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SUMMARY

Geminiviruses are DNA viruses that cause severe crop losses in different parts of the world, and there is a

need for genetic sources of resistance to help combat them. Arabidopsis has been used as a source for

virus-resistant genes that derive from alterations in essential host factors. We used a virus-induced gene

silencing (VIGS) vector derived from the geminivirus Cabbage leaf curl virus (CaLCuV) to assess natural vari-

ation in virus–host interactions in 190 Arabidopsis accessions. Silencing of CH-42, encoding a protein

needed to make chlorophyll, was used as a visible marker to discriminate asymptomatic accessions from

those showing resistance. There was a wide range in symptom severity and extent of silencing in different

accessions, but two correlations could be made. Lines with severe symptoms uniformly lacked extensive

VIGS, and lines that showed attenuated symptoms over time (recovery) showed a concomitant increase in

the extent of VIGS. One accession, Pla-1, lacked both symptoms and silencing, and was immune to wild-

type infectious clones corresponding to CaLCuV or Beet curly top virus (BCTV), which are classified in differ-

ent genera in the Geminiviridae. It also showed resistance to the agronomically important Tomato yellow

leaf curl virus (TYLCV). Quantitative trait locus mapping of a Pla-1 X Col-0 F2 population was used to detect

a major peak on chromosome 1, which is designated gip-1 (geminivirus immunity Pla-1-1). The recessive

nature of resistance to CaLCuV and the lack of obvious candidate genes near the gip-1 locus suggest that a

novel resistance gene(s) confers immunity.
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INTRODUCTION

The Geminiviridae is a large family of circular, single-

stranded DNA (ssDNA) plant viruses named for their

twinned particles (Hanley-Bowdoin et al., 2013). They are

classified into different genera depending on their insect

vector, genome structure and host range (Hanley-Bowdoin

et al., 2013; Varsani et al., 2014). As a group, geminiviruses

infect a broad range of crop plants primarily in tropical and

subtropical regions of the world (Moffat, 1999). Their inci-

dence and severity have increased over the past 20 years

(Mansoor et al., 2006; Navas-Castillo et al., 2011), and

some resistance strategies used to control them are no

longer effective. Breakdown of resistance has been associ-

ated with novel disease agents, including ssDNA

alphasatellites and betasatellites as well as host-derived

sequences enhancing geminivirus symptoms (Nawaz-ul-

Rehman and Fauquet, 2009; Ndunguru et al., 2016), which

are of concern because of their recent emergence and

unknown etiology.

Two resistance genes that provide resistance to Tomato

yellow leaf curl virus (TYLCV), a monopartite member of

the Begomovirus genus, were recently identified in tomato.

Variations in the first gene, Ty-1/Ty-3, which encodes a
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gamma-type RNA-dependent RNA polymerase (RDR), were

found to be responsible for resistance in two different lines

of tomato (Verlaan et al., 2013). Resistance most likely

involves augmentation of host gene silencing pathways,

and has been associated with increased methylation of

viral DNA (Butterbach et al., 2014). The second resistance

gene, ty-5, encodes an altered version of Pelota (Pelo),

which functions in ribosome recycling following transla-

tion (Lapidot et al., 2015). This recessive resistance is

important because it identified an essential host factor and

because it will be difficult for the virus to overcome. Identi-

fication of both of these genes has facilitated breeding for

geminivirus resistance. However, neither resistance gene

prevents the accumulation of viral DNA during infection,

which can lead to the development of viral mutations that

eventually overcome resistance (Arguello-Astorga et al.,

2007; Richter et al., 2016). In addition, there is a risk that

Ty-1/Ty-3 resistance will be overcome because gemi-

niviruses encode anti-silencing proteins (Raja et al., 2010)

and occur in mixed infections with pathogenic RNA

viruses, such as Cassava brown streak virus (Mbanzibwa

et al., 2009), which also interfere with silencing. Gemi-

nivirus-associated satellites frequently target host gene

silencing pathways (Nawaz-ul-Rehman and Fauquet, 2009;

Hanley-Bowdoin et al., 2013). There is a need for additional

sources of resistance to augment the existing repertoire

and enhance the possibility of creating durable resistance.

Arabidopsis thaliana has served as a model plant for

studying virus–host interactions, and numerous genes

impacting infection have been identified using mutage-

nized populations or by screening naturally occurring

accessions (Ouibrahim et al., 2014). Because Arabidopsis

is self-pollinating, the thousands of accessions collected

from around the world function as inbred lines that have

adapted to a wide range of environments (Consortium,

2016). These accessions can be used for genome-wide

association studies (GWAS) in addition to quantitative trait

locus (QTL) mapping, and provide powerful tools for

uncovering the genetic basis of defective virus–host inter-
actions that can lead to resistance (Pagny et al., 2012). For

example, the potyvirus resistance gene, eIF4(iso)E, was

first identified in an Arabidopsis mutant (Lellis et al., 2002),

and then found to correspond to the broad spectrum poty-

virus resistance allele (pvr) that is widely used for breeding

(Ruffel et al., 2002; Kang et al., 2005). The product of this

recessive resistance gene participates in translation initia-

tion, and has been called the ‘weak link’ of potyvirus infec-

tion (Robaglia and Caranta, 2006). Three resistance genes

that limit Tobacco etch virus to inoculated leaves were

identified in a mutagenized population of Ler-1 after the

trait was first uncovered in naturally occurring populations

(Chisholm et al., 2000). Recently, the Cvi-0 accession was

used to identify a variant form of a phosphoglycerate

kinase gene that confers potyvirus resistance (Ouibrahim

et al., 2014) and provided new insights into the involve-

ment of metabolic enzymes in virus–host interactions.
Several years ago, we initiated a screen of Arabidopsis

accessions to better understand geminivirus–plant interac-
tions. We were interested in using Arabidopsis to study

virus-induced gene silencing (VIGS). VIGS takes advantage

of a major plant defense pathway, post-transcriptional

gene silencing (PTGS), which results in degradation of the

aberrant RNA associated with viral infection (Waterhouse

et al., 2001). When a host gene fragment is inserted into

the virus, mRNA from the host gene is also degraded. Pre-

viously (Turnage et al., 2002), we showed that Col-0 plants

inoculated with a VIGS vector derived from the gemi-

nivirus Cabbage leaf curl virus (CaLCuV) carrying a frag-

ment of the CH-42 gene (At4G18480; a.k.a. Chlorina-42,

CHLI-1), which encodes magnesium chelatase subunit I,

developed yellow-white areas due to chlorophyll loss.

However, viral symptoms were too severe for its use as a

VIGS vector. We screened 190 accessions to identify lines

with attenuated symptoms and accidentally identified one

line, Pla-1, that showed durable and complete resistance to

CaLCuV even when wild-type virus was used for infection.

Because of the potential benefits of a natural source of

immunity to geminiviruses, we chose to focus on Pla-1.

This paper reports results of the VIGS screen and our initial

characterization of Pla-1 immunity.

RESULTS

Diverse responses to the VIGS vector

We conducted a screen of Arabidopsis accessions to

assess natural variation in response to a geminivirus VIGS

vector. The original motivation was to find lines with

reduced symptoms, but we were also interested in resis-

tance. Preliminary experiments showed that VIGS in Col-0

was more extensive under short-day conditions (8 h light/

16 h dark), which were used for the screen. To standardize

results, Col-0 was included in each experiment as an inter-

nal control.

Initially, the CaLCuV vector with or without a non-homo-

logous Luciferase fragment was used simply to assess

symptoms. When it was realized that the extent of VIGS

also varied among accessions, CaLCuV carrying a CH-42

fragment was used, and both symptoms and the extent of

silencing were scored. Results from the first experiments

are included because each of the 26 accessions tested

showed symptoms (Figure S1; Table S1), indicating that

they were not resistant to CaLCuV.

A total of 166 accessions were bombarded with CaLCuV:

CH-42 to assess both symptoms and silencing. Each acces-

sion was placed into one of four classes based on the

extent of silencing and symptom severity (Figure 1;

Table S1): Class A, most of the accessions with significant

symptoms and silencing, and those with a weak VIGS
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response; Class B, accessions with low symptoms and

high silencing – that would be a suitable host for VIGS;

Class C, accessions with very low silencing but severe

symptoms – interesting because of a lack of VIGS; and

Class D, accessions with very low symptoms and very low

silencing – candidates for resistance. Figure 1 shows

examples of accessions from each of the classes, and

individual photos of the phenotypic response of each

accession, grouped by experiment, are shown in Figure S1.

Col-0 consistently received high scores for both symptoms

and the extent of silencing in each of the experiments

(Table S1; Figure S1).

Class A had 144 members and included all accessions

not placed in the other classes. These accessions had mod-

erate to severe symptoms (138 accessions) or, if mild

symptoms, limited silencing (six accessions). Only 20 of

these lines had severe symptoms, but strikingly none of

them showed an extensive VIGS response (Table S1; Fig-

ure S1). Class C had three accessions that also showed

severe symptoms, but VIGS in these lines was greatly

reduced or in some cases absent.

Class B contained 10 accessions with extensive silencing

but minimal symptoms. Several accessions stood out for

their robust silencing response and attenuated symptoms

throughout development. The best VIGS responses were

found in Kil-0 (Figure 1b), Le-0, Ka-0 and Gu-1, followed by

Ra-0 and Sf-2 (Figure S1). Some accessions, in Class A

because of their phenotype at ~25 dpi, showed attenuated

symptoms at later time points, similar to recovery in wild-

type virus infections, and are marked with an asterisk in

(a) (b) (d)

(e) (f) (g) (h)

mock

(c)

Figure 1. Response of different Arabidopsis accessions to the CaLCuVA:CH-42 virus-induced gene silencing (VIGS) vector (a–f) or wild-type CaLCuV (g and h).

(a) Hi-0, a Class A accession, at 29 dpi. Hi-0 on the left was not inoculated.

(b) Kil-0, a Class B accession, at 54 dpi.

(c) Gr-1, a Class C accession, at 25 dpi.

(d) Di-0, a Class D accession, at 27 dpi.

(e) Li-2:1, a Class D accession that shows recovery at 29 dpi (f) and 60 dpi.

(g) Pla-1, which never showed silencing or symptoms, at 28 dpi agroinoculated with wild-type CaLCuV.

(h) Col-0 inoculated with wild-type CaLCuV at 28 dpi.
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Table S1. Figure S2 shows three representative accessions

that had stunted inflorescences at 26 dpi. At 45–60 days,

symptoms attenuated, leaf sizes increased and inflores-

cences developed normally and the plants showed

increased silencing.

Class D had six members that showed resistance to the

VIGS vector but would need to be retested with wild-type

CaLCuV to assess resistance. The bottom row of Figure 1

shows two exceptional examples of Class D resistance. In

the first example, plants such as Li-2:1 showed an early

VIGS response (Figure 1e) but then appeared to recover to

become symptomless (Figure 1f). All five of the Li-2:1

plants showed the same pattern (Figure S1). Another

accession, PNA-17, also showed a transient VIGS response

except that silenced areas were light green rather than yel-

low (Figure S1). These were the only accessions that lost

the VIGS phenotype.

The second example, the Pla-1 accession (ecotypeID

7301) from Playa de Aro in Spain, never showed symptoms

or silencing. Moreover, no signs of infection were

observed when Pla-1 plants were agroinoculated with

wild-type CaLCuV, which contains the viral coat protein

gene and produces much more severe symptoms than

CaLCuVA:CH-42 (Figure 1g).

Lack of viral DNA accumulation in Pla-1

Successful infection by geminiviruses requires viral DNA

replication and gene expression as well as nuclear, cellular

and long-distance movement (Morra and Petty, 2000;

Trejo-Saavedra et al., 2009). To identify the stage where

infection was blocked, we inoculated individual leaves of

Pla-1 and Col-0 (Figure 2a). A single leaf was inoculated by

microprojectile bombardment with wild-type CaLCuV, and

the process repeated until three mature leaves from the

same plant were inoculated. Symptoms appeared in

young, developing leaves of Col-0 at 13 dpi. Leaf curling,

stunted development and mild chlorosis were present at

17 dpi and pronounced chlorosis at 22 dpi. In contrast, Pla-

1 did not develop symptoms.

We tested for viral DNA accumulation using poly-

merase chain reaction (PCR) primers that were divergent

in pCPCbLCVA.003, a plasmid containing partial tandem

copies of wild-type A DNA with duplicated 50 intergenic

regions. The primers were expected to produce a 936-bp

product from replicated viral DNA in infected tissues and

a ~4.6-kb product from the input plasmid. A replication-

deficient mutant containing a frameshift mutation in AL1,

which is essential for viral DNA replication (Elmer et al.,

1988; Sunter et al., 1990), was tested to distinguish

between homologous recombination between the dupli-

cated 50 intergenic regions of input DNA and low levels

of authentic viral DNA replication. The AL1 mutant did

not replicate (Figure S3) in protoplast assays (Methods

S1).

Viral DNA was detected in inoculated leaves of Col-0 at

9 dpi and in systemically infected leaves at 13 dpi. Fig-

ure 2b shows viral DNA accumulation at 22 dpi. No viral

DNA was detected in Col-0 inoculated with the AL1 mutant,

suggesting that viral DNA replication in planta was

required for detection by our PCR primers. In Pla-1, none

of the DNAs, including wild-type, was detected (Figure 2b).

These results show that at least part of the Pla-1 resistance

impacts infection at or before viral DNA is replicated, and

establish that Pla-1 is immune to CaLCuV.

Pla-1 is also immune to a Curtovirus

To test whether Pla-1 resistance extends to other gemi-

niviruses, we challenged Pla-1 plants with Beet curly top

virus (BCTV), a member of the Curtovirus genus. Because

BCTV is phloem-limited and not efficiently inoculated by

bombardment (Briddon et al., 1989; Stenger et al., 1990),

we agroinoculated both CaLCuV and BCTV. Pla-1 inocu-

lated with BCTV (Figure 3a) did not show symptoms. It has

been previously reported that another accession, Cen-0,

was resistant to BCTV (Park et al., 2002). We confirmed

that Cen-0 had no symptoms from BCTV but it was suscep-

tible to CaLCuV and displayed similar symptoms as Col-0 –
severe chlorosis and leaf deformation (Figure 3a).

Symptoms in BCTV-infected Col-0 included leaf curling

M 1 2 3 4 5 6
Col-0 Pla-1

(b)

(a)

bp

Inoculated
leaves

Systemically 
infected leaves

1000

500

1000

500

Systemically 
infected leaves

Inoculated
leaves

Figure 2. Pla-1 is immune to wild-type CaLCuV.

(a) An Arabidopsis plant illustrating the three leaves that were inoculated

separately (red dots) and leaves in new growth that were tested for sys-

temic infection (black stars). Photo modified from Charles Andr�es (licensed

under CC BY 2.0).

(b) Polymerase chain reaction (PCR) detection of viral DNA in inoculated

(upper panel) and systemically infected leaves (lower panel) of Col-0 and

Pla-1. Lanes 1 and 4 show mock-inoculated plants, lanes 2 and 5 show

plants inoculated with wild-type CaLCuV, and lanes 3 and 6 show plants

inoculated with the CaLCuV replication-deficient mutant. Lane M shows

DNA size markers. The expected PCR product is 936 bp.
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and deformation plus anthocyanin accumulation, but

chlorosis was not apparent.

To test for immunity to BCTV, we used PCR (Fig-

ure 3b). Col-0 inoculated with CaLCuV and BCTV showed

bands of the predicted sizes indicating that viral DNA

was present in systemically infected leaves. However,

neither CaLCuV nor BCTV produced detectable viral DNA

in Pla-1. CaLCuV DNA accumulated in Cen-0 at levels

comparable to Col-0, consistent with the symptoms.

Despite the lack of symptoms in Cen-0, BCTV DNA was

detected in systemic growth, confirming previous results

that Cen-0 is tolerant to BCTV (Park et al., 2002). These

results demonstrate that Pla-1 has broad-based immunity

to geminiviruses and that Cen-0 tolerance is distinct from

Pla-1 immunity.

Pla-1 shows resistance to TYLCV infection

Recently, Col-0 was shown to be susceptible to both the

severe, Israel strain (IL), and the mild strains of TYLCV

(Ca~nizares et al., 2014). Because of the severe crop losses

(a)

(b)

Pla-1Col-0 Cen-0

Mock

CaLCuV

BCTV

(c) (d)

1 2 3

CaLCuV

BCTV

M

5M

1000

500

200

bp

1000

500

bp

4 6

200

TYLCV

Col-0 Pla-1 TYLCV

Col-0

1 2 3 4

Pla-1

5 6 7 8 9

dsDNA

ssDNA

N. benth

Figure 3. Pla-1 is resistant to agroinoculation with CaLCuV, BCTV and TYLCV.

(a) Symptom development at 25 dpi in Col-0, Pla-1 and Cen-0 plants agroinoculated with CaLCuV or BCTV.

(b) Polymerase chain reaction (PCR) detection of viral DNA in Col-0 (lanes 1, 4), Pla-1 (lanes 2, 5) or Cen-0 (lanes 3, 6) plants inoculated with CaLCuV (lanes 1–3)
or BCTV (lanes 4–6). Lane M shows DNA size markers. The expected PCR product size for CaLCuV is 936 bp and for BCTV is 283 bp.

(c) Symptom development at 35 dpi in Col-0 and Pla-1 plants agroinoculated with TYLCV.

(d) DNA blot hybridization of total DNA from TYLCV inoculated Col-0 (lanes 1–4), Pla-1 (lanes 5–8) and the positive control Nicotiana benthamiana (lane 9) at 35

dpi. The blot was probed with P32-labeled TYLCV DNA and imaged on film. Lanes 1–4 contain DNA from Col-0 plants showing the mildest (lanes 1 and 2) and

most severe (lanes 3 and 4) symptoms out of eight inoculated plants. dsDNA, double-stranded DNA. ssDNA, single-stranded DNA.
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caused by TYLCV globally (Diaz-Pendon et al., 2010), we

decided to test for susceptibility in Pla-1. We agroinocu-

lated eight Col-0 and seven Pla-1 plants with a variant of

the Israel strain that came from the Dominican Republic

(TYLCV-IL[DO]). Eight Nicotiana benthamiana plants, a

known host for TYLCV, were also agroinoculated as a posi-

tive control for infection. TYLCV symptoms were clearly

present in N. benthamiana by 10 dpi, but were not appar-

ent in Col-0 or Pla-1. Mild symptoms appeared in Col-0 at

21 dpi, while Pla-1 did not show symptoms, even at 35 dpi

when the plants were used for DNA extraction (Figure 3c).

DNA:DNA blot hybridization of genomic DNA from the

infected plants with a TYLCV probe showed that viral DNA

was present in systemically infected leaves of both N. ben-

thamiana and each of the eight inoculated Col-0 plants. In

contrast, there was no hybridization with DNA from any of

the seven inoculated Pla-1 plants (Figure 3d). Together

with the lack of symptoms, we conclude that Pla-1 is resis-

tant to TYLCV.

Pla-1 is susceptible to RNA viruses

To determine if Pla-1 immunity was specific to DNA

viruses, we tested Pla-1 for infection with the RNA tobra-

virus Tobacco rattle virus (TRV). Because TRV infection is

asymptomatic (Burch-Smith et al., 2006), and we were also

interested in the VIGS response of Pla-1, we used TRV car-

rying a visible marker for silencing, a fragment of Phytoene

Desaturase (AtPDS; At4G14210; Figure 4). PDS is needed

for carotenoid biosynthesis, which protects chlorophyll

from photobleaching. Although extensive AtPDS silencing

was observed in Col-0, the extent of VIGS was reduced in

Pla-1, and only five out of six plants showed silencing (Fig-

ure 4a). A second experiment showed that new growth in

TRV:AtPDS-inoculated Pla-1 was green at later time points

while the equivalent leaves in Col-0 plants remained white

(Figure S4).

To determine whether the reduced TRV:AtPDS VIGS in

Pla-1 was due to a defective silencing response or reduced

TRV susceptibility, viral RNA accumulation was analyzed

using TaqMan�. pTRV1 contains the viral RDR but lacks

the AtPDS silencing fragment. The copy number of TRV1,

which was normalized to total RNA (lg), was significantly

higher in Col-0 plants (69 9 106) compared with Pla-1

plants (26 9 106; P < 0.05; Figure 4b). Therefore, Pla-1

shows some resistance to the TRV:AtPDS VIGS vector in

comparison to Col-0. Because the reduced silencing could

be a direct effect of reduced TRV:AtPDS levels, we were

not able to conclude whether the silencing response was

altered in Pla-1.

Because Pla-1 showed reduced susceptibility to TRV:

AtPDS, we challenged Pla-1 plants with another RNA virus,

the potyvirus Turnip mosaic virus (TuMV; Methods S2). All

eight TuMV-inoculated Pla-1 plants showed severe symp-

toms at 18 dpi, indicating susceptibility (Figure S5).

Immunity maps to chromosome 1

To determine if Pla-1 immunity corresponded to previously

identified resistance genes, we initiated QTL mapping with

progeny from a Pla-1 9 Col-0 cross. In the first set of exper-

iments, 83 F2:3 families were agroinoculated with wild-type

CaLCuV and scored for symptoms at 21 dpi in three repli-

cates (Methods S3). Symptoms were scored on a scale of

1–5 (Figure S6), with 1 being no symptoms and 5 being

severe chlorosis, stunting and growth arrest. A total of 20

simple sequence length polymorphism (SSLP) markers

polymorphic for Pla-1 and Col-0 (Table S2; Figure S7c)

were used to construct a QTL map using R/qtl (Broman

and Sen, 2009). Plots for the three replicates showed a

major peak on chromosome 1 near nga280 (Figure S7d)

with logarithm of odds (LOD) scores of about 5.5. A LOD

threshold of 3.5 was calculated from 1000 permutations at

0.05 confidence, indicating that the peaks were significant.

The consistency of results from different members of the

F2:3 families in three replicates showed that resistance was

Mock TRV
(a)

(b)

Col-0

Pla-1

T
R

V
1 

co
pi

es
(×

10
6 )

/
µg

 to
ta

l R
N

A

Col-0 Pla-1
0

20
30
40
50
60
70

90
80

10

Figure 4. Pla-1 shows reduced virus-induced gene silencing (VIGS) and sus-

ceptibility to TRV:AtPDS.

(a) Response of Col-0 and Pla-1 to TRV:AtPDS inoculation at 21 dpi.

(b) Histogram of TRV1 copy number per lg of total RNA for Col-0 and Pla-1

TRV:AtPDS-inoculated plants. Error bars show standard error.
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heritable and suggested that fine-mapping should concen-

trate on chromosome 1.

To identify single nucleotide polymorphisms (SNPs) for

chromosome 1, the Pla-1 genome was sequenced to a

depth of 3 9. Although coverage was low, many SNPs

were supported by at least 5 reads. A total of 77 SNPs near

nga280 were chosen from Pla-1 sequence and supple-

mented with 19 previously identified SNPs (Platt et al.,

2010) to provide complete coverage of the genome. Illu-

mina’s Golden Gate technology was used to identify and

call SNPs, and oligonucleotides for the 96 putative SNPs

passed Illumina’s proprietary criteria for inclusion in the

assay. Unfortunately, more than 50% of the SNPs failed to

produce useful data, largely due to incomplete data for the

Pla-1 genome. Sequences and positions of the 42 success-

ful SNPs are provided in Table S3.

A total of 440 F2 progeny were agroinoculated with CaL-

CuV, scored for symptoms at 28 dpi and used for the sec-

ond QTL map. Of the 440 plants, 121 plants (27.5%)

showed no symptoms (symptom score 1; Figure 5a). The

ratio of resistant (121) to susceptible (319) plants was simi-

lar to the expected ratio (1:3) for recessive resistance with

a chi square value of 1.47 (P = 0.23 that expected and

observed were from different populations). These results

were similar to the F2:3 families (Figure S7b), and indicate

that immunity is recessive.

The positions of the 42 SNPs used to genotype 440

plants are shown in Figure 5b. R/qtl was used to create a

QTL map using extended Haley–Knott regression (Feenstra

et al., 2006). The results show a major QTL, designated

gip-1 for geminivirus immunity, Pla-1, at 42.6 centiMorgan

(cM) in chromosome 1 with a LOD score of 34 (Figure 5b).

Following 1000 permutations, the LOD score for 0.05 signif-

icance was 2.85. Similar results were obtained using stan-

dard interval mapping (Lander and Botstein, 1989) and the

original Haley–Knott regression method. These results

located a major QTL on the left side of the centromere that

contrasts with results from F2:3 families, which showed a

peak to the right of the centromere. This can be explained

by the paucity of SSLP markers in the center of chromo-

some 1, which likely skewed results from the F2:3 families.

Both analyses found a major peak on chromosome 1. In

addition, both studies showed that QTLs on other chromo-

somes do not have a strong impact on the production of

CaLCuV symptoms. From these results, we conclude that

Pla-1 immunity is distinct from the RDR-like Ty-1/Ty-3 or

the Pelota-like ty-5 genes previously identified in tomato,

which are located in chromosomes 2 and 4, respectively

(Verlaan et al., 2013; Lapidot et al., 2015). Therefore, the

gene(s) responsible for Pla-1 immunity are likely to be nov-

el. Candidate genes near gip-1, whose sequences are

altered compared with the geminivirus-susceptible acces-

sion Col-0 and the closely related susceptible accession

Pla-0, are listed in Table S4. This list includes 582 SNPs

unique to Pla-1 located in the open reading frames of 161

genes (Methods S4).

DISCUSSION

This work began as an effort to identify a suitable host for

geminivirus-mediated VIGS in Arabidopsis, but ultimately

focused on resistance. After screening 190 Arabidopsis

accessions, we identified Pla-1 as the only accession

immune to CaLCuV, a whitefly-transmitted bipartite mem-

ber of Squash leaf clade in the Begomovirus genus of

Geminiviridae. Pla-1 was also resistant to BCTV, a leafhop-

per-transmitted monopartite geminivirus in the Curtovirus

genus, and to the agronomically important TYLCV, a white-

fly-transmitted monopartite member of the Old World

branch of the Begomovirus genus, thereby establishing

the broad-based nature of the immunity.
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Figure 5. Quantitative trait locus (QTL) associated with CaLCuV symptoms

are located on chromosome 1 of Pla-1.

(a) 28-dpi symptom responses of the 440 F2 (Pla-1 9 Col-0) plants used for

mapping to CaLCuV.

(b) QTL map of symptom responses in the CaLCuV-inoculated F2 popula-

tion. Positions of the single nucleotide polymorphism (SNP) markers along

the chromosomes are shown as vertical black lines on the x-axis. The black

dashed line marks the logarithm of odds (LOD) significance threshold

(P < 0.05).
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Pla-1 was inoculated with wild-type CaLCuV by micro-

projectile bombardment into three leaves of the same plant

(Figure 2) or by agroinoculation (Figure 3). In both cases,

no viral DNA was recovered in inoculated or systemically

infected leaves. In addition, no viral DNA was detected

when Pla-1 was inoculated with BCTV. Furthermore, TYLCV

could not be detected in any of the inoculated Pla-1 plants.

This kind of broad-based immunity is desirable in plant

breeding programs because the lack of viral DNA accumu-

lation reduces the chances of viral variants with the poten-

tial to break resistance.

Recessive resistance, especially when it is to more than

one genus of virus, suggests that a host protein(s) essen-

tial for infection is altered or unavailable to the virus

(Pagny et al., 2012; Ouibrahim et al., 2014; Lapidot et al.,

2015). DNA viruses exploit the host’s capacity for protein

and nucleic acid synthesis, nuclear trafficking, and cell-to-

cell and long-distance movement (Ascencio-Ibanez et al.,

2008; Hanley-Bowdoin et al., 2013). Although we could not

detect viral DNA in inoculated leaves, our assay may not

have been sensitive enough to detect very low-level DNA

replication. We included an AL1 frameshift mutant because

episomes were detected when a similar construct for

Tomato golden mosaic virus was transfected into Escheri-

chia coli (Lopez-Ochoa et al., 2006). These episomes likely

formed by recombination across the duplicated 50 inter-

genic regions of input plasmid, but it is not known whether

episomes can be formed simply by homologous recombi-

nation in plant cells. Therefore, we do not know the lower

limits of detection in our assay and can not rule out the

occurrence of very low levels of viral DNA replication.

However, when wild-type CaLCuV A is bombarded into

mature leaves in the absence of B DNA, which is essential

for movement, viral DNA is easily detected. Therefore, at

least part of the Pla-1 immunity must involve host pro-

cesses that target early events in the viral life cycle.

The VIGS screen of Arabidopsis accessions resulted in a

variety of responses, but two correlations were found –
lines that showed reduced symptoms over time (recovery)

also showed increased VIGS, and lines that showed the

most severe symptoms lacked extensive silencing

(Table S1). Figure S2 shows the extensive VIGS associated

with recovery in some of the accessions at later time

points. One explanation for the increased VIGS response is

that transcriptional gene silencing (TGS), which methylates

viral DNA, stops transcription of viral genes that inhibit

silencing. Geminiviruses encode multifunctional anti-silen-

cing proteins that target TGS as well as PTGS (Wang et al.,

2005; Glick et al., 2008; Rodriguez-Negrete et al., 2009).

Recovery from geminivirus infection has been correlated

with increased methylation of viral DNA (Raja et al., 2008),

but viral DNA is not entirely eliminated in new growth and

not all DNAs are methylated (Paprotka et al., 2011). If only

a few DNAs are transcriptionally active, anti-silencing

protein levels may be reduced compared with early stages

of infection. Any transcription of the CH-42 insert could be

amplified by RDR6 and cause extensive silencing in new

growth.

Viral anti-silencing activity may be especially strong

against both TGS and PTGS in other accessions, such as

those in Class C that show severe symptoms and very lim-

ited PTGS. Previous studies have identified RDR6, SGS3,

DCL4 and Hen1 as necessary for VIGS from CaLCuV in Ara-

bidopsis (Blevins et al., 2006). Plants mutant for RDR6 and

SGS3, which encodes a known target of geminivirus anti-

silencing proteins (Glick et al., 2008), also show more sev-

ere symptoms and reduced silencing (Muangsan et al.,

2004). The strong correlation between severe symptoms

and reduced VIGS suggests that the relative strength of the

host gene silencing defense response determines symp-

tom severity in this virus host pathosystem.

Several accessions showed minimal symptoms and

extensive silencing. Accessions in Class B, especially Gu-1,

Kil-0, Le-0, Sf-2, Mz-0 and Ra-0, could be suitable hosts for

VIGS as a functional genomics tool, depending on the

goals of the research (Flores et al., 2015). We used rela-

tively cool (20–22°C) growth conditions. Because the extent

of VIGS increases with temperature (Chellappan et al.,

2005; Wang et al., 2006; Tuttle et al., 2008), increased

silencing might be obtained for some of these accessions

if grown at higher temperatures.

The response of plants in Class D, which showed

reduced VIGS as well as reduced symptoms, could reflect

mutations in genes for essential host factors, such as Pelo.

In ty-5, which has an alternative Pelo allele, TYLCV viral

DNA levels are greatly reduced and infection is asymp-

tomatic (Lapidot et al., 2015). However, the lines in Class D

need to be screened with wild-type CaLCuV before they

are considered to be resistant.

Only one out of 190 accessions (Pla-1) showed a com-

plete lack of symptoms and silencing when inoculated with

the VIGS vector, suggesting that VIGS is a sensitive

method for distinguishing between resistance and immu-

nity. Arabidopsis is susceptible to a variety of viruses and

several screens for resistant accessions have been reported

(Leisner and Howell, 1992; Mart�ın Mart�ın et al., 1997; Park

et al., 2002; Rajakaruna and Khandekar, 2007; Ouibrahim

et al., 2014). However, the only report of virus immunity in

Arabidopsis described a Col-0 mutant already resistant to

tobamoviruses that was subjected to further mutagenesis

(Yamanaka et al., 2002). Further testing will be needed to

determine whether one or more genes comprise the Pla-1

immunity to CaLCuV and whether this accession is unique

in showing broad-based immunity to geminiviruses.

The only other study to test the response of Arabidopsis

accessions to a VIGS vector, which used the same TRV:

AtPDS as in Figure 4, found very little variation in symp-

toms or the extent of silencing (Wang et al., 2006). In
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contrast, we found wide variation in both symptoms and

the extent of silencing. We also found a reduction in the

extent of VIGS from TRV:AtPDS in Pla-1 compared with

Col-0, but this may have been due to reduced levels of the

TRV vector. Although resistant to CaLCuV, BCTV, TYLCV

and perhaps to some extent TRV, Pla-1 has been shown to

be very susceptible to Cauliflower mosaic virus, a DNA

virus that replicates through RNA intermediates (Leisner

and Howell, 1992), the potyvirus TuMV (Figure S5), and the

comovirus Turnip ringspot virus (Khandekar et al., 2007).

A recessive susceptibility locus, sha3, that impacts long-

distance movement of the Potyvirus Plum Pox Virus (PPV)

was mapped to a 20-kb region on chromosome 3 by com-

bining GWAS of 147 Arabidopsis accessions and tradi-

tional QTL mapping (Pagny et al., 2012). Six different

accessions showed resistance to PPV and were allelic for

sha3. Our initial attempts at using GWAS have not yielded

clear results for gip-1, perhaps because the wild-type CaL-

CuV virus was not used or, more likely, because immunity

is polygenic and one or more alleles are not prevalent

among other accessions.

Accessions related to Pla-1, except for Pla-0, showed a

reduction in either symptoms or silencing (Figure S1). Only

Pla-0 has been sequenced (Consortium, T.G, 2016), and its

genome will be useful for eliminating candidate genes.

Pla-2 and Pla-3 both showed mild symptoms. Although

Pla-4 had strong symptoms, it was placed in Class C due to

the lack of a significant VIGS response (Table S1). These

VIGS responses demonstrate significantly more viral DNA

replication and movement than found in Pla-1. Efforts are

currently underway to transfer gip-1 to Col-0 to determine

if immunity can be retained in a different background.

These efforts are complicated by the longer flowering time

for Pla-1 and the need to vernalize F1 progeny to induce

flowering.

Resistance genes in tomato have been identified for

TYLCV, which is in the same genus as CaLCuV (Bego-

movirus), but has a single-component genome and is lim-

ited to the phloem during infection. The Ty-1/Ty-3 alleles

have alterations in an RDR that shows high sequence simi-

larity to Arabidopsis RDR3, RDR4 and RDR5 (Verlaan et al.,

2013), all of which are located on chromosome 2. The

recessive mutation in Pelo, at the ty-5 locus, confers strong

resistance to TYLCV, probably by inhibiting or slowing

down ribosome recycling and reducing protein synthesis

in the infected cells (Lapidot et al., 2015). The correspond-

ing gene in Arabidopsis is located in chromosome 4 and is

distinct from the Pla-1 resistance locus on chromosome 1.

The Ty-1 and Ty-3 alleles behave differently: Ty-1 is domi-

nant and is specific for TYLCV; while Ty-3 is semi-domi-

nant and also confers partial resistance to the bipartite

Tomato mottle virus, and the combination of alleles pro-

vides stronger resistance than either allele alone (Ji et al.,

2007). The ty-5 allele is recessive and provides strong

protection against TYLCV but may be associated with

reduced growth in the absence of infection (Lapidot et al.,

2015). Nevertheless, recessive resistance that involves

alterations in essential host factors is hard for the virus to

overcome. Identification of the genetic basis for the immu-

nity found in Pla-1, which is also recessive, could provide

information about another virus–host interaction that can

be targeted for resistance. An advantage of using natural

variation is that the genes conferring resistance have been

selected for fitness, which is important because these

viruses target essential host processes. The possibility of

using CRISPR/Cas technologies to precisely modify the cor-

responding genes in crop plants without the need for tradi-

tional plant transformation (Puchta, 2016) may speed the

deployment of these genes where they are most needed.

Candidate genes for conferring geminivirus immunity in

the gip-1 locus are listed in Table S4. The list includes

genes that encode proteins involved in pathogen and

stress responses, transcription, hormonal regulation and

development. All of these pathways have been implicated

in geminivirus infection (Hanley-Bowdoin et al., 2013) and

their disruption has the potential to interfere with the gem-

inivirus infection process.

Tagging CaLCuV with a marker for VIGS was useful in

uncovering dynamic aspects of geminivirus–host interac-

tions that would have been difficult to track in a wild-type

virus infection. It was especially useful in identifying CaL-

CuV immunity in Pla-1. A single peak was identified by

QTL mapping of CaLCuV-infected plants, but it still may

consist of more than one gene. Still to be determined is

whether the CaLCuV immunity in Pla-1 comprises a unique

combination of genes that are also present in other acces-

sions or if it includes a rare allele. It also needs to be estab-

lished whether gip-1 participates in resistance to BCTV

and/or TYLCV. Nevertheless, the high LOD score of gip-1,

the block of viral DNA accumulation from two distinct

geminiviruses in Pla-1 and the resistance shown against

TYLCV all suggest that further analyses will be valuable.

Efforts are currently underway to identify the molecular

basis of Pla-1 immunity.

EXPERIMENTAL PROCEDURES

Plant growth

Seeds were stratified at 4°C for 3 days on moist autoclaved Metro-
Mix 360 soil. For the VIGS screen, plants were grown at 22/20°C
during an 8-h light/16-h dark photoperiod. For TYLCV agroinocula-
tion, plants were grown in continuous light at 22°C. All other
experiments used plants grown at 20°C under an 8-h light/16-h
dark photoperiod with 50% humidity at a light intensity of
140 lmol m�2 sec�1.

Plasmid construction

All plasmids for geminivirus inoculation carried duplicated 50

intergenic regions for replicational release in plant cells (Elmer
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et al., 1988). Plasmids carrying the wild-type CaLCuV A DNA
(pCPCbLCVA.003), the CaLCuV A DNA VIGS vector (CaLCuVA:CH-
42 with a 362-bp fragment of CH-42 in antisense orientation
in place of the coat protein gene, pMTCaLCuVA.008), the CaLCuV
A DNA LUC vector (CaLCuVA:LUC with a 623-bp fragment
of LUC, pNMCaLCuVA.LUC) and wild-type CaLCuV B DNA
(pCPCbLCVB.002) have been described (Turnage et al., 2002;
Muangsan et al., 2004). The replication-deficient CaLCuV A
mutant (pCaLCuVA:FSAL1mut) carrying a frameshift mutation in
AL1 was created by digesting pCPCbLCVA.003 with NcoI, repair-
ing the cleaved ends and religating it. CaLCuV-containing
Agrobacterium plasmids have been described (Egelkrout et al.,
2002). The BCTV-Logan (Stenger et al., 1991) plasmid was pro-
vided by D.M. Bisaro of The Ohio State University. TRV plasmids
were obtained from the Arabidopsis Biological Resource Center
(ABRC, Ohio State University). The plasmid carrying TYLCV-IL
[DO] (GenBank accession number AF024715) has been described
(Reyes et al., 2013).

CaLCuV VIGS of Arabidopsis accessions

Of the 190 accessions screened, 173 came from ABRC and were
bulked at Paradigm Genetics and 17 were from the collection of
96 natural accessions (Nordborg et al., 2005) obtained from ABRC
as CS22660. Seedlings at the seven-eight leaf stage were co-bom-
barded with equal amounts of CaLCuVA:CH-42 or CaLCuVA:LUC
and CaLCuV B, as previously described (Turnage et al., 2002).
Twenty seedlings per accession were bombarded and 16 acces-
sions were screened simultaneously along with Col-0 controls.
Four people independently evaluated symptoms, and silencing
and consensus scores (Table S1) were reached by group
discussion.

Microprojectile bombardment of individual leaves with

CaLCuV

Equal amounts (2.5 lg) of the wild-type or replication-deficient
CaLCuV A and CaLCuV B DNAs were precipitated onto 1-lm gold
microprojectiles (Santos et al., 2008) and co-inoculated three
times into three adjacent mature rosette leaves using a DNA
microsprayer (Venganza) at 30 psi. The experiment was repeated
twice and included CaLCuV B-inoculated controls.

CaLCuV, BCTV and TYLCV agroinoculation and detection

Five-week-old seedlings were inoculated with an equal mixture
of Agrobacterium carrying CaLCuV A and B plasmids, the BCTV
or the TYLCV containing plasmid (Ascencio-Ibanez et al., 2008).
Agrobacterium with an empty vector served as control. Agrobac-
terium cultures were grown overnight at 30°C until saturation.
Plants were inoculated by pricking the area surrounding the
shoot apex 10 times and depositing a drop of the culture using a
1-mL syringe with a 27.5-gage needle. Plants were then covered
for 24 h. Leaves 6 and 7 (with leaf 1 being the youngest) were
pooled at 25 or 35 dpi for genomic DNA extraction using the
DNeasy Plant Mini Kit (Qiagen) or a Plant/Fungi DNA isolation kit
(Norgen). CaLCuV DNA was detected by PCR using divergent pri-
mers CaLCuVAdivPCR-For 50- CTCTAGGAACATCTGGGCTTCTA
and CaLCuVAdivPCR-Rev 50- CCTTATAATTGCGAGACGCTCT.
BCTV DNA was detected using primers BCTV15-for 50-
CGTTACTGTGACGAAGCATTTG and BCTV15-rev 50-
CTCCTTCCCTCCATATCCAGTA. All assays were run in triplicate
and included no DNA and target DNA controls. TYLCV was
detected by DNA blot hybridization using 100 ng of genomic
DNA digested with SacI. Blotted membranes were hybridized to

an [a-32P]-dATP labeled 1619-bp TYLCV Cla-1 fragment and
exposed to CL-X Posure film.

TRV VIGS

Arabidopsis plants at the 12–14 leaf stage were used for TRV
VIGS. pTRV1 and pTRV2-AtPDS were introduced into Agrobac-
terium tumefaciens strain GV3101::pMP90 by electroporation and
equal amounts were mixed together before infiltration. Agroinfil-
tration of six plants per accession (Col-0 and Pla-1) was performed
as described previously (Burch-Smith et al., 2006).

TRV quantification

Three PDS-silenced leaves were pooled per plant. Total RNA was
isolated using an RNeasy Plant Kit (Qiagen, Crawley, UK).
First-strand cDNA synthesis was performed using a SuperScript III
kit (Invitrogen, Paisley, UK) and the Tobravirus-specific primer 305
50-GGGCGTAATAACGCTTACG.

Primers and probes derived from the 30 ORF in TRV RNA1 were
used as described (Holeva et al., 2006). The 50 reporter dye was
FAM and the 30 dye was TAMRA (Applied Biosystems). Real-time
PCR was performed using the Mx3000P qPCR System (Strata-
gene). Each assay was performed in triplicate and included either
no cDNA template or pTRV1 controls. TRV1 in 10-fold dilutions
(10 ng to 100 fg) were run in triplicate as standards for quantifica-
tion. Crossing threshold (Ct) values were calculated by MxPro
QPCR Software (Agilent). TRV1 copy number was calculated using
the following formula: (g of TRV1 DNA/(size of TRV1 DNA in bp)/
molecular weight of 1 bp) * Avogadro’s constant.

Genotyping and QTL mapping

To identify markers, the Pla-1 genome was sequenced using Illu-
mina Sequencing by Synthesis technology at NCSU’s Kannapolis
campus. DNA was isolated from Pla-1 ecotypeID 7301 using a Qia-
gen DNeasy kit. About 15 million reads with an average length of
33 bp were aligned to the TAIR 9 version of Col-0 using Bowtie2-
2.1.0 (Langmead et al., 2009). SNPs were called using SAMTools
(Li et al., 2009) and 96 SNPs were used by Illumina (San Diego,
CA, USA) to design oligonucleotides for the GoldenGate Genotyp-
ing assay with VeraCode Technology.

A total of 440 5-week-old F2 plants, plus Col-0 and Pla-1 con-
trols, were scored for wild-type CaLCuV infection (Figure S6).
Three young leaves from each plant were used for DNA extraction
(Stepanova et al., 2011). DNA was quantified using PicoGreen�

(Life Technologies), and 15 lL at 50–100 ng lL�1 was sent to the
Genomics Core at Case Western Reserve School of Medicine for
processing and calling SNPs.

Quantitative trait locus analyses was performed using R/qtl [R
version 3.2.2 (2015-08-14); Broman and Sen, 2009] with extended
Haley–Knott regression. LOD thresholds were determined by per-
forming 1000 permutations to estimate the 0.05 significance level.

ACKNOWLEDGEMENTS

The authors thank Anna Stepanova and Jose Alonso for Pla-1 X
Col-0 F2 seed and for many helpful discussions on this work. The
authors also thank Jim Holland and Ed Buckler for their guidance.
The authors thank Mariana Franco-Ruiz for critical reading of the
manuscript. Justin Borevitz and Yan Li confirmed the identity of
our Pla-1, and Alexander Platt provided information about Pla-0
accessions. Anton Calloway helped us with TuMV. The authors
thank Peter Sseruwagi and Fred Tairo for their support, and Travis
Schrecengost, Mindaugas Idzelis, Samuel Griffin and Maryam
Raza for technical support. This work was funded by NSF STTR

© 2017 The Authors
The Plant Journal published by John Wiley & Sons Ltd and Society for Experimental Biology.,
The Plant Journal, (2017), 92, 796–807

Geminivirus immunity in Arabidopsis Pla-1 805



0215013 (SK and DR), NSF EAGER 1049794 (DR), and a sub-grant
from Mikocheni Agricultural Research Institute, Tanzania (DR,
JTA-I, LHB), funded by the Bill and Melinda Gates Foundation
award 2013-0957.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Thumbnail images of CH-42 VIGS in different Arabidop-
sis accessions.

Figure S2. Examples of accessions with attenuated symptoms and
increased silencing over time.

Figure S3. CaLCuV AL1 frameshift mutation abolishes viral DNA
replication in Nicotiana tabacum (NT1) protoplasts.

Figure S4. New growth in Pla-1 lacks TRV:AtPDS VIGS at later time
points compared with Col-0.

Figure S5. Pla-1 is susceptible to TuMV.

Figure S6. CaLCuV symptom score key.

Figure S7. QTL maps from F2:3 families.

Table S1. Response of 190 Arabidopsis accessions to inoculation
with the CaLCuVA:CH-42 VIGS vector or to CaLCuVA:LUC

Table S2. SSLP markers for Pla-1 and Col-0

Table S3. SNPs for Pla-1 and Col-0

Table S4. Candidate Genes for geminivirus immunity Pla-1-1
(gip-1)

Methods S1. CaLCuV A DNA replication assay in Nicotiana taba-
cum (NT1) protoplasts.
Methods S2. TuMV inoculation.
Methods S3. QTL mapping using F2:3 families.
Methods S4. Generation of the geminivirus immunity candidate
gene list.

REFERENCES

Arguello-Astorga, G., Ascencio-Ibanez, J. T., Dallas, M. B., Orozco, B. M.

and Hanley-Bowdoin, L. (2007) High-frequency reversion of gemi-

nivirus replication protein mutants during infection. J. Virol. 81,

11005–11015.
Ascencio-Ibanez, J. T., Sozzani, R., Lee, T. J., Chu, T. M., Wolfinger, R. D.,

Cella, R. and Hanley-Bowdoin, L. (2008) Global analysis of Arabidopsis

gene expression uncovers a complex array of changes impacting patho-

gen response and cell cycle during geminivirus infection. Plant Physiol.

148, 436–454.
Blevins, T., Rajeswaran, R., Shivaprasad, P. V. et al. (2006) Four plant Dicers

mediate viral small RNA biogenesis and DNA virus induced silencing.

Nucleic Acids Res. 34, 6233–6246.
Briddon, R. W., Watts, J., Markham, P. G. and Stanley, J. (1989) The coat

protein of beet curly top virus is essential for infectivity. Virology, 172,

628–633.
Broman, K. W. and Sen, S. (2009) A guide to QTL mapping with R/qtl. Statis-

tics for Biology and Health New York: Springer, pp. 1 online resource.

Burch-Smith, T. M., Schiff, M., Liu, Y. and Dinesh-Kumar, S. P. (2006) Efficient

virus-induced gene silencing in Arabidopsis. Plant Physiol. 142, 21–27.
Butterbach, P., Verlaan, M. G., Dullemans, A., Lohuis, D., Visser, R. G., Bai,

Y. and Kormelink, R. (2014) Tomato yellow leaf curl virus resistance by

Ty-1 involves increased cytosine methylation of viral genomes and is

compromised by cucumber mosaic virus infection. Proc. Natl Acad. Sci.

USA, 111, 12942–12947.
Ca~nizares, M. C., Rosas-D�ıaz, T., Rodr�ıguez-Negrete, E., Hogenhout, S. A.,

Bedford, I. D., Bejarano, E. R., Navas-Castillo, J. and Moriones, E. (2014)

Arabidopsis thaliana, an experimental host for tomato yellow leaf curl

disease-associated begomoviruses by agroinoculation and whitefly

transmission. Plant. Pathol. 64, 265–271.
Chellappan, P., Vanitharani, R., Ogbe, F. and Fauquet, C. M. (2005) Effect of

temperature on geminivirus-induced RNA silencing in plants. Plant Phys-

iol. 138, 1828–1841.
Chisholm, S. T., Mahajan, S. K., Whitham, S. A., Yamamoto, M. L. and Car-

rington, J. C. (2000) Cloning of the Arabidopsis RTM1 gene, which con-

trols restriction of long-distance movement of tobacco etch virus. Proc.

Natl Acad. Sci. USA, 97, 489–494.
Consortium, T.G (2016) 1,135 genomes reveal the global pattern of poly-

morphism in Arabidopsis thaliana. Cell, 166, 481–491.
Diaz-Pendon, J. A., Canizares, M. C., Moriones, E., Bejarano, E. R., Czosnek,

H. and Navas-Castillo, J. (2010) Tomato yellow leaf curl viruses: menage

a trois between the virus complex, the plant and the whitefly vector.

Mol. Plant Pathol. 11, 441–450.
Egelkrout, E. M., Mariconti, L., Settlage, S. B., Cella, R., Robertson, D. and

Hanley-Bowdoin, L. (2002) Two E2F elements regulate the proliferating

cell nuclear antigen promoter differently during leaf development. Plant

Cell, 14, 3225–3236.
Elmer, J. S., Brand, L., Sunter, G., Gardiner, W. E., Bisaro, D. M. and Rogers,

S. G. (1988) Genetic analysis of the tomato golden mosaic virus. II. The

product of the AL1 coding sequence is required for replication. Nucleic

Acids Res. 16, 7043–7060.
Feenstra, B., Skovgaard, I. M. and Broman, K. W. (2006) Mapping quantita-

tive trait loci by an extension of the Haley-Knott regression method using

estimating equations. Genetics, 173, 2269–2282.
Flores, M. A., Reyes, M. I., Robertson, D. N. and Kjemtrup, S. (2015) Persis-

tent virus-induced gene silencing in asymptomatic accessions of Ara-

bidopsis. Meth. Molec. Biol. 1284, 305–322.
Glick, E., Zrachya, A., Levy, Y., Mett, A., Gidoni, D., Belausov, E., Citovsky,

V. and Gafni, Y. (2008) Interaction with host SGS3 is required for sup-

pression of RNA silencing by tomato yellow leaf curl virus V2 protein.

Proc. Natl Acad. Sci. USA, 105, 157–161.
Hanley-Bowdoin, L., Bejarano, E. R., Robertson, D. and Mansoor, S. (2013)

Geminiviruses: masters at redirecting and reprogramming plant pro-

cesses. Nat. Rev. Microbiol. 11, 777–788.
Holeva, R., Phillips, M. S., Neilson, R., Brown, D. J., Young, V., Boutsika, K. and

Blok, V. C. (2006) Real-time PCR detection and quantification of vector tri-

chodorid nematodes and Tobacco rattle virus.Mol. Cell. Probes 20, 203–211.
Ji, Y., Schuster, D. J. and Scott, J. W. (2007) Ty-3, a begomovirus resistance

locus near the Tomato yellow leaf curl virus resistance locus Ty-1 on

chromosome 6 of tomato. Mol. Breeding, 20, 271–284.
Kang, B. C., Yeam, I., Frantz, J. D., Murphy, J. F. and Jahn, M. M. (2005) The

pvr1 locus in Capsicum encodes a translation initiation factor eIF4E that

interacts with Tobacco etch virus VPg. Plant J. 42, 392–405.
Khandekar, S., Rajakaruna, P. and Leisner, S. (2007) Identification and host

relations of Turnip ringspot virus, a novel comovirus discovered in Ohio.

Phytopathology, 97, S57.

Lander, E. S. and Botstein, D. (1989) Mapping mendelian factors underlying

quantitative traits using RFLP linkage maps. Genetics, 121, 185–199.
Langmead, B., Trapnell, C., Pop, M. and Salzberg, S. L. (2009) Ultrafast and

memory-efficient alignment of short DNA sequences to the human gen-

ome. Genome Biol. 10, R25.

Lapidot, M., Karniel, U., Gelbart, D. et al. (2015) A novel route controlling

Begomovirus resistance by the messenger RNA surveillance factor

pelota. PLoS Genet. 11, e1005538.

Leisner, S. M. and Howell, S. H. (1992) Symptom variation in different Ara-

bidopsis thaliana ecotypes produced by cauliflower mosaic virus. Phy-

topathology, 82, 1042–1046.
Lellis, A. D., Kasschau, K. D., Whitham, S. A. and Carrington, J. C. (2002)

Loss-of-susceptibility mutants of Arabidopsis thaliana reveal an essen-

tial role for eIF(iso)4E during potyvirus infection. Curr. Biol. 12, 1046–
1051.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth,

G., Abecasis, G. and Durbin, R. and Genome Project Data Processing, S.

(2009) The sequence alignment/Map format and SAMtools. Bioinformat-

ics, 25, 2078–2079.
Lopez-Ochoa, L., Ramirez-Prado, J. and Hanley-Bowdoin, L. (2006) Peptide

aptamers that bind to a geminivirus replication protein interfere with

viral replication in plant cells. J. Virol. 80, 5841–5853.

© 2017 The Authors
The Plant Journal published by John Wiley & Sons Ltd and Society for Experimental Biology.,

The Plant Journal, (2017), 92, 796–807

806 Maria Ines Reyes et al.



Mansoor, S., Zafar, Y. and Briddon, R. W. (2006) Geminivirus disease com-

plexes: the threat is spreading. Trends Plant Sci. 11, 209–212.
Mart�ın Mart�ın, A., Mart�ınez-Herrera, D., Cabrera y Poch, H. L. and Ponz, F.

(1997) Variability in the interactions between Arabidopsis thaliana eco-

types and oilseed rape mosaic tobamovirus. Aust. J. Plant Physiol. 24,

275–281.
Mbanzibwa, D. R., Tian, Y., Mukasa, S. B. and Valkonen, J. P. (2009) Cas-

sava brown streak virus (Potyviridae) encodes a putative Maf/HAM1

pyrophosphatase implicated in reduction of mutations and a P1 pro-

teinase that suppresses RNA silencing but contains no HC-Pro. J. Virol.

83, 6934–6940.
Moffat, A. (1999) Geminiviruses emerge as serious crop threat. Science 286,

1835.

Morra, M. R. and Petty, I. T. (2000) Tissue specificity of geminivirus infection

is genetically determined. Plant Cell, 12, 2259–2270.
Muangsan, N., Beclin, C., Vaucheret, H. and Robertson, D. (2004) Gemi-

nivirus VIGS of endogenous genes requires SGS2/SDE1 and SGS3 and

defines a new branch in the genetic pathway for silencing in plants. Plant

J. 38, 1004–1014.
Navas-Castillo, J., Fiallo-Olive, E. and Sanchez-Campos, S. (2011) Emerging

virus diseases transmitted by whiteflies. Annu. Rev. Phytopathol. 49,

219–248.
Nawaz-ul-Rehman, M. S. and Fauquet, C. M. (2009) Evolution of gemi-

niviruses and their satellites. FEBS Lett. 583, 1825–1832.
Ndunguru, J., De Leon, L., Doyle, C. D. et al. (2016) Two novel DNAs that

enhance symptoms and overcome CMD2 resistance to cassava mosaic

disease. J. Virol. 90, 4160–4173.
Nordborg, M., Hu, T. T., Ishino, Y. et al. (2005) The pattern of polymorphism

in Arabidopsis thaliana. PLoS Biol. 3, e196.

Ouibrahim, L., Mazier, M., Estevan, J., Pagny, G., Decroocq, V., Desbiez,

C., Moretti, A., Gallois, J. L. and Caranta, C. (2014) Cloning of the Ara-

bidopsis rwm1 gene for resistance to Watermelon mosaic virus points

to a new function for natural virus resistance genes. Plant J. 79, 705–
716.

Pagny, G., Paulstephenraj, P. S., Poque, S. et al. (2012) Family-based link-

age and association mapping reveals novel genes affecting Plum pox

virus infection in Arabidopsis thaliana. New Phytol. 196, 873–886.
Paprotka, T., Deuschle, K., Metzler, V. and Jeske, H. (2011) Conformation-

selective methylation of geminivirus DNA. J. Virol., 85, 12001–12012.
Park, S. H., Hur, J., Park, J., Lee, S., Lee, T. K., Chang, M., Davi, K. R., Kim,

J. and Lee, S. (2002) Identification of a tolerant locus on Arabidopsis

thaliana to hypervirulent beet curly top virus CFH strain. Mol. Cells, 13,

252–258.
Platt, A., Horton, M., Huang, Y. S. et al. (2010) The scale of population struc-

ture in Arabidopsis thaliana. PLoS Genet. 6, e1000843.

Puchta, H. (2016) Applying CRISPR/Cas for genome engineering in plants:

the best is yet to come. Curr. Opin. Plant Biol. 36, 1–8.
Raja, P., Sanville, B. C., Buchmann, R. C. and Bisaro, D. M. (2008) Viral gen-

ome methylation as an epigenetic defense against geminiviruses. J.

Virol. 82, 8997–9007.
Raja, P., Wolf, J. N. and Bisaro, D. M. (2010) RNA silencing directed against

geminiviruses: post-transcriptional and epigenetic components. Biochim.

Biophys. Acta 1799, 337–351.
Rajakaruna, P. and Khandekar, S. (2007) Identification and host relations of

Turnip ringspot virus, a novel comovirus from Ohio. Plant Dis. 91, 1212–
1220.

Reyes, M. I., Nash, T. E., Dallas, M. M., Ascencio-Ibanez, J. T. and Hanley-

Bowdoin, L. (2013) Peptide aptamers that bind to geminivirus replication

proteins confer a resistance phenotype to tomato yellow leaf curl virus

and tomato mottle virus infection in tomato. J. Virol. 87, 9691–9706.

Richter, K. S., Gotz, M., Winter, S. and Jeske, H. (2016) The contribution of

translesion synthesis polymerases on geminiviral replication. Virology,

488, 137–148.
Robaglia, C. and Caranta, C. (2006) Translation initiation factors: a weak link

in plant RNA virus infection. Trends Plant Sci. 11, 40–45.
Rodriguez-Negrete, E. A., Carrillo-Tripp, J. and Rivera-Bustamante, R. F.

(2009) RNA silencing against geminivirus: complementary action of post-

transcriptional gene silencing and transcriptional gene silencing in host

recovery. J. Virol. 83, 1332–1340.
Ruffel, S., Dussault, M. H., Palloix, A., Moury, B., Bendahmane, A., Robaglia,

C. and Caranta, C. (2002) A natural recessive resistance gene against

potato virus Y in pepper corresponds to the eukaryotic initiation factor

4E (eIF4E). Plant J. 32, 1067–1075.
Santos, A. A., Florentino, L. H., Pires, A. B. and Fontes, E. P. (2008) Gemi-

nivirus: biolistic inoculation and molecular diagnosis. Meth. Molec. Biol.

451, 563–579.
Stenger, D. C., Carbonaro, D. and Duffus, J. E. (1990) Genomic characteriza-

tion of phenotypic variants of beet curly top virus. J. Gen. Virol. 71(Pt

10), 2211–2215.
Stenger, D. C., Revington, G. N., Stevenson, M. C. and Bisaro, D. M. (1991)

Replicational release of geminivirus genomes from tandemly repeated

copies: evidence for rolling-circle replication of a plant viral DNA. Proc.

Natl Acad. Sci. USA, 88, 8029–8033.
Stepanova, A. N., Yun, J., Robles, L. M., Novak, O., He, W., Guo, H., Ljung,

K. and Alonso, J. M. (2011) The Arabidopsis YUCCA1 flavin monooxyge-

nase functions in the indole-3-pyruvic acid branch of auxin biosynthesis.

Plant Cell, 23, 3961–3973.
Sunter, G., Hartitz, M. D., Hormuzdi, S. G., Brough, C. L. and Bisaro, D. M.

(1990) Genetic analysis of tomato golden mosaic virus: ORF AL2 is

required for coat protein accumulation while ORF AL3 is necessary for

efficient DNA replication. Virology, 179, 69–77.
Trejo-Saavedra, D. L., Vielle-Calzada, J. P. and Rivera-Bustamante, R. F.

(2009) The infective cycle of Cabbage leaf curl virus (CaLCuV) is affected

by CRUMPLED LEAF (CRL) gene in Arabidopsis thaliana. Virol. J. 6, 169.

Turnage, M. A., Muangsan, N., Peele, C. G. and Robertson, D. (2002) Gemi-

nivirus-based vectors for gene silencing in Arabidopsis. Plant J. 30, 107–114.
Tuttle, J. R., Idris, A. M., Brown, J. K., Haigler, C. H. and Robertson, D.

(2008) Geminivirus-mediated gene silencing from Cotton leaf crumple

virus is enhanced by low temperature in cotton. Plant Physiol. 148,

41–50.
Varsani, A., Navas-Castillo, J., Moriones, E., Hernandez-Zepeda, C., Idris, A.,

Brown, J. K., Murilo Zerbini, F. and Martin, D. P. (2014) Establishment of

three new genera in the family Geminiviridae: Becurtovirus, Eragrovirus

and Turncurtovirus. Arch. Virol. 159, 2193–2203.
Verlaan, M. G., Hutton, S. F., Ibrahem, R. M., Kormelink, R., Visser, R. G.,

Scott, J. W., Edwards, J. D. and Bai, Y. (2013) The Tomato Yellow Leaf

Curl Virus resistance genes Ty-1 and Ty-3 are allelic and code for DFDGD-

class RNA-dependent RNA polymerases. PLoS Genet. 9, e1003399.

Wang, H., Buckley, K. J., Yang, X., Buchmann, R. C. and Bisaro, D. M. (2005)

Adenosine kinase inhibition and suppression of RNA silencing by gemi-

nivirus AL2 and L2 proteins. J. Virol. 79, 7410–7418.
Wang, C., Cai, X., Wang, X. and Zheng, Z. (2006) Optimisation of tobacco

rattle virus-induced gene silencing in Arabidopsis. Funct. Plant Biol. 33,

347–355.
Waterhouse, P. M., Wang, M. B. and Lough, T. (2001) Gene silencing as an

adaptive defence against viruses. Nature, 411, 834–842.
Yamanaka, T., Imai, T., Satoh, R., Kawashima, A., Takahashi, M., Tomita,

K., Kubota, K., Meshi, T., Naito, S. and Ishikawa, M. (2002) Complete

inhibition of tobamovirus multiplication by simultaneous mutations in

two homologous host genes. J. Virol. 76, 2491–2497.

© 2017 The Authors
The Plant Journal published by John Wiley & Sons Ltd and Society for Experimental Biology.,
The Plant Journal, (2017), 92, 796–807

Geminivirus immunity in Arabidopsis Pla-1 807


