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METHODOLOGY

A highly efficient Agrobacterium‑mediated 
infectious system for Sweet potato leaf curl virus 
and a deltasatellite‑based VIGS vector
Yi Zhang1†, Xuangang Yang1,2†, Lifei Huang3 and Shulin Deng1,4*    

Abstract 

Plant virus disease is one of the major threats to the yield and quality of sweetpotato (Ipomoea batatas [L.] Lam.), 
the seventh most important food crop in the world in terms of production. Sweepoviruses are a group of monopar-
tite geminiviruses (genus Begomovirus, family Geminiviridae) that infect Ipomoea plants and cause significant dam-
age. However, investigations on the mechanisms of sweepovirus infection are scarce due to the low efficiency 
of the current infectious system. In this work, we used the genomic sequence of Sweet potato leaf curl virus (SPLCV) 
to construct an effective infectious clone, SPLCV-1.01. We optimized the inoculation procedure in Nicotiana bentha-
miana by improving the Agrobacterium virulence using an induction medium. Finally, we established a highly 
efficient agroinoculation protocol for SPLCV on sweetpotato. Furthermore, a simple and reliable “Agro-soaking” 
method was developed for SPLCV on sweetpotato and Ipomoea aquatica. The “Agro-soaking” method also worked 
well with Tomato yellow leaf curl China virus (TYLCCNV) and Beet severe curly top virus (BSCTV) on tomato. Based 
on the “Agro-soaking” method and a deltasatellite, the SBG51 VIGS vector worked with the SPLCV-1.01 infectious clone 
and silenced two endogenous genes IbCHL (magnesium-chelatase subunit) and IbPDS (phytoene desaturase) in two 
weeks. Moreover, the VIGS system identified IbADK1 (adenosine kinase 1) as a positive regulator to dampen the SPLCV 
accumulation in sweetpotato. Our work provides a practical method for studying the interaction between sweetpo-
tato and SPLCV and the functional studies of genes in sweetpotato.
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Background
Sweetpotato (Ipomoea batatas [L] Lam.) belongs to the 
Convolvulaceae family, and the storage root of sweetpo-
tato is rich in starch and other nutrients. Sweetpotato 
has been cultivated worldwide with excellent tolerance 
to abiotic stresses, such as drought, salt, and heat stress. 
Nevertheless, as a vegetatively propagated plant, the yield 
and quality of sweetpotato are threatened by viral dis-
eases. Sweetpotato is usually coinfected by two or more 
viruses. The most severe disease of sweetpotato is caused 
by coinfection of two RNA viruses, Sweet potato feathery 
mottle virus (SPFMV, genus Potyvirus) and Sweet potato 
chlorotic stunt virus (SPCSV, genus Crinivirus), which 
is collectively called sweet potato virus disease (SPVD) 
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(Loebenstein 2015). Besides SPFMV and SPCSV, the 
other main viruses infecting sweetpotato include two 
RNA viruses, Sweet potato mild mottle virus (SPMMV, 
genus Ipomovirus), Sweet potato latent virus (SPLV, 
genus Potyvirus), and one DNA virus, Sweet potato leaf 
curl virus (SPLCV, genus Begomovirus) (Loebenstein 
2015). SPLCV belongs to a group of single-strand DNA 
viruses called sweepoviruses (genus Begomovirus, fam-
ily Geminiviridae) transmitted by the whitefly Bemisia 
tabaci. Sweepoviruses are distinct from the Old and New 
World begomovirus groups (Fauquet and Stanley 2003) 
and infect Ipomoea plants in many countries worldwide. 
SPLCV is known as a monopartite geminivirus without 
DNA-B and satellite DNA (Bi and Zhang 2012). However, 
a noncoding satellite DNA, which was named a deltasat-
ellite associated with SPLCV, was recently found in Spain 
and Venezuela (Hassan et al. 2016; Lozano et al. 2016).

Although SPLCV is the most severe DNA virus dis-
ease of sweetpotato and has been even worse in recent 
decades, studies on the interaction between SPLCV and 
sweetpotato are restricted to virus detection, cloning, 
and identification due to lacking a highly efficient infec-
tious system in laboratories. Grafting or whitefly trans-
mission is used for SPLCV detection and studying the 
host range (Barkley et  al. 2011; Ling et  al. 2011). How-
ever, it is obvious that graft and insect transmission are 
uncontrollable approaches. Agroinoculation is currently 
the most efficient method for geminivirus infection, but 
previous reports have shown that it is difficult to infect 
sweetpotato by agroinoculation. The efficiency of agroin-
oculation on sweetpotato is poor, and the latent period is 
long (4–6 months) in laboratories (Trenado et al. 2011). 
The improved agroinoculation method by vacuum infil-
tration of sweetpotato leaves shortened the latent period 
to 35  day post inoculation (dpi), but the infection rate 
was only about 25% (Bi and Zhang 2014). Therefore, a 
highly efficient infectious system for SPLCV on sweetpo-
tato is urgently needed.

Although the transformation methods for sweetpotato 
were developed recently, it is still challenging to knock 
out the endogenous genes in sweetpotato, because sweet-
potato is an allohexaploid species with a B1B1B2B2B2B2 
composition genome (Yang et  al. 2017a). In addition, 
sweetpotato is self-incompatible, which makes it almost 
impossible to generate a homologous mutagenesis on 
a target gene by selfing. Virus-induced gene silencing 
(VIGS) would still be a powerful technology for func-
tional studies of genes in sweetpotato. Geminiviruses 
genomes have been developed into viral vectors for bio-
technological applications. Geminivirus-based vectors 
are used as gene expression vectors and VIGS tools to 
study gene function in many important crops (Yang et al. 
2017b). The geminivirus protein AC1 (Rep) can recognize 

the geminivirus intergenic region (IR), therefore any 
sequence flanked by IR would form an episomal repli-
con with AC1 protein (Lozano-Duran 2016). The SPLCV 
genome was developed into an expression vector, which 
highly expressed the target gene and improved the effi-
ciency of CRISPR-Cas-mediated RNA targeting and gene 
editing in N. benthamiana (Yu et al. 2020). In the SPLCV 
replicon, the AV1 and AV2 genes were replaced by the 
target expression cassette. In addition, the AC2 and AC4 
genes were mutated, and only AC1 and AC3 genes were 
retained in the SPLCV replicon vector. However, it was 
reported that the coat protein (CP) encoded by the AV1 
gene in monopartite geminivirus was essential for virus 
movement (Sharma and Ikegami 2009). The AV1-deleted 
SPLCV replicon unsurprisingly only expressed the tar-
get gene in situ (Yu et al. 2020). Therefore, monopartite 
geminiviruses are usually developed into viral vectors 
associated with satellite DNAs (Yang et  al. 2017b). The 
betasatellite-based VIGS vector successfully silenced N. 
benthamiana, tomato, cotton, and Arabidopsis genes 
with Tomato yellow leaf curl China virus (TYLCCNV) 
and Cotton leaf curl multan virus (CLCuMuV) as the 
helper virus (Kumar et  al. 2014; Tao and Zhou 2004). 
In addition, the N. benthamiana endogenous genes 
NbTOM1 and NbTOM3 were silenced by the alphasatel-
lite-based vector 2mDNA1 associated with Tobacco curly 
shoot virus (TbCSV), which resulted in a resistant pheno-
type to Tobacco mosaic virus (TMV) (Huang et al. 2009).

In this study, 1.01 copies of the SPLCV genome were 
inserted into the pCAMBIA1300 binary vector to gener-
ate an infectious clone, SPLCV-1.01. We optimized the 
agroinoculation method and established a simple, reli-
able, and highly efficient infectious system for SPLCV. 
Moreover, the simple and efficient method was also used 
for tomato infection by TYLCCNV and BSCTV. Based 
on the infectious system, a deltasatellite-based VIGS 
vector was developed, which dramatically silenced the 
endogenous gene in a short period. By this system, we 
identified that IbADK1 is a positive regulator to dampen 
the SPLCV accumulation in sweetpotato, which con-
vinced us it is a powerful tool for functional study in 
sweetpotato.

Results
Construction of the SPLCV‑1.01 infectious clone 
and infectivity on N. benthamiana
Most geminivirus infectious clones were usually gener-
ated by tandem repeats and contained 1.3 ~ 2.0 units of 
the virus genome. It was reported that a 41 nt conserved 
stem loop region is essential and sufficient to generate an 
infectious clone of Tomato yellow leaf curl virus (TYLCV) 
(Urbino et  al. 2008). We used the SPLCV isolate GZ02 
(2829 nt, GenBank: JX286654.1) genomic sequence as a 
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reference. We repeated the 41 nt stem loop and synthe-
sized a dsDNA fragment of 2870  bp (Additional file  1: 
Figure S1). The 1.01 copies of the SPLCV genome were 
inserted into the pCAMBIA1300 binary vector to gen-
erate an infectious clone, SPLCV-1.01 (Fig.  1a, b). N. 
benthamiana is a sensitive host for many geminiviruses, 
thus we first tested the infectious clone of SPLCV-1.01 on 
N. benthamiana. The 4-week-old N. benthamiana stems 
were injected with Agrobacterium tumefaciens strain 
GV3101 containing SPLCV-1.01 infectious clone or 
empty vector, pCAMBIA1300, as a mock treatment. The 
mottle leaves were observed at 15 dpi, and the top leaves 
became curly at 20 dpi with SPLCV-1.01 (Fig.  1c). The 
growth of top leaves and buds was strongly inhibited after 
the symptoms appeared. At the later inoculation stage 
(35 dpi), the infected N. benthamiana showed dwarf-
ing phenotypes compared with the mock-inoculated 
plants that already flowered (Fig. 1c). We randomly col-
lected the top symptomatic leaves from three plants for 
Southern blotting. The 1095 bp coding sequence (CDS) 
of the AC1 gene was used as a probe to detect the viral 

DNA. As shown in Fig.  1d, single-stranded (ss) SPLCV 
was the primary form of SPLCV in host cells. In addition, 
the supercoiled (sc), linear (lin), and open-circular (oc) 
virus DNA forms were also detected (Fig.  1d). We also 
attempted to construct an SPLCV-1.25 clone contain-
ing a repeated AV1 and AV2 region and an SPLCV-1.75 
clone containing a repeated AC1–AC4 region, but we 
accidentally introduced a “GGG to GAG” mutation in the 
stem loop region. Compared with the SPLCV-1.01 infec-
tious clone, these two mutated clones had a much lower 
infection rate, longer latent period, and milder symptoms 
(Additional file 1: Figure S2).

The induction medium significantly improved 
the agroinoculation efficiency
The SPLCV-1.01 infectious clone was further tested on 
the sweetpotato cultivar Guangshu 87 (G87), but the 
plants were still asymptomatic until 35 dpi. Four sam-
ples of top leaves were randomly collected to detect viral 
DNA by PCR, and only one sample was weakly posi-
tive (Additional file 1: Figure S3). This infection rate was 

Fig. 1  Schematic of the SPLCV-1.01 infectious clone and N. benthamiana infected with SPLCV-1.01. a Schematic of the pCAMBIA1300-SPLCV-1.01 
infectious clone. The orange arrows represent viral genes as indicated. The 41 nt stem loop is represented by a bar with a circle on the top. The blue 
boxes represent the left border (LB) and right border (RB) region of T-DNA. The dashed line represents the other sequence in the T-DNA region. b 
Schematic of the stem loop sequence. The highlighted “A” base is the start site of replication. c Symptoms of SPLCV-1.01 infected N. benthamiana. d 
Southern blot analysis of SPLCV DNA in N. benthamiana at 35 dpi. ss, single-stranded DNA; sc, supercoiled DNA; lin, linear DNA; oc, open-circular. The 
empty vector pCAMBIA1300 was inoculated as a mock (M)
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consistent with previously reported data (Bi and Zhang 
2014; Trenado et al. 2011). In order to increase the poor 
infectivity of agroinoculation on sweetpotato, we firstly 
tried to improve the agroinoculation efficiency by opti-
mizing the Agrobacterium culture and inoculation proce-
dure. It was reported that an induction medium with AB 
salt and glucose was used to induce the vir genes of Agro-
bacterium (Gelvin 2006). The finished induction medium 
and inoculation buffer were introduced into the SPLCV 
inoculation procedure (Additional file  1: Figure S4). As 
shown in Fig.  2a, three inoculation methods (method 
2 ~ 4) were evaluated, and the GV3101 strain containing 
an empty vector was used as a mock-inoculation control 
(method 1). Compared with the conventional agroin-
oculation method (method 2), the finished induction 
medium (methods 3 and 4) significantly increased the 
infection rate to 100% and shortened the latent period 
for symptom appearance (Fig. 2b). In addition, methods 
3 and 4 resulted in more severe symptoms, including 
shorter plant heights (Fig. 2c, d). The SPLCV DNA level 
was quantified by qPCR, which showed that methods 3 
and 4 resulted in more viral DNA accumulation in host 
plants (Fig.  2e). Comparing method 3 with 4, the MES 
MgCl2 buffer had a slightly better effect than the ¼ MS 
infiltration buffer, but the difference was not significant 
(Fig. 2).

An efficient “Agro‑injection” method for sweetpotato
The improved “Agro-injection” method was tested for 
sweetpotato inoculation. Agrobacterium strain GV3101 
or AGL1 containing the SPLCV-1.01 clone was cul-
tured in LB medium and finished induction medium 
in sequence (Fig. 3a). The cultured Agrobacterium cells 
were resuspended in the MES MgCl2 buffer to inject 
the sweetpotato stems (Fig. 3a). It was reported that the 
AGL1 strain showed the optimum transformation effi-
ciency for sweetpotato compared with the other com-
mon strains, GV3101 and EHA105 (Mei et  al. 2024). 
At 30 dpi, the accumulation of SPLCV virus DNA in 
AGL1-inoculated samples was also much higher than 
that in GV3101-inoculated samples (Fig.  3b). AGL1 
was further used to evaluate the efficiency of the “Agro-
injection” method on two cultivars, Guangshu 87 
(G87) and Longshu 28 (L28). At 10 dpi, viral DNA was 
detected in eight out of ten G87 and six out of ten L28 
plants (Fig.  3c). However, there was wide variation in 
the viral DNA level of each plant (Fig.  3c). Three out 
of ten G87 initiated symptoms at 25 dpi. The top buds 
and palmate leaves were wrinkled, brown, and tiny at 
35 dpi (Fig. 3d, e). The cordate leaves of L28 were obvi-
ously curly at 18 dpi (Fig. 3f, g). The mild symptom at 
35 dpi was curly, brown, and tiny leaves (Fig. 3h), and 
the severe symptom was dead top buds and leaves 

(Fig. 3i). In summary, the “Agro-injection” was an effi-
cient inoculation method for SPLCV on sweetpotato. 
However, the injection step cannot control the consist-
ent inoculation dosage, which results in variable symp-
toms. Moreover, the “Agro-injection” is a laborious 
method and does not apply to large-scale screening, so 
a simple and reliable method is still needed.

A simple, reliable, and highly efficient “Agro‑soaking” 
method for sweetpotato
Sweetpotato is a vegetatively propagated plant with 
excellent regeneration capacity via cuttings, and Agro-
bacterium can easily infect the wounded tissue. There-
fore, we wondered whether Agrobacterium containing 
the SPLCV-1.01 infectious clone could infect sweet-
potato from cuttings. The “Agro-soaking” method 
is shown in Fig.  4a. The AGL1 strain containing the 
SPLCV-1.01 clone was cultured in LB medium and 
finished induction medium in sequence. The cultured 
Agrobacterium cells were resuspended in a ¼ MS inocu-
lation buffer, which was a better condition for sweetpo-
tato cuttings. As shown in Additional file 1: Figure S5, 
the cuttings with 6–8 leaves were soaked in the freshly 
prepared Agrobacterium suspension for 3–18  h in the 
dark, and the soaking time depended on the different 
cultivars and growth status (Additional file  1: Figure 
S5a, b). After inoculation, the cuttings were recovered 
in water for another 12  h. Additional leaves were cut 
off, and only 3–4 leaves were kept before the cuttings 
were transferred into the pots with soil (Additional 
file 1: Figure S5c). The typical symptoms were observed 
at 10–30 dpi, depending on the different cultivars. 
Three cultivars were inoculated by the “Agro-soaking” 
method. At 10 dpi, the infection rate of G87 was 90%, 
but that of Pushu 32 (P32) and L28 was 100% (Fig. 4b, 
c). The infection rates of all the three cultivars were 
100% at 20 dpi (Fig. 4b, c). L28 was a sensitive cultivar 
in the field, showing the shortest latent period (10 dpi) 
and the most SPLCV DNA accumulation (Fig.  4c, d). 
We also checked the viral DNA in L28 leaves at 30 dpi 
by Southern blotting. Single-stranded (ss) SPLCV was 
the main form of SPLCV in host cells (Fig. 4e). In addi-
tion, the supercoiled (sc), linear (lin), and open-circular 
(oc) virus DNA forms were also detected (Fig. 4e). P32 
was moderate, and G87 had a long (23 dpi) and least 
viral DNA accumulation, which indicated that G87 is a 
relatively resistant cultivar (Fig. 4c, d). In summary, the 
“Agro-soaking” method has less workload and is more 
stable, making it a good choice for large-scale screen-
ing work. Details of the protocol and timeline of “Agro-
injection” and “Agro-soaking” are shown in Additional 
file 1: Figure S6.
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The “Agro‑soaking” method was applied to Ipomoea 
aquatica and tomato
It was reported that SPLCV successfully infected Ipo-
moea nil and I. setosa (Hassan et  al. 2016). Another 
important Ipomoea vegetable plant, I. aquatica, was 

also tested here. The mild curly leaves and bright yel-
low mottled veins inhibited apical buds, and more lateral 
bud growth symptoms were observed at 20 dpi (Fig. 5a), 
which was consistent with the reported symptoms 
infected by grafting (Lotrakul et al. 1998). The infection 

Fig. 2  The induction medium increases the infection effects of SPLCV-1.01. a Schematic of different culture conditions for agroinoculation. b The 
different infection rates and latent periods in different culture conditions. c The symptoms of N. benthamiana are inoculated by different cultural 
conditions at 30 dpi. Scale bars: 10 cm. d Plant heights of N. benthamiana inoculated by different culture conditions at 30 dpi. e Quantification 
of SPLCV DNA in N. benthamiana at 30 dpi. Different letters indicate significant differences at p < 0.05 by the One-way ANOVA test
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Fig. 3  Sweetpotato infected by the “Agro-injection” method. a Schematic of the “Agro-injection” method and the symptoms of sweetpotato 
Longshu 28 inoculated with SPLCV-1.01 by the “Agro-injection” method. b PCR detection of SPLCV DNA in sweetpotato leaves inoculated 
with Agrobacterium strain AGL1 or GV3101 at 30 dpi. c PCR detection of SPLCV DNA in sweetpotato Guangshu 87 (G87) and Longshu 28 (L28) leaves 
inoculated with Agrobacterium strain AGL1 at 10 dpi. d and e Symptoms of sweetpotato G87 inoculated by the “Agroinjection” method. f and i 
Symptoms of sweetpotato L28 inoculated by “Agro-injection” method. g Curly leaves of L28 at 18 dpi. h The mild symptom of L28 at 35 dpi. i The 
severe symptom of L28 at 35 dpi. The red arrow indicates the dead top bud and leaves. The empty vector pCAMBIA1300 was inoculated as a mock 
(M)

Fig. 4  Sweetpotato infected by the “Agro-soaking” method. a Schematic of the “Agro-soaking” method and the symptoms of sweetpotato 
Longshu 28 inoculated with SPLCV-1.01 by the “Agro-soaking” method. b PCR detection of SPLCV DNA in sweetpotato G87, Pushu 32 (P32), 
and L28 leaves inoculated with the “Agro-soaking” method at 10 dpi. c Infectivity analysis of the “Agro-soaking” method on different sweetpotato 
cultivars. d Quantification of SPLCV DNA in sweetpotato leaves at 10 dpi by qPCR. The IbelF gene was used as an internal reference. Error bars show 
the mean values (± SD) of three independent samples. e Southern blot analysis of SPLCV DNA in L28 at 30 dpi. The empty vector pCAMBIA1300 
was inoculated as a mock (M)

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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rate of I. aquatica was also 100% (Fig. 5b, c). These data 
suggest that “Agro-soaking” is applied to SPLCV infec-
tion of Ipomoea plants.

Furthermore, we tested the “Agro-soaking” method 
on the interaction between two tomato (Solanum lyco-
persicum) cultivars Ailsa Craig and Moneymaker and 

two geminiviruses, TYLCCNV and BSCTV. The typical 
dwarf plants with yellow and curly leaves were observed 
(Fig.  5d). In general, the infection rate of tomato was 
almost 100% for all experiments, and BSCTV caused 
more severe symptoms and a shorter latent period 
(Fig.  5e, f ). These data suggest that the “Agro-soaking” 

Fig. 5  I. aquatica and tomato infected by the “Agro-soaking” method. a Symptoms of SPLCV-1.01 infected I. aquatica at 20 dpi. b PCR detection 
of SPLCV DNA in I. aquatica leaves at 20 dpi. c Infectivity analysis of the “Agro-soaking” method on I. aquatica. d Symptoms of TYLCCNV and BSCTV 
infected tomato using the “Agro-soaking” method at 30 dpi. e PCR detection of TYLCCNV and BSCTV DNA in tomato leaves at 20 dpi. f Infectivity 
analysis of the Agro-soaking method on tomato. The empty vector pCAMBIA1300 was inoculated as a mock (M)
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method can be extended to the other cutting propagation 
plants.

A deltasatellite‑based VIGS vector silenced 
the sweetpotato genes
As a monopartite geminivirus, the movement of SPLCV 
would be broken by the deletion of the coat protein (CP, 
also called AV1) gene. The DNA β satellite from TYL-
CCNV was modified to a VIGS vector (Tao and Zhou 
2004), and a noncoding DNA satellite, deltasatellite, 
was also identified in some SPLCV-infected samples in 
Spain (Hassan et  al. 2016; Lozano et  al. 2016). The del-
tasatellite could be transmitted with SPLCV and reduced 
symptom severity (Hassan et  al. 2016), which would be 
the advantage of a VIGS vector. The reported SBG51 
deltasatellite (GenBank: FJ914390.1) was used as a tem-
plate (Lozano et al. 2016). The conserved stem loop was 
repeated once, and an MCS (multiple cloning site) was 
inserted before the A-rich region to generate an SBG51 
deltasatellite-based VIGS vector (Fig.  6a and Additional 
file  1: Figure S7). The 513 bp fragment of IbCHL (mag-
nesium-chelatase subunit) CDS and 376  bp fragment of 
IbPDS (phytoene desaturase) were inserted into the MCS 
of the VIGS vector, which were used as targets to test the 
VIGS vector. The AGL strain containing the SPLCV-1.01 
infectious clone was mixed with the strain containing 
the SBG51-based VIGS vector at a 1:1 ratio. Sweetpotato 
plants were inoculated with the mixed AGL1 strain by the 
“Agro-soaking” method. As shown in Fig. 6b, silencing of 
the endogenous IbCHL gene caused bright yellow leaves, 
and silencing of the IbPDS gene caused white-mottled 
veins on newly emerged leaves at 14 dpi (Fig. 6b). In com-
parison, inoculation with the SPLCV VIGS-empty vector 
did not show any phenotype or virus symptoms at 14 dpi 
(Fig. 6c). The qPCR results showed that the endogenous 
target genes were significantly silenced in the plants inoc-
ulated with SPLCV VIGS-IbCHL or SPLCV VIGS-IbPDS 
at 14 dpi (Fig. 6c, d). We tested the VIGS vector on five 
sweetpotato cultivars, G87, P32, L28, Mianfen1 (M1), 
and Annou-Imo (AI). In general, about 60% of plants 
showed varying degrees of gene silencing phenotype at 
about 10 dpi (Fig. 6e). G87 is a relatively resistant cultivar, 
while G87 did not show any gene silencing phenotype. 
The sensitive cultivar, L28, showed 100% gene-silencing 

phenotype. Our results indicated that the SBG51 deltas-
atellite-based VIGS vector with the highly efficient infec-
tion method could silence an endogenous gene in two 
weeks.

It was reported that ADK1 (adenosine kinase 1) was 
an anti-virus regulator, and the Arabidopsis adk1 mutant 
was hypersusceptible to the geminivirus Cabbage leaf curl 
virus (CaLCuV) (Raja et al. 2008). We tested the function 
of IbADK1 in the interaction between sweetpotato and 
SPLCV using our VIGS system. As shown in Fig. 6f, the 
expression level of IbADK1 was reduced to about 40% in 
the VIGS-IbADK1 plants compared to the empty vector 
control plants at 14 dpi (Fig.  6f ). At the same inocula-
tion time, the VIGS-IbADK1 plants were more suscep-
tible than the empty vector control plants (Fig. 6g). The 
SPLCV DNA in the empty vector control plants was very 
low at 14 dpi, but the VIGS-IbADK1 plants accumu-
lated significantly higher virus DNA (Fig. 6g). The results 
indicated that the VIGS system could efficiently silence 
sweetpotato endogenous genes and would be a practical 
tool in functional studies of sweetpotato genes.

Discussion
To date, sweepovirus disease has been one of the signifi-
cant threats to sweetpotato. Generating a highly efficient 
infection method is essential to study the interaction 
between sweetpotato and sweepovirus. Compared with 
other methods, such as particle bombardment, grafting, 
or infection by insect vectors, agroinoculation is a sim-
ple and reproducible method used for most geminivi-
ruses in laboratories. Our work started with constructing 
the SPLCV infectious clone and optimized the inocula-
tion procedure. Finally, we established a simple, reliable, 
and highly efficient infectious system for SPLCV. It was 
reported that most geminivirus infectious clones, includ-
ing SPLCV, were generated by the rolling circle amplifi-
cation (RCA) method (Bang et al. 2014; Choi et al. 2012; 
Wu et  al. 2008). The reported SPLCV infectious clones 
contained a 1.3- or 2.0-unit virus genome (Bi and Zhang 
2012; Choi et al. 2012). Here, we repeated the 41 nt stem 
loop sequence and obtained a simple infectious clone, 
SPLCV-1.01 (Fig.  1a, b). When we tried to generate an 
SPLCV-1.25 clone containing a repeated AV1 and AV2 
region and an SPLCV-1.75 clone containing a repeated 

Fig. 6  Schematic of the SBG51 deltasatellite-based VIGS vector and gene silencing in sweetpotato. a Schematic of the SBG51 deltasatellite-base 
VIGS vector and the stem loop sequence. b Phenotypes of VIGS-IbCHL and VIGS-IbPDS sweetpotato at 14 dpi. c and d Quantification of the gene 
expression levels of IbCHL and IbPDS in SPLCV, SPLCV-VIGS-IbCHL, and SPLCV-VIGS-IbPDS infected sweetpotato by qPCR. e Summary of VIGS 
phenotype on different sweetpotato cultivars. f Quantification of the gene expression levels of IbADK1. g Quantification of SPLCV DNA 
in sweetpotato leaves at 14 dpi by qPCR. The IbelF gene was used as an internal reference. Error bars show the mean values (± SD) of three 
independent samples. ** p < 0.01 (Student’s t-test)

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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AC1–4 region, we only obtained constructs contain-
ing a “GGG to GAG” or “GGG to GGA” mutation in 
the stem loop region. It is possible that the SPLCV-1.25 
and SPLCV-1.75 constructs with the correct sequence 
are unstable in Escherichia coli. The 100% infection 
rate of the SPLCV-1.01 clone and lower infection rates 
of SPLCV-1.25m and SPLCV-1.75m indicates that the 
repeated stem loop is essential and sufficient for an effec-
tive infectious clone.

The agroinoculation method is a process of DNA trans-
fer from Agrobacterium to the host. Therefore, increasing 
Agrobacterium virulence could enhance the infection rate 
of SPLCV by agroinoculation. An acidic pH (5.2–6.0), 
sugars such as glucose, and acetosyringone (3,5-meth-
oxy-4-hydroxyacetophenone [AS]) were reported to 
induce Agrobacterium virulence. We optimized the Agro-
bacterium culture and inoculation procedure based on 
a previously reported protocol (Gelvin 2006). The fin-
ished induction buffer significantly enhanced the infec-
tion rate and virus symptom severity (Fig.  2). The MES 
MgCl2 buffer was used for the “Agro-injection” method 
because it had a slightly better effect on N. benthamiana 
compared with the ¼ MS infiltration buffer (Fig.  2 and 
Additional file  1: Figures  S4 and S6). In contrast, the ¼ 
MS inoculation buffer was used for the “Agro-soaking” 
method (Additional file 1: Figures S4 and S6).

Both “Agro-injection” and “Agro-soaking” are effec-
tive inoculation methods for SPLCV on sweetpotato, 
but each has advantages and disadvantages. Cutting off 
the shoots from the plant is unnecessary for “Agro-injec-
tion”, thus, any shoot of sweetpotato can be inoculated 
by “Agro-injection” at any growth stage. It is suitable for 
studying the interaction of viruses and hosts in a particu-
lar tissue or a special growth and development period. In 
addition, when SPLCV is used as a gene silencing vector 
to study functional genes for growth and development, 
the “Agro-injection” method is also a good choice. How-
ever, the disadvantages of “Agro-injection”, wide variation 
and more workload, are also apparent. The “Agro-injec-
tion” method also needs well-trained individuals to get 
a higher infection rate. The “Agro-soaking” method was 
developed for large-scale screening work, with less work-
load and consistent inoculation concentration and time 
for each cutting. It is also a simple method, which does 
not require highly trained researchers to perform. In 
addition, the “Agro-soaking” method does not need any 
special tools and equipment, such as syringes, a vacuum 
pump, and a vacuum container. “Agro-soaking” also had 
a higher infection rate than “Agro-injection” and was 
applied to the other cutting propagation plants, such as 
I. aquatica and tomato (Fig.  5). Although tomatoes are 
reported to be easily infected by the conventional agroin-
jection method with acceptable efficiency, it still remains 

a challenge to inject a large number of plants one by one 
for screening work. We expect that the “Agro-soaking” 
method could be used to screen the geminivirus-resistant 
sweetpotato or tomato cultivars.

Due to the excellent regeneration capacity, several 
transformation methods for sweetpotato have been 
developed recently (Cao et  al. 2023; Mei et  al. 2024; 
Zhang et  al. 2023). However, VIGS is still a powerful 
tool for studying gene function, especially those for virus 
resistance. The process of VIGS is also that of the infec-
tion of plant viruses. Therefore, geminivirus-based VIGS 
vectors can be used to study the interaction between 
geminiviruses and host plants. For example, the ACMV 
(African cassava mosaic virus)-based vector silenced the 
cassava endogenous gene MePOLD1 to study its func-
tion in cassava mosaic disease (CMD) caused by ACMV 
(Lentz et al. 2018; Lim et al. 2022).

The previously reported VIGS method for sweetpo-
tato was Tobacco rattle virus (TRV) based vector and 
sprout vacuum infiltration, which required several weeks 
to generate a gene-silenced grown plant seedling (Xue 
et al. 2022). Because of the native host-virus relationship 
between sweetpotato and SPLCV, developing a VIGS 
vector and system based on our highly efficient infection 
method is expected. SPLCV is a monopartite geminivi-
rus, and the six genes are essential for its infection and 
movement. Therefore, satellite DNA is required to gen-
erate a VIGS vector. Deltasatellites were first discovered 
in association with New World bipartite begomovirus, 
Sida golden yellow vein virus (SiGYVV-Ma), infecting 
the malvaceous species Malvastrum coromandelianum 
(Fiallo-Olive et al. 2012). Interestingly, deltasatellites can 
be replicated by a New World monopartite begomovirus, 
Tomato leaf deformation virus (ToLDeV), but not by Old 
World begomoviruses such as TYLCV or the curtovirus 
Beet curly top virus (BCTV) (Fiallo-Olive et  al. 2016). 
Deltasatellites may affect disease symptoms and reduce 
the accumulation of helper viruses (Fiallo-Olive et  al. 
2012, 2016). Several deltasatellites have been associated 
with sweepovirus in Spain and Venezuela. Moreover, chi-
meric sweepovirus-DNA satellite molecules containing 
the AV2 and AV1/CP genes have also been found (Lozano 
et  al. 2016). These results imply that deltasatellites are 
potential vectors carrying large DNA fragments that can 
replicate with sweepovirus. Our SBG51 deltasatellite-
based VIGS vector silenced an endogenous gene in two 
weeks. VIGS plants and control plants did not show obvi-
ous disease symptoms, which is an advantage compared 
with TRV-based VIGS vectors. However, deltasatellite is 
not essential for SPLCV replication, thus it could be lost 
during virus replication. This limitation of deltasatellite-
based VIGS can be improved by combining a deficient 
SPLCV clone with a complementary satellite DNA.
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ADK1 is a key component in dampening the gemini-
viruses accumulation. In Arabidopsis, geminivirus pro-
teins AC2/AL2/L2 interact with and inactivates AtADK1 
(Wang et al. 2003). The adk1 mutant is more susceptible 
to CaLCuV (Raja et  al. 2008). Our results showed that 
at 14 dpi with SPLCV VIGS-IbADK1, the sweetpotato 
plants accumulated much higher virus DNA than those 
inoculated SPLCV empty vector (Fig.  6  g). The hyper-
susceptible phenotype of VIGS-IbADK1 was due to the 
silenced IbADK1 gene expression (Fig.  6f ). It indicates 
that IbADK1 is also an anti-virus protein in sweetpotato 
as AtADK1 in Arabidopsis. Our data suggests that the 
VIGS system has great potential in the functional investi-
gation of sweetpotato genes.

Conclusions
In summary, our work offers a practical infectious sys-
tem to study the interaction between sweetpotato and 
SPLCV, even in a wide range of plant species and gemi-
niviruses. Moreover, the SPLCV and deltasatellite based 
VIGS system is a powerful tool for studying gene func-
tion in sweetpotato, especially in the interaction between 
sweetpotato and SPLCV.

Methods
Plant materials and growth conditions
Nicotiana benthamiana and tomato (Solanum lycoper-
sicum) were germinated from seeds and grown in pots 
made of peat moss substrates and perlite at a ratio of 3:1. 
The virus-free sweetpotato (Ipomoea batatas (L.) Lam.) 
were grown in the field in Zhanjiang, Guangdong prov-
ince or Longyan, Fujian province, and the cuttings from 
virus-free sweetpotato were grown in pots made of peat 
moss substrates, perlites, and sands at a ratio of 3:1:1 for 
2–3 weeks. The consistent cuttings in pots were used for 
agroinoculation. I. aquatica were geminated from seeds 
and grown in pots made of peat moss substrates, perlites, 
and sands at a ratio of 3:1:1. All plants in pots were cul-
tivated in a growth room with 16 h light and 8 h dark at 
26°C.

The constructs of SPLCV‑1.01 infectious clone 
and SBG51‑MCS vector
The SPLCV isolate GZ02 (2829 nt, GenBank: JX286654.1) 
genomic sequence was used as a template, and the 41 nt 
conserved stem loop was repeated (Additional file 1: Fig-
ure S1). The 2870 bp of the SPLCV-1.01 dsDNA sequence 
was synthesized by GENEWIZ from Azenta Life Sci-
ences (Additional file  1: Figure S1). SPLCV-1.01 was 
inserted into the pCAMBIA1300 binary vector at the 
KpnI and XbaI sites. The SBG51 deltasatellite (GenBank: 
FJ914390.1) was used as a template, and the 39 nt con-
served stem loop was repeated (Additional file 1: Figure 

S7). The 740 bp SBG51-MCS dsDNA sequence was syn-
thesized by GENEWIZ from Azenta Life Sciences (Addi-
tional file  1: Figure S7). SBG51-MCS was inserted into 
the pCAMBIA1300 binary vector by EcoRI and HindIII 
sites.

The constructs of VIGS‑vectors
The genome and transcripts database of Ipomoea trifida 
(NSP306) was used as a sweetpotato gene sequence ref-
erence, available from Sweetpotato Genomics Resource 
(http://​sweet​potato.​uga.​edu/). The 513  bp fragment of 
IbCHL (itf01g05440.t1) was amplified by the primer 
IbCHL.KpnI.F (5’-ATA​GGT​ACC​TGA​AAT​TAT​GCC​
TTT​TGC​TCA-3’) and IbCHL.XbaI.R (5’-AGA​TCT​AGA​
GGT​TTC​CAG​AGC​CAA​TAA​G-3’). The 376 bp fragment 
of IbPDS (itf11g08190.t2) was amplified by the primer 
IbPDS.KpnI.F (5’- ATA​GGT​ACC​TTG​GAG​TTC​CAG​
TAA​TAA​ATG​TTC​-3’) and IbPDS.XbaI.R (5’- AGA​TCT​
AGA​TCT​ATG​GGG​GAT​TTT​TGC​AA-3’). The 372  bp 
fragment of IbADK1 (itf04g06000.t1) was amplified by 
the primer IbADK1.KpnI.F (5’- ATA​GGT​ACC​AAG​ATC​
CCA​AGG​CTA​AAA​C-3’) and IbADK1.XbaI.R (5’- AGA​
TCT​AGA​CTA​ATA​CAC​TTT​CTG​GGA​GC-3’). The 
VIGS fragments were inserted into SBG51-MCD by the 
KpnI and XbaI sites.

Agroinoculation
The infectious clone or VIGS vector was heat-shock 
transformed into Agrobacterium strain GV3101 for N. 
benthamiana inoculation or AGL1 for sweetpotato inoc-
ulation. Agrobacterium cells were plated on Luria-Bertani 
(LB) agar plates with appropriate antibiotics and incu-
bated at 28°C for 2  days. Agrobacterium colonies were 
picked into the LB liquid medium with appropriate anti-
biotics and cultured at 28°C and 200 rpm for 24 h. Agro-
bacterium cells were centrifuged at 2500 × g for 10  min, 
and the pellet was resuspended in a finished induction 
medium (Additional file  1: Figure S4). Agrobacterium 
cells were cultured at 28°C and 200 rpm overnight. Agro-
bacterium cells were centrifuged at 2500 × g for 10  min 
and the pellet was resuspended either in a MES MgCl2 
buffer for the “Agro-injection” method or in a ¼ MS infil-
tration buffer for the “Agro-soaking” method (Additional 
file  1: Figure S4). The OD600 of the Agrobacterium cul-
ture was adjusted to 1. For the “Agro-injection” method 
on N. benthamiana, 4-week-old N. benthamiana stems 
were injected using a 1 mL syringe. For the “Agro-injec-
tion” method on sweetpotato, fresh and young sweetpo-
tato stems were injected using a 1  mL syringe. For the 
“Agro-soaking” method, the cuttings were soaked in the 
freshly prepared Agrobacterium suspension for 3–18  h 
in the dark at room temperature, and the soaking time 
depended on the growth status of the cuttings. As shown 

http://sweetpotato.uga.edu/
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in Additional file 1: Figure S5, the cuttings of about 15 cm 
should be soaked for 8–10 h. If the cuttings are thinner 
and younger, the soaking time should be reduced. The 
cuttings from strong and old plants in fields need longer 
soaking time. If the leaves on cuttings become wilted, it is 
time to stop soaking. Cuttings were transferred into H2O 
for another 12 h. Cuttings were transferred into the soil 
for further culture.

Virus detection in infected plants by PCR
The total DNA of the third newly emerged leaves was 
extracted by the standard CATB method. The concentra-
tion of gDNA was measured by Nanodrop and diluted 
to 10 ng/μL for PCR or qPCR. PCR was performed in a 
20 μL reaction using Green Taq Mix (P131-01, Vazyme). 
qPCR was performed using gene-specific primers and 
ChamQ SYBR qPCR Master Mix (Q311–02, Vazyme). 
The IbelF gene was used as an internal control for sweet-
potato and I. aquatica. NbActin and SlActin were used as 
internal controls for N. benthamiana and tomato, respec-
tively. The relative SPLCV DNA level was calculated 
according to the formula 2−ΔCt. The relative gene expres-
sion was calculated according to the formula 2−ΔΔCt. All 
primers used in qRT-PCR are shown in Additional file 2: 
Table S1.

Southern blotting
The amplified full-length SPLCV-AC1 PCR product was 
labeled as a probe using the DIG High PrimeDNA Labe-
ling and Detection Starter Kit (11,745,832,910, Roche). 
For Southern blotting, 5 μg of total DNA extracted from 
the inoculated sweetpotato leaves or 500 ng of total DNA 
extracted from the inoculated N. benthamiana leaves 
were electrophoresed on 0.8% agarose gels and then 
transferred onto Amersham™ Hybond™ -N + Membranes 
(GE Healthcare). 50  ng of 1095-bp AC1 and 50  ng of 
2870-bp SPLCV-1.01 were used as positive controls. The 
hybridization and detection of the probe were performed 
following the manufacturer’s protocol (11745832910, 
Roche).

Total RNA extraction, cDNA synthesis, and gene expression 
analysis
Total RNA was extracted from 100  mg of sweetpotato 
leaves using AG RNAex Pro Reagent (AG21102, Accu-
rate Biotechnology) following the manufacturer’s proto-
col. First-strand cDNA synthesis was performed using 
a HiScript II 1st Strand cDNA Synthesis Kit (R212–02, 
Vazyme). qRT-PCR was performed to check the expres-
sion of IbCHL, IbPDS, and IbADK1 using ChamQ SYBR 
qPCR Master Mix (Q311–02, Vazyme). The IbeIF gene 
was used as an internal reference. All primers used in 
qRT-PCR are shown in Additional file 2: Table S1.
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