JOURNAL OF VIROLOGY, Dec. 1998, p. 10050-10057
0022-538X/98/$04.00+0

Vol. 72, No. 12

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Amino Acids in the Capsid Protein of Tomato Yellow Leaf
Curl Virus That Are Crucial for Systemic Infection,
Particle Formation, and Insect Transmission

E. NORIS,* A. M. VAIRA,' P. CACIAGLI,' V. MASENGA,' B. GRONENBORN,? anxp G. P. ACCOTTO'*

Istituto di Fitovirologia Applicata, CNR, 10135 Torino, Italy," and Institut des Sciences Végétales,
CNRS, 91198 Gif-sur-Yvette, France?

Received 17 April 1998/Accepted 25 August 1998

A functional capsid protein (CP) is essential for host plant infection and insect transmission in monopartite
geminiviruses. We studied two defective genomic DNAs of tomato yellow leaf curl virus (TYLCV), Sic and
SicRev. Sic, cloned from a field-infected tomato, was not infectious, whereas SicRcv, which spontaneously
originated from Sic, was infectious but not whitefly transmissible. A single amino acid change in the CP was
found to be responsible for restoring infectivity. When the amino acid sequences of the CPs of Sic and SicRev
were compared with that of a closely related wild-type virus (TYLCV-Sar), differences were found in the
following positions: 129 (P in Sic and SicRcv, Q in Sar), 134 (Q in Sic and Sar, H in SicRcv) and 152 (E in Sic
and SicRcv, D in Sar). We constructed TYLCV-Sar variants containing the eight possible amino acid combi-
nations in those three positions and tested them for infectivity and transmissibility. QQD, QQE, QHD, and
QHE had a wild-type phenotype, whereas PHD and PHE were infectious but nontransmissible. PQD and PQE
mutants were not infectious; however, they replicated and accumulated CP, but not virions, in Nicotiana
benthamiana leaf discs. The Q129P replacement is a nonconservative change, which may drastically alter the
secondary structure of the CP and affect its ability to form the capsid. The additional Q134H change, however,
appeared to compensate for the structural modification. Sequence comparisons among whitefly-transmitted
geminiviruses in terms of the CP region studied showed that combinations other than QQD are present in

several cases, but never with a P129.

Tomato yellow leaf curl virus (TYLCV) is a geminivirus
important in tomato crops of the Mediterranean area, Central
America, and Asia. Geminiviruses have characteristic twinned
particles, encapsidating a genome of circular single-stranded
DNA (ssDNA). Geminiviruses are divided into three genera,
according to their genome and insect transmission character-
istics (8, 33), i.e., Mastrevirus, Begomovirus, and Curtovirus.
Begomoviruses are transmitted by the whitefly Bemisia tabaci,
infect dicotyledonous plants, and typically have a genome com-
posed of two DNA molecules (DNA A and B). TYLCV is a
member of the genus Begomovirus, but has a single genomic
component (22, 27, 28), although in one case, a bipartite ge-
nome was isolated (35).

TYLCV DNA (about 2.8 kb) has a molecular organization
resembling the DNA A of bipartite geminiviruses and contains
six genes bidirectionally organized in two transcription units
that are separated by an intergenic region of about 300 bp. The
gene encoding the capsid protein (CP) is located on the virion
strand DNA, while the genes encoding the replication-associ-
ated protein (RepCl), a DNA-binding protein (C2), and the
C3 protein are on the complementary strand DNA. Two ad-
ditional genes (V2 “precoat” and C4 genes) coding for proteins
involved in movement and symptom development are also
present (21, 41).

In bipartite geminiviruses, proteins involved in movement
are encoded by DNA B (19, 20, 29, 36, 39). TYLCV and the
monopartites do not have a DNA B, so it is likely that func-
tions analogous to those of the bipartite geminivirus movement
proteins BR1 and BL1 are performed by other viral factors.
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Applicata, CNR, Strada delle Cacce, 73, Torino, 10135 Italy. Phone:
(39)11.3977.285. Fax: (39)11.343809. E-mail: g.accotto@ifa.to.cnr.it.

In geminiviruses, the CP can have different roles. Wartig et
al. (41) have shown that the CP of TYLCV is essential for
infection of Nicotiana benthamiana and tomato plants. An
intact CP is required in the related tomato leaf curl virus
(TLCV) from Australia (34) and monopartite geminiviruses of
other genera, such as maize streak virus (MSV) (4) and beet
curly top virus (BCTV) (6), suggesting that the monopartite
viruses move within the plant in the form of viral particles. In
contrast, some bipartite geminiviruses such as tomato golden
mosaic virus (TGMV) (14), African cassava mosaic virus
(ACMV) (13), and bean golden mosaic virus (BGMV) (2)
systemically infect plants even when their CPs are absent or
truncated.

Geminiviruses are transmitted by leafhoppers or whiteflies.
The CP is required for transmission (2) and determines insect
specificity (7).

In this study, we have analyzed the abilities to systemically
infect plants of several spontaneous and engineered mutants
derived from two closely related isolates of TYLCV, TYLCV-
Sic (from Sicily) (11) and TYLCV-Sar (from Sardinia) (22).
We have also studied the influence of these mutations on virus
transmissibility by B. tabaci. We have found that a single amino
acid change in the CP of TYLCV completely abolished infec-
tivity in plants and that a compensatory mutation of a nearby
amino acid restored infectivity but, concomitantly, prevented
transmission by whiteflies. Our results indicate that the region
of the CP between amino acids 129 and 134 is essential for
both the correct assembly of virions and transmission by the
insect vector.

MATERIALS AND METHODS

Plasmid construction. Table 1 describes the relevant plasmids used in this
paper.
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TABLE 1. Relevant TYLCV constructs used in this study

Construct Description (reference)

pBinSicl.8mer..

pBinSic2mer .. ...Dimer in pBin19

pBinSicl.2mer.. 1.2-mer in pBin19

pSicRev Monomer in pUC118

PBINSICROV ... SicRev 1.2-mer in pBin19

pBinSic708m 1.2-mer in pBin19 with the CP of SicRcv (PHE combination)

PBINSIC2025M ... e 1.2-mer in pBin19 with the RepC1 of SicRcv, but the CP of Sic (PQE combination)
Sar

pBinSarQQD ... 1.2-mer wild type in pBin19

pBinSarQQE. ...1.2-mer with Spel-SnaBI fragment from pSic36

pBinSarPQD . ...1.2-mer with SstII-Spel fragment from pSic36

pBinSarPQE 1.2-mer with SstII-SnaBI fragment from pSic36

pBinSarPHD .... 1.2-mer with SstII-Spel fragment from pSicRcv

pBinSarPHE 1.2-mer with SstII-SnaBI fragment from pSicRcv

pBinSarQHD ... 1.2-mer mutated with primers SARMUT692(+) and SARMUT725(—)

pBinSarQHE. ...pBinSarQHD with Spel-SnaBI fragment from pSicRev

PSATLBMET .. eenene 1.8-mer wild type in pBinl19 (22)

(i) TYLCV-Sic constructs. Full-length TYLCV-Sic DNA, originally cloned
from an infected tomato plant, was excised as an SstI fragment from pSic36 (11)
and cloned into SstI-cut pUC19 (pSicSst). After a Sall-SstI deletion (503 nucle-
otides [nt]), a full-length TYLCV-Sic DNA was introduced in the single remain-
ing SstI site. By using EcoRI and HindIII, the fragment containing 1.8 copies of
the viral genome was moved into the binary vector pBinl9, giving rise to
pBinSicl.8mer. A TYLCV-Sic head-to-tail dimer (pBinSic2mer) was produced
by insertion of two full-length TYLCV-Sic Ss¢I fragments into pUC118 digested
with SstI and moved as an EcoRI-HindIII insert into pBin19. The pBinSicl.2mer
was obtained by cloning the full-length TYLCV-Sic SstI fragment into SstI-cut
pSicVect. pSicVect is a pBin19-based vector in which the 596-nt SstI-BamHI
fragment from TYLCV-Sic, encompassing the viral intergenic region, had been
inserted.

(ii) TYLCV-SicRcv cloning and sequencing. To clone SicRcv viral DNA, total
DNA from the single infected tomato plant (see below) was extracted and
centrifuged to equilibrium in CsCl as described previously (11). The fraction
below the plant genomic DNA was collected, phenol extracted, and ethanol
precipitated. After BamHI digestion, SicRcv DNA was cloned into BamHI-cut
pUC118, giving rise to pSicRcv. The full-length SicRev insert was moved into the
BamHI-cut pSicVect, obtaining pBinSicRcv. For sequencing, the viral DNA was
subcloned in both orientations into M13mpl8, and the recombinant phage
ssDNA was sequenced by the dideoxy method with synthetic primers.

(iii) TYLCV-Sic mutant clones. Sic708m and Sic2025m were obtained by
substitution into pSicSst of either the 282-nt SstII-Spel fragment, containing the
H134 mutation in the CP, or the 176-nt Agel-AvrIl fragment, including the L198
mutation in RepCl, respectively, derived from pSicRcv (Fig. 1). For agroinoc-
ulation, both mutants were moved as SstI fragments into SstI-cut pSicVect, giving
rise to pBinSic708m and pBinSic2025m.

(iv) TYLCV-Sar clones. TYLCV-Sar CP mutants were obtained from a
TYLCV-Sar SstI clone in pUC118 (pSarSst) by fragment exchange or, in one
case, by site-directed mutagenesis.

For fragment exchanges, unique restriction sites present in TYLCV-Sar and
TYLCV-Sic were used, i.e., SstIl, Spel, and SnaBI, cutting, respectively, at
positions 466, 748, and 1049 (see Fig. 3). SarPQE was constructed by replacing
the 583-nt SstII-SnaBI fragment of pSarSst with the corresponding fragment of
pSic36. SarPQD was obtained by inserting the 282-nt SstII-Spel fragment into
pSarSst, which had the corresponding SstII-Spel fragment deleted. The same
procedure was adopted for the construction of SarPHE and PHD, except that
pSicRev was used instead of pSic36.

For construction of SarQHD, the Quick Change site-directed mutagenesis kit
(Stratagene) was employed, using primers SARMUT692(+) (5'-CAAAATCAT
ACTAACCACGTGATGTTTTTCCTTG) and SARMUT725(—) (5'-CAAGG
AAAAACATCACGTGGTTAGTATGATTTTG) and with pSarSst as a tem-
plate. The mutagenesis induced an A708C substitution (underlined in the first
primer sequence), producing a Q134H change in the CP. The mutation was
verified by sequencing the surrounding region with primers SIC CP604(+) (5'-
GGTATTACTCATAGAGTTGG) and SIC CP873(—) (5'-CCAACAACCGTA
GCATGGAACTTCC). To eliminate the effect of possible errors generated in
the TYLCV-Sar genome by the Pfu polymerase during the mutagenesis reaction,
the SstII-SnaBI fragment of the mutant obtained was substituted in pSarSst,
giving rise to the final pSarQHD clone. SarQHE was derived from SarQHD by
exchange of the Spel-SnaBI fragment with that from pSicRev. Finally, SarQQE
was obtained by exchanging the Spel-SnaBI fragment from pSicRev in pSarSst.

After fragment exchange and/or mutagenesis, the viral mutants obtained were
excised as full-length SsfI fragments and inserted into pSarVect, a construct
analogous to pSicVect, containing the 596-nt SstI-BamHI fragment encompass-

L cP g
< Rep (C1) |

Sstll Spel Agel Avrll i i

Sic — L L ek »  non-infectious
1 : 708 12025 : 2773

SicRCV C: T infectious
Sic708m Co — infectious
Sic2025m - N non-infectious

FIG. 1. Scheme of the genomic DNA and genes of TYLCV-Sic and derived mutants. Boxed letters in mutants represent nucleotide changes from TYLCV-Sic.
Restriction sites used to obtain Sic708m and Sic2025m by DNA fragment exchanges are indicated. Nucleotide numbering is according to EMBL accession no. Z.28390;
i.e., nucleotide 1 corresponds to the first T in the conserved TAATATTAC sequence of the stem-loop of geminiviruses.
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ing the intergenic region of TYLCV-Sar. Thus all mutants inserted into pSarVect
or in pSicVect described above contained 1.2 copies of the TYLCV genome
(1.2-mers). Clone pBinSarQQD was made with the full-length wild-type
TYLCV-Sar genome inserted in pSarVect. The TYLCV-Sarl.8-mer has already
been described (22).

Agroinoculation of plants. Recombinant binary vectors containing redundant
copies of the wild-type and mutant genomes of TYLCV were introduced into
Agrobacterium tumefaciens LBA4404 by direct transformation (15). Tomato
plants were agroinoculated as described previously (22).

N. benthamiana leaf disc assay. Leaf discs were agroinoculated as described
previously (41). Discs were collected 6 days after inoculation and analyzed for the
presence of viral DNA in Southern blots, viral CP and V2 protein in Western
blots, and virus particles by electron microscopy (see below).

Analysis of viral DNA. To assess the presence of viral DNA in plants, tissue
blot assays and molecular hybridizations were used (1). Different viral DNA
forms were visualized in Southern blots. Total DNA was extracted from tomato
plants or N. benthamiana leaf discs with TLES buffer (5% sodium dodecyl sulfate
[SDS] 150 mM LiCl, 50 mM Tris-HCI, 5 mM EDTA [pH 9.0]). After electro-
phoresis in 1% agarose gels containing 0.5 g of ethidium bromide per ml in
0.5 Tris-borate-EDTA, gels were blotted onto positively charged nylon mem-
branes (Boehringer Mannheim). A digoxigenin-labelled random-primed full-
length TYLCV-specific probe was used. Hybridization was performed at 68°C in
Standard Hybridization mix, according to the Boehringer protocol, followed by
high-stringency washes. CDP-Star (Tropix) was used for final detection.

Western blots. Total proteins were extracted from plant tissue (tomato plants
or N. benthamiana leaf discs) with trichloroacetic acid (TCA) (42). Equal
amounts of total proteins were loaded on 18% and 20% SDS-polyacrylamide
gels. After blotting, polyvinylidene difluoride (PVDF [PolyScreen; NEN Life
Science Products]) membranes were probed with a TYLCV-specific polyclonal
antiserum prepared in rabbit against purified virus particles (25) and cross-
absorbed with healthy TCA-extracted tomato tissue (final dilution 1/10,000). For
V2 detection, a polyclonal antiserum prepared against glutathione S-trans-
ferase—V2 (GST-V2) fusion protein, cross-absorbed with healthy tomato and N.
benthamiana extracts (40), was used at a 1/10,000 dilution. The antibody reaction
was visualized with goat anti-rabbit serum either conjugated with alkaline phos-
phatase (AP) and detected with nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolylphosphate (NBT-BCIP) or conjugated with horseradish peroxidase
(HRP) with a chemiluminescent substrate (Renaissance; NEN Life Science
Products).

Detection of virus particles by ISEM. Young tomato leaves collected 4 to 6
weeks after inoculation or 6-day-old N. benthamiana leaf discs were homoge-
nized in 0.5 M potassium phosphate buffer (pH 7.0). Virions were adsorbed to
electron microscope grids previously coated with anti-TYLCV immunoglobulin
G (14 pg/ml) (25). After 2 h at room temperature, grids were rinsed, negatively
stained with uranyl acetate, and inspected by immunosorbent electron micros-
copy (ISEM). In order to maximize the amount of infected tissue in the N.
benthamiana leaf discs, only margins were used.

Whitefly transmission experiments. B. fabaci flies were reared and handled as
described previously (9). For virus transmission tests, insects were allowed to
feed for 48 h on infected tomato plants. Groups of 15 insects were then moved
to single tomato test plants (cv. Marmande) for virus inoculation. Two days later,
insects were removed and the plants were sprayed with an insecticide and main-
tained in an insect-free greenhouse. Plants were scored individually for TYLCV
infection by tissue blotting 4 and 6 weeks after inoculation. Transmission exper-
iments were generally repeated three times for each mutant. Results were com-
pared by Pearson’s x” test. The sequence of the viral DNA progeny in the region
of the CP mutations in both source and whitefly-infected test plants was verified.
This region was amplified by PCR with primers SIC CP604(+) and SIC
CP873(—) and subjected to dye-terminator cycle sequencing with an Applied
Biosystems model 373A automated sequencer and one of the primers mentioned
above.

RESULTS

Infectivity of spontaneous and engineered TYLCV-Sic
DNAs. TYLCV-Sic DNA, which is able to replicate in tobacco
protoplasts (11), was tested for its ability to systemically infect
tomato plants by agroinoculation. In an initial attempt, 16
tomato plants were agroinoculated with pBinSicl.8mer, but
none became infected (Table 2). Two other clones for agroin-
oculation were constructed and tested—pBinSicl.2mer and
pBinSic2mer. Only one plant, inoculated with the latter, de-
veloped typical symptoms, with yellowing and curling of young
leaves, and contained viral DNA. From this plant, viral
DNA was isolated and cloned (SicRcv [i.e., “recovered”]), and
pBinSicRcv was constructed. All plants agroinoculated with
pBinSicRcev showed typical TYLCV symptoms. The complete
DNA sequence of SicRcv was then determined.

J. VIROL.

TABLE 2. Results for agroinoculation and whitefly transmission
with the TYLCV-Sic clones

Infectivity on Whitefl
Clone tomattg” transmissib?lity”

Sicl.8mer 0/16 NT*
Sicl.2mer 0/13 NT
Sic2mer 14136 NT
SicRcv 13/13 0/23
Sic708m 10/10 0/8
Sic2025m 0/10 NT
Sarl.8mer 4/4 16/16

“ Number of infected plants/number of agroinoculated plants.

> Number of infected plants/number of plants inoculated with 15 B. tabaci
(each) previously fed on infected plants.

< NT, not testable.

4 Single plant containing SicRcv.

The genome of the infectious SicRev had the same size as
the original noninfectious Sic DNA (2,773 nt) and differed by
only 2 nt. One change was at nt 2025 (A instead of T in the plus
strand), determining a CAC-to-CUC codon change in the
RepCl mRNA and an H198L replacement in the RepCl1 pro-
tein. The other mutation was located at nt 708 (C instead of
G), determining a CAG-to-CAC codon change in the CP
mRNA and a Q134H replacement in the CP.

To assess the influence of each change in restoring virus
ability to infect plants, the two mutations were separately in-
troduced into the original Sic clone, giving rise to clone
Sic2025m, having only the RepCl mutation, and clone
Sic708m, having only the CP mutation (Fig. 1). Clones for
agroinoculation of these mutants were prepared in pSicVect.
None of the 10 plants inoculated with pBinSic2025m displayed
TYLCV symptoms or gave a positive hybridization signal when
analyzed by tissue blotting. On the other hand, all plants inoc-
ulated with pBinSic708m became infected (Table 2). When
total DNA was extracted from these plants and analyzed in
Southern blots with a TYLCV-specific probe, both ssDNA and
dsDNA were detected, without appreciable differences from
SicRev and TYLCV-Sar (Fig. 2A). These results indicated that
the mutation in the CP gene, and not that in the RepCl1 gene,
was responsible for restoring infectivity.

Whitefly transmissibility of SicRev and Sic708m. Tomato
plants infected by SicRev and Sic708m were used as the virus
source in transmission experiments with the insect vector of
TYLCV, B. tabaci, together with plants infected by TYLCV-
Sar, a whitefly-transmissible isolate (22). Systemic infection
was assessed by tissue blotting 4 weeks after inoculation. In
spite of repeated attempts, none of the plants inoculated by B.
tabaci having fed upon SicRcv- or Sic708m-infected plants
became infected (Table 2), whereas all plants inoculated with
insects fed on TYLCV-Sar plants became infected. This indi-
cated that the Q134H mutation changed a viral DNA, only
capable of replicating in single cells (Sic), into one that was
systemically infectious, but not insect transmissible (SicRcv).

Comparison of amino acid sequences of CPs and construc-
tion of TYLCV-Sar mutants. In an attempt to understand more
about infectivity and insect transmissibility of TYLCV, the
amino acid sequences of the capsid proteins of some TYLCV
isolates were compared. In the course of the present work,
parts of the original TYLCV-Sar clone were sequenced again,
and some differences were found in the CP gene compared to
the sequence previously sent to the data bank. These changes
were introduced into the EMBL entry. The corrected sequence
was used for comparisons.

Sequence alignment of the CP gene of TYLCV-Sic, SicRcv,
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FIG. 2. Infectivity of TYLCV-Sic and -Sar clones in tomato plants. (A) Anal-
ysis of viral DNA. Total DNA extracted with TLES buffer from plants, 4 to 5
weeks after agroinoculation with the wild-type Sic and Sar and with the mutant
clones was separated in 1% agarose gels containing ethidium bromide in 0.5X
TBE buffer and blotted onto nylon membrane. Viral DNA was detected in
Southern blots with a digoxigenin-labelled random-primed DNA probe synthe-
sized on the full-length TYLCV-Sar wild-type genome. Hybridization was per-
formed at 68°C in Standard hybridization buffer (Boehringer Mannheim). Blots
were developed with CDP-Star (Tropix), after incubation with goat antidigoxi-
genin antibody. ssDNA and the replicative supercoiled (sc) or open-circular (oc)
dsDNA forms are indicated. (B) Accumulation of CP and V2 protein. Approx-
imately equal amounts of total proteins extracted with TCA from plants agro-
inoculated with the TYLCV clones were separated in SDS polyacrylamide gel
electrophoresis (18% polyacrylamide for CP and 20% polyacrylamide for V2).
Gels were blotted onto PVDF membranes. For Western blots, an anti-TYLCV-
Sar serum (for CP) or an anti-GST-V2 serum (for V2) was used (1/10,000 final
dilution). Both sera were previously cross-adsorbed with total proteins from
healthy plants. Blots were developed either with an anti-rabbit AP-conjugated
antibody and NBT-BCIP for CP or with an anti-rabbit HRP-conjugated antibody
and a chemiluminescent substrate for V2. The positions of CP (29 kDa) and V2
(14 kDa) are indicated.

and the closely related TYLCV-Sar revealed 14 nt differences,
but only 3 of them induced changes in the amino acid sequence
of the CP (257 amino acids) at positions 129, 134, and 152 (Fig.
3). TYLCV-Sar DNA has high sequence identity (92%) with
Sic DNAs, and is infectious and whitefly transmissible (22). In
order to confirm the role of the Q134H mutation in restoring
infectivity but not transmissibility in SicRcv, and to assess
whether only the CP was responsible for the observed pheno-
types, eight clones of Sar DNA were constructed that con-
tained all possible combinations of the three amino acids in the
CP: Q or P at position 129, Q or H at position 134, and D or
E at position 152. For agroinoculation purposes, these mutant
DNAs were subcloned into pSarVect, a construct analogous to
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pSicVect, and named pBinSarQQD, -QQE, -QHD, -QHE,
-PHD, -PHE, -PQD, and -PQE, as listed in Table 1.

Infectivity of the TYLCV-Sar mutants in tomato plants.
Tomato plants were inoculated with A. tumefaciens cells car-
rying each of the eight variants of the Sar genome. Systemic
infection was assessed 4 weeks after inoculation by tissue blot-
ting. Results are summarized in Table 3. SarPQE, having a CP
identical to the original Sic clone, was not infectious, whereas
SarPHE, with the same CP as SicRcv, infected plants system-
ically. Thus, the proline residue at position 129, combined with
glutamine at position 134 and glutamic acid at position 152
(PQE), as originally found in the noninfectious Sic DNA, also
abolished infectivity when introduced into the genome of
TYLCV-Sar. Concomitantly, the Q134H replacement (PHE)
gave rise to an infectious virus, as previously found in SicRcv.
Besides SarPQE, only SarPQD was unable to induce a sys-
temic infection. The other six constructs, including the wild
type (SarQQD), were infectious. Mutants containing histidine
at position 134 and glutamine at position 129, an amino acid
combination which is not found in any TYLCV isolate, were
infectious.

Southern blot analysis of total DNA extracted from plants
infected by the six infectious Sar clones (including the wild
type) showed that they accumulated similar amounts of ssDNA
and dsDNA (Fig. 2A). No viral DNA could be detected in
plants inoculated with SarPQE and SarPQD.

When symptom appearance was evaluated, we observed that
all plants found infected by the tissue blot assay showed yellow
leaf curling. However, plants inoculated with the QHD and
QHE mutants displayed less severe symptoms, with milder
yellowing and curling of the leaves.

In summary, all clones carrying the amino acid combinations
QQ(D/E), QH(D/E), and PH(D/E) established systemic infec-
tions in plants, whereas only clones with a PQ(D/E) combina-
tion in the CP did not. The presence of D or E, two similar
amino acids, at position 152 did not alter the phenotype, which
was determined by amino acids 129 and 134.

Whitefly transmissibility of TYLCV-Sar mutants. To define
the role of each amino acid or their combination in insect
transmission, tomato plants agroinfected by the TYLCV-Sar
mutants were used as source of inoculum. The virus population
in the source plants and in some plants infected after inocula-
tion by whiteflies was analyzed by sequencing the region of the
CP gene under study. Only in one whitefly-infected plant was
a change detected (see below). As shown in Table 3, SarPHE
and SarPHD were not transmitted, whereas the other four
mutants were transmitted, with similar efficiencies (x* = 4.25,
df = 11; p = 0.962). Thus, SarPHE behaved like SicRcv, the
non-whitefly-transmissible mutant. In conclusion, the transmis-
sion tests showed that mutants carrying the amino acid com-
binations QQ(D/E) and QH(D/E) were transmissible, while
those carrying PH(D/E) were not. An inability to be transmit-
ted by whiteflies is therefore not determined by the single
Q134H replacement, but by the double Q129P and Q134H
substitution.

Out of 32 plants inoculated by B. tabaci that had fed on
plants infected by mutant SarPHD, one became infected (Ta-
ble 3). Sequence analysis of the viral DNA from this plant
revealed a CCA-to-CAA mutation, causing a P129Q reversion
in the CP. This rescued DNA, named SarQHDreyv, did not derive
from a contamination with whiteflies carrying the SarQHD,
because that mutant was constructed by site-directed mutagen-
esis of SarQQD. Since SarPHD was obtained by inserting the
SstII-Spel fragment from SicRcv DNA into Sar DNA (Table
1), the CP gene of Sar PHD contained some silent nucleotide
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FIG. 3. Representation of the CP region (amino acids [aa] 120 to 160) containing the three amino acid differences (in boldface) among TYLCV-Sic, SicRcv, and
TYLCV-Sar. The upper part shows the location of restriction sites used to construct some of the TYLCV-Sar mutants with amino acid replacements described in Table

1. Asterisks localize positions 129, 134, and 152.

differences as also were found in the rescued SarQHDrev
DNA.

Expression of CP and V2 and particle formation in tomato
plants. In order to see if the CP and the V2 (precoat) protein,
which is possibly involved in particle formation (41), were
expressed and accumulated, total proteins extracted from in-
fected tomato plants were analyzed by Western blotting. A
protein with a size corresponding to that of the CP (29 kDa)
was detected by TYLCV-specific antiserum in plants inocu-
lated with the Sic and Sar infectious mutants (Fig. 2B). Simi-
larly, in the same plants, a protein of about 14 kDa was de-
tected with the V2-specific antiserum (Fig. 2C). Both proteins
accumulated to similar amounts in all of the infected plants.

When the presence of virions in plants was checked by
ISEM, typical geminate particles were observed in tomato
plants infected with all the TYLCV-Sic and -Sar mutants (not
shown).

Thus, the nontransmissible SarPH(D/E) mutants produced
CP, V2 protein, and virions, as did the wild type and the other
whitefly-transmissible variants.

TABLE 3. Results for agroinoculation and whitefly transmission
with the TYLCV-Sar clones®

Infectivity on Whitefl
Clone tomatg” transmissib)i,lity“'

SarQQD 5/5 34/38
SarQQE 8/9 13/16
SarQHD 7/9 26/32
SarQHE 9/9 35/48
SarPHD 8/9 1932
SarPHE 9/9 0/39
SarPQD 0/5 NT*
SarPQE 0/43 NT

“ Note that all clones showed replication in leaf discs.

® Number of infected plants/number of agroinoculated plants.

¢ Number of infected plants/number of plants inoculated with 15 B. tabaci
(each) previously fed on infected plants.

4 Plant containing SarQHDrev.

¢ NT, not testable.

Infection of N. benthamiana leaf discs. Leaf discs are conve-
nient for analyzing both viral replication and gene expression,
although they are not suited for studies of viral movement.
This system was used to analyze whether mutants that were
unable to infect whole plants could accumulate viral DNA, CP
and V2 protein, and/or virions. N. benthamiana leaf discs were
agroinoculated with all Sar mutants, collected after 6 days, and
used for Southern blots of total nucleic acids, Western blots of
total proteins, and ISEM assays.

As shown in Fig. 4A, all mutants, including SarPQE and
SarPQD, accumulated viral replicative forms (supercoiled and
open-circular dsDNA), at similar levels among the different
clones. This indicates that inability of the SarPQE and
SarPQD mutants to infect plants was not the result of impaired
replication. In our test conditions, sSDNA from leaf discs was
not easily detected. All mutants produced ssDNA in small
amounts that were not reproducible among experiments. This
may reflect a differential susceptibility to degradation or ex-
tractability of the ssDNA from the callus tissue of the discs, as
opposed to differentiated plant tissue.

In Western blots, CP (Fig. 4B) and V2 protein (not shown)
were produced by all mutants tested, including the noninfec-
tious variants SarPQD and SarPQE. These proteins were not
detected when leaf discs were inoculated with A. tumefaciens
cells carrying pBin19. Therefore it appears that the amino acid
changes present in the mutants did not prevent either CP or V2
expression.

Extracts from leaf discs were also analyzed by ISEM for
virus particle formation. In extracts from discs inoculated with
all mutants, except SarPQ(D/E), virions were detected, and
they did not differ morphologically from the wild type (not
shown).

These results indicate that SarPQ(D/E) mutants were able
to replicate and produce CP and V2 protein, but failed to form
stable particles.

DISCUSSION

Two defective DNAs and a number of engineered TYLCV
DNAs allowed us to investigate the role of the viral CP. Spe-
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FIG. 4. Infectivity of TYLCV-Sar clones in leaf discs of N. benthamiana. (A)
Southern blot of total DNA extracted 6 days after inoculation. Discs inoculated
with each clone were pooled for extraction. DNAs were extracted and treated as
described in Fig. 2A. DNA from a tomato plant infected by TYLCV-Sarl.8mer
is shown in the first lane. Genomic ssDNA and the replicative supercoiled (sc) or
open circular (oc) dsDNA forms are indicated. (B) Western blot of total proteins
extracted with TCA, probed with anti-TYLCV-Sar serum as described for Fig.
2B. Controls included extracts from discs inoculated with A. tumefaciens
LBA4404 carrying the pBin19 vector devoid of viral sequences, a tomato plant
infected by TYLCV-Sarl.8mer, and a noninoculated plant. The CP (29 kDa) is
indicated.

cific amino acid changes in the CP, or their combinations,
abolished systemic infectivity in plants and transmission by
whiteflies.

The original cloned DNA obtained from TYLCV-Sic did
not infect plants. Unfortunately, there was no opportunity to
isolate and sequence other clones from the same plant sample.
It is reasonable to believe that this replication-competent but
noninfectious molecule was present as part of the TYLCV
population of that plant, where it was encapsidated and moved
because of transcomplementation. The presence of variants in
natural populations of geminiviruses has been described pre-
viously (12, 18), as has the appearance of mutated DNA in
plants experimentally inoculated with cloned TYLCV DNA
(21, 41). The emergence of SicRev from Sic and SarQHDrev
from SarPHD also indicates that spontaneously arising vari-
ants in a replicating population may be selected for.

Comparative analysis of Sic, SicRev, and the hybrid genomes
Sic708m and Sic2025m showed that the mutation in the CP
gene, not in the RepCl gene, was responsible for restoring
infectivity in SicRcv; however, it still did not result in a white-
fly-transmissible TYLCV. When introduced into TYLCV-Sar,
the two capsid protein alterations resulted in the same either
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FIG. 5. Comparison of the CP region between amino acids 120 and 160 of
TYLCV-Sar with the corresponding regions of selected WTGs. Dots indicate
amino acids identical to those in the reference sequence. Dashes were intro-
duced to maintain alignments. Amino acids corresponding to the three positions
concerning this study are boxed. Sequences were extracted from the GenBank,
and their accession numbers are given in parentheses: TYLCV-Sar (X61153),
TYLCV Spain (Z25751), TYLCV-Isr (X15656), TYLCV Cuba (AJ223505),
TLCV Australia (S53251), TLCV Southern India (U38239), TLCV India New
Delhi (U15016), ACMV Nigeria (X17095), ACMV Kenya (J02057), East Afri-
can cassava mosaic virus (EACMV) (Z83256), TGMV (K02029), tomato mottle
virus (L14460), Sinaloa tomato leaf curl virus (STLCV) (AF040635), tomato leaf
crumple virus (TLCrV) (L34747), Taino tomato mottle virus (AF012300), Chay-
ote mosaic virus (AJ223191), AbMV West India (X15983), AbMV Hawaii
(U51137), BGMV Brazil (M88686), SLCV (P27444), papaya leaf curl virus
(Y15934), and cabbage leaf curl virus (U65529).

noninfectious (SarPQE) or nontransmissible (SarPHE) phe-
notype.

The CPs of these mutants differed from that of the closely
related TYLCV-Sar only in three amino acids. Concerning the
role of these replacements, the following conclusions can be
drawn. Mutants containing the combinations QQ, QH, and PH
at positions 129 and 134 are infectious in plants, whereas those
with PQ are not. The PQ mutants can replicate and accumu-
late CP and V2 protein in leaf discs, but appear unable to
produce virus particles. Mutants having the PH combination at
positions 129 and 134 infect plants and form apparently normal
virions, but are not transmissible by whiteflies. Changing the
amino acid at position 152 (D or E) does not influence the
phenotype.

We examined the amino acids around positions 129 and 134
by using the OMIGA sequence analysis software program (Ox-
ford Molecular Group). Such analyses predict a stretch of 12
amino acids (123 to 134) to be mostly external (with a potential
target site for N glycosylation at N130), followed by a series of
6 amino acids (135 to 140) that are predicted to be internal,
followed by 4 external amino acids. Analyses of several other
whitefly-transmitted geminiviruses (WTGs) predict a similar
arrangement. By searching the nucleotide and protein data-
bases at the NCBI site (http://www.ncbi.nlm.nih.gov), more
than 100 CP sequences of WTGs were retrieved and compared
to those of the Sar clones considered in the present study. The
QQD combination was found only in the monopartite TYL-
CVs, while the most common combination appears to be KSD
(Fig. 5). At position 129, P was never found. Amino acid 134 is
generally Q, S, T, or N, but it is H in a few ACMV isolates,
which have a QHD combination. At position 152 there is
always a D residue, with a single noteworthy exception: cab-
bage leaf curl virus, which has an E at this position. P129 is
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predicted to introduce a bend in the polypeptide chain, poten-
tially modifying the protein structure of the subunits and pre-
venting proper assembly of the virions.

An inability to infect plants can result from defects in virus
replication, movement, or assembly. We previously showed
that cloned Sic DNA could efficiently replicate in tobacco
protoplasts (11) and, in this study, we have shown that the
SarPQ(D/E) mutants replicate in leaf discs of N. benthamiana,
although they do not systemically infect this host plant (not
shown). In spite of the variability in the amounts of ssDNA
observed in leaf discs, the fact that no substantial difference in
dsDNA accumulation was observed between the PQ mutants
and the other mutants confirmed that the PQ mutants were not
affected in replication.

Thus, the lack of infectivity of these clones has to be ascribed
to causes other than replication. Virus movement in plants is a
complex process, and many viruses require the CP for spread-
ing (for a review, see reference 37). As noted above, the CP has
different roles in monopartite and bipartite geminiviruses. In
bipartite geminiviruses, proteins encoded by DNA B are re-
sponsible for viral movement. However, a partial redundancy
of functions between CP (called AR1) and the BR1 movement
protein of squash leaf curl virus was reported (20), since AR1
could mask the phenotype of some movement-defective BR1
mutants. In addition, Pooma et al. (32) proposed a distinction
between CP-dependent systemic movement, occurring in all
hosts, and less-efficient CP-independent systemic movement,
occurring only in hosts to which a virus is well adapted. The
TYLCVs (except the one from Thailand) do not possess a
DNA B and must have evolved different strategies for move-
ment within plants. Requirement of the CP for infection has
been demonstrated previously (41), and the present study sug-
gests that accurate particle assembly is also necessary. In fact,
the PQ mutants, which are unable to assemble virions, accu-
mulate CP in leaf discs, showing that its expression and stabil-
ity are not altered. Another TYLCV protein, V2, for which a
role in virus assembly has recently been suggested (41), was
also detected in leaf discs infected with all mutants.

Very little is known about the interaction of geminivirus CP
with viral DNA or the mechanism of virion assembly. The
importance of a putative zinc finger domain in the CP of
tomato leaf curl virus-India has been shown (30), and Liu et al.
(23) provided evidence that the CP of the monopartite MSV
binds both ssDNA and dsDNA. It is possible that the PQ
mutants are not functional because of defects in protein-DNA
or protein-protein interaction.

Begomoviruses are reportedly transmitted by whiteflies in a
circulative nonpropagative manner. The insect acquires the
virions through the stylet during feeding on an infected plant.
From the gut, the virus passes into the hemocoel, then to the
salivary glands, and is transmitted during subsequent feeding
periods.

We have shown that the nontransmissible PH mutants pro-
duce and accumulate CP (Fig. 2B) and assemble virions. Fur-
thermore, plants infected by PH mutants and wild-type
TYLCV (QQD) appear to contain the same forms of viral
DNAs that have accumulated to similar levels (Fig. 2A). Thus,
lack of vector transmissibility cannot be attributed to either
deficiency of virion assembly or low virus concentration in
plants.

TYLCYV has been detected only in a very limited number of
cells in the phloem (10, 26). The possibility that nontransmis-
sible variants are localized in different tissues remains, al-
though we consider it unlikely, since symptoms were indistin-
guishable in plants infected by wild-type and nontransmissible
TYLCVs. The results of our studies indicate that the reason
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for nontransmissibility is likely to be at the level of virus-insect
interaction.

Geminiviruses that have lost their ability to be transmitted
by insects when propagated for long periods in the absence of
insect vectors have been reported (3, 24, 43). However, the
region of CP including the mutations described in this work has
not previously been implicated in transmission. By aligning the
CP sequences of two nontransmissible Abutilon mosaic virus
(AbMV) isolates with a number of WTGs, only five amino acid
differences in the N-terminal portion were suggested to be
involved in transmission (43). Hofer et al. (16) compared the
CPs of two closely related WTGs, nontransmissible AbMV and
the transmissible Sida golden mosaic virus (SiGMV), which
show 24 amino acid differences, most of which are located in
the N-terminal portion of the protein, and only 1 of which is
located in the region studied by us (i.e., Q129 in AbMV, which
is K in the transmissible SiGMV). Both of these amino acids
are found in other transmissible begomoviruses, so this change
is unlikely to be important for transmission.

The specificity of geminivirus transmission may result from
an intimate relationship between exposed areas of the CP and
certain insect receptors. There is no evidence of the involve-
ment of other virus-coded proteins in insect transmission, as
for the aphid transmission factors of caulimoviruses and poty-
viruses (31) or the read-through domain of luteoviruses (5). As
noted previously (16, 44), certain similarities exist between
geminiviruses and luteoviruses in terms of virus-vector inter-
actions. Recent results concerning the relationship between
luteoviruses and chaperonin-like proteins produced by endo-
symbiotic bacteria present in the aphid vector (17, 38) raise the
possibility that similar mechanisms may also be involved in the
interaction between geminiviruses and B. fabaci.
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