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from the whitefly Bemisia tabaci in the phloem of tomato
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Summary

Some (perhaps all) plant viruses transmitted in a

circulative manner by their insect vectors avoid de-

struction in the haemolymph by interacting with

GroEL homologues, ensuring transmission. We have

previously shown that the phloem-limited begomo-

virus tomato yellow leaf curl virus (TYLCV) inter-

acts in vivo and in vitro with GroEL produced by

the whitefly vector Bemisia tabaci. In this study, we

have exploited this phenomenon to generate trans-

genic tomato plants expressing the whitefly GroEL

in their phloem. We postulated that following inoc-

ulation, TYLCV particles will be trapped by GroEL

in the plant phloem, thereby inhibiting virus repli-

cation and movement, thereby rendering the plants

resistant. A whitefly GroEL gene was cloned in

an Agrobacterium vector under the control of an

Arabidopsis phloem-specific promoter, which was

used to transform two tomato genotypes. During

three consecutive generations, plants expressing

GroEL exhibited mild or no disease symptoms

upon whitefly-mediated inoculation of TYLCV.

In vitro assays indicated that the sap of resistant

plants contained GroEL-TYLCV complexes. Infect-

ed resistant plants served as virus source for white-

fly-mediated transmission as effectively as infected

non-transgenic tomato. Non-transgenic susceptible

tomato plants grafted on resistant GroEL-trans-

genic scions remained susceptible, although GroEL

translocated into the grafted plant and GroEL-

TYLCV complexes were detected in the grafted

tissues.

Introduction

GroELs are well-characterized proteins belonging to

the chaperonin family. They are involved in many

important biological processes such as protein post-

translational folding and subunit assembly. In addi-

tion, chaperonins play a role in the infection cycle

of some plant viruses [19]. Once ingested by their

insect vector, these viruses are not immediately

available for infection. They need to translocate

from the digestive tract to the salivary glands, from
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which they are excreted with the saliva during feed-

ing [7]. To avoid destruction in the haemolymph of

their vector, these circulative viruses interact with

GroEL homologues produced by insect endosym-

biotic bacteria. First shown for the potato leafroll

virus (PLRV), a circulative virus transmitted by the

aphid Myzus persicae, the GroEL homologue pro-

duced by the insect primary endosymbiotic bacteria

exhibited affinity for the virus. Interference in this

interaction resulted in reduced capsid integrity and

loss of infectivity [33]. We have shown that toma-

to yellow leaf curl virus (TYLCV), a geminivirus

transmitted by the whitefly Bemisia tabaci, inter-

acts in vivo with a GroEL homologue produced

by insect endosymbiotic bacteria. Disturbing this

interaction in vivo resulted in a dramatic reduction

in TYLCV transmission [21]. We have also shown

that the coat protein (CP) of TYLCV binds to

B. tabaci GroEL in the yeast two-hybrid system

[22]. We have exploited these phenomena to devise

tools allowing trapping in vitro of plant viruses by

either GroEL purified from the whitefly Bemisia

tabaci or by whitefly GroEL over-expressed in

E. coli [2]. PCR tubes or 96-well plates coated with

a GroEL preparation were incubated with cleared

sap of virus-infected plant leaves or insect vectors.

GroEL-bound viruses were then identified by PCR

(DNA viruses) or RT-PCR (RNA viruses) using

virus-specific primers or by ELISA with virus spe-

cific antibodies. In this way, tomato yellow leaf curl

virus (TYLCV) – a whitefly-transmitted gemini-

virus – was detected in plant sap, in extracts of leaf

squashes and in homogenates of individual virulif-

erous whiteflies. Anti-GroEL antibody prevented

TYLCV binding to GroEL. The viruses able to bind

GroEL chaperonins, in general, have a CP with

a basic isoelectric point, have a marked positive

charge, are rich in arginine residues and have a

globular (or geminate) shape. Every virus we have

tested followed these predictions [2]. For example,

in addition to several geminiviruses, GroEL was

able to bind to a variety of RNA viruses such as

cucumber mosaic virus (CMV), prune dwarf virus

(PDV) and tomato spotted wilt virus (TSWV), but

not to potato virus X and potato virus Y (PVX and

PVY), grapevine leafroll virus (GLRV) and tobacco

mosaic virus (TMV).

Since binding to insect vector endosymbiotic

GroEL homologues could be a mechanism shared

by plant circulative viruses to avoid destruction in

the haemolymph, we wondered whether this phe-

nomenon could be exploited to generate transgenic

tomato plants expressing the whitefly GroEL in

their phloem. We expect that once inoculated by

their vector, phloem-limited circulative viruses will

be trapped in the plant phloem. As a result proper

invasion of phloem-associated cells and long-

distance movement may be significantly inhibited,

rendering the plants resistant to the virus. This ap-

proach was attempted by infecting GroEL-expres-

sing transgenic tomato plants with TYLCV.

Material and methods

Sources of virus, insects, plants and antibodies

Bemisia tabaci of the B biotype [10] was reared on cotton
plants (Gossypium hirusutum cv. Akala) grown in insect-
proof wooden cages at 24–27 �C, as previously described
[38]. An isolate of TYLCV from Israel [27] was maintained
in tomato plants (Solanum esculentum cv. Daniella FA144)
by whitefly-mediated transmission. The tomato line MP1 [5]
and an interspecific hybrid of S. pennellii�S. esculentum
[15], named in short F1, were used for transformation. Grafts
were done in a specialized commercial nursery (Hishtil,
Ashkelon, Israel). Grafting was performed just below the
cotyledons; hence scions did not include leaves. Antibodies
to native Buchnera GroEL from Myzus persicae raised in
rabbits were a gift of Dr. JFJM van den Heuvel [33].

Cloning of the GroEL gene from B. tabaci
under the promoter of the phloem-specific sucrose
transporter gene SUC2 from Arabidopsis thaliana

The gene encoding the GroEL homologue from secondary
endosymbiotic bacteria of B. tabaci (accession number
AF130421) was cloned under the control of the promoter
of the Arabidopsis thaliana SUC2 sucrose-Hþ transporter
gene, AtSUC2 (accession number X79702), a phloem-
specific gene [32]. The insect full-length GroEL gene [22]
was isolated by PCR using the forward primer: 50-
TTTCATGACAGCTAAAGACTTAAAATTTGG-30, which
contains the AUG translation initiation codon as part of an
added RcaI site (changes to obtain the RcaI site are under-
lined), and the reverse complement primer: 50-TGAGCTC
TTACATCATACCATTCATTCCGCC-30, which contains an
added SacI site (the added SacI is underlined). The PCR
cycling consisted of a 4 min initial denaturation at 94 �C,
annealing of 2 min at 54 �C, and elongation of 3 min at
72 �C, followed by 25 cycles of 94 �C for 30 s, 54 �C for
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1 min, 72 �C for 2 min, and a final step at 72 �C for 15 min.
The amplified 1665-bp GroEL gene was initially cloned
into pGEM-T Easy (Promega, Madison, USA) following
RcaI=SacI cleavage. The RcaI=SacI fragment was further
sub-cloned into the corresponding restriction sites of plas-
mid pUC19-AtSUC-mpCMV-GFP [31], which contains the
movement protein gene of cucumber mosaic virus fused to
GFP (mpCMV-GFP) under the control of the Arabidopsis
phloem-specific promoter of the SUC2 gene (a gift of
Dr. S. Wolf). As a result, GroEL which replaced the mpCMV-
GFP, was under the control of the SUC2 promoter. The
cassette containing the GroEL gene and the SUC2 promoter
was cleaved by PstI=SacI and inserted into the SdaI=SacI
sites (PstI and SdaI have compatible ends) of the Agrobac-
terium tumefaciens binary vector pBI121 (accession number
AF485783), replacing the 35S CaMV promoter and the GUS
gene (Fig. 1). The binary plasmid (named pEP=GroEL) was
mobilized into Agrobacterium LBA4404 by electroporation.

Transformation and regeneration of tomato plants

Surface-sterilized tomato seeds (MP1 and F1) were germi-
nated on germination Nitsch medium [25]. Cotyledon and
hypocotyls were excised from 10-day-old seedlings, dis-
carding both extremities (leaving approximately 2=3 of the
tissues), and cultured for 48 h on MS agar medium [23] in
9-cm-diameter Petri dishes. Agrobacterium containing the
binary vector pEp=GroEL was grown for 16 h in YT medium
containing 50 mg=l rifampicin and 50 mg=l kanamycin. The
culture was diluted with MS medium to O.D.600 nm¼
0.3; acetosyringone was added to a final concentration of
100 mM. Cotyledons and hypocotyls were submerged in
the bacteria suspension for 2 h. The bacteria were removed

and the explants were cultivated on MS agar plates for
48 h in the dark at 24 �C. The explants were then transferred
to selective regeneration medium (solidified MS salts with
Nitsch vitamins [25], containing 400 mg=l carbenicillin,
70 mg=l kanamycin and 1 mg=l zeatin). Regenerated ex-
plants were transferred to fresh medium biweekly. Green
shoots, 1–3 cm high, were separated from the original ex-
plants and transferred to Nitsch medium containing 150 mg=l
carbenicillin, 50 mg=l kanamycin and 1 mg=l indolebutyric
acid (IBA) for rooting. Rooted plants were transplanted
to soil in 1-liter pots and kept in the greenhouse in con-
trolled conditions fitting the regulations of the Israel Plant
Protection Authorities.

PCR-detection of GroEL and NPTII DNA
in tomato plants

Plants were assayed for the presence of the GroEL gene by
PCR using the sense primer GroEL-P751 50-GCAGAA
GATGTTGAAGGTGAAGC-30 (starting 751 nucleotides
from the initiation codon), and the reverse complementary
primer GroEL-P1229 50-CCTTCTTCTACTGCTGCTTCT
TGT-30 (nucleotides 1229–1206). PCR was performed as
described above, amplifying a 478-bp GroEL DNA frag-
ment. Plants were also analyzed by PCR for the presence
of the NPTII gene using primers NptII-F (nt 2874 to 2895:
50-GCCGCTTGGGTGGAGAGGCTAT-30) and NptII-R (nt
2550 to 2539: 50-GAGGAAGCGGTCAGCCCATTCG-30)
designed from the sequence of the gene (GenBank accession
number AF485783).

Detection of GroEL DNA by Southern blot hybridization

Thirty micro gram of tomato total genomic DNA extracted
according to [6] were digested to completion with EcoRI.
The DNA fragments were subjected to 0.8% agarose gel
electrophoresis and transferred to Hybond Nþ membranes
(Amersham, UK). GroEL-specific probes were prepared by
random primer labeling with a32P-dCTP. Hybridization was
carried out at 65 �C for 18 h. The blot was washed with
0.1�SSC at 65 �C and exposed for 72 h at �70 �C using
an intensifying screen and Kodak Biomax film.

Screening for TYLCV resistance

Transgenic and wild-type plants were kept in an insect-proof
greenhouse at 19–25 �C. Viruliferous whiteflies (following
24 h of acquisition access on TYLCV-infected tomatoes)
were used to inoculate tomato plants [38]. The insects were
caged with plants (30–50 insects=plant) for a 48-h inocula-
tion access feeding period. The whiteflies were eliminated by
spraying with imidacloprid. The plants were transferred to an
insect-proof greenhouse to monitor appearance of symptoms.
Severity of symptoms was monitored using the following
disease severity index (DSI) [17]: DSI¼ 0: no visible symp-

Fig. 1. Agrobacterium tumefaciens binary vector pEP=
GroEL used to transform tomato plants with the GroEL
gene from the whitefly Bemisia tabaci
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toms; DSI¼ 1: very slight yellowing of leaflet margin on
apical leaf; DSI¼ 2: some yellowing and minor curling of
leaflet ends; DSI¼ 3: leaf yellowing, curling and cupping,
plant has reduced size but continues to develop; DSI¼ 4:
very severe stunting, yellowing, cupping and curling, plant
ceases to grow.

Semi-quantitative PCR analysis of TYLCV DNA

A 100-ml reaction mixture was prepared, containing 100 ng
of tomato total genomic DNA, 1ml of a 25 mM mixture of
the four dNTPs, 10ml Taq polymerase buffer (�10), 1 unit
of Taq DNA polymerase, 2.5 pmoles of two TYLCV-specific
primers (accession number X15656): virion strand (position
61–80) 50-ATACTTGGACACCTAATGGC-30 and com-
plementary strand (position 473–457) 50-AGTCACGGGCC
CTTACA-30. Tomato b-actin served as positive control;
2.5 pmoles of two b-actin-specific primers were used
(accession number BT013524): sense (position 772–791)
50-GGAAAAGCTTGCCTATGTGG-30, and complementary
sense (position 951–932) 50-CCTGCAGCTTCCATACC
AAT-30. The mixture was aliquoted in 10 tubes and subjected
to PCR. Cycling was as follows: initial denaturation at 95 �C
for 3 min followed by cycles of 30 sec at 95 �C, 30 sec at
55 �C and 1 min at 72 �C. The reaction was stopped after
various numbers of cycles, and 5ml of the PCR products
was subjected to electrophoresis in a 1% agarose gel in
Tris–phosphate-EDTA buffer (TAE) and stained with ethid-
ium bromide (0.5mg=ml).

Western blot immunodetection of GroEL

Leaf protein extracts were prepared in sample buffer [16]
and subjected to 10% SDS-PAGE. After electrophoresis,
proteins were electroblotted onto a Hybond-C Extra mem-
brane (Amersham) at 4 �C for 2 h at 110 V, using transfer
buffer (25 mM Tris–HCl, pH 8.3–192 mM glycine) supple-
mented with 10% (v=v) methanol. The membranes were
blocked for 1 h at 22–25 �C with 2% bovine serum albumin
(BSA) in 10 mM Tris–HCl, pH 7.5–150 mM NaCl, contain-
ing 0.1% Tween 20 (TBS-T). GroEL was immunodetected as
described [2]. Briefly, membranes were incubated for 18 h at
4 �C with the GroEL antiserum (diluted 1:1000). All subse-
quent steps were done at 22–25 �C. Following five washes
of 10 min each in TBS-T, membranes were incubated for 1 h
with horseradish-peroxidase-linked anti-rabbit IgG. After
intensive washes with TBS-T, immobilized conjugates were
visualized by enhanced chemiluminescence (ECL, Amersham
Life Science), followed by exposure to X-ray film.

Immunodetection of GroEL in tissue prints

Tomato plant stems were cut, and sections were stamped
on Hybond-C Extra membranes (Amersham Life Science).
Detached leaves were laid on membrane wetted with TBS-T

and subjected to vacuum at ambient temperature for 1 h. The
tissue prints [27] were incubated with 2% BSA blocking
solution for 1 h. GroEL was detected using the GroEL anti-
body as described above.

Capture of TYLCV using anti-GroEL-coated
tubes and detection by PCR

PCR tubes were filled with anti-GroEL antibody diluted
(1:1000) in ELISA coating buffer (15 mM Na2CO3, 35 mM
NaHCO3 and 0.02% NaN3, pH 9.6), incubated for 3 h at
37 �C, followed by incubation with 2% BSA in TBST for
1 h at 37 �C, and washed with TBST. One hundred micro liter
of homogenates of cleared sap from tomato stems was added
to the anti-GroEL antibody-coated support, incubated for 1 h
at 37 �C, and washed four times with TBST. PCR reagents
were added directly to the tube with the TYLCV-specific
primers, and the reaction was carried out as described above.
The PCR products were subjected to electrophoresis in a 1%
agarose gel in TAE buffer and stained with ethidium bromide
(0.5mg=ml) before photography. The same procedure was
used with non-coated tubes. A mixture 1:1 of sap from
two plants was incubated together for 1 h at 37 �C prior to
binding to the GroEL-coated tube binding tests.

Results

Transformation and regeneration of tomato

plants (‘‘T0’’ generation)

Two different tomato lines, F1 and MP1, were cho-

sen for this study to avoid genotype-related arti-

facts. These two genotypes are easy to transform

and have high regeneration competence. A gene

encoding a GroEL homologue from the whitefly

B. tabaci endosymbiotic bacteria was cloned into

an Agrobacterium binary vector, under the control

of the promoter from the Arabidopsis phloem-spe-

cific sucrose transporter gene SUC2 (Fig. 1). The

vector was introduced into Agrobacterium. Tomato

cotyledons and hypocotyls were co-cultivated with

the cells. Eighty-nine independent tomato plants

were regenerated from cotyledons and hypocotyls:

40 from F1 hypocotyls, 15 from F1 cotyledons,

27 from MP1 hypocotyls and 7 from MP1 cotyledons.

DNA extracted from each plant was subjected to

PCR analysis using GroEL-specific primers. Trans-

genic plants yielded the expected 500-bp product.

Of the 89 regenerated plants, a GroEL-specific PCR

product was obtained from 24 plants only: 10 from

F1 hypocotyls (plant numbers 1, 2, 4, 10, 14, 22, 34,
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69, 71, 86), 5 from F1 cotyledons (plant numbers 16,

26, 29, 35, 43), 7 from MP1 hypocotyls (plant num-

bers 15, 28, 30, 45, 76, 80, 82) and 2 from MP1

cotyledons (plant numbers 25, 68). The nature of

the PCR product was confirmed by hybridization

with a GroEL-specific probe (Fig. 2A). The ratio

of regenerated plants to transgenic plants was low

because of the necessity to remove kanamycin se-

lection during explant rooting, a fact that lead to a

large number of escapes.

Selection of primary transformants (‘‘T0’’

generation) expressing GroEL and symptomless

upon whitefly-mediated TYLCV inoculation

In order to select those transgenic plants that express

GroEL, protein extracts from the leaves and the

stems of plants of the ‘‘T0’’ generation, were sub-

jected to Western blot analysis. Figure 2B shows the

results for a selected number of plants, regenerated

from cotyledons and hypocotyls of the F1 and MP1

Fig. 2. Screening of tomato plants that
regenerated following co-cultivation
of explants with Agrobacterium con-
taining the binary vector pEP=GroEL
(‘‘T0’’ generation): presence of GroEL
DNA (A) and GroEL protein (B, C).
A DNA of selected plants was sub-
jected to PCR using GroEL-specific
primers; transgenic plants yielded the
expected �500-bp product. a Agarose
gel showing PCR products obtained
with a selected number of plants;
0 MP1 plant from seed, P plasmid con-
taining the GroEL clone, M 100-bp
ladder, arrow head: 500 bp. b The gel
was blotted on a membrane and sub-
jected to hybridization with a GroEL-
specific probe. B Western blot analysis
of selected regenerated plants using
a GroEL-specific antibody; GroEL:
protein over-expressed in E. coli.
C Immunolocalization of GroEL in
tissue prints; arrow head points to label
in the inner phloem. Note that the non-
transgenic regenerated plant 44 is not
expressing GroEL. � Regenerated plants
of the MP1 genotype
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Fig. 3. Resistance of ‘‘T0’’ plants to
whitefly-mediated TYLCV infection.
A PCR amplification of TYLCV
DNA from selected regenerated trans-
genic and non-transgenic tomato plants,
two weeks after whitefly-mediated in-
oculation; 10 ng DNA from a young
leaf of infected and uninfected plants
were used as template, and the prod-
ucts were analyzed after 30 cycles;
F1 and MP1: inoculated plants issued
from seeds, 0 non-infected MP1 plant,
P plasmid pTYJ20.4 containing the
cloned full-length TYLCV genome,
M 100-bp molecular weight ladder;
500 bp is indicated by a star. B Follow-
ing inoculation, the severity of symp-
toms (disease severity index, DSI) was
scored 28, 40 and 60 days post inocula-
tion (dpi); note that regenerated plants
27 and 44 were not transgenic. � Plants
of the MP1 genotype. C Absence of
disease symptoms at 90 dpi in infected
transgenic plants from MP1 and F1
genotype; compare with strong disease
symptoms presented by infected non-
transgenic plants
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genotypes. Transgenic plants 2, 25, 30 and 43

expressed the GroEL protein while the regenerated

non-transgenic plant 44 did not. The GroEL protein

was immunolocalized in tissue prints of stem sec-

tions and of young leaves, using an anti-GroEL

antibody. Examination of the prints (Fig. 2C) indi-

cated that GroEL was localized mainly in the inner

phloem tissue of the GroEL PCR-positive trans-

genic tomato plants 30 and 43 but was not detected

in non-transgenic tomato plant 44 issued from the

same transformation events. The results from the

tissue prints and of the Western blots were totally

compatible. All twenty-four of the regenerated

plants that contained PCR-amplifiable GroEL DNA

expressed the GroEL protein.

The twenty-four ‘‘T0’’ transgenic plants (from

MP1 and F1) were challenged with TYLCV by cag-

ing plants with viruliferous whiteflies. Two weeks

thereafter, DNA was extracted from a young leaflet

sampled from each plant and was assayed for the

presence of TYLCV DNA by PCR. The results

shown in Fig. 3A indicate that at this early stage

of infection the transgenic plants contained far less

viral DNA than infected non-transgenic plants

issued from tissue culture or from seeds. Severity

of symptoms was scored 28, 40 and 60 days post-

inoculation (dpi): symptomless plants were given a

disease severity index (DSI) of 0 (as non-inoculated

plants), and fully symptomatic plants were scored

as 4 (as inoculated non-transgenic plants). A graph-

ic representation of the behavior of a randomly

selected number of plants upon TYLCV inoculation

is shown in Fig. 3B. Three of the 24 ‘‘T0’’ trans-

genic plants (1, 26, 68) remained almost symptom-

less, even at 60 dpi, with a DSI of 0–1. Twenty-one

plants showed no or slight symptoms at 40 dpi (DSI

of 1–2); the symptoms tended to improve or to

disappear altogether thereafter (DSI of 0–1). Non-

transgenic regenerated plants (e.g. 27 and 44)

issued from the same transformation event pres-

ented typical TYLCV disease symptoms with a

DSI of 4, as did susceptible control plants issued

from seeds. At 90 dpi, all the transgenic plants

contained PCR-amplifiable viral DNA in similar

amounts, excluding the possibility of infection es-

capes (not shown). An example of the appearance

of the symptomless inoculated transgenic plants

and of the symptomatic non-transgenic plants at

60 dpi is shown in Fig. 3C. In the greenhouse, in-

fected symptomless transgenic tomato plants yield-

ed fruits as did uninfected non-transgenic plants

from the same genotype. Infected non-transgenic

plants did not yield at all. Symptomless, or nearly-

symptomless, infected tomato plants (DSI from 0

to 1) were considered resistant, although they con-

tained significant amounts of viral DNA.

Production of the ‘‘T1’’ transgenic generation:

integrity of the GroEL gene construct, expression

of the GroEL protein and resistance to TYLCV

The 24 primary transformed ‘‘T0’’ plants were self-

pollinated. Twenty seeds from nine randomly se-

lected ‘‘T0’’ plants were germinated in soil. All

20 of the ‘‘T1’’ progenies (named ‘A’ to ‘T’) from

each of the nine primary ‘‘T0’’ transformants were

analyzed for the presence of the GroEL gene

by PCR. Approximately 65–70% of the plants,

regardless of the identity of the mother plant, con-

tained amplifiable GroEL DNA (not shown), indi-

cating that this generation segregated for the GroEL

gene. Those plants that contained GroEL DNA

were further investigated.

The integrity of the GroEL gene, flanked by the

phloem-specific promoter and the NOS terminator,

in the PCR-positive GroEL transgenic plants was

confirmed by Southern blot hybridization of EcoRI-

digested plant DNA (two EcoRI restriction sites

encompass the SUC2-GroEL-NOS DNA, see Fig.

1). Figure 4A shows that a unique DNA fragment

of about 4200 bp hybridized with a probe consisting

of the radiolabeled full-length GroEL gene. All

plants that tested positive for GroEL DNA by PCR

displayed the GroEL-containing 4200-bp DNA

fragment. This fragment was absent in non-trans-

genic plants.

Presence of the GroEL protein was assayed

by Western blot using the GroEL-specific antibody.

Figure 4B shows the analysis of a number of se-

lected plants. GroEL was detected in the all the

transgenic plants assayed, but not in progeny of

non-transgenic plants (e.g. plant 44D).

The transgenic plants from the ‘‘T1’’ generation

were tested for resistance to whitefly-mediated in-
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oculation of TYLCV. As a first approach, 3–5

plants, progeny from each of the nine selected

transgenic ‘‘T0’’ parents that expressed the GroEL

protein, were challenged with TYLCV as described

above. Following whitefly-mediated inoculation,

each plant was scored for symptoms, and the DSI

Fig. 4. Whitefly GroEL DNA and pro-
tein in transgenic plants from the ‘‘T1’’
generation; viral DNA amounts upon
inoculation. A Southern blot hybridi-
zation of EcoRI-digested plant DNA
with radiolabeled GroEL gene; arrow
head: 4200-bp DNA fragment con-
taining the GroEL gene flanked by
SUC2 promoter and the NOS termina-
tor. B Presence of the GroEL protein
as assayed by Western blot in selected
plants using the GroEL-specific anti-
body; note that plant 44 is not trans-
genic. � Plants of the MP1 genotype.
C Comparison of amounts of viral
DNA at 60 dpi in infected transgenic
T1 plants 15A and 30D and in infected
non-transgenic MP1 and F1 plants by
semi-quantitative PCR analysis of viral
DNA (full arrow); b-actin served as
internal standard (empty arrow); 50 ng
plant DNA was used as template;
the reactions were sampled after the
number of cycles indicated and the
products subjected to agarose gel elec-
trophoresis. M 100-bp ladder, star:
500 bp
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was noted at 30, 60 and 90 dpi. The progeny of the

nine ‘‘T0’’ transgenic parents showed very mild

symptoms (DSI of 1–2) and either maintained this

level of symptoms or the symptoms disappeared.

The DSI within each group of plants was homoge-

nous and varied only by one point, if at all (not

shown). These results showed that all the transgenic

plants that were resistant to TYLCV inoculation at

the ‘‘T0’’ generation (Fig. 3B) engendered resistant

‘‘T1’’ progeny plants.

The amounts of viral DNA in resistant transgenic

plants of the ‘‘T1’’ generation were compared to

those of non-transgenic tomato plants, two months

after inoculation (at 60 dpi). Semi-quantitative PCR

was used, with b-actin as internal standard. Figure

4C shows the results obtained with GroEL-expres-

sing transgenic plants 15A and 30D, regenerated

from MP1 cotyledons, which remained nearly symp-

tomless upon inoculation. In plants 15A and 30D, as

well as in the non-transgenic MP1 and FA144 vari-

eties, the 410-bp TYLCV amplicons were conspic-

uous after 14–16 cycles, while the 195-bp actin

amplicon was detected after 18–20 cycles. These

results indicated that infected transgenic and non-

transgenic plants contained about the same amount

of viral DNA at 60 dpi, although the transgenic

plants were virtually symptomless and the non-trans-

genic plants exhibited strong disease symptoms.

Virus-GroEL complexes in the phloem of ‘‘T1’’

transgenic tomato plants

At the beginning of this study, we postulated that

GroEL expressed in the phloem of tomato plants

would be able to trap virions, thereby preventing vi-

rus spread and infection. However, similar amounts

of viral DNA were present in symptomless trans-

genic plants and in symptomatic non-transgenic

Fig. 5. Detection of virus bound to GroEL in the sap of ‘‘T1’’ transgenic plants. Sap of infected transgenic plants 15A, 43C
and 30B (at 60 dpi) was added to PCR tubes coated with anti-GroEL antibody (A) and with uncoated tubes (B); similarly,
extracts of non-inoculated transgenic plants 15D and 43G (C), extracts of infected non-transgenic plants 11 and 12 (D), and
mixtures of non-infected transgenic plants 15D and 43G with infected non-transgenic plants 11 and 12 (E), were incubated
in PCR tubes coated with anti-GroEL antibody. After thorough washes, a PCR mix containing TYLCV-specific primers was
added to the tube and the PCR products were analyzed by agarose gel electrophoresis. M 100-bp ladder, arrow head: 500 bp
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tomato (Fig. 4C). Such a result could be explained

by the fact that in the resistant plants the virus was

trapped by GroEL, all or part of it, and could not

interact with plant factors to induce symptoms.

Using a previously described test [2], we investi-

gated whether GroEL-TYLCV complexes could be

identified in infected transgenic tomato plants or

whether GroEL and TYLCV were not physically

linked (Fig. 5). In these tests, a TYLCV-specific

PCR product was detectable only if a pre-existing

TYLCV-GroEL complex would bind to anti-

GroEL-coated tubes (case A). No PCR product

would be detected if a pre-existing TYLCV-GroEL

complex was incubated with non-coated tubes (case

B). Similarly, no PCR product would be detected

with sap from either non-infected transgenic plants

(case C), infected non-transgenic plants (case D),

and mixtures of sap from non-infected transgenic

plants and sap from infected non-transgenic plants

(case E).

PCR tubes were coated with anti-GroEL anti-

body; stem sap of infected (at 60 dpi) transgenic

‘‘T1’’ plants 15A, 30B and 43C (with DSI close

to 1) were added to the coated tube, as described

before. After thorough washes, a PCR mix contain-

ing TYLCV-specific primers was added to the tube,

and the PCR products were analyzed. A virus-spe-

cific PCR product was detected, indicating that pre-

existing GroEL-TYLCV complexes did bind to the

anti-GroEL-coated tubes (Fig. 5, case A). No PCR

product was obtained when sap of plants 15A and

43C was added to uncoated tubes (case B). Simi-

larly, no product was obtained when homogenates

of non-inoculated transgenic plants 15D and 43G

(case C), infected non-transgenic plants 11 and 12

(case D), or 1:1 mixtures of saps of non-infected

transgenic plants 15D and 43G and infected non-

transgenic plants 11 and 12 were incubated with the

anti-GroEL-coated tubes (case E).

These results indicated that GroEL expressed in

the phloem of transgenic plants was able to com-

plex virions, and that these complexes could be

trapped by an anti-GroEL antibody. GroEL-TYLC

complexes were not formed simply by mixing and

incubating saps of non-infected transgenic plants

and infected non-transgenic plants, possibly be-

cause of the low concentration of chaperon and

virions in the sap of the respective plants and in the

sap mixture. Hence we believe that such complexes

need to be formed in vivo. The formation of the

GroEL-TYLCV complex in the plant phloem might

be the cause of the observed resistance observed in

progeny of transformed plants 2, 4, 15, 30 and 43.

Production of the ‘‘T2’’ transgenic

generation: homozygocity for the GroEL

gene and expression of the GroEL protein

Two GroEL-expressing TYLCV-resistant transgen-

ic plants of the ‘‘T1’’ generation, 15A and 30D

(Fig. 4), were self-pollinated, and 70 seeds from

each plant were germinated to give the ‘‘T2’’ gen-

eration. Fifty-six plants that were progeny of 15A,

and sixty-five plants that were progeny of 30D were

tested by PCR for the presence of GroEL DNA as

well as for DNA from the NPTII selective marker.

All of the plants tested were positive for the two

genes (not shown), indicating that the 15A and 30D

parents, and their progeny, were homozygous for

GroEL and NPTII.

Infected TYLCV-resistant plants may serve

as inoculum source for whitefly-mediated

transmission of virus to test tomato plants

We have tested whether whitefly-mediated trans-

mission of virus from the infected transgenic plants

was impacted by GroEL. To find out whether or

not resistant transgenic plants can serve as a virus

inoculum for whiteflies, insects were caged for a

72-h acquisition access period with: 1) two infected

symptomless ‘‘T2’’ tomatoes that were progeny of

15A (plants 3 and 7); 2) one infected symptomless

‘‘T2’’ tomato progeny of 30D (plant 62); 3) one

non-infected ‘‘T2’’ tomato progeny of 30D (plant

68); 4) one infected non-transgenic susceptible to-

mato (cv. Daniella, FA144). PCR indicated that the

infected transgenic and non-transgenic plants con-

tained viral DNA, while the non-infected transgenic

control plant did not (Fig. 6A). The insects were

collected separately from each plant source, and

each group was caged with ten non-transgenic,

non-infected susceptible test plants FA144. Follow-

ing a 72-h inoculation access period, ten insects
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were collected from each plant group; PCR anal-

yses indicated that these insects had acquired virus

from the infected plants, whether they were trans-

genic or not (Fig. 6B). The plants were then treated

with insecticide. Four weeks thereafter, all of the

test plants inoculated by insects fed on infected

plants presented typical disease symptoms. PCR

analyses indicated that the inoculated plants

contained viral DNA (Fig. 6C). There was no dif-

ference in inoculation efficiency when either trans-

genic or non-transgenic tomato source plants served

as virus source. Therefore, infected TYLCV-resis-

tant transgenic plants may constitute a source of

virus for whitefly-mediated transmission that is as

effective as non-transgenic plants.

Non-transgenic susceptible tomato plants

grafted on resistant GroEL-transgenic scions

remain susceptible to TYLCV infection

We have investigated the question of whether

GroEL can move long-distance from TYLCV-resis-

tant transgenic scion to TYLCV-susceptible non-

transgenic graft, thus conferring resistance to the

non-transgenic tissues. Progeny plants of 15A and

30D (6 weeks after sowing) were used as scions on

which susceptible FA144 plants were grafted. One

week before grafting, the presence of GroEL was

confirmed in the would be scions (Fig. 7A). We

have also grafted GroEL-expressing progeny of

plants 15A and 30D on FA144 susceptible scions.

As controls, we used FA144 plants and progeny of

15A and 30D plants grafted on themselves, and

non-grafted resistant and susceptible plants. Two

weeks after grafting, the plants were inoculated

with viruliferous whiteflies as described above. DSI

was recorded 20, 40, 60 and 80 days after inocula-

tion. The results graphically summarized in Fig. 7B

showed that the FA144 plants grafted on resistant

15A and 30D progeny plants were as susceptible as

FA144 plants grafted on themselves or on non-

grafted FA144 plants (Fig. 7C). In comparison,

14A and 30D progeny plants grafted on FA144

retained their resistance to the virus and in this

respect behaved similarly to 14A and 30D grafted

on themselves or to non-grafted 15A and 30D pro-

geny plants. PCR analyses performed one week af-

ter inoculation (not shown) indicated that all the

plants contained TYLCV DNA (scions and grafts,

or whole plants) and that there was no escape from

inoculation.

In the light of these results, we have investigated

whether the symptomatic FA144 grafts contained

GroEL-TYLCV complexes 60 days after inocula-

tion. Western blot analysis showed that GroEL did

translocate from scions of GroEL-expressing plants

Fig. 6. Acquisition of TYLCV from resistant ‘‘T2’’ plants by whiteflies and transmission to tomato test plants. A PCR
detection of viral DNA in infected ‘‘T2’’ plants 3, 7 and 62 and in uninfected ‘‘T2’’ plant 68; 144 is infected non-transgenic
FA144 cultivar. B PCR detection of viral DNA in whiteflies that fed on plants in A. C PCR detection of viral DNA in test
plants inoculated by whiteflies fed on resistant ‘‘T2’’ plants in A (3 target test plants per source plant, except for 144).
M 100-bp ladder, star: 500 bp
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into susceptible grafts. Figure 8A shows that GroEL

present in the nearly symptomless (DSI of about 1)

plants 16 (progeny of 15A) and 43 (progeny of

30D) was conspicuous in the symptomatic FA144

plants grafted on the 16 and 43 scions. The presence

of virions bound to GroEL was investigated as

described above. Plant sap was incubated in PCR

tubes coated with anti-GroEL antibody. After wash-

ing, a PCR mix containing TYLCV-specific primers

was added and the PCR products were analyzed.

Figure 8B shows that a virus-specific PCR product

was detected in the FA144 plants grafted on trans-

genic plants 16, 28 and 33 (progeny of 15A) and 43

(progeny of 30D), indicating that GroEL-TYLCV

complexes were present in the sap of the infected

symptomatic FA144 grafts. All the FA144 plants

grafted on GroEL-transgenic scions gave identical

results. No PCR product was obtained when the

Fig. 7. Behavior of non-transgenic susceptible tomato plants FA144 grafted on resistant GroEL-transgenic ‘‘T2’’ scions.
Specification of graft and scion is graft=scion. A Presence of GroEL in tomato plants serving as scions, detected by Western
blotting using a GroEL antibody. B Disease severity index of grafts 20, 40 and 60 days after whitefly-mediated inoculation;
infected non-transgenic MP (MP1) and FA144 (144) plants served as susceptible controls; infected 15A and 30D ‘‘T1’’
resistant plants served as resistant controls. C Presence of severe disease symptoms presented by FA144 plant grafted on
GroEL-producing resistant ‘‘T2’’ plant 33 (144= 33) at 60 dpi; note the very mild symptoms presented by resistant ‘‘T2’’
plant 16 grafted on susceptible non-transgenic FA144 scion (16=144)
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sap of the FA144 scions was incubated in tubes not

coated with GroEL antibody. Hence, despite the fact

that GroEL translocated from the transgenic scion

into the non-transgenic grafts and was able to bind

virions, the FA144 grafts were symptomatic, as were

infected FA144 plants.

Discussion

Breeding for virus resistance in transgenic crop

plants has been reviewed recently [26]. A variety

of strategies have been devised based on the patho-

gen-derived resistance concept [29], which involves

the expression of functional as well as dysfunc-

tional pathogen genes such as coat protein, repli-

case, and movement protein [35]. RNA-mediated

virus resistance proved to be more efficient than

protein-mediated resistance but was shown to be

highly sequence-dependent and therefore with a

narrower-range potential. It was shown to trigger

existing plant antiviral mechanisms leading to the

degradation of viral RNA [4], and was collectively

named RNA-mediated gene silencing. It was found

that some viruses establish themselves by expres-

sing viral proteins that interfere with plant host

silencing mechanisms [34]. Transgenic plants have

been developed which exploited the mechanism of

silencing via double-stranded RNA sequences [30].

However, transgenic RNA-mediated resistance can

be overcome by strong silencing suppressors of

unrelated viruses in mixed infections [20]. Recent

strategies have targeted the formation of infectious

virions by expressing peptides in transgenic plants

which interfere with homo-multimerization of the

Fig. 8. Translocation of GroEL from transgenic scions to non-transgenic grafts and detection of GroEL-TYLCV complexes
in the grafts. A Left panel: immunodetection of GroEL in FA144 plants grafted on scions of GroEL-expressing ‘‘T2’’ plants
16 (144=16) and 43 (144=43); right panel: appearance of severe symptoms in FA144 plants grafted on plant 16, and of very
mild symptoms on plant 16 grafted on 144. B Detection of GroEL-TYLCV complexes in inoculated FA144 grafts (see also
Fig. 5); sap from FA144 grafts (grafted on plants 16, 43, 28 and 33: 144=16, 144=43, 144=28, 144=33) was incubated in PCR
tubes coated or not coated with anti-GroEL antibody; after washing, a PCR mix containing TYLCV-specific primers was
added and the PCR products were analyzed; 0 no template, 1,2 coated tubes without sap, 16 and 43 infected non-grafted
plants, M 100-bp molecular marker, star: 500 bp
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coat protein [28]. Some of these strategies have

been used to obtain TYLCV-resistant tomato plants

[1, 3, 8, 15, 37].

The strategy used in the present research is based

on a totally new concept. It takes advantage of the

fact that some, and perhaps all, plant viruses trans-

mitted by their insect vectors in a circulative man-

ner interact in the insect haemolymph with GroEL

homologues produced by the vector endosymbiotic

bacteria. Binding between GroEL and virions has

been shown to occur in vivo and in vitro [2, 21,

22, 33]. It has been suggested that GroEL-virus in-

teraction could be a mechanism shared by plant

circulative viruses to avoid destruction in the hae-

molymph [12]. In this study, we wondered whether

this phenomenon could be exploited to generate

transgenic tomato plants expressing the whitefly

GroEL in their phloem. We expected that once in-

oculated by their vector, phloem-limited circulative

viruses would be trapped by GroEL in the plant

phloem. As a result, invasion of phloem-associated

cells and long-distance movement could be signifi-

cantly inhibited, rendering the plants resistant to the

virus.

This approach was implemented by expressing a

gene encoding a GroEL homologue from the en-

dosymbiotic bacteria of the whitefly B. tabaci in

transgenic tomato plants and testing these plants fol-

lowing whitefly-mediated inoculation of TYLCV.

A whitefly GroEL gene was cloned in an

Agrobacterium binary vector under the control of

an Arabidopsis phloem-specific promoter (Fig. 1).

In Arabidopsis leaves, this promoter regulates the

expression of the companion cell-specific AtSUC2

Suc-Hþ symporter gene [32]. The tissue-specificity

of the promoter has been demonstrated in tobacco

[36] but not in tomato. Immunodetection of GroEL

indicated that the Arabidopsis promoter drove the

expression of this protein in the tomato phloem

(Fig. 2). The GroEL gene is of prokaryote origin,

and the question of its efficient expression in a

eukaryotic environment has been raised. Examina-

tion of codon usage (Graphic Codon Usage Analy-

ser http:==www.gcua.de) indicated that the codon

usage of the GroEL gene from B. tabaci is fit for

expression in tomato plants. Indeed, GroEL was

detected by western blot analysis and was immu-

nolocalized in the vascular system of the transgenic

plants. The plants expressing the insect GroEL did

not show any obvious phenotype or malformation.

GroEL was expressed in the phloem of trans-

genic tomato plants issued from two different

genotypes (Fig. 2), which presented excellent trans-

formation and regeneration rates: an interspecific

hybrid of S. pennellii�S .esculentum [15] and the

tomato line MP1 [5]. Results obtained with the

hybrid and with MP1 were similar. MP1 was de-

scribed as tolerant to TYLCV [5]; however, in our

hands, and under our harsh inoculation conditions,

this line was as susceptible cultivars such as FA144

(cv. Daniella). The GroEL-transgenic tomato plants

exhibited good levels of resistance to whitefly-

mediated inoculation of TYLCV, exhibiting very

mild or no symptoms (Fig. 3). The transgenic

progeny of the resistant plants were as resistant as

their parents.

In ‘‘T1’’ and ‘‘T2’’ resistant plants, in vitro assays

indicated that viral particles were bound to GroEL

in the plant sap (Figs. 5 and 8). In all plants tested,

there was a strict correlation between the detection

of GroEL-TYLCV complexes and the symptomless

phenotype presented by the transgenic plants upon

inoculation. These complexes were pre-formed;

GroEL-TYLCV complexes were not detected when

mixes of saps of uninfected transgenic plants and

infected non-transgenic plants were incubated to-

gether in anti-GroEL-coated tubes, probably be-

cause of the low concentration of free GroEL and

free virus in the plant saps.

Our investigation was based on the paradigm that

interaction between GroEL and TYLCV in the

phloem may prevent invasion of phloem-associated

cells, a first step necessary for the virus to replicate.

PCR analyses showed that, 2–3 weeks after ino-

culation, the resistant transgenic tomatoes contain-

ed less viral DNA than susceptible non-transgenic

plants; however, 6 weeks later, the viral DNA

amounts were similar in the symptomless trans-

genic plants and in the symptomatic non-transgenic

plants (Figs. 3 and 4). The pattern of viral DNA

accumulation patterns in the GroEL-expressing

plants suggests that the virus replicates in these

plants. It also implies that not all particles are im-

mediately trapped by the chaperonins upon in-
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oculation. Some virions seem to escape and invade

companion cells, where they replicate. It is also

possible that the virus replicates after GroEL-virion

complexes have penetrated these cells and have

dissociated (it is unlikely that complexes penetrate

the cell nucleus). The fact that strong symptoms do

not develop in infected transgenic plants indicates

that the accumulation of virions is slow enough not

to interfere with the growth of the plant. It is also

possible that GroEL disturbs interactions between

viral and plant proteins at one or more of the steps

of the virus cycle: entry into the cell nucleus, exit

into the cytoplasm, cell-to-cell and long-distance

movement (see reviews in [11, 13, 14]).

In the field, infected resistant tomato plants

(resistance obtained by classical breeding) may

serve as virus inoculum as do infected susceptible

plants. Efficacy and rates of whitefly-mediated

transmission of the TYLCV disease to susceptible

plants is similar whether the virus source is from

susceptible plants or from resistant ones, especially

in the later stages of infection [18]. We have tested

whether whitefly-mediated transmission of virus

from the infected transgenic plants was impacted

by GroEL. We found that infected GroEL-expres-

sing resistant plants were as good a source of virus

for whitefly-mediated transmission as were infect-

ed non-transgenic plants (Fig. 7). We do not know

whether whiteflies selectively ingurgitate free par-

ticles from the transgenic tomatoes or ingurgitate

GroEL-virus complexes as well. There might be

enough free virions in the transgenic plant sap to

be picked up by the insect stylets and transmitted

to test plants but not enough to induce a systemic

infection. Alternatively, GroEL-virus complexes

may be acquired during feeding and dissociate at

some point in the insect digestive tract.

We have hypothesized that by grafting sus-

ceptible non-transgenic tomato on scions from

GroEL-expressing resistant plants, GroEL would

systemically move into the graft, conferring resis-

tance to the grafted plant upon whitefly-mediated

inoculation by virtue of binding TYLCV particles.

Although we found that GroEL indeed translocated

into the grafted tissues, and that GroEL-TYLCV

complexes could be detected upon inoculation,

the susceptible grafts remained susceptible, exhi-

biting strong disease symptoms (Fig. 8). In compar-

ison, GroEL-expressing transgenic resistant plants

grafted on susceptible scions retained their resis-

tance and presented very mild or no symptoms

(Fig. 8). It is possible that the transgenic scions

did not contain enough GroEL-producing tissues

in order to complex sufficient amounts of virions

to prevent the development of disease symptoms.

Indeed, the scions consisted only of the stem with-

out any leaf, with the part from the roots up to the

cotyledons excluded.

As is the case with all antiviral strategies, the

GroEL approach has its own limits. Resistance

provided by expression of viral proteins, antisense

RNA and siRNA in transgenic plants is usually

virus-sequence-specific [1, 3, 37]. Similarly, the

GroEL approach may work only for those viruses

which are transmitted in a circulative manner by

their insect vector [2]. We have investigated whether

or not GroEL expressed in transgenic Nicotiana

benthamiana provides resistance to infection by

tobacco mosaic virus (TMV) and cucumber mosaic

virus (CMV). CMV is transmitted in a circulative

manner by aphids, while TMV is not [9]. CMV

binds to GroEL in vitro, while TMV does not

[2]. The results indicated that GroEL-producing

N. benthamiana was resistant to CMV, but not to

TMV (in preparation).
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