at 32 dpi where viral 

DNA accumulation was 1.6 times higher in IL+B-infected plants (1.3x10
-3

 versus 0.8x10
-3, 

p=0.001, Table 2). 

The amount of betasatellite DNA increased with time but was similar in plants infected with 

IL+B or Mld+B at 18 dpi (0.3x10
-3

 versus 0.8x10
-3

, ANOVA, df =1, F= 2.49, p=0.127) and 

43 dpi (7.9x10
-3

 versus 6.4x10
-3

, ANOVA, df =1, F= 0.669, p=0.422). At 32 dpi, however, the 

amount of CLCuGB DNA in Mld-infected plants was slightly higher (1.6-times) than that in 

IL-infected plants (3.7x10
-3

 versus 5.9x10
-3

); this difference was marginally significant 

(ANOVA, df =1, F= 4.58, p=0.042).  



 

Fig. 1 Tomato and D. stramonium plants, either healthy or infected with TYLCV-Mld, 

or with TYLCV-Mld+CLCuGB. 

  



 

 Fig. 2 Virus accumulation in tomato plants infected with TYLCV-IL or TYLCV-Mld, 

either alone or with CLCuGB. Virus ( TYLCV-Il or TYLCV-Mld) DNA was quantified 

with real-time PCR (qPCR) on individual plant samples collected at 18, 32 and 43 days post-

inoculation (dpi) in the different treatments: TYLCV-IL (IL), TYLCV-Mld (Mld), TYLCV-

IL+CLCuGB (IL+B), TYLCV-Mld+CLCuGB (Mld+B). A size-relative calibrated value 

(CVr) calculated according to the fluorescence emitted by the amplification products and the 

size of the amplicons reflects virus accumulation. Within the boxes, the horizontal line 

indicates the median value (50% quantile), the box itself delimits the 25% and 75% quantiles, 

and the vertical lines represent the normal range of the values; the points above and/or below 

correspond to outlying values. The red and orange boxes correspond to the treatments with 

TYLCV-IL genome, and the blue and violet boxes to the treatments with TYLCV-Mld 

genome. Boxplots with different letters indicate significant differences between samples at 

each date of sampling (Tukey’s test, p=0.05) 

  



Table 2 Mean DNA accumulations of Il and Mld strains of TYLCV monitored at different stages of infection in 

tomato plants co-infected or not with CLCuGB  

Dpi 

(1) 

 TYLCV-

IL 

 TYLCV-IL 

+CLCuGB 

ANOVA (2)  

TYLCV-

Mld 

 TYLCV-Mld 

+CLCuGB 

ANOVA (2) 

18 

dpi 

0.6 0.6 

Df=1 

F value=0.0051 

P value=0.94 

1.6 1.1 

Df=1 

F value=5.54 

P value=0.027 

32 

dpi 

0.8 1.3 

Df=1 

F value=12.71 

P value=0.001 

2.4 0.8 

Df=1 

F value=89.98 

P value=2.05x10
-9

 

43 

dpi 

0.8 0.7 

Df=1 

F value=0.46 

P value=0.50 

2.5 0.7 

Df=1 

F value=113.49 

P value=1.41x10
-10

 

Mean DNA accumulation is the size-relative calibrated fluorescence value (CVr) x 10
3
.  

(1) dpi: days post inoculation 

(2) ANOVA comparing virus DNA accumulation in TYLCV and TYLCV+CLCuGB treatments. 



 

Fig. 3 Virus accumulation in D. stramonium plants infected with TYLCV-IL or TYLCV-

Mld, either alone or with CLCuGB. DNA was quantified with real-time PCR on individual 

plant samples collected at 18 and 25 days post-inoculation. DNA accumulation and boxplots 

are as in Figure 2. Boxplots with different letters indicate significant differences between 

samples at each date of sampling (Kruskall-Wallis, p=0.05) 

 

 

 

Table 3 Mean DNA accumulations of Il and Mld strains of TYLCV monitored at different 

stages of infection in Datura stramonium plants co-infected or not with CLCuGB  

Dpi 

(1) 
TYLCV-IL 

TYLCV-IL 

+CLCuGB 

Kruskall-Wallis 

rank sum test (2) 
TYLCV-Mld 

TYLCV-Mld 

+CLCuGB 

Kruskall-Wallis 

rank sum test (2) 

18 

dpi 
1.31 0.9 

Df=1 

χ2=4.2 

P value=0.040 

5.23 1.11 

Df=1 

χ2=8.57 

P value=0.00342 

25 

dpi 
0.573 2.1 

Df=1 

χ2=1.37 

P value=0.24 

3.67 0.54 

Df=1 

χ2=8.07 

P value=0.0045 

Mean DNA accumulation is the size-relative calibrated fluorescence value (CVr)x10
3
.  

(1) dpi: days post inoculation 

(2) Kruskall-Wallis rank sum test comparing virus DNA accumulation in TYLCV and TYLCV+CLCuGB 

treatments.  



DNA accumulation of TYLCV-Mld, and TYLCV-IL, in D. stramonium 

DNA accumulation of TYLCV-IL, TYLCV-Mld and CLCuGB was estimated by qPCR from 

D. stramonium samples collected at 18 and 25 dpi. Viral DNA accumulation was 5-12 times 

lower in Mld +B than in Mld-infected plants (Fig. 3, Table 3) and the difference was 

significant (p=0.0034 at 18 dpi and p=0.0045 at 25 dpi). Conversely, TYLCV-IL DNA 

accumulation was either slightly higher in IL- than in IL+B-infected plants (1.3x10
-3 

vs 

0.93x10
-3

; p =0.040 at
 
18 dpi) or similar in both treatments at 25 dpi (0.57 to 2.1x10

-3
, 

p=0.2416, Fig. 3, Table 3). 

DNA accumulation of CLCuGB was similar in IL+B and Mld+B-infected plants (5–7x10
-3

 at 

18 dpi and approximately 4x10
-3

 at 25 dpi).  

 

DISCUSSION 

The major objective of this study was to compare the impact of a betasatellite (CLCuGB) on 

viral DNA accumulation of representatives of the IL and Mld strains of TYLCV. Whereas 

CLCuGB was shown previously to be transreplicated by the IL strain [15], we show here for 

the first time that it can also be transreplicated by the Mld strain, and at a similar level as with 

IL. Consistent with previous reports, the symptoms of plants co-infected with TYLCV and the 

betasatellite were more severe than those of plants infected with TYLCV alone irrespective of 

viral strain or host species (tomato or D. stramonium). However, contrasting results were 

obtained between the IL and Mld strains regarding viral DNA accumulation with or without 

the betasatellite. Thus, DNA accumulation of TYLCV-IL monitored in plants co-infected with 

IL+B was similar or higher than that of plants infected with IL alone, irrespective of host 

species, tomato or D. stramonium. On the contrary, DNA accumulation of TYLCV-Mld 

monitored in plants co-infected with Mld+B was always significantly lower than that of plants 

infected with Mld alone, irrespective of host species. Two more independent experiments 

comparing Mld DNA accumulation in Mld- and Mld+B-infected tomato plants confirmed the 

significant negative impact of the betasatellite on TYLCV-Mld (data not shown). Thus, the 

negative impact of a betasatellite on Mld DNA accumulation, which had been suggested from 

Southern blot data published previously by Ueda and collaborators with the Asian 

betasatellite AYVB [39], was confirmed here with the African betasatellite CLCuGB. This is 

probably the first report of a differential effect of a betasatellite on DNA accumulation of its 

helper virus and, most importantly, the impact was negative.  



Two distinct betasatellites seem to have a similar negative impact on the DNA accumulation 

of TYLCV-Mld: the Asian AYVB used by Ueda and collaborators [39] and the African 

CLCuGB tested in our study. Given the large nucleotide divergence (56%) exhibited by these 

betasatellites, we suspect their negative impact to be associated to a peculiarity of the Mld 

strain rather than to a specific and potentially common feature of the betasatellites. Moreover, 

the fact that a reduction in viral DNA accumulation as a result of betasatellite co-infection has 

virtually never been reported with other begomoviruses further points to a peculiarity of 

TYLCV-Mld. 

The major genetic difference between the IL and Mld strains of TYLCV is a region of 600 

nts, which in TYLCV-IL was inherited from a representative of an Asian begomovirus 

species related most closely to the betasatellite-associated begomovirus ToLCBaV [4, 20, 21]. 

This region, in which IL and Mld strains exhibit 25% nt divergence, comprises the 5’end of 

the Rep gene and the 5’end of the IR containing the iterons (Rep-IR region), both of which 

are key determinants of virus replication. Although data on the molecular determinants 

involved in virus/betasatellite interactions are presently limited, it can be expected that the 

high nucleotide divergence detected between IL and Mld strains in a region of critical 

importance, at least for virus replication, could modify virus/betasatellite interactions. 

Interestingly, the parental virus from which the 600nt recombinant fragment of TYLCV-IL 

was derived is related most closely to begomoviruses from India—a region accounting for 

44% of the worldwide diversity of betasatellites reported thus far [22]. In contrast, in the 

Mediterranean-Middle Eastern region where TYLCV originated [20], betasatellites are 

extremely rare. It is therefore tempting to speculate that the 600-nt recombined region of 

TYLCV-IL might have conserved some ancestral features involved in efficient 

virus/betasatellite interactions. The evidence of co-evolution between betasatellites and the 

Rep amino acid sequence of their helper viruses supports this hypothesis [42]. As betasatellite 

and virus genomes compete for the same virus-encoded Rep, a parameter on which co-

evolution might act is optimization of this tradeoff. It is therefore possible that betasatellite-

associated viruses have evolved to limit the deleterious effect of betasatellites on their 

accumulation. The same competition hypothesis has been proposed to explain the deleterious 

effect of satellites on RNA virus accumulation [32].  

Unlike the IL and Mld strains of TYLCV, which were never reported with betasatellites under 

natural conditions, the Oman (OM) strain of TYLCV was reported with the betasatellite 

Tomato leaf curl betasatellite (ToLCB), and the TYLCV-related Tomato yellow  



leaf curl Mali virus (TYLCMLV) was reported with CLCuGB. Like TYLCV-IL, TYLCV-

OM and TYLCMLV were both reported to be TYLCV-Mld-derived recombinants in which 

the Rep-IR region was inherited from parental viruses related most closely to betasatellite-

associated begomoviruses [2, 7, 14, 20]. Thus, TYLCV-OM inherited the Rep-IR region (683 

nt) from a virus related to TYLCV-IR from Iran, which itself inherited it from a virus related 

to ToLCBaV [2, 14], while TYLCMLV inherited the Rep-IR region from a virus related 

closely to Hollyhock crumple virus—a malvaceous betasatellite-bearing begomovirus from 

Egypt [7]. Although TYLCV-IL has not been reported with a betasatellite under natural 

conditions, its potential to interact with betasatellites is apparently similar to that of 

betasatellite-associated TYLC or TYLC-like viruses. Indeed, like the DNA accumulation of 

TYLCV-OM and TYLCMLV, which apparently remained similar or increased when 

associated with a betasatellite [7, 12], the DNA accumulation of TYLCV-IL was unaffected 

by betasatellites (our results and those of Kon [15]). These results reinforce the hypothesis 

that the recombined region inherited from a potential betasatellite-associated begomovirus 

may protect the recombinant genome from the deleterious effect of that betasatellite. The 

cognate Rep-IR region of TYLCV-Mld, which is a least 25% nt divergent from the 

recombinant region, does not seem to confer such a benefit to its genome when associated 

with a betasatellite. 

 TYLCV-IL was previously shown to transreplicate a representative of this satellite [15]. Kon 

and colleagues observed that viral DNA accumulation in tomato plants coinfected with IL and 

CLCuGB was three times higher than in plants infected with IL alone, whereas it was fairly 

similar in both host plants in our study. Differences between TYLCV-IL clones and/or 

CLCuGB clones may explain these differences. Although both CLCuGB clones were isolated 

from okra, the Burkina Faso clone used in this study exhibited only 95.6% nucleotide identity 

with the Malian clone used by Kon and collaborators. Among the 59 nucleotide positions 

differing between these CLCuGB clones, more than half were detected between the A-rich 

region and the SCR (satellite conserved region)—a region containing the presumptive iteron-

like sequences [36]. It is therefore possible that the CLCuGB from Mali was pre-adapted to 

establish efficient interactions with tomato begomoviruses. Although the TYLCV-IL clones 

used in both studies (TYLCV-IL[RE:Re4:04] and TYLCV-IL[DO,94]) exhibit only 1.6% nt 

divergence, it cannot be excluded that some of the discriminating nucleotides could have 

contributed to the differing TYLCV-IL/CLCuGB interactions. 



Taken together our results suggest that TYLCV-Mld, which originates from regions where 

betasatellites are extremely rare, is less adapted to efficient interaction with betasatellites than 

viruses originating from regions where begomovirus/betasatellite coinfection is frequent or 

viruses that have acquired the Rep-IR genomic region of such viruses via recombination. 

Further studies are needed to characterize more accurately the viral determinants involved in 

replication competition with betasatellites.  
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Table S1:

Tomato Datura stramonium 

 Days post inoculation 18 32 43 18 32 

 TYLCV-Mld 14 13 14 8 8 

 TYLCV-Mld+CLCuGB 12 12 12 5 5 

 TYLCV-IL 14 14 14 8 8 

 TYLCV-IL+CLCuGB 19 19 19 5 5 
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Plantes infectées par TYLCV+CLCuGA 





30% 

36% 

34% 
20% 

25% 55% 
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Plantes infectées par TYLCV + CLCuGB 

 



2% 
15
% 

83
% 

5% 8% 

87% 

1% 

23% 

76% 

1% 

23
% 

76
% 

3% 

20% 

77% 

3% 

27% 

70% 



Sicard (2014)



 Ce paramètre est connu sous le nom de MOI (Multiplicity Of Infection). 



(Frischmuth et al., 2001)

(Sicard, 2014)



  



CHAPITRE IV :   

MISE AU POINT DES OUTILS POUR LE CALCUL DE LA MOI DU TYLCV  

 

(Turner et al., 

1999) (Bull et al., 2001) (Josefsson et al., 2011; Jung et 

al., 2002) (Bergua et al., 2014; Gonzalez-Jara et al., 2009; Gutiérrez et al., 

2010)

(Gutiérrez et al., 2010)
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(Ito et al., 2009; Kon et al., 

2009; Ueda et al., 2011)



 Chilli leaf curl disease associated sequence putative C1 gene, clone NIB16-1 | AJ316032.1 AJ316032.1
 Chilli leaf curl virus satellite DNA beta C1 gene for C1 protein, clone chM13 | AM279661.1 AM279661.1
 Chilli leaf curl betasatellite - [Pakistan:Lahore1:2004] C1 gene, clone Bpbeta | AM260466.1 AM260466.1
 Tomato leaf curl Karnataka virus-associated DNA beta DNA-A, complete genome | NC_008523.1 NC_008523
 Tomato leaf curl Joydebpur beta - [India:Amadalavalasa1:Kenaf:2007] from Hibiscus cannabinus, complete sequence | EU431115.1 EU431115.1
 Tomato leaf curl Bangalore virus DNA beta isolate Hessarghatta, complete sequence | GU984046.1 GU984046.1
 Tomato leaf curl Bangladesh betasatellite clone HJP01, complete sequence | JQ654464.1 JQ654464.1
 Tomato leaf curl Ranchi betasatellite isolate Palampur clone KpnI-3 C1 (C1) gene, complete cds | JN663872.1 JN663872.1
 Tobacco leaf curl betasatellite-[Pakistan:Multan:Pedilanthus:2004] C1 gene, clone ptvbeta | AM260465.1 AM260465.1
 Tobacco leaf curl virus-associated DNA beta, beta C1 gene, clone MI23, complete genome | FM955608.1 FM955608.1
 Tomato leaf curl Pakistan virus satellite DNA beta, complete sequence, clone MI22 | AM922485.1 AM922485.1
 Tomato leaf curl Yemen betasatellite isolate Had:tob56:89, complete sequence | JF919717.1 JF919717.1

 Tomato yellow leaf curl Oman betasatellite beta C1 gene, isolate P-20 | HE800540.1 HE800540.1
 Tomato leaf curl disease associated sequence putative C1 gene, clone NIB23-1 | AJ316035.1 AJ316035.1

 Cotton leaf curl Multan betasatellite beta C1 gene for beta C1 protein, clone AQ-91 | FR877537.1 FR877537.1
 Tomato leaf curl betasatellite - [India:Halwadni:2007], complete sequence | EU847239.1 EU847239.1
 Papaya leaf curl beta - [India:Chinthapalli:2005] C1 protein (C1) gene, complete cds | DQ118862.1 DQ118862.1
 Potato apical leaf curl disease-associated satellite DNA beta, complete genome | NC_008605.1 NC_008605
 Hedyotis uncinella yellow mosaic betasatellite isolate VN1, complete genome | NC_023015.1 NC_023015
 Tomato leaf curl Java betasatellite, complete genome | KC677734.1 KC677734.1
 Tomato leaf curl Togo betasatellite-[Togo:2006], complete genome | NC_014741.1 NC_014741

 Mimosa yellow leaf curl virus satellite DNA beta, complete genome | NC_009556.1 NC_009556
 Cotton leaf curl Gezira beta - [Sudan:Okra 43:1996] unknown gene | AY044141.1 AY044141.1
 Okra yellow vein disease associated sequence putative C1 gene, clone SB36-1 | AJ316039.1 AJ316039.1
 Malvastrum leaf curl betasatellite, complete genome | NC_007711.1 NC_007711
 Sida yellow mosaic virus-[China]-associated DNA beta c1 gene for SatC1 protein, isolate Hn7 | AM048833.1 AM048833.1
 Tomato leaf curl Philippine virus satellite DNA beta DNA, complete genome, isolate: Laguna1 | AB307732.1 AB307732.1
 Tomato yellow leaf curl Vietnam virus satellite DNA beta, complete genome | NC_009560.1 NC_009560

 French bean leaf curl betasatellite-Kanpur isolate FbLCbeta, complete sequence | JQ866298.1 JQ866298.1
 Sida leaf curl virus satellite DNA beta, complete genome | NC_009557.1 NC_009557
 Andrographis yellow vein leaf curl betasatellite clone bt-2, complete sequence | KC967282.1 KC967282.1
 Tobacco leaf chlorosis betasatellite isolate 01, complete sequence | JX025223.1 JX025223.1
 Croton yellow vein mosaic betasatellite clone M4beta, complete sequence | JX270685.1 JX270685.1

 Tobacco curly shoot virus satellite DNA beta complete genome, isolate Y289 | AM260734.1 AM260734.1
 Tobacco leaf curl Yunnan virus satellite DNA beta C1 gene, isolate Y136-16 | AJ536621.1 AJ536621.1

 Ludwigia yellow vein virus-associated DNA beta c1 gene for C1 protein, isolate G37 | AJ965541.1 AJ965541.1
 Tomato begomovirus satellite DNA beta complete genome, isolate Y73 | AJ566749.1 AJ566749.1
 TYLCCNV-[Y322] satellite DNA beta sequence, complete genome, isolate Y322 | AM181684.1 AM181684.1

 Tomato leaf curl China betasatellite isolate GX-BS C1 protein (C1) gene, complete cds | KC344402.1 KC344402.1
 Tomato yellow leaf curl China betasatellite isolate JS1-2, complete sequence | KF906543.1 KF906543.1

 Ageratum leaf curl betasatellite clone beta, complete sequence | JX512904.2 JX512904.2
 Zinnia leaf curl disease associated sequence defective DNA beta molecule, clone NIB9-1 | AJ316041.1 AJ316041.1
 Leucas zeylanica yellow vein virus satellite DNA beta, complete genome | NC_013424.1 NC_013424

 Radish leaf curl betasatellite isolate Salem clone KpnI-2 C1 (C1) gene, complete cds | JN663873.1 JN663873.1
 Bhendi yellow vein India betasatellite [India:Aurangabad:OY164:2006], complete genome | NC_014846.1 NC_014846
 Cotton leaf curl Bangalore virus-associated DNA beta, complete genome | NC_007219.1 NC_007219
 Bitter gourd leaf curl disease-associated DNA beta, complete genome | NC_007655.1 NC_007655
 Luffa leaf distortion betasatellite clone JD9, complete sequence | JX315326.1 JX315326.1
 Okra leaf curl virus satellite DNA beta isolate New Delhi, complete sequence | GQ245761.1 GQ245761.1
 Cotton leaf curl Bangalore betasatellite isolate OY136 C1 protein (C1) gene, complete cds | KC608158.1 KC608158.1
 Cotton leaf curl disease associated sequence defective DNA beta molecule | AJ299443.1 AJ299443.1
 Eclipta yellow vein betasatellite clone EcYVB-[PK,Fai,06], complete sequence | GQ478345.1 GQ478345.1
 Bhendi yellow vein betasatellite isolate Hyderabad, complete genome | KC222955.1 KC222955.1

 Okra enation leaf curl betasatellite isolate India:Gandhinagar:2012, complete sequence | KC019310.1 KC019310.1
 Tomato leaf curl Hajipur betasatellite clone HJP09, complete sequence | NC_018614.1 NC_018614

 Rose leaf curl betasatellite clone EcYVB-[PK,Fai,06], complete sequence | GQ478344.1 GQ478344.1
 Cotton leaf curl virus betasatellite beta C1 protein (beta C1) gene, complete cds | JQ178364.1 JQ178364.1
 Honeysuckle yellow vein beta-[Japan:Fukui:2001] DNA, complete genome | AB236322.1 AB236322.1
 Tomato yellow dwarf disease associated satellite DNA beta-[Kochi] DNA, complete genome | AB294512.1 AB294512.1
 Erectites yellow mosaic virus satellite DNA beta, complete genome | NC_009559.1 NC_009559
 Siegesbeckia yellow vein betasatellite isolate FZ02, complete genome | KF499590.1 KF499590.1
 Emilia yellow vein virus-associated DNA beta isolate Fz1, complete genome | FJ869906.1 FJ869906.1
 Alternanthera yellow vein virus satellite DNA beta, complete genome | NC_009562.1 NC_009562
 Ageratum yellow vein China virus-associated DNA beta complete genome, isolate G95 | AJ971260.1 AJ971260.1
 Papaya leaf curl China virus satellite DNA beta, complete genome | NC_009555.1 NC_009555
 Papaya leaf curl virus betasatellite clone BG-CBE beta, complete sequence | KC959933.1 KC959933.1

 Tomato leaf curl New Delhi betasatellite isolate ToLCuNDB, complete sequence | JX679002.1 JX679002.1
 Mungbean yellow mosaic India virus associated betasatellite [India: Faizabad: Cow Pea:2012], complete genome | NC_018869.1 NC_018869

 Tomato leaf curl Gandhinagar betasatellite isolate pToGNbH14, complete sequence | NC_023038.1 NC_023038
 Ageratum yellow leaf curl betasatellite clone B81_B07, complete sequence | KC305089.1 KC305089.1
 Croton yellow vein mosaic betasatellite isolate Coimbatore clone KpnI-8 C1 (C1) gene, complete cds | JN663857.1 JN663857.1

 Corchorus yellow vein mosaic betasatellite clone CBA7, complete sequence | NC_020475.1 NC_020475
 Okra leaf curl Mali virus satellite DNA beta complete sequence, isolate LY1B11 | FM164727.1 FM164727.1

 Ludwigia leaf curl distortion betasatellite isolate NBRI beta C1 gene, complete cds | JQ408216.2 JQ408216.2
 Spinach yellow vein betasatellite, complete sequence | KF425298.1 KF425298.1

 OkLCV satDNA 10 isolate Amman, complete sequence | JX649952.1 JX649952.1
 Bhendi yellow vein betasatellite [India:Varanasi:2008], complete sequence | HM590506.1 HM590506.1

 Mesta yellow vein mosaic virus-associated DNA beta isolate Basirhat C1 protein (C1) gene, complete cds | DQ298137.1 DQ298137.1
 Tomato leaf curl Patna betasatellite DNA beta, complete sequence | EU862324.1 EU862324.1

 Luffa puckering and leaf distortion-associated DNA beta, complete genome | NC_007459.1 NC_007459
 Malvastrum yellow vein betasatellite isolate SC224-3, complete sequence | JX679254.1 JX679254.1

 Cotton leaf curl Multan betasatellite complete genome, isolate Pakistan:cotton-Burewala:2011 | HF567946.1 HF567946.1
 Sunflower leaf curl virus betasatellite isolate ToLCKV, complete sequence | JX678964.1 JX678964.1

 Lindernia anagallis yellow vein virus satellite DNA beta, complete genome | NC_009561.1 NC_009561
 Cowpea severe leaf curl-associated DNA beta, complete genome | NC_006952.1 NC_006952

 Tomato leaf curl virus betasatellite beta C1 gene | FR819710.1 FR819710.1
 Tomato yellow leaf curl Thailand betasatellite - [India:Dhanbad:2008], complete sequence | EU573713.1 EU573713.1

 Kenaf leaf curl betasatellite, isolate [Pakistan:20-4:06] Faisalabad1 | FR772083.1 FR772083.1
 Kenaf leaf curl betasatellite, complete sequence, clone HYBETA | FN678779.1 FN678779.1

 Tomato yellow leaf curl virus associated betasatellite beta C1 gene, isolate P-23 | HE800541.1 HE800541.1
 Okra leaf curl betasatellite isolate Hyderabad, complete sequence | JF792241.1 JF792241.1

 Tomato leaf curl disease associated sequence putative C1 gene, clone NIB14-1 | AJ316036.1 AJ316036.1
 Ipomoea begomovirus satellite DNA beta isolate SBG32, complete sequence | FJ914391.1 FJ914391.1

 Bhendi yellow vein mosaic betasatellite complete genome, isolate Himachal | FR823510.1 FR823510.1
 Malvastrum yellow mosaic virus satellite DNA beta recombinant with segment DNA-A, isolate Hn36 | AM236768.1 AM236768.1

 Ageratum leaf curl Cameroon betasatellite, complete sequence, isolate AGLI4B1 | FN298804.1 FN298804.1
 Vernonia yellow vein betasatellite, complete genome | NC_013423.1 NC_013423

 Cardiospermum yellow leaf curl virus satellite DNA beta, complete genome | NC_010297.1 NC_010297
 Eupatorium yellow vein virus satellite DNA beta DNA, complete genome, isolate: Suya-2003 | AB300464.1 AB300464.1

 Malvastrum yellow vein Yunnan virus satellite DNA beta isolate YN222 C1 protein gene, complete cds | GU058300.1 GU058300.1
 Malachra yellow vein mosaic virus-associated satellite DNA beta, complete genome | NC_010328.1 NC_010328

 Pepper leaf curl virus satellite DNA beta, complete genome | NC_010235.1 NC_010235
 Cotton leaf curl Burewala betasatellite clone BB1, complete sequence | JF416948.1 JF416948.1

0.2



(Geetanjali et al., 2013; Leke et al., 2012; Xiong et al., 2007)

(Wu et al., 2007)

(Ueda et al., 2008; 

Xiong et al., 2007)

(Huang et al., 2013; Saunders et al., 2001)



Ageratum leaf curl betasatellite  JX512904.2 

Ageratum leaf curl betasatellite  JQ408218.2  

Ageratum leaf curl betasatellite  JQ710745.2| 

Ageratum leaf curl betasatellite  JQ408218.2 

Ageratum yellow vein virus-associated DNA  AJ542497.1 

Alternanthera yellow vein virus satellite DNA beta NC_009562.1 

Cotton leaf curl Multan betasatellite, isolate Pakistan:cotton-Burewala:2011 HF567946.1 

Cotton leaf curl Multan betasatellite isolate FC2 HQ455351.2 

Cotton leaf curl Multan betasatellite isolate ZhSh HQ455368.2 

Cotton leaf curl Multan virus satellite DNA beta  FJ159275.1 

Cotton leaf curl Multan virus satellite DNA beta  FJ159274.1 

Cotton leaf curl Multan virus satellite DNA beta  EF614159.1 

Emilia yellow vein virus-associated DNA beta isolate Fz1 FJ869906.1 

Ludwigia leaf distortion betasatellite isolate In:Var:Pum:08:2 HM101174.1 

Malachra yellow vein mosaic virus-associated satellite DNA beta NC_010328.1 

Papaya leaf curl virus betasatellite from Carica papaya cv. African Dwarf C1 gene EU126826.1 

Rose leaf curl betasatellite  GQ478344.1 

Sida yellow vein virus satellite DNA beta NC_007213.1 

Siegesbeckia yellow vein betasatellite isolate FZ02 KF499590.1 

Tomato leaf curl Bangladesh betasatellite isolate Guntur  JN663859.1 

Tomato leaf curl betasatellite isolate In:Var:Pum:08:3 HM101175.1 

Tomato leaf curl China KC344402.1 

Tomato leaf curl Joydebpur betasatellite [India/Jaunpur/Chilli/2007]  HM007103.1 

Tomato yellow dwarf disease associated satellite DNA beta-[Kochi] DNA AB294512.1 

Tomato yellow leaf curl Thailand virus satellite DNA beta isolate YN500 GU058324.1 
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Date 
(dpi) 

Traitement Réplicat N0 TYLCV /N0 25s  N0 sat /N0 25s  Rapport 
TYLCV/satellite 

18  TYLCV+CLCuGA 1 4.32E-01 5.34E-01 0.81 

18  TYLCV+CLCuGA 2 2.43E-01 2.33E-01 1.042 

18  TYLCV+CLCuGA 3 3.58E-01 2.24E-01 1.593 

32  TYLCV+CLCuGA 1 1.95E-01 1.89E-01 1.032 

32  TYLCV+CLCuGA 2 2.28E-01 2.41E-01 0.945 

32  TYLCV+CLCuGA 3 2.22E-01 2.42E-01 0.919 

18  TYLCV+CLCuGB 1 2.95E-02 1.07E-01 0.275 

18  TYLCV+CLCuGB 2 4.07E-02 9.15E-02 0.445 

18  TYLCV+CLCuGB 3 4.40E-02 2.25E-01 0.196 

32  TYLCV+CLCuGB 1 5.93E-02 3.27E-01 0.181 

32  TYLCV+CLCuGB 2 5.41E-02 3.36E-01 0.161 

32  TYLCV+CLCuGB 3 4.72E-02 2.23E-01 0.212 

total 152 241 213 303 92 115

total 138 284 134 93 114 128
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