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PART I
WORLDWIDE EXPANSION OF TYLCV



CHAPTER 1

APPEARANCE AND EXPANSION OF TYLCYV:
A HISTORICAL POINT OF VIEW

SHLOMO COHEN AND MOSHE LAPIDOT

Department of Vegetable Research, Institute of Plant Sciences, Volcani Center, ARO,
P.O. Box 6, Bet Dagan 50250, Israel

1. INTRODUCTION

In 1959, the Israeli Ministry of Agriculture urged farmers in the Jordan Valley
to replace the tasty but soft tomato “Marmande” with the long—shelf life vari-
ety “Money Maker,” which was more suitable for export. A month after trans-
planting (August), most of the tomato plants in the region were affected by a
disease of unknown etiology. Symptoms included severe stunting of plant
growth, erect shoots, and markedly smaller and misshaped leaflets. The leaflets
that appeared immediately after infection were cupped down and inward, and
subsequently developing leaves were strikingly chlorotic and showed an upward
curling of the leaflet margins. When young plants were infected, they barely
produced any marketable fruits (Cohen & Nitzany, 1960). The growers’ first
reaction was to blame the change in tomato variety and they demanded com-
pensation from the Ministry of Agriculture. Dr. F. E. Nitzany, head of the
Virology Laboratory at the Volcani Center, Agricultural Research Organization
(ARO), Israel, was asked to determine the causal agent of the disease and find
solutions to the problem. A field survey revealed that most of the tomato plots
in the area had been completely destroyed, and that the disease was accompa-
nied by large populations of whiteflies. The whitefly population had built up in
the nearby cotton fields, a crop which was being grown on a commercial scale
for the first time in Israel. Soon enough, the suspicion that the whiteflies were
the vector of the disease was confirmed, following controlled transmission
experiments in the laboratory. Moreover, the “Marmande” tomato was found to
be as susceptible as “Money Maker” to the disease, which was found to be viral
in nature (Cohen & Nitzany, 1960). The virus was named Tomato yellow leaf curl
virus (TYLCV) by the late Professor I. Harpaz of the Hebrew University
(Cohen & Harpaz, 1964). Interestingly, similar disease symptoms had first been
3
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4 Cohen and Lapidot

observed on tomatoes grown in the Jordan Valley as early as 1929, as well as in
subsequent years (Avidov, 1944). The outbreaks of TYLCYV disease were always
accompanied by large populations of whiteflies (Cohen & Berlinger, 1986).
However, the geminate shape of the viral capsid was first observed in 1980
(Russo et al., 1980), and it was only in 1988 that the virus was isolated (Czosnek
et al., 1988). It took another 3 years to clone and sequence the virus, and to
demonstrate that the genome of TYLCV is composed of only one single-
stranded (ss) DNA molecule (Navot et al., 1991).

The first evidence of economic damage to vegetable crops caused by the
whitefly Bemisia tabaci (Gennadius) in Israel was recorded in 1931 (Avidov,
1944). Since 1935, it has been a permanent pest, mainly in the Jordan Valley.
Avidov concluded that the Bemisia whitefly can raise as many as 15 generations
per year in the Jordan Valley, due to the favorable climate in the area (Avidov,
1944). The silvering of squashes caused by Bemisia, which was observed as early
as 1963 (Baery & Kapoller, 1963), and the very wide host range of this insect
indicate that the B (or silverleaf) biotype has been present in this region for a
long time.

2. VIRUS-VECTOR INTERACTIONS
2.1. Acquisition and transmission

In 1960, the first steps were taken toward controlling the TYLCYV epidemic. The
virus—vector relationship was studied by testing the transmission efficiency of
TYLCYV by whiteflies. Following 48 h of acquisition access feeding on infected
tomato, only 5% of the male whiteflies transmitted the virus by transmission
feeding of a single insect per test plant. However, female whiteflies were able to
transmit the virus with 32% efficiency, sixfold better than their male counter-
parts. Transmission feeding with 1, 3, 5, 10, and 15 viruliferous female whiteflies
per plant yielded transmission rates of 32%, 83%, 84%, 86%, and 100%, respec-
tively (Cohen & Nitzany, 1966).

It was found that the virus is circulative and persistent in the insect (Cohen &
Nitzany, 1966). Once the whitefly vector feeds on an infected host plant and
acquires the virus, viral transmission can occur within hours, and may continue
for the life span of the vector. Acquisition and transmission thresholds were
found to be between 15 and 30 min. However, at least 4 h were required to
obtain high infection rates. The latent period was found to be from 21 to 24 h.
In tests carried out with whiteflies having a life span of 20-50 days, following 48 h
of acquisition feeding, only 2 out of 39 female whiteflies retained the virus for
20 days. Shorter acquisition feedings resulted in shorter virus-retention periods.
TYLCV transmission efficiency by its vector declines with time; most of the
females failed to transmit the virus for more than 10 days after acquisition
(Cohen & Nitzany, 1966). Besides acquisition by adults, it was found that the
virus is also acquired by the whitefly larval stages. Following feeding on an
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infected plant, 28% of the emerging adults were able to transmit the virus
(Cohen & Nitzany, 1966).

To test for virus transmission from viruliferous females to their progeny
(transovarial transmission), viruliferous whiteflies were allowed to lay eggs on
cotton plants, which are immune to TYLCV. Upon emergence from the pupal
stage, the adult offspring were immediately transferred to TYLCV-susceptible
plants for a 48 h transmission feeding. Out of 360 female offspring tested, none
was found to transmit the virus. Thus it was concluded that TYLCV is not
transmitted to the whitefly progeny.

The issue of whether TYLCYV is transmitted transovarially to the whitefly
progeny came up again for debate 30 years later, when different findings were
published. Using molecular tools as well as PCR amplification (which were
unavailable back in the 1960s), it was demonstrated that TYLCV DNA is
transmitted transovarially to the progeny of viruliferous whiteflies (Ghanim
et al., 1998). This was confirmed in an independent study by Polston et al.
(2001) who also found that progeny of viruliferous whiteflies indeed contain
TYLCV DNA. In another study, Bosco et al. (2004) demonstrated that DNA
of Tomato yellow leaf curl Sardinia virus (TYLCSV) is transmitted to the
whitefly progeny, whereas DNA of TYLCYV is not. However, while according
to one study (Ghanim et al., 1998), the TY LCV-carrying whitefly progeny were
able to transmit the virus to test plants, in other studies (Polston et al., 2001;
Bosco et al., 2004), the whitefly progeny, although containing TYLCV DNA,
were unable to transmit the virus, supporting the original results obtained in
the late 1960s (Cohen & Nitzany, 1966).

2.2. Periodic acquisition

While studying virus—vector interactions, a unique phenomenon, which was
termed “periodic acquisition,” was observed (Cohen & Harpaz, 1964). It was
found that following TYLCV acquisition, viruliferous whiteflies progressively
lose infectivity and about 10 days after completion of the acquisition feeding
period, most of the insects are no longer able to transmit the virus. However,
during that period, the vector is unable to compensate for its steadily decreasing
viral-transmission capacity by reacquiring the virus from the infected source
plant. That is, another cycle of acquisition feeding, while the vector can still
transmit the virus (albeit at a decreasing efficiency), does not restore the trans-
mission capability to its original efficiency. The vector must first completely lose
its transmission ability before it can reacquire the virus (Cohen & Harpaz,
1964). A proteinaceous factor which appeared to be related to the phenomenon
was found in homogenates of insects, and was termed periodic acquisition-
related factor (PARF). This factor, via membrane feeding to nonviruliferous
whiteflies, inhibited acquisition, transmission, and retention of TYLCV by the
whiteflies (Cohen, 1967, 1969; Marco et al., 1972). Unfortunately, research into
the mechanism underlying this phenomenon was never completed. Therefore,
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whether this is an active antiviral mechanism or a temporary blockage of the
salivary glands by degradation products of the viral capsid protein remains a
mystery.

The long latent period of 21 h, the phenomenon of periodic acquisition, and
the relatively long and efficient inoculation period of about 4 h suggest that the
use of a fast-killing insecticide could effectively control the spread of TYLCV.
Indeed, soon after the epidemics broke out, it was demonstrated that spraying
with the cyclodiane “Andrin” solved the problem (Cohen et al., 1963). However,
the whiteflies soon developed resistance to the insecticide and research shifted to
cultural crop management and sanitation.

3. THE USE OF YELLOW MULCH TO PROTECT CROPS

In 1940, while working in the Jordan Valley, a researcher named K. M. Mendel
observed that mulching of summer tomato nurseries with sawdust accelerates
seedling growth (Avidov, 1944). This growth acceleration was attributed to the
finding that the soil temperature under the mulch was cooler by 8-10°C than the
temperature of bare soil. However, it was also noticed that the whitefly popula-
tion on the mulched seedlings was much lower than on nonmulched seedlings
(Avidov, 1944). Avidov first thought that the smell of the resin secreted from the
sawdust repelled the insects. However, the same controlling effect was achieved
by mulching the seedlings with straw and the scent-effect theory was rejected.
Avidov also found that during the day, the temperature immediately above
the sawdust mulch sometimes reached 47-51°C (temperatures that were later
found to be lethal to whiteflies in a dry climate). He therefore concluded that
the repelling effect of the sawdust mulch occurs by creating “an atmosphere of
death” on its surface which repels the whiteflies (Avidov, 1944).

In an attempt to better understand the effect of straw mulching on whiteflies,
the possible effect of whitewashing seedbed soil on whiteflies was also studied
(Avidov, 1944). It was found that, 8 days after sprouting, the average number of
whitefly eggs per seedling for whitewashed soil was 18.5, compared to 60 white-
fly eggs per seedling in nonmulched soil. The same maximum soil surface tem-
perature was recorded for the whitewashed soil (44°C) and the nonmulched
control plot (45°C). These findings suggested that soil surface temperature is not
the only factor involved in the mulch-based whitefly-controlling mechanism
(Avidov, 1944).

3.1. How does it work?

Following Avidov’s observations, Nitzany et al. (1964) demonstrated that,
indeed, straw mulch can reduce the spread of another whitefly-borne virus, the
semipersistent Cucumber vein yellowing virus (CVYV). Mulching cucumber
seedlings with straw markedly reduced the whitefly population and, as a conse-
quence, delayed CVY'V spread for about 10 days. The straw mulch also increased
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yield and vegetative development of the cucumber plants (Nitzany et al., 1964).
Subsequent to Nitzany’s work from 1964, straw mulch was used to control the
spread of TYLCV (Cohen et al., 1974). The mulch was very effective in pre-
venting the spread of the virus and the whitefly populations for the first 18 days
following germination. However, it was important to extend the duration of the
mulch’s controlling effect beyond the first 18 days after germination, and the
described putative mechanism underlying this effect was therefore reevaluated.
In 1962, Mound demonstrated that yellow color attracts whiteflies (Mound,
1962). It was suggested that yellow radiation, which induces vegetative behavior,
may be a component of the insect host-selection mechanism (Mound, 1962).
This raised the possibility that yellow color also contributes to the controlling
effect of the mulch. Thus, using an aphid flight chamber, the effect of straw on
whitefly dispersal was studied (Cohen et al., 1974). It was found that nearly
three times more whiteflies were attracted to sticky cardboard plates covered
with straw compared to those covered with tomato leaves. Moreover, the num-
ber of whiteflies attracted to fresh straw was double the number of whiteflies
attracted to old straw which had first been exposed to field conditions for
25 days (Cohen et al., 1974). It should be noted that the yellow color of fresh
straw is much more intense than that of old straw, the latter fading with expo-
sure to intense solar radiation.

The correlation between the mulch controlling effect and its attractiveness to
whiteflies was demonstrated by testing the effects of four different-colored
mulches on whiteflies: straw, and three different-colored polyethylene sheets —
yellow, silver, and blue (Cohen & Melamed-Madjar, 1978). All four mulches
reduced the spread of TYLCV compared to the nonmulched control, with the
yellow mulch being the most effective. Moreover, the yellow mulch was the most
attractive to whiteflies, in both an aphid flight chamber and the field. In the lat-
ter experiments, sticky traps consisting of Petri dishes covered with different-
colored polyethylene sheets or with cropped straw were used. The traps were
placed on same-colored mulch treatments. Indeed, 77 whiteflies were trapped on
the yellow mulch, while only 39 whiteflies (nearly half) were trapped on the
silver mulch, 23 whiteflies were trapped on the blue mulch, and 11 whiteflies
were trapped on the straw mulch (Cohen & Melamed-Madjar, 1978). Once
again, these results clearly demonstrated that the whiteflies were attracted to the
yellow color of the mulch.

3.2. Effect of temperature

To study the role of temperature in the controlling ability of the yellow mulch
the following experiments were carried out. Four temperature-controlled heat-
ing plates (each 10 cm in diameter) were attached to the floor of a flight cham-
ber, 20 cm apart (Cohen, 1982). Yellow-painted Petri dishes covered with glue
on the upper side were placed on the heating plates. The temperature of two
opposing plates was set to 25°C, and that of the other two to 50°C. In each
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experiment, 200 whiteflies were introduced into the flight chamber from the top;
the number of insects adhering to the traps was counted 1 h later. After seven
repeats, no significant differences were found in the attraction of the whiteflies
to yellow traps heated to 50°C (total of 559 whiteflies) or to 25°C (total of 538
whiteflies) (Cohen, 1982). This indicated that high temperature does not repel
the whiteflies, as it had been previously suggested (Avidov, 1944).

In another experiment, the combined effect of color and heat was studied.
A similar experimental design was used except that, in this case, the yellow traps
were not covered with glue, so the attracted whiteflies that landed on the traps
could then fly away. The number of dead whiteflies found on each yellow trap
was recorded 1 h after their release into the chamber. This time, the results
showed significant differences between the treatments; significantly more dead
whiteflies were found in the high-temperature plates. Thus, following a total of
seven different experiments, no dead whiteflies were found on the plates heated
to 25°C, compared with 203 dead whiteflies found on the plates heated to 35°C
(Cohen, 1982). These results also contradicted the earlier hypothesis that white-
flies are repelled by high temperature. The controlling effect of yellow mulch
therefore appears to be due to a combination of the whitefly attraction to the
yellow color of the mulch and its consequent death due to dehydration induced
by the high temperature of the mulch. It should be noted that the typical Israeli
climate is semiarid — high temperature and low humidity. Moreover, in the
tomato-growing regions, soil temperatures exceeding 30°C are quite common.
Thus, the use of yellow plastic mulch to protect vegetable crops from whiteflies
and whitefly-borne viruses has become common practice in Israeli agriculture
(Zaks, 1997).

4. TYLCV EPIDEMIOLOGY
4.1. Wild hosts

In a series of studies aimed at finding ways to control viral spread, a search for
the virus inoculum sources in the hot valleys of Israel was performed (Cohen
et al., 1988). The surveys were carried out by collecting seeds or cuttings of
plants and weeds (mainly the perennials) common to the Jordan Valley region.
The samples (seedlings or cuttings) were inoculated with TYLCV to determine
which species is susceptible to the virus and which could serve as a potential
host. Plants that were found to be susceptible to the virus were tested again for
the presence of TYLCV in another set of samples brought from the field.
Cynanchum acutum was found to be the only natural perennial host of TYLCV.
This weed is concentrated along the western bank of the Jordan River (where
it covers large areas), a few kilometers east of the main tomato production
region at the time. During the winter months (December—February), only the
subterranean parts of the plant survive. The plants start growing again in
the spring, reaching full vegetation in August—September, concomitant with the
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increase in the whitefly population and the tomato-transplanting period. Since
this host was concentrated at some distance from the tomato-growing areas, it
was important to determine whether whiteflies could cross this distance.
Therefore, an area of about 100 m?, fully covered with C. acutum plants and
a large population of whiteflies, was dusted with “Fire Orange,” a daylight-
fluorescent dust, using a mechanical hand duster (Cohen et al., 1988). This dust
persisted on the whiteflies for at least 9 days. Whitefly movement was recorded
by positioning yellow sticky traps at various distances from the dusted plants,
and these traps were monitored weekly for the appearance of fluorescent white-
flies. Indeed, 1 week after the release, fluorescent whiteflies were found in the
tomato fields, at a distance of 7 km from the dusting site.

4.2. Viruliferous whiteflies

Most interesting results were obtained when the percentage of viruliferous
whiteflies in the general whitefly population was studied during the peak popu-
lation period (September—November in our case), at which time the infection
rate of nonprotected tomato plants reaches 90-100% (Cohen et al., 1988).
Whiteflies were collected in the field from different hosts using a cordless rechar-
geable vacuum cleaner adapted to collect insects into a plastic cylinder (Cohen
et al., 1989). The insects were released into a cage with a glass top and were then
collected in groups of 20 into small clip cages. The clip cages were placed on the
leaves of healthy tomato test plants (one clip cage per plant) and the whiteflies
were allowed to feed for 48 h. Following this inoculation access period (IAP),
the clip cages were removed, and the test plants were sprayed and monitored for
the development of disease symptoms. Only 5.4% of the whitefly population
collected on C. acutum was viruliferous, compared with 3.2% of the whiteflies
collected from a tomato field. One explanation for the relatively low percentage
of viruliferous whiteflies within this field population may be the aforementioned
periodic acquisition effect.

4.3. Crop-free period

The Arava region of Israel is a 200 km long, 5-10 km wide arid region extending
from the Dead Sea to the Red Sea. The climatic conditions during the winter,
and moderate temperatures combined with intense solar radiation due to lack of
clouds, make this region ideal for growing vegetable crops. The lack of water in
the region is overcome by a pipeline from the north and the use of local wells.
In 1982-1986, severe viral epidemics occurred in the Arava, threatening the
future of vegetable crop cultivation in the region. The major viruses were found
to be Zucchini yellow mosaic virus (ZYMV) and Cucumber mosaic virus (CMV)
in cucurbits, Potato virus Y (PVY) in pepper, and TYLCV in tomato.

In Israel, TYLCV is widespread mainly in the late summer and autumn, due
to the peaking whitefly population during that period (September—November).
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The tomato season in the Arava region begins in mid-August. At that time,
no infected wild hosts of TYLCYV, such as the annual Malva parviflora or the
perennial C. acutum, are found in the region. To determine whether the virus is
already present at the beginning of the tomato season in the Arava region,
tomato trap plants were distributed in the fields of the Arava and left for a week.
Then the plants were collected, sprayed, and kept in an insect-proof greenhouse
where the appearance of TYLCV-induced symptoms was monitored. No virus
was found in the tomato trap plants dispersed weekly from June to the begin-
ning of the tomato season in August. These results indicated that TYLCV is not
endemic to the Arava region, but rather wasa being introduced every year by an
influx of whiteflies from the western parts of Israel. Unfortunately, there is no
direct evidence for this hypothesis. However, whiteflies have been trapped in
mid-August in the northern, desert part of the Arava at a distance of approxi-
mately 20 km from the nearest cultivated fields, which may indicate that the
whiteflies are dispersed over great distances.

During June and July, local vector populations were found to be relatively low
and the natural sources of TYLCV were scarce. Cultivated fields were found to
be the major source of whiteflies in this region. Therefore, in order to reduce
whitefly-transmitted viral epidemics (such as TYLCV), a vegetable crop-free
period for those months was suggested. Indeed, following the implementation of
a 2-month crop-free period in 1986, 20 years ago, there has been no TYLCV or
any other vegetable virus epidemic in the Arava region (Ucko et al., 1998).

5. BREEDING FOR TYLCV RESISTANCE

Genetic resistance in the host plant is an ideal defense against whitefly-transmitted
(as well as other) viruses, since it requires no chemical input and/or plant seclu-
sion and can potentially be stable and long-lasting. Thus, the best way to reduce
TYLCYV spread is by breeding tomatoes that are resistant or tolerant to the
virus. Since all cultivars of tomato (Solanum lycopersicum) are extremely sus-
ceptible to TYLCYV, wild tomato species have been screened for their response
to the virus (Lapidot & Friedmann, 2002). The first attempts at breeding
for TYLCV-resistant tomato plants were made in the early 1970s using
S. pimpinellifolium accession LA 121 as the resistant source (Pilowsky & Cohen,
1974). After a few years of repeated tries to introgress the resistance into the
domesticated tomato (S. lycopersicum), the resistance level of LA 121 was found
to be insufficient and efforts were shifted to accessions of S. peruvianum, which
was found to express a higher level of TYLCYV resistance. Indeed, in 1986, the
first commercial TY LCV-resistant tomato hybrid TY20 was released (Pilowsky
& Cohen, 1990; Pilowsky et al., 1989). The breeding efforts continued, and led
to the development of highly TYLCV-resistant lines which do not exhibit symp-
toms following inoculation with TYLCV (Friedmann et al., 1998; Lapidot et al.,
1997). Moreover, it was demonstrated that tomato lines expressing a high
level of TYLCYV resistance serve as a poor inoculum source for the virus
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(Lapidot et al., 2001). Today, due to the continuous breeding efforts of a number
of research groups, including the Volcani group, elite commercial TYLCV-
resistant tomato hybrids are available (Lapidot & Friedmann, 2002).

6. CONCLUDING REMARKS

TYLCYV spread very rapidly from its origin in the Jordan Valley to other parts
of Israel and neighboring countries in the eastern Mediterranean, such as
Cyprus, Egypt, Jordan, Lebanon, Syria, and Turkey. However, over the last
decade, the geographic range of TYLCV has greatly expanded to include the
western Mediterranean, Japan, the Caribbean, and the southeastern United
States (Polston and Anderson, 1997; Polston et al., 1999; Moriones & Navas-
Castillo, 2000). Today, TYLCYV is a limiting factor in tomato cultivation world-
wide. The reasons for its vast spread and its establishment as a worldwide
menace are discussed later in this book.
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1. OVERVIEW

Tomato yellow leaf curl virus (TYLCYV, genus Begomovirus, family Geminiviradae),
vectored by the whitefly Bemisia tabaci, is one of the tomato infecting viruses
which is inducing the most obvious symptoms. The severe growth reduction of
the plants and the typical yellowing and curling of the leaves due to TYLCV
infection is easily detected by farmers, even not being familiar with those symp-
toms. Therefore, it is expected that the introduction of TYLCYV in a new envi-
ronment is detected soon after the first infection of tomato plants. This was the
case in 1997, when TYLCYV was detected for the first time in Reunion, an island
of the Indian Ocean at about 700 km east of Madagascar (Peterschmitt et al.,
1999). One more reason for which it is thought that the delay between intro-
duction and detection was short is that the local Plant Protection Services were
aware of the TYLCV risk.

Subsequently to the first detection of TYLCYV, the sampling of infected
tomato plants and the collection of B. tabaci vectors over time gave us a unique
opportunity to monitor the emergence and installation of a virus and its vector
in an insular environment.

Firstly, we describe the situation before the arrival of TYLCV in Reunion
and in the close environment of the South West Islands of the Indian Ocean
(SWIO). Indigenous populations of B. tabaci were detected in all the islands
whereas indigenous begomoviruses infecting tomato were detected in all of
them but not in Reunion and Mauritius. Secondly, we describe the outbreak
of TYLCV in 1997 in Reunion and the identification of the so-called cosmo-
politan biotype B of B. tabaci. Thirdly, we describe the spread of TYLCV to
the tomato production area within 2 years, and the evolution of TYLCV
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populations and the distribution of B. tabaci populations after 1997. Finally,
we discuss the risk of the simultaneous presence in the SWIO of the threaten-
ing TYLCYV and the polyphagous biotype B.

2. THE SOUTH WEST ISLANDS OF THE INDIAN OCEAN
BEFORE THE INTRODUCTION OF TYLCV

Originating from South America, tomato is now produced and consummated in
all the tropical and subtropical regions. Interestingly, in most of these regions
including the SWIO, tomato plants have revealed the presence of indigenous
begomoviruses infecting the introduced tomato. Although indigenous popula-
tions of B. tabaci were detected in most of these tropical regions including
SWIO, some of theses biotypes fed and reproduced on tomato to only a limited
extent, minimizing transmission of begomoviruses to and from tomato plants
(Polston & Anderson, 1997). In the New World where the indigenous biotype
A populations did not readily feed on tomato, most of the tomato infecting
begomoviruses were detected on tomato following the introduction of the
polyphagous biotype B (Polston & Anderson, 1997; Ribeiro et al., 2003). In
SWIO where indigenous populations of B. tabaci were identified, indigenous
begomoviruses were transmitted to tomato by theses populations in natural con-
ditions (Delatte et al., 2002).

Three species of begomoviruses indigenous of the SWIO were identified from
tomato, one from Madagascar, Tomato leaf curl Madagascar virus (TOLCMGYV),
one from Mayotte, Tomato leaf curl Mayotte virus (TOLCYTV), and one from
Seychelles, Tomato leaf curl Seychelles virus (TOLCSCV) (Delatte et al., 2005b:
Lett et al., 2004). The symptoms induced on tomato by these viruses are similar
to those induced by TYLCYV but without yellowing. Sequence analysis revealed
that these viruses had genome organizations of monopartite begomoviruses
and that TOLCMGYV, ToLCYTYV, and ToLCSCV belong to the African bego-
moviruses but represent a distinct monophyletic group that we have tentatively
named SWIO (Figure 1). All of the SWIO isolates examined were apparently
complex recombinants. None of the sequences within the recombinant regions
closely resembled that of any known non-SWIO begomovirus, suggesting
an isolation of these virus populations. This is consistent with the geological
history of this region where Madagascar and Seychelles, the continental
derived islands, drifted away from the Gondwana about 130 million years ago
(Figure 2). It is supposed that the progressive decrease of gene flow resulted in
the differentiation between the populations of SWIO and those of the conti-
nents. Interestingly, no indigenous begomoviruses were detected on tomato in
the two most eastern islands of the SWIO, namely Reunion and Mauritius
(Mascarenes Islands). This may be explained by the recent volcanic origin of
these islands which emerged from the Indian Ocean within the last 10 million
years but also by the relatively important distance from Madagascar and
the eastern dominant winds which both limited the possibility of viruliferous
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Figure 1. Neighbour joining tree indicating the relationships between the full-length DNA
A sequences of tomato begomovirus isolates from the South West islands of the Indian Ocean
and those of representative sampling of publicly available African and Mediterranean bego-
moviruses. The tree was constructed using Jukes—Cantor distances and rooted using ToMoV-
[FL] as an outlyer. Numbers associated with the nodes indicate the percentage support for those
nodes in 1,000 bootstrap replicates. Horizontal distances represent genetic distances, as indicated
by the scale bar, whereas vertical distances are arbitrary. Nucleotide sequence database accession
numbers of sequences used in this study: African cassava mosaic virus — [Kenya] (ACMV-[KE]),
East African cassava mosaic virus — [Tanzania] (EACMV-[TZ]), East African cassava mosaic
Malawi virus — [Kenya] (EACMMV-[KE]), East African cassava mosaic Zanzibar virus — [Kenya]
(EACMZV-[KE]), South African cassava mosaic virus (SACMYV), Tobacco leaf curl Zimbabwe
virus (TbLCZV), Tomato leaf curl Madagascar virus — [Morondava] (ToLCMGV-[Mor]),
ToLCMGV-[Toliary] (ToLCMGV-[Tol]), Tomato leaf curl Mayotte virus — [Dembeni]
(ToLCYTV-[Dem]), TOLCYTV-[Kahani] (ToLCYTV-[Kah]), Tomato leaf curl Seychelles virus —
[Mahé] (ToLCSCV-[Mah]), Tomato yellow leaf curl virus (TYLCV), Tomato yellow leaf curl
virus — Mild (TYLCV-MId), TYLCV- Mild[Reunion] (TYLCV-MId[RE]), TYLCV-[Reunion4]
(TYLCV-[REA4]), Tomato yellow leaf curl Sardinia virus (TYLCSV) and Tomato mottle virus —
[Florida] (ToMoV-[FL)).

vectors to reach the Mascarenes. The risk of introduction due to human activi-
ties was also limited because of the distance and the relatively recent settings of
permanent settlements in these islands, about 400 years ago. On the contrary,
although the volcanic islands of Comoros emerged in the same period as the
Mascarenes, it is apparently the shorter distance to Madagascar (300 km), the
earlier permanent settlements and the dominant winds that have permitted
the introduction of SWIO begomoviruses, either naturally through viruliferous
vectors and/or through human activities.

Although no SWIO begomoviruses could be detected in the Mascarenes,
B. tabaci was reported from Reunion on cassava as early as 1938 (Bouriquet,
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Figure 2. Map of the South West islands of the Indian Ocean showing their geological age indicated
in million years (Warren et al. 2003). Besides Madagascar and Seychelles, which are continental-
derived islands, the other islands are of volcanic origin: Grande Comore (GC), Mohéli (MH),
Anjouan (AJ), Mayotte (YT), Reunion (RE), and Mauritius (MU). Distribution of tomato bego-
moviruses are indicated: Tomato leaf curl Madagascar virus (TOLCMGYV), Tomato leaf curl
Mayotte virus (ToLCYTV), Tomato leaf curl Seychelles virus (ToLCSCV), Tomato yellow leaf curl
virus (TYLCYV), and the mild strain of TYLCV (TYLCV-MId). Distribution of Bemisia tabaci
biotypes are also indicated: the indigenous biotype Ms and the exotic biotype B.

1938) and later in 1953 (Luziau, 1953). However there was no further report or
detection of B. tabaci in Reunion before the outbreak of TYLCV in 1997. The
suspicion of the existence of indigenous populations of B. tabaci in Reunion
and in the SWIO was confirmed using cytochrome oxidase 1 (CO1) sequencing
(Figure 3) (Delatte et al., 2005a). The SWIO populations formed a new distinct
genetic group that is sister to two other groups, the B and Q biotypes. It was
named Ms after the Mascarenes Archipelago. The Ms biotype was thought to
be indigenous to the region as it was detected in all the SWIO. Ms populations
of B. tabaci induced silverleaf symptoms on Cucurbita sp., and were able
to acquire and transmit TYLCV. Adult individuals of the Ms biotype were
detected on several families of plants, e.g., Convolvulaceae, Euphorbiaceae,
Solanaceae, Fabaceae, Verbenaceae, Brassicaceae, Cucurbitacae, suggesting that
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Figure 3. Rooted neighbour-joining tree showing the genetic distance among 816 nt cytochrome
oxydase I fragments of Bemisia tabaci. Sequences are identified with their geographic origin fol-
lowed by their Genbank accession number. The scale measures the Jukes—Cantor distance between
sequences. Numbers associated with nodes represent the percentage of 1,000 bootstrap iterations
supporting the nodes.

it is a polyphagous biotype. It has been estimated (on the basis of mitochondrial
CO1 markers) that Ms biotype diverged from B and Q about 3 (£0.3) million
years ago (Delatte et al., 2005b), much after the time of the continental separa-
tion of Madagascar from the African continent (about 130 million years). The
expected African origin was confirmed by the detection of a polyphagous
populations of B. tabaci from Uganda (genotype cluster Ug7) closely related
to biotype Ms according to CO1 (98-99% identity) (Sseruwagi et al., 2005).
The detection of seven other genotype clusters in Uganda beside the Ug7 pop-
ulations, whereas only biotype Ms was detected in the SWIO, suggests that
the B. tabaci populations of SWIO have originated from Africa following a
founder effect.

3. THE OUTBREAK OF TYLCV IN REUNION IN 1997
AND THE DETECTION OF THE BIOTYPE B OF B. TABACI

In September 1997, typical TYLCV symptoms, namely, stunting, reduced leaf
size, leaf curling, and yellow margins, were observed on tomato plants on a farm
of the South of Reunion near Saint Pierre (Peterschmitt et al., 1999) (Figure 4).
Diseased plants gave positive reactions by TAS-ELISA and an expected size
product was obtained by PCR with degenerate primers designed to amplify a
region of the A component of begomoviruses. The sequencing of this cloned
PCR product and later of the complete cloned genome showed that plants were
infected with a member of the Mild strain of TYLCV (TYLCV-MId) (Delatte
et al., 2005b). The alignment of complete genomes showed that the highest
nucleotide identity was obtained with members of the TYLCV-MId strain
that were isolated elsewhere shortly before the 1997 outbreak in Reunion:
TYLCV-MId[JR:Shz] (99.1%) isolated after its first detection in 1996 in Japan,
TYLCV-MIA[PT] (98.8%) isolated after its first detection in 1995 in Portugal,
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Figure 4. Map of Reunion Island showing the location of the first farm in which TYLCV was
detected and its progressive spread to the whole tomato-growing area between 1997 and 1999.

and TYLCV-MIA[ES:72:97] (98.8%) isolated after its first detection in 1997 in
Spain. The nucleotide identity was the lowest with TY LCV-MI[IL] (97.8%), the
type member of the strain, isolated before 1994 in Israel. It seems that closely
related isolates were simultaneously spread to different regions of the world in
the mid-1990s including Reunion. About 3 months after the first detection in
September 1997, TYLCV was detected in 13 farms in the region of Saint Pierre
and also in a small area near Saint Paul in the West of the island (Figure 4).
Severe economic losses were observed, up to 85% in outdoor and/or protected
tomato crops. Tomato is grown year round in Reunion and is the most grown
vegetable crop. Farmer (Know You Seed), the most popular tomato cultivar
grown in Reunion, was found to be highly susceptible to TYLCV.

As stated above, B. tabaci were not reported in Reunion between its second
report in 1953 and the outbreak of TYLCV in 1997. It was only at the time of
the TYLCV outbreak that B. tabaci has been observed on tomato crops, but
population levels were low compared with those of the whitefly Trialeurodes
vaporariorum Westwood. During the first 6 months of 1998, B. tabaci was also
detected in plants occurring near infected crops: Euphorbia heterophylla L.,
Lantana camara Mold., Solanum melongena L., S. nigrum L., Phaseolus vul-
garis L. B. tabaci individuals collected from these plant species and sequenced
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in their CO1 gene were found to belong to two distinct biotypes. Some of them
were of the indigenous biotype Ms but others clustered with individuals of the
biotype B (Figure 3). The B biotype individuals of Reunion are not thought
to be indigenous because, beside Mauritius where biotype B was detected in
1998 (Ganeshan & Abeeluck, 2000), biotype B individuals were not detected
in the SWIO. We suppose that these biotype B individuals were recently intro-
duced, maybe from Mediterranean countries together with the Mediterranean
TYLCV-MId.

4. THE EVOLUTION AFTER 1997

Although the number of farms in which infected tomato plants were detected
outdoors and indoors had increased from 13 by the end of 1997, to 29 in April
1998 (Figure 4), TYLCV had apparently not spread to the whole tomato grow-
ing area (mainly on the Western leeward coast; the inner mountain areas and the
Eastern coast are not convenient for tomato production). By the end of 1998 to
the beginning of 1999, a survey showed that almost the whole tomato-growing
area was infected with TYLCYV, from Le Port in the North to Saint Joseph in the
South and towards the inner island up to 900 m altitude (Figure 4). It was only
in 2003 that TYLCV symptoms were observed in the eastern part of Reunion,
near the Southeastern town of Saint Rose.

Prior to 1997, begomovirus-induced symptoms were never reported in
Reunion. As the first tomato samples infected with TYLCV were most proba-
bly collected shortly after its introduction (see above), a unique opportunity was
provided to analyse the evolution of TYLCYV population almost from the initial
inoculum in an isolated agroecosystem, apparently free of any other tomato-
infecting begomovirus. A total of 111 samples were obtained from surveys con-
ducted from 1997 to 2004 in the main tomato growing areas in the western part
of Reunion. Genetic variation of TYLCV-MId[RE] was monitored (Delatte et
al., 2007). The very low diversity of the isolates observed in 1997 did not pro-
vide any evidence of multiple TYLCYV introductions in Reunion. In addition, no
other Begomovirus species or strains were detected during the studied period.
The very low initial diversity was followed by a quasi-linear increase in genetic
diversity across years. Analysis of population effective size indicated that
TYLCV-MId[RE] in Reunion was in expansion which is consistent with a
founder effect due to the introduction of a small virus population in an insular
environment. Surprisingly, one nucleotide substitution introducing a premature
stop codon in the C4 ORF was observed in an increasing number of isolates in
the population of TYLCV-MIA[RE] over time, contrasting with the other sub-
stitutions which were observed at lower frequencies. This substitution which
shortens the C4 protein by four amino acids may have been selected during
TYLCV-MId[RE] evolution.

The 8-year sampling for the evolution studies was stopped in April 2004 when
an isolate of the so-called recombinant TYLCV strain was detected in Saint
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Gilles in the northwest region of Reunion (Delatte et al., 2005a, b). This new
strain caused more severe yellow leaf curl symptoms than those usually
observed with the Mild strain. Intraspecific competition between the two strains
is under investigation. This new introduction illustrates how difficult it is to pro-
tect an environment from begomovirus infection even in an isolated island. We
have recently shown that not only plants and whitefly vectors can be a mean of
introduction but also the tomato fruit itself (Delatte et al., 2003).

Evolution studies of the vector populations showed evidence of introgression
of the indigenous Ms population into the introduced B population. A multiple
sampling survey conducted on the B. tabaci biotypes during 2 years (2001-2002)
with microsatellite markers in Reunion revealed that biotype B was predomi-
nant on the island, with however proportions of the two biotypes varying
according to geographic or ecological factors (Figure 5) (Delatte et al., 2006).
The B biotype was found predominantly in the north, west, and south part on
crops, corresponding to the tomato growing area and leeward dry coast.
While, the biotype Ms predominated on weeds in the windward and humid
coast, B and Ms biotypes coexist in sympatry throughout most of their geo-
graphical ranges. Interestingly, the genetic study revealed a third group of
whiteflies genotype, intermediate between B and Ms biotypes (Figure 6). This
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Figure 5. Map of Reunion Island with whitefly biotype B and Ms global repartition in absolute num-
bers per sector and sampling period (S1, February—March 2001; S2: September-October 2001; S3:
February—March 2002). The different sites are represented individually with years grouped, for bio-
type Ms, groups B’ (pure biotype B) and B” supposed to be a B form introgressed with Ms alleles (see
Figure 6). The sampled sites are represented, and the symbols refer to the sectors they belong to.
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Figure 6. Genetic structure of Bemisia tabaci sampled over Reunion Island. Summary plot of esti-
mates of Q (the estimated membership coefficient for each individual in each cluster) given by the
software Structure v2.1 with the admixture option (Pritchard et al. 2000). Each of the 567 individ-
uals is represented by a single vertical line broken into K populations (K = 2 in this case), with length
proportional to the inferred proportion of B ancestry; individuals from the two subgroups B” and
B” have been represented in different sections of the graph to emphasize their genetic differences.

group had asymmetrical and locus-specific introgressions between both B and
Ms biotypes, especially detected within syntopic populations. This group was
therefore proposed as being a hybrid group between B and Ms populations.
However, there is no clinal geographical structure typical of classical hybrid
zones. The biotypes situation on Reunion appears as a novel strategy of inva-
sion, which does not refer to displacement of a population, to competition by
interference for food, or to a complete eradication of one biotype, but rather
to the introgression of one population into another. This might lead to the
complete disappearance of the parental biotypes and the appearance of a fitter
hybrid group of whitefly, or the coexistence of the three groups. More evolu-
tionary time is needed to confirm the extent of the different populations, and
know the long-term outcome of introgression in the field.

5. RISK ASSESSMENT FOR THE SOUTH WEST ISLANDS
OF THE INDIAN OCEAN

The introduction of exotic begomoviruses into Reunion and exotic B. tabaci
populations into Reunion and Mauritius is generating new risks for the SWIO
that need to be assessed (Figure 2). On the vector side, there is a risk of spread
of biotype B populations to the other SWIO where indigenous begomoviruses
are infecting tomato. As biotype B was found to be dominant on vegetable crops
compared to biotypes Ms (Delatte et al., 2006), the introduction of biotype B in
these islands may increase the transmission of these viruses to and within
tomato with an increased impact on tomato production. Introduction of bio-
type B may even induce emergence of so far weed infecting begomoviruses in
cultivated crops. On the virus side, there is a risk of overlapping between the dis-
tribution areas of the indigenous begomoviruses and the exotic TYLCV either
by the introduction of the indigenous begomoviruses into Reunion or the intro-
duction of TYLCYV into the islands infested with the indigenous begomoviruses.
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Knowing the propensity of begomoviruses to recombine (Fauquet et al., 2005),
emergence of new recombinant begomoviruses, possibly with increased viru-
lence and modified host range, is expected. The natural recombinant detected
between TYLCV and TYLCSV in Spain (Monci et al., 2002) demonstrated that
the probability of such an occurrence is high, especially as the genetic dis-
tance between TYLCV and the SWIO indigenous ToLCVs is similar to the
distance between TYLCV and TYLCSV (Figure 1).
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CHAPTER 3

THE BEMISIA TABACI COMPLEX: GENETIC
AND PHENOTYPIC VARIATION AND RELEVANCE
TO TYLCV-VECTOR INTERACTIONS

JUDITH K. BROWN

Department of Plant Sciences, 1140 E. South Campus Drive, The University of Arizona,
Tucson, Arizona 85721, USA

1. OVERVIEW

The purpose of this review is to present an overview of “the biotype concept” in
relation to the whitefly Bemisia tabaci (Gennadius) vector of Tomato yellow leaf
curl virus (TYLCYV), the plant virus, which is the topic of this volume. It seems
an unlikely coincidence that this single species of whitefly, itself widely variable
and plastic, is the arthropod vector of a widespread, dynamic suite of closely
related viruses species that also diversify rapidly and adapt to human activities.
This chapter will contextualize current scientific knowledge, and raise questions
where understanding is lacking — or not yet congealed to reach a satisfactory
conclusion. This will involve delineating the characteristics, processes, and con-
cepts that unite or set apart the B. tabaci complex from other whitefly species,
and other vector—virus complexes. Also discussed will be the characteristics that
uniquely delimit variants or “biological types” of B. tabaci — recognizable both
in terms of biological and/or genetic variability, which yield distinct conse-
quences in agroecosystems — that would not prevail if such variability were
absent or irrelevant. The review will also address how knowledge of different
and shared characters among biotypes and less well-studied haplotypes (pheno-
typic variants), could assist in predicting whether a variant could become an
invasive, or successful vector. And, how greater than expected genetic variation,
together with phenotypic plasticity, influence virus—-vector competency, virus
dispersion, and virus host adaptation or host range shifts, and support diversi-
fication or emergence of begomoviral species. The unprecedented invasiveness
of this insect pest and plant virus vector has contributed widely to the intrigue
that has fostered the recent interest in this ancient whitefly species. As well,
so do its fascinating biology, unresolved taxonomy, unprecedented (apparent)
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interspecific variability, and extent of reproductive isolation. This review will
present a historical perspective of the biotype concept, and describe the
attributes of the B. tabaci complex relevant to its role as a vector and pest
in agriculture. It also will provide examples of the best-studied biological types
of B. tabaci and their significance to begomovirus disease outbreaks. A gener-
alized sequence of events outlining the “history of the biotype concept” and the
contributions of many to its legacy is provided in Table 1. It is particularly
important to credit our many colleagues whom over the years have generously
contributed whitefly and virus collections for molecular analysis. Without them,
much of the work described here would not have been possible. It is regrettable
that space limitations do not allow inclusion of a comprehensive chronology cit-
ing all that have made important contributions to this new field of study. Even
so, every effort has been made to highlight key events and the contributions of
as many as possible. This chapter is dedicated to Dr. Julio Bird, Emeritus,
University of Puerto Rico, a priceless mentor and friend who continues mostly
unknowingly through his insights and keen observations, to inspire “students of
B. tabaci” around the world.

Table 1. Chronological history of the “biotype concept”

1889 P. Gennadius described B. tabaci (Aleyrodes tabaci)

1914 Quaintance and Baker established Bemisia as a genus (inconspicua)

1936 H. H. Storey reports outbreaks of virus-like disease in cassava in Africa;
Takahashi synonomized B. hibisci with B. tabaci

1957-1977 In Puerto Rico J. Bird provides the first evidence for polyphagous
(Sida race) and monophagous (Jatropha race) B. tabaci

1957 L. Russell synonymized nine additional species/two genera into the

B. tabaci taxon (following the decisions to lump instead of split the species
by two systematists before her)

1975 Costa and Russell (1975) reported that B. tabaci did not colonize cassava
where it was native in Brazil, but noted that it readily colonized
cassava plant in Africa

1978 Mound and Halsey further synonymized the species
(total 23 species, 2 genera)
1980 Outbreak of the A biotype in the southwestern US deserts

and NW Mexico; previously undescribed begomoviruses and
criniviruses (Brown, 1990, 1994)

1980-1982 Geminiviruses are recognized as a new group of plant viruses containing
ssDNA (Goodman, 1981; Hamilton et al., 1982)

19801981 First “suspect B” biotype documented, Hawaii (R. Gill, personal
communication/Bernar Kumashiro, Bishop Museum, Honolulu)

1985-1990 Ornamentals in continental USA and Europe colonized by B. tabaci

instead of 7. vaporariorum, “the norm” (Alderman, 1987; Lindquist and
Tayama, 1987)
1986-1987 Silverleaf and irregular ripening observed in Florida for first
time (Schuster et al., 1990, 1991; Yokomi et al., 1990).
Invasive B biotype not yet recognized

(continued)
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Table 1. (continued)

1987-1988 Poinsettias infested with B. tabaci found in Arizona for the first time
(W. Miller, D. Bryne-UAZ); Miller provides colony to Brown laboratory
hypothesizing the “lab vector colony” was contaminating his greenhouse
poinsettia plants (Costa and Brown, 1990)

1988-1989 Costa and Brown carry out experiments to differentiate the poinsettia
B. tabaci from AZ native
1988-1989 Unprecedented outbreaks occur in vegetables and cotton in the Dominican

Republic, Texas, and Guatemala (Brown, 1988, unpublished); B biotype
sample collected in Cancun hotel (report by Costa et al., 1993)

1990 Immature [and adult] forms of the whitefly are shown to cause
the silverleaf disorder by Yokomi et al. 1990; [Costa and Brown, 1990]
1990 Costa and Brown (1990) present poster and abstract identifying

polymorphisms between the poinsettia and lab colonies

(The Entomological Society of America) and providing preliminary
evidence of viable female offspring from A x B crosses and B biotype
associated squash silvering

1990 Field populations in Arizona are 70% B biotype and 30% A biotype (Costa,
Brown, Butler, unpublished). Resistance to several chemistries is reported
for the B biotype 1990-1995 (numerous authors)

1990 Severe cassava mosaic virus epidemic begins in Uganda (reviewed in Legg
and Fauquet, 2004), associated with severe disease and unprecedented
whitefly outbreaks (numerous reports). Samples tested in AZ
laboratory indicate the B biotype is not responsible
(Brown J. K., unpublished data)

1990 Dominican Republic imports tomato seedlings infected with TYLCV
(Bird & Brown, unpublished USAID report); B biotype identified using
esterases; noted colonizing cassava (Brown, 1990, unpublished)

1990-1991 Unprecedented outbreaks occur in vegetables and cotton in the USA
desert southwest (Brown, 1990; Bird and Brown, 1992); USDA initiates
Five Year Plan and annual workshops that are attended by
international scientists

1991 First description of the A and B type esterase polymorphisms, host range
and life history differences; first association of squash silverleaf symptoms
with colonization by the B biotype; suggested that SSL was a phytotoxic
disorder, not caused by a transmissible agent (Costa and Brown, 1991).
Assignment of “A” and “B” biotype designations

1992-1994 Host associated biotypes described in cassava and okra in Ivory Coast
(Burban et al., 1992), suggesting B. tabaci associated with cassava were
host-restricted. Legg et al. (1994) demonstrated cassava-restricted and
polyphagous (sweet potato host) B. tabaci in Uganda

1991-1994 Esterase morphotypes reveal extraordinary variability in general esterase
patterns in worldwide populations. Assemble suite of colonies at John
Innes Centre for study. Alphabetical designations assigned to
morphotypes.Erroneously designates polymorphic B. tabaci as biotypes.
Many remained uncharacterized (Brown et al., 1995; Costa et al., 1993a;
Bedford et al. 1994)

1993 Costa et al. (1993) report the rapid spread of the B biotype
into the American Tropics using esterase morphotypes and SSL
as indicators; insecticide resistance also associated with the B biotype
while A is controllable. Central American teams hold workshop
in Honduras to develop Action Plan modeled after US plan

(continued)
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Table 1. (continued)

1993-1995 Perring et al. (1993) and Bellows et al. (1994) propose the name
B. argentifolii to replace the B biotype designation and erect a separate
species. Ultimately, the name is not widely accepted as evidence is provided
demonstrating widespread polymorphisms with the species. It is proposed
that B. tabaci is better described as a complex or a group of sibling
species (Brown et al., 1995)

1993 Tomato yellow leaf curl virus introduced into the USA (Polston et al., 1994)
and elsewhere in the Caribbean

1994 The B biotype reported in Australia (Gunning et al., 1995)

1994-1997 Report from Bedford et al (1994) via collaboration with Brown laboratory

characterized in biological and biochemical terms representative B. tabaci;
populations reared at John Innes Centre. Rosell and Bedford carry out
morphological study on populations (Rosell et al., 1997). Bedford reports
a monophagous B. tabaci from Aystasia. in Benin (E esterase type)

1994-1996 In Puerto Rico, the B biotype displaced the Jatropha and Sida biotypes
(Bird and Brown, unpublished data)

1994—present Neonicotinoids widely used to control the B biotype successfully
(Dennehy et al., 1996; Horowitz et al., 1998, 2005)

1996 Arizona, USA laboratory evaluates mt16S sequence as a molecular

marker. Results point to an Eastern Hemisphere origin for the B biotype
[Middle East/Africa], providing assistance to natural enemy
(Brown et al., 1995; Frohlich et al., 1994; Kirk et al., 2000)

1996 The Q biotype recognized as important, native B. tabaci vector and pest
in Mediterranean Basin (Guirao et al., 1997).
1996-2000 Severe cassava mosaic disease is caused by a recombinant (Zhou et al., 1997)

and transmitted by an invasive B. tabaci, likely from western Africa
(Legg et al., 2002)

1998 TYLCYV introduced into the east coast states and Yucatan Peninsula of
Mexico (Ascencio-Ibanez et al., 1999)

1999 Tomato yellow leaf curl Sardinia virus displaced by TYLCV
(Sanchez-Campos et al., 1999)

2000 TYLCYV introduced into Puerto Rico on seedlings from Florida and

TYLCV was introduced (Bird et al., 2001). Soon TYLCV will be
introduced into a number of countries in Asia
1997-2003 Development and validation of the mtCOI as an informative
marker and systematically assess representative collections, worldwide
(Brown et al., 1995; Frohlich et al., 1999). Numerous labs present
comparative results. Recognition of divergent phylogeographic groups
and haplotypes. The B biotype will continue to be reported in new
locations, worldwide
2000 The B biotype is widespread in South America, including Argentina,
Brazil, Paraguay (Brown, 2000, personal observation).
Studies lead to the report by Viscarret et al. (2003) of a native
B. tabaci (ARG) that is somewhat divergent from the A biotype
(South American group), and sympatric with the B biotype
2001-2002 The local Spanish “Q” biotype displaces the introduced B biotype in Spain
(Early rumors of B biotype resistance to neonicotinoids
in Spain and Morocco (Moya et al., 2001)

(continued)
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Table 1. (continued)

2002-2005 A native biotype that is a close relative to the Spanish Q biotype is
identified in Israeli cotton fields. First evidence for development of
resistance to neonicotinoids under laboratory selection in Israel
(Horowitz et al., 2003, 2005; Nauen et al., 2002)

2003 The monophagous T biotype is reported from Euphorbia characias in
Italy (Simon et al., 2003b)
2003-2005 Sserwagi et al., discover that a non-B like B. tabaci from Uganda can

induce foliar silvering (2005) and that not all B. tabaci that colonize
cassava are host-restricted (2006)

2004-2005 TYLCYV introduced into Mexico’s Pacific Coast where tomatoes are grown
for fresh market export (Brown & Idris, 2006)
2005-2006 Introduction of the Q biotype in the USA; introductions reported in

China, Japan, and Mexico (Brown et al., 2005; Chudong et al., 2006;
Dennehy et al., 2005; Martinez & Brown, 2007; Ueda & Brown, 2006;
Zhang et al., 2005). TYLCV-mild now widespread in Asia

2005-2006 Severe cassava mosaic virus epidemic continues to spread westward and
southward in Africa. Brown, French, and Legg (2002) demonstrate
involvement of an invasive biotype and possible hybridization between
the “Invader” and “Local” B. tabaci

2006 The Spanish “S” biotype is reported more widely distributed than
first thought. In addition to Spain, the S biotype occurs in Africa
(Rua et al., 2006)

2005-2006 In the USA the Spanish Q biotype and closely related variants introduced
on ornamental plants has not been reported in field crops and appears
to be restricted to greenhouse grown plants; Q Biotype Task Force
Website reporting US distribution of the Q biotype
(http://www.mrec.ifas.ufl.edu/LSO/bemisia/bemisia.htm)

2006 TYLCYV introduced into Arizona and Texas on tomato
transplants (Idris et al., 2007 (in press); Isakeit et al., 2006)

2. BACKGROUND
2.1. Bemisia tabaci (Gennadius) is an emergent whitefly pest and vector

Whiteflies are classified in the family Aleyrodidae (Sternorrhyncha: Hemiptera/
s.0. Homoptera) (Campbell et al., 1994, 1995; Gill, 1990; Martin, 2003; Mound
& Halsey, 1978). Whiteflies are unique among insects in that they employ a
“modified” paurometabolus metamorphosis, and they are haplo-diploid insects
reproducing by arrhenotokyous parthenogenesis (Blackman & Cabhill, 1998;
Byrne & Bellows, 1991). The closest whitefly relatives are aphids, mealybugs,
psyllids, and scales, all of which have piercing and sucking mouthparts special-
ized for feeding in plant phloem (Byrne & Bellows, 1991; Gill, 1990). This
suborder is well known for harboring obligate, primary endosymbionts that coe-
volve with their host (Campbell, 1993; Thao et al., 2004), and synthesize amino
acids that are in short supply in phloem sap (Buchner, 1965).
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Among whiteflies, B. tabaci represents an unusual example of extreme
polyphagy in that as a species, it colonizes several hundred herbaceous eudicots.
This is in contrast to most other whitefly species, which colonize flowering woody
perennials. B. tabaci is primarily adapted to the subtropics/tropics and is competent
across a range of ecological zones and in climates that span arid deserts, dry-
subtropical, and Mediterranean conditions. The taxonomy of B. tabaci has long
confounded systematists leaving the status unsatisfactorily unresolved (Gill, 1990).

The unusual biotic features of this whitefly contribute to its apparent ease
in adapting to changing environmental conditions, and also to its growing
economic importance as a pest and vector of plant viruses in agriculture
(Byrne & Bellows, 1991; Gerling, 1990). B. tabaci is a pest and virus vector on
all continents where agriculture is practiced, where it colonizes agronomic,
fruit, and vegetables crops. Also B. tabaci has adapted to protected environ-
ment production facilities, in which ornamentals and vegetables are produced
in temperate and more recently, in subtropical climates. Certain B. tabaci
biotypes (characterized in biotic terms) or haplotypes (uncharacterized, genet-
ically distinct variants) are no longer restricted to their native habitat, having
extended their geographic and host range beyond once endemic boundaries.
This has occurred only recently through introductions of B. tabaci transported
on plants by international trade.

Increased monoculture cropping and year-round production practices,
together with cultivation of genetically uniform crop varieties, are among the
most important factors that have contributed to recent whitefly outbreaks and
subsequent virus epidemics. Year-round production in tropical climates has
eliminated or shortened host-free periods, facilitating unprecedented population
increases and the adaptation of this whitefly to monoculture cropping practices.
Consequently, once a colonizer of native, uncultivated eudicots in marginal
habitats or the dry-subtropical understory species, the B. tabaci complex has
become an “invasive species.” As well, B. tabaci is the most important arthropod
vector of several groups of emerging plant viruses that cause damaging diseases
primarily in vegetable and fiber crops. The most prevalent and widespread is the
genus, Begomovirus (family, Geminiviridae), to which all TYLCV strains and
species are assigned.

2.2. Whitefly-transmitted geminiviruses

Begomoviruses (genus, Begomovirus; family Geminiviridae) comprise a group of
circular, single-stranded DNA plant viruses (Lazarowitz, 1992). They are
unusual among plant viruses because most have RNA genomes. Although sev-
eral hundred species are now recognized, when the group was established fewer
than 20 viruses had been assigned a name, and for most etiology had not been
demonstrated. For perspective, it is important to realize that the Geminiviridae
was established only in 1978 (Goodman, 1981; Rybicki, 1994). Only during the
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last 30 years begomoviruses have become widely considered as emergent viral
pathogens in food, fiber, and ornamental crops in much of the world where food
is produced. Begomoviruses are pathogenic to field crops in subtropical/tropical
world regions, and are also problematic in controlled environment production
systems in most temperate regions (Brown, 1990, 1994; Brown & Bird, 1992).
Several, including TYLCYV (Polston et al., 1999) and Squash leaf curl virus (1dris
et al., 2006) have been introduced to nonendemic areas, which at least in one
case, has resulted in displacement of an endemic begomovirus species (Sanchez-
Campos et al., 1999).

Whitefly-transmitted viruses (prior to the discovery and classification of the
genus Begomovirus) were referred to as “rugaceous” viruses (Bird & Maramorosch,
1978). They are recognized in nature by the characteristic leaf curling, mosaic,
and bright yellow or yellow-green symptoms they cause in endemic hosts and in
cultivated plant species. It was not until the 1970s when the first electron micro-
graphs were produced, was their novel “geminate” particle morphology revealed
(Goodman, 1981). The subsequent discovery that that begomoviruses contained
a ssDNA genome (Goodman, 1977) fueled the interest of many, and the devel-
opment of recombinant DNA technologies soon facilitated cloning of the first
begomoviral genomes. By 1981 the DNA sequence had been determined for
only several of these viruses, all of which contained a bipartite genome (Haber
et al., 1981; Hamilton et al., 1982), which came to be referred to as DNA A and
DNA B. The first monopartite begomoviral genome was discovered in what is
now the type species of TYLCV from Israel (Navot et al., 1991), and the topic
of this book. Since then, many more monopartite begomoviral species have
been described. The unexpected upsurge of B. tabaci in cropping systems, begin-
ning in 1976, has had such a profound effect on the emergence and diversifica-
tion of new begomovirus pathogens in agricultural systems worldwide, it would
not have been possible to predict that by 2006 a complete genome sequence
would be determined for several hundred viral species, with more than 350
GenBank records of prospective or confirmed species (http://www.ncbi.nlm.
nih.gov/ICTVdb/ICTVdB/00.029.htm).

3. TRANSMISSION SPECIFICITY AND COADAPTATION
OF B. TABACI-BEGOMOVIRUS COMPLEXES

3.1. Virus—vector specificity and transmission competency

Transmission specificity is a highly conserved feature of begomovirus—B. tabaci
vector complexes. This is borne out by the knowledge that all members of the
genus, Begomovirus, have a single whitefly species, B. tabaci, as their arthropod
vector. Virus—vector specificity can be corroborated biochemically based on
evidence residing in the viral coat protein, the only viral-encoded protein
required for whitefly-mediated transmission (Briddon et al., 1990). The coat
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protein maintains a high degree of conservation at the amino sequence level
(Harrison & Robinson, 1999). Such conservation is imposed by a number of
important multifunctional constraints, including particle assembly (encapsida-
tion) and particle stability. It is also involved directly in interactions with the
host plant where it interacts with other viral proteins that facilitate cell-to-cell
movement, and possibly systemic infection. Finally, the coat protein in its role
as a transmission determinant interacts with as yet unidentified whitefly pro-
teins at the gut and salivary gland membranes, (and with at least one protein
that is encoded by the primary endosymbiont), to facilitate vector-mediated
transmission. Another notable multi-trophic feature of B. tabaci is that it har-
bors an obligate endosymbiont, Candidatus Portiera aleyrodidarum, with which
it has a mutualistic relationship (Costa et al., 1993b, 1995; Thao & Baumann,
2004; Zchori-Fein & Brown, 2002). In addition to synthesizing certain amino
acids used by the whitefly host, the primary endosymbiont encodes a 60S heat
shock protein (HSP60) that interacts molecularly with the begomovirus nucleo-
capsid as virions circulate in the vector haemolymph (Morin et al., 1999, 2000)
toward the salivary glands. This HSP60 is thought to bind to virus particles and
promote particle stability. It also seems likely that this prokaryotic chaperone
affords further protection by masking the virion surface, thereby limiting or
delaying the innate immune responses of the whitefly (Brown & Czosnek, 2002).

Compelling evidence for cellular-based specificity has been provided at the level
of “transmission efficiency,” which has been demonstrated for certain bego-
movirus-vector combinations originating from the same geographical locale,
and/or in some cases through a long-term interaction with a limited suite of hosts,
and so probably it is not surprising that they have coevolved to some extent. How
this is manifest at the molecular or cellular levels, is not entirely known. Recall that
three particular coat protein amino acid residues located at conserved positions
in the capsid monomer are involved in B. tabaci-mediated begomovirus transmis-
sion, and that the integrity of the amino and carboxyl termini are essential for the
assembly of stable virions (Briddon et al., 1990; see refs in Brown & Czosnek, 2002;
Hallan & Gafni, 2001; Kirth & Savithri, 2003; Noris et al., 1998) collective.

These collective observations are supported by a positive correlation between the
genetic structures of vector genotypes and the viral coat protein at local, regional,
and global scales (Brown & Idris, 2005; Simon et al., 2003a). One study has exam-
ined virus—vector complexes in the Near East/Asia, while another provided a recon-
structed, global phylogeny for representative haplotypes/biotypes — both analyses
employed the B. tabaci mtCOI (unrelated to transmission) and the viral coat protein
gene (directly involved in transmission) to assess the congruence of phylogeographic
relationships. In both, the whitefly mtCOI and viral CP were phylogenetically
concordant, suggesting coevolutionary implications. As such, it may be possible to
postulate a role for the whitefly vector in viral coat protein evolution. The whitefly
vector exhibits a range of coadapted phenotypes that could contribute directly or
indirectly to virus transmission efficiency and disease spread (Brown & Czosnek,
2002; Brown & Idris, 2005; Czosnek et al., 2001; Simon et al., 2003a).
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Having said that begomovirus—vector specificity is conserved among all
members of the B. tabaci complex, it is likely that subtle selection influences or
modulates the transmission processes at coevolving virus—vector interfaces that
could vary among different biotypes (variants). Such differences could give rise
to variation in transmission competency, which has been documented for
different virus—vector combinations (Idris et al., 2001; McGrath & Harrison,
1995). Begomoviruses exhibit varying degrees of transmission competency
through molecular interactions with their respective endemic vector. The cap-
sid protein is thought to interact with (putative) virus receptors, and possibly
with other vector-encoded proteins during hemolymph-mediated transport
and entry into the salivary glands, and possibly when exiting in the saliva.
However, such specific attributes that might confer differing degrees of compe-
tency have not been identified (see refs in Brown & Czosnek, 2002). Once
ingested, “transmission competency determinants” would seem possibly to
reside at the level of the midgut-filter chamber membrane barriers, and/or, after
virions have crossed the gut barrier to the hemolymph, a successful interaction
with the salivary gland receptors is essential. Evidence from TYLCV serial
transmission studies (Q and B biotypes) suggested that a large virus load may
accumulate more rapidly in the whitefly gut before virus crosses the gut mem-
brane barrier, compared to rate of translocation from the haemolymph into the
salivary glands, revealing a pattern also reported for the New World Squash leaf
curl virus in the A biotype vector (Caciagli et al., 1995; Cohen et al., 1989; sce
refs in Czosnek et al., 2001; Rosell et al., 1999). This may be due to slow or
variable rate of release of the virions from the gut to the hemolymph, to the dif-
ferential binding of virions by HSP60 molecules, and/or to variable interactions
(affinity, avidity) with salivary gland receptors, all which could yield a pheno-
type of differential rate of salivary gland entry (based on transmission pheno-
type). Though such dynamics can be postulated at the cellular and molecular
level, they are poorly understood. Likewise, it is not known whether virus—vector
interactions are advantageous, detrimental, or neutral to B. tabaci fitness
(Czosnek et al., 2001). The ability to perturb or neutralize whitefly-mediated
begomovirus transmission as a viable disease control strategy rests upon an
understanding of these fundamental cellular and molecular interactions.

3.2. Coadaptation in Begomovirus—vector—host complexes

Genetic evidence has demonstrated DNA sequence-level variability and the
widespread employment of intermolecular recombination (Bisaro, 1994,
Padidam et al., 1999) in begomovirus populations. Such virus-related factors
can result in differences in rates of viral replication/accumulation and movement,
in virus and vector (feeding) phloem tissue tropisms, altered host range,
increased pathogenicity, susceptibility in cultivars of the same species (Polston
et al., 2006), and virus survival, emergence, or displacement under different vector
biotype and host plant pressures. Other resultant factors important to virus
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prevalence or displacement owing particularly to vector-mediated transmission
(in the context of virus—host interactions), are differential accumulation of virus
in host tissues, depending on the stage of plant at time of infection, or differ-
ences in tolerance or susceptibility of the host, from which virus is ingested.
Vector-related genetic factors that drive coadaptation include vector host
range, fecundity, developmental rate, dispersal characteristics, natural enemy
attack, degree of polyphagy, insecticide resistance, and probably endosymbiont
composition, all which can vary subtly or dramatically, depending on the par-
ticular biotype. Such indirect factors may influence the dispersal/transmission of
viruses that have little bearing on subtle differences in competency.

B. tabaci exhibits variation in host range and host preference, both, which
may directly influence the subsequent exposure (or not) of begomoviruses to
new hosts. In some instances begomoviruses are host-restricted, as is the cases
of cassava-infecting viruses (Brown et al., 2004a, b; Legg & Fauquet, 2004; Legg
et al., 2002), Bean golden yellow mosaic virus (BGYMYV) from the Caribbean,
and Jatropha mosaic virus (JMV) in Puerto Rico (Bird, 1957; Brown, 2001). For
JMYV however, the host range of the vector was found to limit the natural spread
of the virus (Brown & Bird, 1996), whereas, for BGYMYV the virus host range is
limited, while for cassava-infecting viruses in Africa, both vector and virus may
be limited by host range.

For other begomoviruses, such as the numerous TYLCYV strains and species,
encountering new prospective hosts through the intervention of polyphagous
vector variants has apparently contributed to a number of viral species having a
broad host range. Among those polyphagous biotypes recognized so far are the
New World A and Sida biotypes, the Old World B and Q (and relatives) bio-
types, and haplotypes that are endemic to Asia (China, India, and Japan).
A notable example involving a single difference in an already-limited natural
virus host range has been illustrated in Spain when TYLCYV introduced from
Israel displaced the endemic Tomato yellow leaf curl Sardinia virus (TYLCSV)
in tomato (Sanchez-Campos et al., 1999). Because TYLCYV infects bean while
TYLCSV does not, when bean crops prevailed in the interim between tomato
crops, TYLCYV overseasoned in the bean crop, making it possible for TYLCV to
survive and rapidly displace the endemic TYLCSV.

Collectively, the B. tabaci species complex embodies a plethora of interacting
phenotypic, biochemical, molecular, and cellular attributes that contribute to
the ability of this unique insect to respond rapidly to environmental changes,
while also facilitating begomovirus transmission to suitable hosts. The adapt-
ability of B. tabaci and begomoviral pathogens to ever-changing environments,
including monoculture crop systems, suggests that begomovirus-B. tabaci
complexes have coevolved in marginal, subtropical habitats (Brown et al., 2004a, b).
That B. tabaci does not develop or display corresponding morphological
features that signify such adaptation, suggests that such astute responsiveness
may be attributable to differential gene expression instead of permanent physi-
cal or chemical structure evolution, as seen in many other organisms. Hence, these
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vector—pathogen complexes are capable of exploiting monoculture agriculture,
particularly when year-round cropping is practiced. Monoculture cropping sys-
tems thereby provide more abundant, longer-term food supplies that promote
the development of large vector populations, ample opportunity for the virus
and vector complex to adapt to cultivated hosts, and the selection of new and
emergent viruses that are most sustainable in monoculture settings. This result
of a phenomenon is the primary reason for the writing of this book.

3.3. Case studies: vector—virus—host interactions

Given the nearly universal specificity of begomovirus—B. tabaci vector inter-
actions, and a theoretical “single vector” threshold for transmission, differ-
ences in host preference or transmission competency may not be as relevant
as population size when the vector is abundant. For example, transmission
studies for the New World virus of tomato, Chino del tomate virus (CdTV),
and the New and Old World A and B biotypes, respectively, revealed that
both biotypes ingested virus 93% of the time, based on PCR detection.
However, CdTV was more efficiently transmitted by the endemic A biotype
(SW US-NW Mexico) at 50%, compared to the Old World B biotype (Idris
et al., 2001) at 27%. These results implicated passage of virions across the
midgut barrier, or the acquisition—transmission stages of the transmission
pathway. Nonetheless, when the B biotype became widely established and
then displaced the A biotype in west coast Mexico tomato crops, CdTV dis-
appeared from tomato fields, even though CdTV can still be found in local
weeds (Brown, 2006, unpublished).

In a study involving two Old World tomato leaf curl isolates from Yemen, the
Old World Watermelon curly stunt virus (Yemen), and the New World Squash
leaf curl and Bean calico mosaic viruses, all of these viruses were efficiently
transmitted by the AZ-B biotype, irrespective of geographical origin, host, or
monopartite/bipartite genome. Transmission frequencies in all combinations
were nearly 100% with ten viruliferous adults, compared to 70-80% for five
adults (Bedford et al., 1994). These results suggest that transmission frequency
is not correlated significantly with extant origin of virus or vector. Perhaps the
extreme polyphagy and high fecundity (in the field) of the B biotype contribute
atypically to the observed results.

Transmission studies for TYLCSV (from Spain), TYLCV (Israel and
Jordan) with the B and local bio/haplotype (Q and Q-like) vectors (Caciagli
et al., 1995; Cohen & Nitzany, 1966; Mansour & Musa, 1992), indicated that
the Q and B biotypes transmitted TYLCSV with similar efficiency, but that the
retention time for both biotypes and TYLCSV was less than previously
reported for TYLCV (Caciagli et al., 1995). In a later study in which the basis
for field displacement of TYLCSV by TYLCYV was investigated, no discernable
selective advantage could be demonstrated for TYLCV or TYLCSV in coin-
fected tomato plants, suggesting that displacement of one virus by the other
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would be unlikely. However, in contrast to the previous study, the Q biotype
was a more efficient vector for both viruses, compared to the B biotype,
e.g., TYLCSV was less efficiently transmitted by the B than by the Q by a factor of
two. Initially, it was predicted that because the native Spanish Q biotype was
the more efficient vector, the endemic TYLCSV would prevail together with
TYLCV as long as the Q continued to predominate. This result would be
expected if transmission competency alone were responsible for prevalence of
one virus over the other. However, examination of the host range of the two
viruses, revealed that at least one cultivated species (bean) was a crucial
overseasoning virus reservoir for TYLCV when tomato crops were unavailable,
whereas, TYLCSYV did not infect bean. Thus, the absence of a significant reser-
voir host for TYLCSV when tomato was not a viable host appears to have
contributed more powerfully to virus selection, than (putative) coevolved
virus—vector transmission determinants (Sanchez-Campos et al., 1999). The
Q biotype and its closest relatives in the Middle East are native to the
Mediterranean—Middle East-North Africa region (Brown, 2000), but the exact
origin of the B biotype is still unknown. Even so, these results suggest that the
Spanish Q and its close relative from Israel (Horowitz et al., 2003), both which
belong to the North African-Mediterranean—-Middle Eastern clade, are
coevolved with the Mediterranean—Middle Eastern viruses (e.g., TYLCV from
Israel and with TYLCSV from Spain). Results further suggest that the B
biotype did not originate in this immediate region. Thus, the discovery of the
origin of the B biotype will allow further exploration of this hypothesis for its
endemic begomoviruses.

Virus—vector studies have also illustrated a feasible, direct correlation between
the transmission efficiency of three phylogeographically divergent virus—vector
combinations from different regions in Africa. Results indicated that each
particular virus—vector pair that was native to the respective endemic virus
proved under laboratory conditions the most efficient combination (McGrath &
Harrison, 1995). However, the transmission efficiency for each respective
combination was not studied under field conditions, and such a comparison
could have been highly corroborative.

Finally, it is possible to postulate (and continue to test) the generalized
hypothesis that if a B. tabaci haplotype can feed (and in most cases, breed) on
a begomovirus-infected host, it will likely transmit the virus, all else being equal
(Bedford et al., 1994). For begomovirus—vector complexes in monoculture
systems, the vector population size, host range of the vector and virus, and
differential susceptibilities of the vector to insecticides, likely override most
molecular determinants of transmission competency or efficiency. Although
this observation appears to apply most readily to monoculture settings, and
may not necessarily hold true for host-restricted B. tabaci—virus complexes, or
for those present in less disturbed locales, or for example where polyculture is
implemented, or for endemic virus—vector combinations that utilize native,
uncultivated plant hosts.
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3.4. TYLCYV species and strains, and endemic or exotic biotype transmission

The B and Q-like biotypes are considered the most important extant
begomovirus vectors in tomato crops for much of the world, contributing both
to disease spread and to the emergence of new species and recombinants. Each
of these biotypes/close relatives has coevolved with about an equal number
of TYLCYV species recognized as emergent pathogens. Among them, TYLCV
and TYLCV-mild, both originating in the Middle East have been introduced to
the American Tropics/US Sunbelt States, and/or to Europe-Mediterranean
regions, Asia, and Australia, respectively. These introductions occurred either
following or coincident with the widespread introduction of the B biotype.

The TYLCYV species in Africa and Australia are only recently under study but
it is expected that the African viruses have likewise coevolved with their native
vectors, and that TYLCYV in Australia will be readily transmitted by the B biotype,
which invaded there in 1994 (Gunning et al., 1997). In Asian-Pacific agricultural
systems, the two local biotypes WAN and EAN are probably competent vectors
of endemic Tomato leaf curl virus (TLCV-Aus), the begomovirus described there
from tomato in 1971, but given the introduction of the exotic B (1994) together
with TYLCV (2006), it is not possible to predict how these recent disruptions
will affect the outcomes there.

In Japan, TYLCV-mild has become established and both the B and Q biotypes
likewise have been introduced in recent years (Ueda & Brown, 2006; Ueda et al.,
2005). In India (Rekha et al., 2005) and China (Chu et al., 2006; Zhang et al., 2005),
clearly the B and/or Q biotypes threaten to displace the local Asian haplotypes
and begomoviral species, but it is premature to predict the outcomes of the
invasive biotype—virus complexes on disease spread or the dynamics of endemic
biotypes and viruses.

4. BIOLOGICAL AND GENETIC VARIATION - A CRYPTIC SPECIES
4.1. Phenotypic, taxonomic, and genetic conundrums

4.1.1. Bemisia tabaci is “rare” among whiteflies owing
to its polyphagous phenotype

The natural hosts of B. tabaci are annual or perennial eudicots native to the dry
subtropical understory and/or desert riverbanks and washes throughout the sub-
tropics/tropics, and mild climate Mediterranean/desert locales where prolonged
freezing temperatures are rare or nonexistent. This usually polyphagous species is
known to colonize over 500 plant species including its native hosts, as well as a large
number of cultivated fiber, vegetable, and ornamental plants (Cock, 1986, 1993). It
is likely that the majority of B. tabaci are moderately to highly polyphagous,
though many variants remain uncharacterized. The host range of certain highly
polyphagous B. tabaci such as the A, B, Q biotypes probably comprise at least 100
or more species (Bayhan et al., 2006; Bethke et al., 1991; Butler et al., 1983;
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Cock, 1986, 1993), but it is unlikely that any biotype or haplotype is capable of
equally colonizing all hosts. There is good evidence that exposure over time allows
adaptation and that certain hosts are preferred, possibly owing to the “exposure”
history of the particular population. Finally, it seems highly likely that
polyphagous B. tabaci will far outweigh the importance of host-restricted or
monophagous biotypes (Bedford et al., 1994; Burban et al., 1992; Legg et al., 1994;
Maruthi et al., 2002; Simon et al., 2003b) as vectors of TYLCV.

4.1.2. Cryptic nature

The B. tabaci complex is an excellent example of a “cryptic species,” for which
genetic variation is evident, but no morphological characters are demonstrable
for pupae or adults. In fact, the external morphology for the species has appar-
ently remained status for some time (Gill, 1990; Martin, 2003; Rosell et al., 1997,
others). However, B. tabaci immature forms respond to plant surface topologies
by altering size and shape of setae, hairs, pores, and waxy protrusions, making
it visibly adaptive (Mohanty & Basu, 1986; Gill, 1990; Martin, 2003; Mound,
1963; Mound & Halsey, 1978). These traits have confounded the taxonomy of
B. tabaci and may in part explain its often polyphagous habits, even though
certain B. tabaci engage in monophagy. The capacity for polyphagy in B. tabaci
differs from most other whitefly genera and species, which are characteristically
host-specific (Martin, 2003). Interestingly, the greenhouse whitefly Trialeurodes
vaporariorum (West.), another polyphagous species, exhibits no external mor-
phological variation of the pupal case in response to host surface or other
environmentally induced features. Likewise, it does not exhibit monophagy, as
occurs for B. tabaci. Consequently, B. tabaci is unusual among the Aleyrodidae
and highly adaptable to varied conditions, particularly those imposed by human
activities.

Variants for which biological (phenotypic) differences are recognized have
most recently been referred to as “biotypes,” and previously, as races (Bird &
Sanchez, 1971; Bird & Maramorosch, 1978). Fewer than a dozen biotypes have
been definitively characterized, and about ten additional variants are incom-
pletely studied. It is likely that the majority of biological variants that occur
throughout the world are unstudied. Among the most evident phenotypic dif-
ferences among B. tabaci biotypes are polyphagy or host-specialization, host
range for polyphagous haplotypes, fecundity (less than 50 to greater than 300
offspring/female lifetime), dispersal behavior (long- or short-distance flight),
propensity to develop resistance to different classes of insecticides, plant virus
transmission competency, and the composition of secondary endosymbionts.

Certain biotypes exhibit significant genetic variability and corresponding
phenotypic variation (Frohlich et al., 1999; Brown, 2001; Viscarret et al., 2003;
De Barro et al., 2000), but there are a number of exceptions for which genetic
and phenotypic variability do not go hand in hand. One example involves the
endemic B. tabaci that colonize cassava (monophagous) compared to non-cassava
(polyphagous) colonizers in eastern sub-Saharan Africa (Sseruwagi et al., 2005),
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which vary minimally at 2-5% (mtCOI) but have a dramatically different host
preference. In contrast, cassava colonizers from East and West Africa also are
restricted to cassava, but diverge at 8% or greater. These examples suggest that
the adaptation to cassava has occurred more than once in Africa. In another
case, the monophagous Jatropha biotype from Puerto Rico is minimal divergent
at ~2% (mtCOI) with respect to its polyphagous counterpart, the “Sida” biotype
with which it is sympatric. Also, the Jatropha biotype is moderately divergent at
(2-3%) from the polyphagous A biotype native to the southwestern USA, the
latter being polyphagous, while the former is monophagous. Finally, the B and
Q biotypes diverge by about 8% (mtCOI), but they are thought to have a similar
host range and generally to be competent TYLCYV vectors.

4.2. The biotype concept and the increased importance of B. tabaci

Dr. Julio Bird first recognized phenotypic variation in B. tabaci on the island of
Puerto Rico during studies carried out from 1953 to the present. Bird designated
the polyphagous variant, the “Sida race,” and the monophagous variant, “the
Jatropha race,” based on the preferred host plant of each (Bird, 1957; Bird &
Sanchez, 1971; Bird & Maramorosch, 1978; Brown & Bird, 1992). In 1975,
Russell (USA) and Costa (Brazil) took notice of Bird’s discovery, pointing out
that in Brazil B. tabaci was never observed colonizing cassava (Costa & Russell,
1975), which is native to South America. In contrast, B. tabaci throughout
Africa widely colonized cassava plants after cassava was introduced there as a
staple crop by European colonists (Storey, 1936).

The scientific literature from 1928-1970 is replete with reports of virus disease
outbreaks and associated with B. tabaci infestations in cassava and other food
and fiber crops. And, from the turn of the century to 1957, the literature con-
tains original descriptions of ~23 whitefly species (2 genera), which were even-
tually grouped under the single taxon B. tabaci (Russell, 1957). Following the
synonymization of the species variable behaviors began to be noted for this
whitefly, which suggested that the species comprised a number of “races” (Bird,
1957; Bird & Sanchez, 1971; Costa & Russell, 1975), later, termed “biotypes”
(Costa & Brown, 1991).

During the mid-1930 to the 1960s increasingly more frequent outbreaks of
B. tabaci were reported worldwide. Infestations and/or virus-like diseases
occurred in cotton in Sudan, affected vegetable crops in India and cassava in
Africa, caused yield losses in soybean in Brazil, and severe leaf crumpling
symptoms in cotton crops in Arizona and California, USA (see refs in Brown,
1990, 1994; Brown & Bird, 1992). Literature from this era revealed that much
attention was centered on pesticide use to reduce crop damage caused by
whitefly feeding and virus-like diseases. However, several studies addressed the
biology of this whitefly and its emerging importance as a pest and vector of
plant viruses (Bird, 1957; Bird & Maramorosch, 1975, 1978; Bird & Sanchez, 1971;
see refs in Brown, 1990, 1994; Brown & Bird, 1992; see refs in Byrne, 1990;
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Byrne & Bellows, 1991; Costa, 1976; see refs in Gerling, 1990; Muniyappa,
1980; Varma, 1963).

The accidental introduction of the B biotype in the USA and Caribbean
during 1986-1990 brought with it the first widespread awareness of B. tabaci as
an invasive pest and vector. Its establishment was marked by outbreaks of
phytotoxic symptoms in tomato (irregular ripening) and cucurbits (squash
silverleaf disorder, SSL) (Schuster et al., 1990, 1991; Yokomi et al., 1990), which
were thought possibly to be of viral etiology. Soon thereafter, similar phytotoxic-
like disorders were soon observed widespread in cucurbits, cole crops (Brown
et al.,, 1991), and tomato plantings in the western USA, Mexico, and the
Caribbean region. Eventually the symptoms became diagnostic for the presence
of the B biotype, with which the disorder was associated (Bedford et al., 1994;
Brown et al., 1991, 1995a; Costa & Brown, 1991; Costa et al., 1993a). Costa
and Brown (1991) demonstrated that SSL was associated with B biotype feed-
ing and that a transmissible agent was not involved in the symptomatology.
Coincident with the rapid invasion of the B biotype in the Tropical Americas was
the emergence of plant viruses, soon identified as begomoviruses. Particularly
notable were diseases of cabbage, cucurbits, and tomato, which were not preferred
hosts of native B. tabaci.

During 1991 B biotype populations exploded, reaching unprecedented lev-
els in irrigated cropping systems of the southwestern USA, the Caribbean
region, and the American Tropics, reaching South America in 1994.
Australia, China, Egypt, Europe-Mediterranean region, Israel, Japan,
Pakistan, and Turkey reported B biotype outbreaks next, making it the first
B. tabaci biotype to become a cosmopolitan pest and vector. As rapidly, its
propensity to develop insecticide resistance became apparent, and so efforts
were undertaken to monitor resistance in whitefly management programs
(Anthony et al., 1995; Costa et al., 1993a, 1994; Dittrick et al., 1989;
Denholm et al., 1996; Horowitz et al., 1998, 2005; Nauen et al., 2002; Yassin
et al., 1990).

The polyphagous B and Q biotypes now predominate in agricultural systems
in subtropics—tropics and temperate locales. It is expected that the continued
unrestricted movement of plants infested with B. tabaci could result in intro-
ductions of additional, damaging biotypes. The B and Q biotypes have an over-
lapping host range, but less is known about the host preference for the Q than
the B biotype. Both colonize widely grown fiber and vegetable crops, including
bean, cotton, cucurbits, eggplant, pepper, okra, and tomato. The B biotype also
colonizes cole crops, Lantana, soybean, sesame, and a number of ornamental
species. The Q also colonizes certain ornamentals, including poinsettia.
Protected tomato production in controlled environment facilities is a rapidly
growing industry in the USA, Mexico, and Central America. Further, the
majority of ornamentals, bedding plants, vegetable seedlings, and some nursery
stock are now produced in subtropical and Mediterranean locales for export,
making these plants important vehicles for redistribution of the whitefly and
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plant viruses, including TYLCV. If the Q becomes established in cotton and
vegetables, it is likely that producers will be unable to control it using insecticides
effective against the B biotype.

The haplotype, referred to as the Spanish Q biotype (Guirao et al., 1997), was
previously known as the polyphagous haplotype native to southern Spain (and,
the Q esterase pattern). Phylogenetic analysis places it into a clade sister to the
B biotype subclade in the major N. African-Mediterranean—Middle Eastern
clade (Brown, 2000). Close relatives include B. tabaci from Turkey (M or TC),
Sudan (SC), populations from Morocco, Israel, Egypt (Berry et al., 2004;
Horowitz et al., 2005; Sseruwagi et al., 2005, 2006). The Q and its close relatives
are indigenous to the Mediterranean region and cucurbits, tomatoes, and pep-
pers are reported as preferred hosts. Members of this clade are moderately (and
possibly widely) polyphagous, and are likely the endemic vector haplotypes of
TYLCYV species and strains from the Middle East, Spain, Sardinia, Sicily, and
North Africa, including Sudan, and Egypt (Brown, 2001; Brown, 2006; Brown
etal., 2004a, b; Sseruwagi et al., 2006). The eventual reestablishment of the Q and
Q-relative in Israel, and displacement of the B biotype in southern Spain, are
attributed to differential insecticide resistances of the Q and B biotypes
(Horowitz et al., 2005).

Because the Q biotype also has a broad host range (I. D. Bedford, personal
communication, 2006) that includes cultivated and uncultivated species, and it
is resistant or tolerant to insecticides that control the B biotype, it poses a new
threat. During 2005, it became prevalent on ornamentals exported to China,
Japan, Mexico, and at least 22 states in the USA (Brown et al., 2006;
Chu et al., 2006; Martinez & Brown, 2007; Ueda and Brown, 2006), with the
first report being in Arizona, USA on poinsettia plants by Dennehy et al.
(2005). Had molecular genetics diagnostics tools been implemented at the
ports of entry, neither the B or Q biotypes would have become so quickly
widespread and the introduction of the Q biotype likely could have been
avoided altogether.

The B and Q biotypes continue to be imported from offshore ornamentals
nurseries, and federal regulations do not prohibit the importation. This could
have further significance to US-exported plant products if other countries
decide to regulate this insect. Biotypes of B. tabaci are not regulated in the
USA because not only are Bemisia species and biotypes/haplotypes difficult to
differentiate by morphological traits, so are certain genera, some of which
co-colonize B. tabaci hosts.

Discerning whitefly species and biotypes of B. rabaci requires molecular-
based diagnostics. Such tools have recently been developed and widely imple-
mented to track the distribution and dispersal of B. tabaci worldwide.
Although molecular markers have not been identified that are sufficiently
informative to predict the evolutionary origin and histories of the B. tabaci
complex, it is possible to ascertain certain biogeographical relationships using
the range of genetics-based approaches available at this time.
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5. GENETIC VARIATION, BIOGEOGRAPHICAL RELATIONSHIPS,
AND MOLECULAR TRACKING OF BIOTYPES

5.1. General esterase and isozyme polymorphisms

Costa and Brown (1990, 1991) coined the A4 and B biotype nomenclature based
on the observation that two laboratory populations yielded distinct general
esterase patterns and had different host preferences. It was known that B. tabaci
native to the southwestern USA could not colonize poinsettia (Brown, unpub-
lished). Hence when B. tabaci infestations became problematic on poinsettia
(Alderman, 1987; Linquist & Tayama, 1987) that a distinct variant might be
involved. Esterase analysis of B. tabaci from the poinsettia plants and the labo-
ratory colony (from cotton in Arizona, 1981) (Butler et al., 1983) reared on
pumpkin and employed in virus—vector studies (Brown & Nelson, 1986)
produced distinctive characteristic esterase patterns, which were referred to as
patterns A (AZ endemic B. tabaci) and B (poinsettia colony) (Costa & Brown,
1990). The esterase approach for investigating biochemical polymorphisms was
taken from the work of Prabhaker et al. (1987), which demonstrated that
B. tabaci could be distinguished from two other whitefly species. Concurrent
studies with the A and B colonies of B. tabaci revealed that they also differed in
host range, fecundity and that the B but not the A biotype induced silvering in
pumpkin plants (Costa & Brown, 1991). The two were thereafter referred to as
the A and B biotypes (Costa & Brown, 1991).

The esterase method was subsequently applied to track the spread of the B
biotype in the USA, Caribbean, and tropical Americas, and then in B. tabaci
populations from the Eastern Hemisphere. Such extensive sampling revealed an
unexpected high frequency of polymorphisms for the species. Each unique
morphotype was thus assigned an alphabetical designation (A-Q). Selected
populations (based on genetic polymorphisms) were established in culture and
analyzed for host range, fecundity, morphological variation, mating, virus trans-
mission efficiency, and SSL induction. The results revealed a broad range of dis-
tinctive phenotypes with no definitive morphological differences (Bedford et al.,
1994; Rosell et al., 1997), leading to the recognition that B. tabaci was a highly
variable species. When selected colonies were subjected to insecticide resistance
evaluation, they were found to be highly polymorphic as well (Anthony et al.,
1995; Coats et al., 1994; Costa et al., 1993a). These results underscored a new
importance of developing DNA-based methods to assess genetic variation in
this polymorphic species.

5.2. Genetic polymorphisms, molecular markers,
and phylogenetic relationships

Several groups have examined genetic variation using general esterases and
isozymes, while others have relied upon Random Amplified Polymorphic DNAs
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(RAPDs)-PCR (Ariyo et al., 2005; Burban et al., 1992; Byrne et al., 1995;
Gawel & Bartlett, 1993; Guirao et al., 1997; Gunning et al., 1997; Moya et al.,
2001; Ryckewaert & Alauzet, 2001; Wool et al., 1991; Zanic et al., 2005). The
greatest drawback to esterase and RAPDs analyses for biotype identification
has been the inattention to suitable, internal reference populations, making a
number of data sets only minimally interpretable. Another problem has been the
“reproducibility” between laboratories in some instances. It is of historical
interest to note that data from RAPDs and isozyme analysis of the A and B bio-
type, together with mating studies which showed that they were reproductively
isolated (Perring et al., 1993), served as the basis for erecting the species B. argentifolii
for the B biotype by Bellows et al. (1994).

Subsequently, isozyme analysis (Brown et al., 2000) for esterase typed
colonies, revealed further unexpected genetic variability and borderline genetic
distances for A and B comparisons, calling into question the B. argentifolii des-
ignation. Later, phylogenetic analysis of the mitochondrial6S and then mtCOI
for the (well-studied) B. tabaci colonies and additional worldwide collections,
provided evidence for as much as 15% nucleotide divergence in the mtCOI
sequence (Brown et al., 1995b; Frohlich et al., 1994, 1999). From 16S and COI
analyses, it was possible to predict that the B biotype was of Old World origin,
possibly Africa. Information on the probable origin of the B biotypes (Frohlich
et al., 1999) allowed prospectors to delimit the most optimal locales in which
natural enemies might be found (Kirk et al., 2000).

Based on these (and recent) analyses it is difficult to draw any other
conclusion except that the B biotype is one of many variants in the larger com-
plex (Qiu et al., 2007; Brown et al., 1995, 2004; Berry et al., 2004; DeBarro et al.,
2005; Rua et al., 2006; Sseruwagi et al., 2005, 2006). Hence, the suggestion that
B. tabaci is best described as a group of strain, subspecies, or perhaps, sibling
species (Brown et al., 1995; Frohlich et al., 1999). Finally, the common name,
silverleaf whitefly, also has become questionable, owing to the discovery of
non-B variants from eastern and coastal Africa based on mtCOI analysis (see
below), even though the variants induced silvering in cucurbit species (De Latte,
et al., 2006; Sseruwagi et al., 2005) per Costa & Brown (1991).

Among several molecular markers examined, the mtCOI sequence reveals the
most variability for the B. tabaci complex. Subsequent analysis of the mtCOI for
representative collections worldwide has demonstrated that this coding region
is highly informative, and capable of differentiating B. tabaci at the level of
“subspecies” (strain, or sibling species) which can be grouped phylogeographi-
cally into major clades and sister clades within each major clade. Four major
clades can be resolved and include the North African/Mediterranean/Middle
Eastern, sub-Saharan Africa, Asian-Pacific, and the American Tropics clades
(Figure 1). Each major clade embodies a number of sister clades and closely
related outliers, depending on the type of analysis (French and Brown, in prepa-
ration). Within the major clades, it is presently possible to identify 9-10 major
“subspecies.” These divergent groups also have been referred to as “races”
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Figure 1. Major clades (bold black) and phylogeographic relationships of B. tabaci for selected haplo-
types and biotypes (red) worldwide based on the mitochondria cytochrome oxidase I sequence (780 bp).

(De Barro et al., 2005). This designation, applied by Bird (Bird & Maramorosch,
1978; Bird & Sanchez, 1971) to distinguish the Sida and Jatropha variants
(biological types), does not seem applicable because these two races diverge by
only ~2% (mtCOI) and belong to the same major clade, otherwise making them
biotypes that group under the same strain or “subspecies.” The term “race”
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therefore is more consistently a synonym for “biological type.” Further, because
the term “biotype” has been in usage in recent literature, the wisdom in an
adjustment in terminology is questionable. In any case, it seems prudent, in the
absence of corroborative, molecular genetic and population studies, to retain
the term “B. tabaci complex” to foster consistent communications.

Nucleotide divergence (%) between the major mtCOI clades reveals similar
interclade divergence, making it impossible to root the tree with an evolutionar-
ily basal group. However, intraclade variation provides interesting clues about
B. tabaci evolution. The mtCOI reveals that the greatest genetic diversity in the
B. tabaci complex occurs within the African continent, while the second most is
found in Asia (Qui et al., 2007; Berry et al., 2004; Brown and French, in prepa-
ration; Brown et al., 2004; Kirk et al., 2000; Legg et al., 2002; Viscarret et al.,
2003). Within-clade variation is lowest at ~5-8% for the Tropical Americas and
Caribbean region, and greatest at ~16-26% for African haplotypes, with the
sub-Saharan Africa haplotypes being most divergent. Asian-Pacific B. tabaci
diverge at ~12-20% and a hot-spot of diversity occurs in southern Asia (Qui
et al., 2007) The suggested African origin, with a second site of diversification
in Asia seem justifiable owing to the broad climatic variation and
geographic/physical barriers that occur in southern Asia and across Africa.
These are similar to the patterns predicted for humans and Drosophila based on
molecular genetics and population studies.

Other molecular markers (16S mtCOI; ITS-1) and population studies using
RAPDs and microsatellites (STRs) have provided corroborative evidence for
genetic variability in Africa and Asia as well (De Barro et al., 2000; De Latte
et al., 2006; Gawel & Bartlett, 1993; Moya et al., 2001; Rekha et al., 2005;
Tsagkarakou & Roditakis, 2003).

The higher-than-expected intraspecies variation revealed by protein
polymorphisms (general esterases and isozymes) are generally corroborated
(to date) by DNA marker analyses and population studies, support congruent
phylogeographical patterns of distribution, and reveal substantial genetic varia-
tion within Eastern vs. Western Hemisphere populations. The recognition that
the B. tabaci complex groups with a basis in phylogeography is exciting in and
of itself, because for the first time a molecular tool permits the tracking of par-
ticular biotypes and other less well-studied genetic variants employing compar-
ative mtCOI analysis and substantial publicly available DNA sequence
database. Thus, the mtCOI marker is readily applicable as a DNA-based tool
both for establishing phylogenetic relationships, and to identity variants (bio-
types or haplotypes) for which reference sequences and/or key biotic traits have
been validated.

Even so, the ancient evolutionary history of B. tabaci has not been satisfac-
torily resolved, making additional evolutionary inferences necessary. Achieving
this new goal will require the validation of additional, robust molecular mark-
ers, and population genetics studies through the development of new and
expanded experimental approaches.
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5.3. Distribution and tracking the worldwide movement
of biotypes and TYLCV

The distributions of selected biotypes and TYLCV strains and species are
shown in Figure 2. TYLCYV strains and species occur primarily in their endemic
areas in the Middle East, but also have been introduced throughout parts of
Asia, the Mediterranean region, and the Tropical Americas. In the eastern hemi-
sphere TYLCV-mild (Antignus & Cohen, 1994) has become established
throughout the Mediterranean region and in much of Asia (Ueda et al., 2005).
Thus, TYLCV-mild and TYLCYV will likely displace a number of endemic bego-
moviruses where it has been introduced. In the scenarios to date the B or the Q
biotypes have been important as the primary vector involved. In contrast,
TYLCYV alone thus far prevails in the Neotropics and the B biotype is the pre-
dominant vector. Most recently, during 2004-2007 TYLCYV, which occurred in
the USA only in the southeastern states, and in the eastern Caribbean and east
coast of Mexico, has spread westward in the USA to include Texas (Isakeit
et al., 2006) and Arizona (Idris et al., 2007). During 2004-2005 TYLCV also
spread to the Pacific Coast states of Mexico, where a pandemic occurred in the
Fall 2005 to Spring 2006 in Sinaloa (Brown & Idris, 2006). During the Fall 2006
the virus was also found in tomato plants as far north as Hermosillo, Sonora
(Idris et al., 2007), only a few hundred miles from the southern-most tomato-growing

Figure 2. Map illustrating the distribution of well-studied biotypes or haplotypes (red) and major
phylogeographical clade associations, in relation to TYLCYV (green letters; green-filled).
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region in California. Thus far TYLCYV in the tropical Americas appears mostly
homogeneous, with the exception of a deletion mutant identified in transplants
in the Arizona and Texas outbreak. Thus the isolates in the USA and Mexico
appear to be distinct, suggesting multiple introductions and/or the emergence of
a variant from the introduced isolate.

During 2004-2006 the Q biotype was introduced into the USA on ornamen-
tals from the Mediterranean region (Dennehy et al., 2005), and during 2006 it
was identified for the first time in the state of Sonora, Mexico (Martinez &
Brown, 2007). It is also present in Guatemala (Brown, 2004, unpublished data).
Thus, two exotic (Old World) B and Q biotypes are now problematic in green-
houses at least 22 US states, as well as in several states in Mexico and in
Guatemala (Brown, 2004-2005, unpublished).

Of particular concern is that the B and Q colonize at least some of the same
hosts, and in many instances coexist on the same plant. This underscores the
need to know the composition of B. tabaci populations in the fields and in
greenhouses and fields, so that relevant chemical control measures can be imple-
mented to maximize control, while minimizing development of highly resistant
Q populations. This is essential because biotypes often have distinct insecticide
resistance profiles, probably owing in part to selection in production systems
that use different suites of chemistries. Until the degree of risk of the Q biotype
to US agriculture becomes clear, it is essential that monitoring be undertaken to
ascertain the distribution and composition of B. tabaci that can negatively affect
cotton, vegetable crops, and ornamentals. These three industries intersect more
and more frequently as vegetable, fiber, and horticultural production in the USA
have become spatially concentrated. Hence, production practices including the
widespread importation of ornamentals from overseas-grown mother stocks,
and pesticide use, among others, influence and can in certain instances directly
cause pest and disease problems affecting one or more of these industries.
Certainly the spread of TYLCYV in the southern USA and Puerto Rico have
been attributed to the interstate transport of TYLCV-infected vegetable
seedlings (Bird et al., 2001; Isakeit et al., 2006; Polston et al., 1994, 1999).

In general, whether or not vector haplotypes are well characterized, TYLCV
species and strains, and endemic begomoviruses of tomato are expected to be
transmissible by haplotypes that colonize tomato/solanaceous hosts, or by those
that otherwise exhibit polphagy. Field and laboratory data indicate that the better
studied polyphagous B. tabaci from the Eastern and Western Hemispheres have
similar or overlapping host ranges that include bean, pepper, tobacco, and
tomato. Hence such variants could be expected to effectively transmit TYLCYV, if
not out-competed by the B or Q biotypes. In addition to the B and Q biotypes,
some additional prospective TYLCV vectors are known (Figure 2): A- and Sida-
like biotypes in the tropical Americas, and local haplotypes ARG from Argentina,
D from Nicaragua (A-like), G from Guatemala (A-like), IC-okra (Ivory Coast),
haplotype J (Nigeria, cotton), K (Pakistan, cotton), L (Sudan, cotton), M or TC
from Turkey (also in the Q-clade), and other members of the B, non-B, and Q-like
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clades from the Mediterranean, Middle East, and North Africa) (Sseruwagi et al.,
2006). Any of these haplotypes could feasibly support rapid spread and establish-
ment of TYLCYV, with potential to displace the more benign begomoviruses
endemic to the New World, Asia, and Africa. With this could follow a reduction
in begomovirus diversity and altered diversification patterns.

The narrow time frame since the first introductions of TYLCV during 1990, 1996
into the American Tropics and USA and of the highly polyphagous, exotic biotypes
B, Q to multiple world locations in both hemispheres should already have provided
sufficient warning; however, it seems likely that additional invasions are imminent.

6. CONCLUSIONS

It is hoped that this brief history and comparative treatment of the topic has
inspired fundamental and application-based questions that will spawn new
directions in research. Much remains to be learned about B. tabaci biology,
population genetics, evolutionary history, and the basis underlying “coadapta-
tion” between B. tabaci and begomovirus—plant complexes. Well-known bio-
types of B. tabaci are now readily distinguished using molecular diagnostics
tools, which can place the origin of a haplotype (or biotype) more or less accu-
rately within the extant phylogeographic origin. The most definitive approach
available utilizes PCR amplification and DNA sequencing of a 850 base pair
fragment of the mtCOI. Subsequent mtCOI sequence (780 bp) comparisons
using an extensive collection of reference (public and unpublished) sequences,
permits discrimination not only between biotypes of B. tabaci, but also makes
possible identification of other whitefly species that colonize the same hosts and
may inadvertently be collected with B. tabaci. Although a relatively large num-
ber of phenotypic variants of B. tabaci have revealed an intriguing range of
monophagous to polphagous behaviors, it is accurate to state that the majority
are poorly understood in terms relevant to (1) the dynamics of virus disease
spread and diversification, (2) how host range and host-adaptation influence
plant virus pathogen evolution and emergence, (3) specificity and transmission
competency, (4) life history trait expression and upsurgence (or not), (5) the
propensity to develop insecticide resistance (or not), and (5) the roles of
endosymbionts in host range and fitness-directing phenotypes. Even so, the abil-
ity to distinguish common biological types has not prompted the establishment
of quarantines against the most tenacious B. tabaci variants, because mor-
phologically based identification remains the most practical means for general
identification of insects at ports of entry. Indeed, another shortcoming in terms
of advancing the biotype concept is the paucity of biological data available for
the growing number of well-defined variants. This is due primarily to the lack of
quarantine-level insectaries in which whitefly colonies can be maintained in
isolation and used to carry out rigorous life history, host range, mating com-
patibility, and virus-vector studies, among others. Soon genomics-based
technologies make possible the linking of phenotypic and genetic variability to
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gene expression patterns and genomics-based cloning of genes. Identifying
genome regions of cross-kingdom conservation will enable identification of
orthologous arthropod genes with functionalities in adaptive life history traits,
reproductive isolation mechanisms, competitiveness or invasiveness vs. benign
colonization, and cellular and molecular coadaptation that confer virus—vector
specificity and influence transmission competency, all presently unidentified.
Such approaches are expected to enable predictions of volatile or benign biotype
invasions, development of more directed, environmentally sound “pest” and
“vector” management strategies, and fueling of scientific inquiry that seeks to
unravel to the next level the underpinnings of this minute phloem-feeder that for
more than 120-140 million years (Czosnek et al., 2001) has continued to perfect
its ability to exploit inter-kingdom interactions with resounding success.
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CHAPTER 4

SURVIVAL OF WHITEFLIES DURING
LONG-DISTANCE TRANSPORTATION
OF AGRICULTURAL PRODUCTS AND PLANTS

PIERO CACIAGLI
Istituto di Virologia Vegetale — CNR, Strada delle Cacce 73, 10135 Torino, Italy

1. OVERVIEW

Whiteflies (Hemiptera: Aleyrodidae) are a major pest of tropical and subtropical
crops and of protected crops in temperate regions. Worries about their possible
movements to new areas, therefore, are quite justified.

There are clear examples of invasion of new areas through natural spread of
insects, such as the colonization of southern California by the giant whitefly,
Aleurodicus dugesii Cockerell, coming from the south (Bellows & Meisenbacher,
2000), or the spread of Aleurocybotus indicus David and Subramaniam, from
Senegal, where it was first reported on rice in 1977, to Mauritania, Burkina
Faso, Nigeria, and Niger (Alam, 1989), possibly through Mali. In general,
whiteflies are poor fliers and their long-distance movements are likely
assisted by humans (Byrne & Bellows, 1991). Dialeurodes citri (Ashmead) and
D. citrifolii (Ashmead), for example, were accidentally introduced into the
British Isles in 1974 from Florida and successfully eradicated by 1978 (Bowman
& Bartlett, 1978). On the contrary, B. afer (Priesner & Hosny) is already natu-
ralized in the UK (Malumphy et al., 2004). Parabemisia myricae (Kuwana) was
introduced into California in 1978, and was already widespread over the state by
1981 (Rose et al., 1981). The ash whitefly, Siphoninus phillyrae (Haliday), found
for the first time in New Zealand in 1995 (Charles & Froud, 1996), was certainly
there because of human activity; so was A. dispersus Russell, the spiraling
whitefly, found in 1998 at Cairns, northeastern Australia, (Fay, 2001). The same
whitefly has been carried to Cape Verde Islands likely by man long ago, so that
during a survey made in 2003 and 2004 it was present on more than 205 species
belonging to 64 botanical families (Monteiro et al., 2005), just considering the
main hosts!
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If these whiteflies cause concern to farmers and growers all over the world,
Bemisia tabaci (Gennadius) is even more frightening, because of its biological
properties, including the ability to vector many plant viruses. The documented
transportation of B. tabaci is already a long story. Biotype A was taken to Brazil
in 1928 (Oliveira et al., 2005), and biotype B in the early 1990s (Oliveira et al.,
2005). Biotype B, later described as a new species (Perring et al., 1993) was
imported to the USA sometimes before 1986 and then invaded the southern
states (Culotta, 1991). B. tabaci, most probably the same biotype B, since it was
on poinsettia, was detected in East Germany in 1988 (Braasch & Nussbaum,
1992) and never eradicated, in spite of control measures. Being aware of the
danger, Polish inspectors were able to intercept B. tabaci between 1993 and 1998
(Karnkowski, 1999). Awareness was not sufficient to prevent the appearance of
B. argentifolii Bellows and Perring (B. tabaci B biotype) on the Mauritius Island
in 1996 (Ganeshan & Abeeluck, 2000).

The high risk of moving pests from place to place by human activity is one of
the few agreed reasons for imposing quarantine restrictions (Kahan, 1982). Hence,
it is very important to know the conditions that permit survival of the pest in its
different stages, and how long the pest can survive under these conditions.

2. SURVIVAL OF WHITEFLIES
2.1. Abiotic factors influencing survival

Among the abiotic factors influencing survival of whiteflies, in the different stages
of their life, we can certainly include temperature and relative humidity (RH).
Here we are only interested in the extreme values. RH is only limiting at the low
end (perhaps <30%). Temperature can be considered extreme when it is well below
the limit of development of each species (either experimentally determined or cal-
culated as lowest temperature threshold) or above the highest survival tempera-
ture. The third parameter is survival time, as an answer to the question “for how
long at a given temperature and a given relative humidity.” Unfortunately, studies
aimed at determining the extreme values of these factors are not very common.

2.1.1. Relative humidity

We do not have much information on the influence of RH on whitefly survival,
except for a case where B. tabaci adults have been subjected to extreme humidity
within a range of temperatures (Berlinger et al., 1996). The authors concluded
that whitefly survival decreased from 90% to less than 2% upon increasing expo-
sure time (from 2 to 6 h), increasing temperature (from 25°C to 41°C) and
decreasing RH (from 100% to 20%). These data and the model proposed by the
authors can be useful in determining the limits of autonomous movement of
adult whiteflies, but it does not inform us about survival, for example, at high RH
and close-to-freezing temperature for longer times, as in freight traveling for
2 days across Europe in winter or in cooled freight in any season.
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2.1.2. Temperature

There are two temperature limits for the survival of whiteflies however the upper
limit is hardly compatible with transportation of fresh vegetable products. If we
consider the possibility of transportation by chance with goods that do not
require cooling or controlled conditions (as in a closed car or in a lorry), then
we can reasonably presume that critical temperatures can be easily reached and
for times long enough to cause the death of adult whiteflies. Referring again to
Berlinger et al. (1996), we can assume that the likelihood of B. tabaci adult
survival is very poor after (only) 6 h at 30-40°C, independently of the RH.

As for the lower limit, adults are the least resistant form of most species,
besides being the most easily detected, but they can anyway survive tempera-
tures down to 6°C for at least 4 days (Bosco & Caciagli, 1998). This is one of the
lowest temperatures recommended by the USDA for the transportation of many
potted ornamental plants and close to the upper limit suggested for florist green
materials, just to give an example (Welby & McGregor, 2004).

Other stages, like eggs and nymphs, are much more resistant to cold.
Nymphs of B-biotype B. tabaci can survive at least § days at 4°C (Bosco &
Caciagli, 1998), and red-eyed nymphs of B. argentifolii show more than 10%
eclosion after 9 days at 5°C (Lacey et al., 1999). Eggs of B-biotype B. tabaci
are still able to hatch after 8 days at 6°C (Bosco & Caciagli, 1998), or after 9
days at 5°C although in very low numbers (Lacey et al., 1999). Eggs of
Trialeurodes vaporariorum (Westwood) are even more cold resistant; more
than 50% of eggs hatch after 20 days at 6°C, and around 50% after 6 days at
—3°C or 7 days at 0°C (Stenseth, 1983). Within these ranges of temperature
and time you can move almost everything everywhere (2004; Welby &
McGregor, 2004).

And there is worse! Eggs laid by B. tabaci infected with a severe strain of
Tomato yellow leaf curl virus (TYLCYV) can give birth to infective insects (Ghanim
et al., 1998). Transovarial transmission does not occur for Tomato yellow leaf curl
Sardinia virus (TYLVSV) (Bosco et al., 2004) and has not been proved for a mild
strain of TYLCV by the same authors (Bosco et al., 2004), but, nevertheless, if
there is one virus transovarially transmitted, others probably exist. So, we could
be moving plant pathogenic viruses around together with whitefly eggs.

2.1.3. Biotic factors influencing the survival of whiteflies

Among the many biotic factors that can influence whitefly survival, only the
osmotic pressure of the host leaves seems to have a direct bearing. Variations in
host leaf water content, and its associated soluble sugar concentration, just out-
side a relatively narrow range, strongly influence egg survival of 7. vaporariorum
(Castané & Savé, 1993), but leaf desiccation has a completely different effect on
fourth instar nymphs. During the last nymphal stadium, after apolysis has
occurred, during a substage called somewhat improperly pupae, whiteflies do not
feed (Byrne & Bellows, 1991), and so they can survive desiccation and emerge
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after a few days. The excision of “pupae” with a small piece of the leaf they are
attached to, which rapidly desiccates, is a common practice for obtaining virgin
females and males for crossing experiments (see, e.g., Demichelis et al., 2005).

3. IDENTIFICATION

Although the actual enforcing of regulations is an autonomous decision of each
country, a number of whiteflies have received the attention of international organ-
izations of plant protection: Aleyrodes proletella Linnaeus, the brassica whitefly,
has received attention from the North America Plant Protection Organization
(NAPPO, 2001; NAPPO-PAS, 2006), and so have Aleurocanthus woglumi Ashby
(EPPO/CABI, 1997b), A. spiniferus (Quaintance) (EPPO/CABI), and B. tabaci
with its B biotype (EPPO/CABI; OEPP/EPPO, 2004) by the European and
Mediterranean Plant Protection Organization (EPPO).

We do have methods for identifying these undesirable pests. An identification
guide to the whitefly fauna of Europe and the Mediterranean region and other
quarantine risk species has been prepared in the frame of the European Whitefly
Studies Network (Martin, 2000; Martin et al., 2000). Diagnostic protocols have
been described for 4. woglumi and A. spiniferus (OEPP/EPPO, 2002a, b). An
ELISA test has been set up for rapid identification of adult 7. vaporariourum
and B. tabaci (Symondson et al., 1999). Distinction between B. tabaci and
B. afer, and between T vaporariorum and T ricini (Misra) has been the object of
attention by Malumphy et al., who have identified stages when morphological
identification is more reliable, but have gone further by preparing two multiplex
real-time PCR (TagMan) assays to complement morphological studies
(Malumphy et al., 2004). As for B. tabaci, we have a number of biochemical and
molecular methods for identifying the biotypes, as morphology does not help. If
sequencing of whitefly genes (Brown, 2000; De Barro et al., 2005; Frohlich et al.,
1999) is hardly feasible in quarantine protocols, Random Amplified
Polymorphic DNAs (RAPD)-PCR (De Barro & Driver, 1997) and AFLP
(Cervera et al., 2000) can be used to distinguish B. tabaci B biotype from other
biotypes, with results quite comparable to those obtained by analysis of esterase
patterns (Guirao et al., 1997). PCR-RFLP can be used to discriminate
monophagous B. tabaci populations from polyphagous populations (Abdullahi
et al., 2004) and to identify biotypes in the Mediterranean basin (Bosco et al.,
2006). The analysis of biotypes/races can be even more detailed by microsatel-
lite markers (De Barro et al., 2005; Delatte et al., 2006).

4. CONTROL MEASURES

So, generally speaking, we have the instruments. Some methods will need to be
set up for specific pests, some need standardization, other may need fine tuning
for particular conditions (e.g., Can we do RAPD-PCR or PCR-RFLP tests on
eggs washed from plant material?), but we could do it.
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Other more general instruments for reducing the risk of exporting pests are
available or being developed, like area-wide management programs and systems
approaches, that achieve quarantine security from multiple control components
(Follet & Neven, 2006). All these in view of exclusion of pests. If exclusion fails,
we can still use our knowledge to confine, and hopefully eradicate, the undesired
“guest.” In both cases, agriculture operators and international travelers should
be made aware of the existence of destructive, exotic (plant) pests threatening to
enter a country in which they are not known to occur, because it is even too clear
that the success of plant quarantine programs greatly depend upon public
cooperation with quarantine legislation (Berg, 1991).

However, whether quarantine regulations should be applied, and when, is not

a decision for scientists. As Kahan (1982) expressed it many years ago.
Yet, in spite of the recognition of quarantines as a control measure, their
effectiveness is controversial. The argument stems from the fact that we cannot
measure how many pests and pathogens would have entered a new region had
quarantine measures not been in effect.

Biologists should provide the rationale behind decisions of this type, not only
the basic knowledge of pests (biology, taxonomy, detection, and identification),
but also risk analysis (Bartlett, 2004) in order to establish the priorities for polit-
ical decisions and for future research.
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THE TOMATO YELLOW LEAF CURL VIRUS
GENOME AND FUNCTION OF ITS PROTEINS

BRUNO GRONENBORN
Institut des Sciences Végétales, C.N.R.S., 23 Avenue de la Terrasse, Gif-sur-Yvette, France

1. OVERVIEW

Tomato yellow leaf curl as a whitefly-transmitted viral disease was first
described in 1964 and 1966 (Cohen & Harpaz, 1964; Cohen & Nitzany, 1966),
and proven to be caused by a geminivirus in 1988 (Czosnek et al., 1988). But it
was not until 1990 (Rochester et al., 1990) and 1991 that the first molecular data
on the genome of geminiviruses that cause the tomato yellow leaf curl disease
became available (Kheyr-Pour et al., 1991; Navot et al., 1991).

Ever since, an increasing number of tomato (yellow) leaf curl virus genomes
became molecularly characterised and were sequenced. For an updated com-
pilation of the relevant tomato-infecting virus species and isolates or strains see
Stanley et al. (2005) and Part III, Chapter 2.

In the following, an overview on the genome organisation of tomato (yellow)
leaf curl viruses will be presented. Also, a brief description of the biological
functions of the viral proteins will be given. The nomenclature including
acronyms for some TYLCYV species was changed since their first description, in
the following the ICTV-approved designations given in Stanley et al. (2005) are
used. Most data referred to are derived from studies with Tomato yellow leaf curl
virus (TYLCV) [GenBank acc. no. X15656] (Navot et al., 1991), Tomato yellow
leaf curl Sardinia virus (TYLCSV) [X61153] (Kheyr-Pour et al., 1991), Tomato
leaf curl virus (ToLCV) [S53251] (Dry et al., 1993), and Tomato leaf curl New
Delhi virus (TOLCNDV) [U15015, U15017] (Padidam et al., 1995), a bipartite
TYLCYV species.

Tomato (yellow) leaf curl viruses belong to the genus Begomovirus within
the family Geminiviridae. Most begomovirus species have a bipartite genome
of two circular single-stranded (ss)DNA molecules, DNA-A (2.6-2.8 kbases)
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and DNA-B (2.5-2.8 kbases). Begomoviruses are transmitted by the whitefly
Bemisia tabaci in a circulative and persistent manner. TYLCV and TYLCSV
were the first begomoviruses proven to possess a single genomic DNA.
Consequently, essential viral functions, otherwise encoded by DNA-B,
have to be provided by proteins encoded by the single DNA of TYLCYV,
TYLCSYV, ToLCV, and all other true monopartite tomato (yellow) leaf curl
viruses.

The molecular biology of geminiviruses has been extensively reviewed,
with particular emphasis on replication (Gutierrez, 1999), interaction of the
viruses with the plant host in general (Gutierrez, 2000; Hanley-Bowdoin
et al., 2000; Hanley-Bowdoin et al., 2004), and in view of their potential to
counteract the host defence by silencing suppression (Bisaro, 2006). The
reader is referred to these excellent reviews for further details on specific
aspects of geminivirus biology. In addition, some earlier reviews on gemi-
niviruses focusing on cytology and pathology still merit attention (Goodman,
1981; Harrison, 1985).

Protein functions were often initially determined for other related
begomoviruses, for instance Tomato golden mosaic virus (TGMV). Therefore,
reference will be given also to these studies in case a particular protein function
was better characterised of another begomovirus rather than TYLCV.

After delivery by the insect vector into the phloem of susceptible host
plants, geminivirus particles find their way into permissive cells and subse-
quently into the nucleus of these cells; for well-illustrated overviews see
Stanley et al. (2005) or Vanitharani et al. (2005). The molecular details of
both processes remain still unresolved for any geminivirus, although nuclear
entry has been extensively studied in the case of TYLCV. Once in the nucleus
of a permissive cell, the ssDNA of the virion is converted in a double-
stranded (ds) replicative intermediate DNA. For mastreviruses it has been
shown that small virion-associated DNAs serve as primers for the comple-
mentary-strand synthesis. How this step in the multiplication cycle of bego-
moviruses including TYLCV is triggered remains as yet unknown. The
dsDNA associates with histones and can be visualised as “minichromo-
somes” that serve as templates for transcription and subsequent rolling circle
replication yielding multiple copies of plus-strand ssDNA. The ssDNA is
either copied again into dsDNA or becomes associated with capsid/nuclear
shuttle protein (NSP) for nuclear export. With the aid of movement pro-
teins the DNA-protein complexes invade neighbouring cells. Ultimately,
ssDNA-containing virions enter the vascular tissue and spread systemically
throughout the host plant. In contrast to a lot of other begomoviruses,
TYLCYV is phloem-limited. Probably as a consequence of this restricted tissue
tropism the monopartite TYLCV species are not mechanically transmitted.
Therefore, their reverse genetics relies on plant inoculation using cloned
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DNA inserted in Agrobacterium tumefaciens T-DNA vectors or biolistic
DNA delivery techniques.

2. THE TYLCV GENOME
2.1. The intergenic region

2.1.1. Promoters and transcription

A graphic representation of the monopartite TYLCV genome is shown in
Figure 1. The intergenic region of about 200 nucleotides contains the promoters
for transcription of the viral-sense genes (V2 and V1) and the complementary-
sense genes C1 and C4. Most of the transcript data on begomoviruses stem from
analyses using TGMV (Hanley-Bowdoin et al., 1988; Sunter et al., 1989),
African cassava mosaic virus (ACMYV) (Zhan et al., 1991), Abutilon mosaic virus

c1
(Rep)
TYLCV Vi
(CP)

C2 (TrAP)

C3 (REn)

Figure 1. Genome organisation of a typical monopartite Tomato yellow leaf curl virus. The
single-stranded virion DNA comprises between 2.7-2.8 kb. Genes (ORFs) of virion-sense (V) or
complementary-sense strand polarity are designated (V) or (C), respectively. IR: intergenic region.
The conserved inverted repeat flanking the invariant nonanucleotide sequence TAATATTAC is
symbolised by a stem-loop. V1 encodes the capsid protein (CP), V2 a movement protein, C1 the
replication initiator protein (Rep), C2 a transcriptional activator protein (TrAP), C3 a replication
enhancer protein (REn), and C4 a symptom and movement determinant.
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(AbMYV) (Frischmuth et al., 1991) or ToLCV (Mullineaux et al., 1993). There
are no transcript data on TYLCYV, and the RNA-mapping data on TYLCSV
remain of limited access (Bendahmane, 1994). The complementary-sense genes
C2 and C3 are transcribed from a promoter located within the C1 gene
(Mullineaux et al., 1993), or ACI1 gene in case of bipartite begomoviruses
(Sunter et al., 1989).

2.1.2. Replication origin and associated cis-acting DNA sequences

For a detailed review on geminivirus replication see Guterriez (1999). The most
conspicuous sequence motif in the intergenic region are two inverted repeat
sequences of 10—12 conserved bases flanking a 12-14 bases sequence containing
the invariant nonanucleotide TAATATT| AC (Lazarowitz et al., 1992). The lat-
ter is the target sequence for cleavage by the Rep protein at the position marked
by (|) (Laufs et al., 1995; Stanley, 1995).

Rep then remains covalently linked to the 5" phosphate of the adenosine and
the 3" OH of the thymidine is thought to serve as the primer for virion-strand
DNA synthesis by cellular DNA polymerase(s). Upon passing again the
inverted repeat sequences after one “round of replication” a second subunit of
the Rep multimer, probably associated with the replisome complex, cleaves at
the T| A-junction and the free 3’ OH is thought to attack the phosphotyrosyl
bond of the Rep-linked adenosine and by transesterification forms a phospho-
diester bond with that adenosine creating a circular ssDNA (Laufs et al., 1995).
For this transesterification-associated process the formation of a stem-loop
structure is required (Orozco & Hanley-Bowdoin, 1996), however not for the ini-
tial Rep cleavage that triggers the start of virion-strand DNA synthesis
(Heyraud et al., 1993). The inverted repeat/nonanucleotide sequence is fre-
quently referred to or drawn as “stem-loop”, the hallmark of a geminivirus
replication origin. A lot of the biochemical details of these processes were
resolved using TYLCSV DNA and TYLCSV Rep protein (Heyraud-Nitschke
et al., 1995; Laufs et al., 1995).

2.1.3. Other origin-associated sequences

In the vicinity, mostly but not exclusively 5" of the inverted repeat/nonanu-
cleotide sequence, short (8-12 nucleotides) direct repeat sequences, “iteron
sequences”, are found (Argiiello-Astorga et al., 1994). These are recognised and
bound by Rep protein, and are assumed to act as specificity determinants for
interaction of a given Rep protein with its cognate coding DNA (Eagle et al.,
1994; Fontes et al., 1994a, b). Additional evidence for such a sequence-specific
origin recognition was also derived by using the two species TYLCV and
TYLCSV (Jupin et al., 1995), and have since led to an elaborated model for
specificity of geminivirus Rep-origin recognition in general (Argiiello-Astorga
& Ruiz-Medrano, 2001). However, biochemical data for the various TYLCV
species on the direct binding of Rep to such sequences remain limited (Akbar
Behjatnia et al., 1998; Chatterji et al., 1999, 2000).
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An interesting new twist in the potential importance of intergenic region
sequences for virus-host interactions is illustrated by the recent finding that
these sequences in an as yet unexplained fashion may contribute to silencing of
geminivirus gene expression (Pooggin et al., 2003).

3. TYLCV PROTEIN FUNCTIONS

In the following a brief summary on the functions of the different proteins
encoded by the viral genes (ORFs) will be given. Emphasis will be on experi-
ments involving the proteins of TYLCV, TYLCSV, ToLCV, and ToLCNDYV,
complemented by analyses of other begomoviruses where appropriate.

3.1. The capsid protein

The capsid protein (CP) of TYLCYV has a size of about 30 kDa and is encoded
by ORF V1. Note that in some early publications the nomenclature of the viral-
strand polarity genes was inverted between V2 and V1. This has been changed
by the convention that V1 is now used for the CP coding ORF and V2 for the
“precoat” or movement protein-encoding ORF.

Contrary to some bipartite begomoviruses, the CP of TYLCSV is essential for
infectivity (Wartig et al., 1997). The CP binds and serves to package the ssDNA
(Palanichelvam et al., 1998), it localises to the nucleus of infected cells and is
often found associated with the nucleolus (Kunik et al., 1998; Rojas et al., 2001).
Whether encapsidation of the viral sSDNA occurs within the nucleus, or whether
ssDNA-CP complexes move out of the nucleus and final encapsidation takes
place in the cytoplasm remains open. Contrary to mastreviruses, where virions
are obvious within the nuclei of infected cells, begomovirus particles are only vis-
ible in the nuclei of young and early infected cells (Kim et al., 1978). The same is
true for TYLCV. Nevertheless, the TYLCV CP is karyophilic and bipartite
nuclear localisation sequences essential for CP function and virus infectivity were
mapped in the amino-terminus of the protein (Kunik et al., 1998; Palanichelvam
et al., 1998). Also, determinants for CP subunit assembly have been mapped to
the N- and C-terminal parts of the protein (Hallan & Gafni, 2001). As TYLCV
is monopartite and none of the encoded proteins share extensive similarity
with the NSP and movement protein (MP) encoded by ORFs BV1 and BC1 on
DNA-B of bipartite begomoviruses, these functions have to be assured by pro-
teins encoded by the single DNA of TYLCV. Experiments demonstrating the
capacity of the TYLCV CP to facilitate export of both ssDNA and dsDNA are
consistent with this assumption (Rojas et al., 2001). Hence, the CPs of TYLCV
and of other monopartite begomoviruses are to be considered as the func-
tional homologues of the NSP of bipartite begomoviruses, an assumption also
supported by a potential common origin in evolution (Kikuno et al., 1984).

In addition to its role to assure systemic movement of virions throughout
the vascular system of an infected plant, the geminivirus CP determines
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the transmission specificity by the insect vector (Briddon et al., 1990).
For TYLCSYV, a west Mediterranean TYLCYV species, amino acids of the CP
essential for transmission by B. tabaci were mapped (Noris et al., 1998).
These analyses were further supported by the characterisation of whitefly
non-transmissible mutants of Watermelon chlorotic stunt virus (WmCSV)
(Kheyr-Pour et al., 2000) and AbMV (Hohnle et al., 2001). Meanwhile the
three-dimensional structures of the Maize streak virus (MSV) and ACMV CP
and capsomers have been modelled based upon cryo-electronmicroscopy
(Bottcher et al., 2004; Zhang et al., 2001). Interestingly, amino acids critical
for whitefly transmission, are located in an exposed loop, which may be part
of a protein structure that interacts with insect proteins or other components
required for transmission.

In the haemolymph of B. tabaci, TYLCV interacts via the CP also with
GroEL proteins of the insect’s endosymbiont(s) (Morin et al., 1999, 2000).
Interfering with the CP-GroEL interaction blocks TYLCV transmission. The
molecular details of this interaction and its biological significance are further
elaborated upon in Part 111, Chapter 2.

3.2. The movement protein (MP)

Movement, a function assured for bipartite begomoviruses by the MP encoded
by BV1 on DNA-B, the second genome component, in the case of TYLCV
involves three distinct proteins: the CP, the protein encoded by ORF V2, and
also the protein encoded by ORF C4.

The V2-encoded (movement) protein has a size of around 13 kDa, and an
equivalent ORF is found in Old World begomoviruses as well as in Beet curly
top virus (BCTV). Mutations in this gene lead to a disturbance of the
ssDNA/dsDNA ratio and affect symptom expression in the plant (Rojas et al.,
2001; Wartig et al., 1997). The latter may vary between different TYLCV
species: TYLCSV V2 mutants are symptomless in tomato and the virus does not
move, whereas a TOLCV V2 mutant systemically moved in tomato, but remained
equally symptomless (Rigden et al., 1993). Interestingly, V2 mutants of the
bipartite TOLCNDV still led to mild disease symptoms but also had much
reduced DNA levels, whereas expression of both the MP as well as the NSP
encoded by DNA-B was essential for infectivity (Padidam et al., 1996). This
indicates that, despite the presence of a DNA-B-encoded movement protein, the
V2 equivalent AV2 of ToLCNDV somehow influences the amount of viral
DNA to be “moved” by the other viral movement factors.

As most analyses concerning the DNA-B-encoded proteins BV1 (movement
protein) and BC1 (nuclear shuttle protein) employed New World begomoviruses
like TGMYV or Squash leaf curl virus (SqQCLV), more distant relatives of Old World
begomoviruses, in particular the monopartite ones, the reader is kindly referred to
the original literature on these bipartite begomoviruses (Sanderfoot & Lazarowitz,
1996). For an excellent review of the subject see also (Lazarowitz & Beachy, 1999).
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3.3. The replication initiator protein (Rep)

The Rep protein is the only geminivirus-encoded protein indispensable for their
genome replication (Elmer et al., 1988), and the TYLCVs are no exception to
the rule. Rep is a 4041 kDa protein encoded by ORF C1 of complementary
sense polarity. In bipartite begomoviruses it is referred to as ACl or ALI
protein. The Rep proteins of TYLCSV and TGMYV are the biochemically
best-characterised examples of geminivirus replication initiators (Hanley-
Bowdoin et al., 2000; Laufs et al., 1995), and the TYLCSV Rep protein is the
only geminivirus protein for which structural data of true atomic resolution are
available (Campos-Olivas et al., 2002).

The Rep protein has a modular domain structure and forms oligomers of dis-
tinct classes or higher-order multimers (Orozco et al., 1997, 2000). Its prime
function for viral DNA replication is the recognition of origin sequences located
in the intergenic region, the conserved inverted repeat flanking the invariant
nonanucleotide (see above), followed by a sequence-specific DNA cleavage.
It then recruits (components of) the replisome and triggers initiation of viral-
strand DNA synthesis by a cellular polymerase (Gutierrez, 1999). Which poly-
merase is used remains unknown. Rep is not only able to specifically recognise
and cleave DNA sequences, it also is a nucleotidyl transferase and catalyses
the formation of ssDNA circles as end products of rolling circle replication. The
origin cleavage and joining activity of Rep resides in its amino-terminal domain
of about 120 amino acids (Campos-Olivas et al., 2002; Heyraud-Nitschke et al.,
1995). For further details, the reader is referred to (Gutierrez, 1999; Hanley-
Bowdoin et al., 2000; Laufs et al., 1995).

Besides this catalytic activity of Rep, the very same amino-terminal domain
also mediates a sequence-specific double-stranded DNA binding by Rep. This
way it is assured that only genome components cognate to a given Rep are mul-
tiplied. The recognition targets are the so-called iteron sequences located in the
vicinity of the inverted repeat (stem-loop) motif (Akbar Behjatnia et al., 1998;
Argiiello-Astorga et al., 1994). So are the amino-terminal Rep domains or the
cognate intergenic region sequences harbouring the iterons not exchangeable
between the otherwise close relatives TYLCV and TYLCSV (Jupin et al., 1995).
Similar findings were reported for a variety of other begomoviruses and BCTV
(Choi & Stenger, 1995). This specific dsSDNA binding is essential for virus mul-
tiplication. Whether it only serves to autoregulate Rep expression or whether it
is also essential for DNA replication as such is not entirely clear. In that respect
it is curious that the satellite DNA associated with ToOLCV from Australia does
not have any iteron or iteron-like sequences, yet is perfectly replicated along with
the viral genome (Lin et al., 2003). The same is true for the beta-DNAs, addi-
tional DNA components required for the disease symptoms of various
monopartite Asian and African begomoviruses (Briddon & Stanley, 2006).

An interesting potential alternative to regulate Rep activity at the origin of
replication has been reported for Mung bean yellow mosaic India virus
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(MYMIV) CP that binds to and inhibits the catalytic functions of Rep in vitro
(Malik et al., 2005); whether this has also some in vivo-significance remains to
be determined.

Another biochemical activity of Rep is its capacity to hydrolyse nucleoside
triphosphates, and mutants of TYLCSV Rep impaired in this function are repli-
cation deficient (Desbiez et al., 1995). Based upon sequence comparisons, it was
suggested that geminivirus Rep proteins are members of a superfamily (SFIII)
of helicases (Iyer et al., 2004; Koonin, 1993). Biochemical proof for such a heli-
case activity of TYLCSV Rep has been achieved only very recently (Clérot &
Bernardi, 2006).

The three-dimensional structure of the amino-terminal catalytic domain of
TYLCSV Rep revealed an unexpected structural similarity with a variety of
RNA-binding proteins as eukaryotic poly-A tract-binding protein or splicing
factor UTA and with the dsSDNA-binding domains of key mammalian tumour
virus proteins like large T-antigen of Simian Virus 40 or E1A protein of papil-
loma viruses (Campos-Olivas et al., 2002). This similarity placed the gemi-
nivirus Rep proteins within a large family of structurally related rolling circle
replication initiator proteins and provided novel insights into the evolution of
proteins of quite different origin that act in nucleic acid metabolism (Dyda &
Hickman, 2003; Hickman et al., 2002).

Apart from these activities of Rep, which are more or less directly linked to its
function as a rolling circle replication initiator and its auto-interaction to form
oligomers, Rep interacts also with a variety of other proteins. Among these is a
second geminivirus protein, the replication enhancer protein REn, encoded by
ORF C3 (or AC3/AL3, respectively) (Castillo et al., 2003; Settlage et al., 2005).
Contrary to Rep, the REn protein is not essential for viral DNA replication
(see below).

A further and important activity of the Rep protein is its binding to cellular
proteins, in particular the retinoblastoma protein pRB (Kong et al., 2000). In
fact, the existence of RB-related proteins in plants was first proven using gemi-
nivirus Rep proteins (Xie et al., 1996). In the current model of geminivirus DNA
replication, it is thought that via Rep RB-related protein interaction the virus
triggers extra GO/G1 S-phase cell cycle transitions in infected cells. This way,
enzymes required for DNA replication and accessory factors like proliferating
cell nuclear antigen (PCNA) become available and are recruited for multiplica-
tion of the viral DNA (Gutierrez, 2000; Hanley-Bowdoin et al., 2000). Indeed,
TYLCSV Rep has been shown to directly interact with PCNA, possibly to
recruit this “sliding clamp” to the viral origin and the replisome (Castillo et al.,
2003). In that context it is interesting that also the Rep of mastreviruses directly
interacts with replication factor C (RF-C), the “clamp loader”, possibly again
to ultimately recruit PCNA to the origin and the replisome (Luque et al., 2002).

Yet another cellular protein with which TYLCSV Rep interacts with is the
E2-SUMO-conjugating enzyme NbSCE1 (Castillo et al., 2004). Here, an inter-
esting connection of TYLCV replication with the sumoylation pathway has
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been uncovered. Whether Rep itself is a target of sumoylation or what other
significance such an interaction for begomovirus biology may have remains,
however, to be determined. Nevertheless, the authors showed that replication of
TGMYV was reduced in transgenic plants expressing SUMO sense or antisense
transcripts, an observation that further supports the relevance of the sumoyla-
tion pathway for begomovirus multiplication.

3.4. The replication enhancer protein (REn)

The second protein of TYLCV and other begomo- and curtoviruses, which is
more or less directly involved in viral DNA replication, is the about 16 kDa
replication enhancer protein REn encoded by ORF C3 (or AC3/AL3, respec-
tively). It is not essential for viral DNA replication as such, yet it boosts the
amount of viral ds- and ssDNA that accumulates during infection and thus
indirectly influences the extent of symptom expression (Gutierrez, 1999;
Settlage et al., 2005; Sunter et al., 1990). REn of TGMYV was shown to interact
with itself (oligomerisation), with Rep and with pRB. This implies the existence
of a complex network of interactions between Rep, REn, and pRB. Also
TYLCSV REn has been shown to not only interact with Rep but also with
PCNA (Castillo et al., 2003), the sliding clamp of the replisome. Hence, a coher-
ent picture appears to emerge where Rep, REn, and accessory factors like
PCNA of the replisome act in a balanced and concerted way to assure efficient
geminivirus DNA replication.

To even further enlarge and complicate the network of interacting
proteins, TOLCV REn was found to bind to a NAC-domain protein of tomato
(SINACT1), a class of proteins that are often induced upon pathogen infection
(Selth et al., 2005). Yet, the exact way in which the REn/SINACI connection
contributes to the dramatic increase of DNA replication as a consequence of
REn action remains to be elucidated.

3.5. The transcriptional activator protein (TrAP)

Encoded by ORF C2 (AC2/AL2), begomo- and curtoviruses express an about
15 kDa protein with a positively charged N-terminus including a nuclear
localisation sequence (van Wezel et al., 2001), a central core with a zinc fin-
ger-like region (Noris et al., 1996), and a distinct acidic C-terminal activation
domain (Hartitz et al., 1999). For a recent review of the multiple TrAP func-
tions see (Bisaro, 2006). Together with the C3-encoded REn TrAP is synthe-
sised from a bi-cistronic messenger expressed from a strong promoter located
upstream C3 in the Rep coding sequence C1 (Sunter et al., 1989; Townsend
et al., 1985). TrAP enhances transcription of the virion-sense promoter of
DNA-A and the BV1 and BC1 promoters of DNA-B in bipartite bego-
moviruses (Haley et al., 1992; Sunter & Bisaro, 1992), hence its name. TrAP
is not essential for DNA replication per se, and in case of TYLCSV it is even
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dispensable for infectivity in N. benthamiana, but required for infection of
tomato (Wartig et al., 1997). TYLCSV C2 protein binds both ss- and dsDNA
in a sequence non-specific manner, and its central core domain is sufficient to
do so (Noris et al., 1996). It therefore may be required to direct host-specific
cellular transcription factors indirectly to responsive promoters, similarly as
the herpesvirus VP 16. Consistent with its role to activate transcription is the
nuclear localisation of TrAP, which appears to be regulated by its phospho-
rylation status (Wang et al., 2003).

Further to their role as transcription activators, the AC2/C2 proteins of several
begomoviruses including Tomato yellow leaf curl China virus (TYLCCNYV) have
been shown to act as silencing suppressors (Dong et al., 2003; Trinks et al., 2005;
van Wezel et al., 2002; Vanitharani et al., 2005; Voinnet et al., 1999). The detailed
molecular mechanism of this silencing suppression activity by AC2/C2 proteins
remains to be elucidated (Chellappan et al., 2004). Direct binding and sequestra-
tion of siRNAs or miRNAs, similar to the mode of action of the p19 silencing
suppressor (Vargason et al., 2003), appears not to be the case (Chellappan et al.,
2005). Rather, the induction of cellular factors involved in the negative regulation
of the host’s silencing machinery may be the reason for the suppressor activity.

Interestingly, also transactivation-independent silencing suppression by
BCTV C2 and a TGMV C2 mutant has been demonstrated, probably due to
inhibition of a cellular adenosine kinase (ADK) that becomes activated upon
virus infection (Wang et al., 2005). A link between C3-triggered silencing sup-
pression and the host’s methyl cycle illuminates yet another facet of the multi-
tude of ways by which (gemini)viruses counteract the host’s defence.

The results by Wartig et al. (1997) on host-specific requirement of the TYLCSV
C2 protein for elicitation of disease — required in tomato but dispensable in
N. benthamiana — may provide further clues on the mechanism of silencing sup-
pression, if this were the reason for such a host-dependent infectivity phenotype.

3.6. The C4 protein

Embedded within the C1 (Rep) gene but in a different reading frame, an ORF
with a coding capacity for an about 12 kDa protein is found on the DNA (A) of
begomoviruses and curtoviruses. Its amino acid sequence is the least conserved
one among all geminivirus proteins. Although a C4 ORF is present in ACMYV,
the first geminivirus genome ever sequenced, its importance had escaped notice
for a while. Early experiments with TGMYV had shown that C4 is not essential
for infectivity (Elmer et al., 1988), but mutagenesis experiments with TYLCSV
and ToLCV proved the essential nature of the C4 protein and its biological rel-
evance as a pathogenicity factor (Jupin et al., 1994; Rigden et al., 1994).
Moreover, for TYLCSV the C4 protein contributes also to the spread of the
virus (movement) throughout the plant. By contrast, further experiments with
TGMYV and Potato yellow mosaic virus (PYMV) confirmed that C4 is non-
essential, (Pooma & Petty, 1996; Sung & Coutts, 1995). However, in the case of
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TGMYV C4 protein apparently regulated expression of Rep (Groning et al.,
1994). Hence, the C4-encoded protein turned out to have clearly different func-
tions in the monopartite TYLCVs and curtoviruses (Stanley & Latham, 1992)
as opposed to begomoviruses from the New World.

Meanwhile, the AC4 proteins have gained considerable interest after it was
demonstrated that they also act as silencing suppressors (Chellappan et al.,
2005; Vanitharani et al., 2004). In fact, different begomoviruses employ com-
plementary strategies to counteract the host’s silencing defence: for instance, the
AC4 proteins of ACMV-[CM] and Sri Lankan cassava mosaic virus (SLCMYV)
are silencing suppressors, whereas in FEast African cassava mosaic virus
(EACMV) and Indian cassava mosaic virus (ICMV) the respective AC2 proteins
rather than the AC4 proteins have silencing suppressor activity. As AC4 and
AC?2 proteins target different steps in the siRNA/miRNA silencing pathways,
the spectacularly enhanced pathogenicity observed in double infections by
ACMV-[CM] (silencing suppression by C4) and EACMYV (silencing suppression
by C2) is readily explained. Concerning TYLCYV, the reversal of TYLCSV-
derived transgene silencing observed upon superinfection of transgenic plants
with TYLCSV has not yet allowed the determination whether this was due to
action of C2, C4, or yet another protein (Lucioli et al., 2003; Noris et al., 2004).
Hence, the interesting question whether the C4 proteins of the various different
TYLCV or ToLCV species act also as silencing suppressors remains in suspense.

4. DNA BETA AND THE 3C1 PROTEIN

During the last years, a peculiar class of DNA molecules has been found
associated with certain Old World begomoviruses; for a review see Briddon and
Stanley (2006). These viruses have been classed as monopartite as their DNA-A
readily infected the experimental host N. benthamiana, but when introduced into
their original host plants only symptomless infections resulted. The search for
potentially missing DNA components led to the discovery of an additional cir-
cular ssDNA molecule of about 1,350 bases, named DNA-B. It shares a stretch
of sequence similarity with the 682 bases long satellite DNA of ToLCV (Dry
et al., 1997), the “satellite-conserved region”, but differs from the sat-DNA in
size and by bearing an ORF BC1 that encodes an about 14 kDa protein. DNA-
B contains the conserved inverted repeat sequences that flank the invariant
nonanucleotide, the origin of geminivirus replication hallmark and is replicated
along with the DNA of the virus it associates with. DNA-B does not possess any
iteron or iteron-related sequences and is packaged into virus particles that are
transmitted by the insect specified by the viral capsid protein.

DNA- molecules were first described for Ageratum yellow vein virus (AYVV)
(Saunders et al., 2000) and Cotton leaf curl virus (CLCuV) species (Briddon et al.,
2001), where they are required for infection of the hosts Ageratum conyzoides or
cotton, respectively. Since their first description, an ever-increasing number of
cases in which a DNA-J is associated with a monopartite Old World begomovirus
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were reported (Briddon & Stanley, 2006). Expression of the BC1 protein results in
a considerable increase in symptom severity of the respective begomovirus (Saeed
etal., 2005; Saunders et al., 2004). This is also true for the TYLCVs, where f DNAs
accompany Tomato leaf curl China virus (TOLCCNYV) (Zhou et al., 2003) and
Tomato yellow leaf curl Thailand virus (TYLCTHYV) (Li et al., 2004). In some cases,
the DNA-A by itself is infectious in the original host (Yin et al., 2001), whereas in
others the presence of DNA-J is required (Li et al., 2004). Such behaviour as a
host-specific pathogenicity determinant suggested that the BC1 protein might act
as a silencing suppressor, comparable to other viral pathogenicity factors. Indeed,
this was recently shown for the BC1 protein of TOLCCNV (Cui et al., 2005).

Intimately connected to the discovery of the DNA-B satellite-like molecules,
yet another class of small DNAs associated with certain Old World monopartite
begomoviruses was found, the so-called DNA-1 molecules (Mansoor et al.,
1999). They share an A-rich sequence with DNA-B and encode a nanovirus Rep-
related protein. Despite the increasing number of DNA-1 molecules described
nothing at all is currently known about their function for begomovirus biology
(Briddon et al., 2004).

5. OUTLOOK

Although the begomoviruses causing the tomato (yellow) leaf curl disease represent
the geminiviruses with the smallest genomes, just 2.7-2.8 kb, they encode a suffi-
ciently complex array of proteins, many of which are multifunctional, to warrant
efficient multiplication, spread, and dissemination of the viruses. We only begin
to understand the intricacies of the virus-host interplay, which bears many
diverse elements of mutual attack and defence. The discovery and analysis during
recent years of novel DNA components often associated with the “canonical”
monopartite genomes of some TYLCV and ToLCV species has further compli-
cated the picture. The fact that the tomato (yellow) leaf curl viruses in some cases
require more than just one DNA may well reflect their unique position in the
evolution of the geminivirus genome from monopartite to bipartite. Many questions
related to the serious TYLCV-caused tomato disease still wait to be answered,
and there may be more surprises “just around the corner”.
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1. OVERVIEW

Tomato yellow leaf curl disease (TYLCD) is one of the most devastating
plant diseases in the world and is spreading fast, covering more than 20 coun-
tries across the globe. This disease is caused by several viruses belonging to
different species which altogether are referred to as “Tomato yellow leaf curl
viruses” (TYLCV). Taxonomically they all belong to at least six species and
15 strains of viruses. This chapter has multiple implications such as taxo-
nomic, nomenclatural, evolutionary, and practical, and its purpose is to pro-
vide a clear vision on the status of knowledge of molecular diversity of
TYLCV-like viruses, to offer an up-to-date list of virus names and their
abbreviations with their corresponding GenBank accession numbers. This
study also provides a sense of geminivirus evolution in a short span of time
as well as on a long timescale. Human interference is being considered as the
major factor for the recent spread of these viruses, thereby promoting and
selecting new recombinants, and it is probably only the beginning of what we
can envisage for many other geminiviruses on the planet earth. However, it is
becoming apparent that TYLCV-like viruses have a better biological fitness
to compete with locally present viruses in new ecological niches and thus it
would be interesting to unravel and understand more about these biological
characteristics in the near future to better appreciate future emergences of
geminiviruses in the world.
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2. INTRODUCTION

The tomato yellow leaf curl disease (TYLCD) is one of the most devastating
diseases of tomato (Solanum lycopersicum) crop, causing enhanced damage and
encroaching new areas every year (Czosnek & Laterrot, 1997). TYLCD was first
identified in Israel in 1930 and since the 1960s, has become the most notorious
disease in the Mediterranean region, sub-Saharan Africa, Caribbean islands,
Australia, and in several Asian countries like China, India, and Japan. In the
1990s this disease was reported from several US states like Florida, Georgia, and
Louisiana (Czosnek et al., 1990; Cohen & Antignus, 1994; Czosnek & Laterrot,
1997; Nakhla & Maxwell, 1998; Polston et al., 1999). A complex of several dif-
ferent geminivirus species belonging to the genus Begomovirus, has been associ-
ated with TYLCD, also called TYLCV-like viruses, all of which have a
monopartite sSSDNA genome and are naturally transmitted by the whitefly
(Bemisia tabaci; Hemiptera: Aleyrodidae) (Moriones & Navas-Castillo, 2000).

The first identified virus TYLCV was named after the disease it causes in Israel
(Czosnek & Laterrot, 1997) and by extension and simplification, geminiviruses
causing similar symptoms on tomato throughout the world are referred by the
same or similar names. Subsequently it was realized that several distinct viruses,
recognized by their genomic sequences, and belonging to different virus species
were causing similar symptoms on tomato. Thus, new names were created to
resolve this situation, despite this it is confusing for many scientists who are not
well versed with the taxonomy and nomenclature of viruses. In addition, the fre-
quent recombination occurring between geminiviruses (Padidam et al., 1999), the
similar and variable symptomatology on tomato, led to some confusion as far as
the exact number of viruses isolated and their pertaining to several virus species.
The classification of geminiviruses is now mostly done on the basis of the molec-
ular variability of the DNA-A component and the wealth of virus sequencing in
the last decade led to the description of more than 57 species of tomato gemi-
niviruses in the world. This chapter is aimed at shedding some light on this
molecular diversity to better appreciate the relationships between closely related
viruses to the firstly described TYLCV from Israel. It is also an opportunity to
describe the geographical distribution of these viruses and in particular the
recent spread of TYLCV across the globe, indicating the huge impact of human
interference on the evolution of plant viruses.

Solanaceous crops in general are very good hosts for geminiviruses and
tomato in particular is the host for the largest number of geminivirus species.
There are about 57 species listed to date, and with more than 50 potential new
species yet to be identified, originating from all over the world (Fauquet et al.,
2007). Though, TYLCV is neither the most important nor the most devastating
tomato geminivirus, it is certainly the one that is fast spreading across the world
for which we have documentation. However it is important to realize that there
are many other tomato geminivirus diseases in different parts of the world that
are equally devastating.
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3. GENOME ORGANIZATION

TYLCV and its related virus species are members of the genus Begomovirus,
family Geminiviridae, the genome of which is strictly monopartite (Kheyr-Pour
et al., 1991; Navot et al., 1991) and it encodes six open reading frames (ORFs),
four on the complementary () strand (C1, C2, C3, and C4) and two on the viral
(+) strand (V1 and V2) (Navot et al., 1991). So far no satellite DNA molecules
associated with TYLCV-like viruses have been identified or isolated (for details
see Part II, Chapter 1).

4. TOMATO BEGOMOVIRUS TAXONOMY AND NOMENCLATURE

The taxonomy and nomenclature of geminiviruses have been under consid-
eration by the Geminiviridae study group for the last 15 years. This intense
activity was triggered by the identification of a huge number of geminiviruses
and the increasing difficulty to name and classify them in a reliable and con-
venient way. The first step was to build a comprehensible system for nomen-
clature of geminivirus species that would have flexibility to accommodate the
large number of known and unknown viruses and therefore offer an unlimited
number of combinations (Fauquet et al., 2000). The adopted system essen-
tially involves adding the name of a country, a city, or a location before the
word “virus” within the virus name, i.e., Tomato yellow leaf curl Sardinia virus.
This has been used extensively for tomato geminiviruses as exemplified in
Figure 2. The second step was to establish a list of species demarcation crite-
ria for geminiviruses in general and for begomoviruses in particular. A first
attempt was made in 1995 (Rybicki et al., 1994) and was further refined in
2003 (Fauquet & Stanley, 2003). This list comprises many different types of
criteria including molecular, biological, and serological, but undoubtedly one
of the most widely used criterion is the percentage of identity between the
sequences of the DNA-A component of two different viruses.Firstly, it was
decided that only the A component sequence would be considered for taxo-
nomic consideration as many viruses do not have a B component, and some
are mono-bipartite viruses. Secondly, the species demarcation threshold has
been fixed to 89%, however this is only one indicator and not an absolute rig-
orous threshold, in other words there could be exceptions. This criterion has
however been used consistently and is the basis for the current classification
(Stanley et al., 2005; Fauquet et al., 2007). TY LCV-like viruses are no excep-
tion and have followed this rule with some difficulties due to extensive
genomic recombinations between some members of different species (see
below). Practically, when a new geminivirus species is identified from the com-
plete sequence of its DNA-A component, a new name is created either by the
combination of words describing the symptoms not previously used (Tomato
rugose mosaic virus), or by the addition of a location name for virus names
already used (Tomato leaf curl Gujarat virus).
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Recently, due to the large number of viruses within a species, the
Geminiviridae study group recognized the need for a common organization
system below the species level (Fauquet & Stanley, 2005). So far it was
accepted that all viruses pertaining to a species would be called “isolates” and
that we would have at least two different levels; — the strain level correspon-
ding to a stable inherited trait (differential symptom, host range, or trans-
mission, sequence deletion, recombination or variation, etc.), — the variant
level corresponding to minor sequence differences probably not stably inher-
ited in the next generations. This has been translated into the names of the
viruses, in such a way that one can get the minimal basic information to
locate in space and time a virus isolate and can read if the species or strain
status has been given to this virus (Fauquet & Stanley, 2005). For example we
can list some of the isolates belonging to the species Tomato yellow leaf curl
virus as follows:

Tomato yellow leaf curl virus

Tomato yellow leaf curl virus — Gezira (TYLCV-Gez)
Tomato yellow leaf curl virus — AY 044138 (TYLCV-Gez
Gezira [Sudan:1996] [SD:96])
Tomato yellow leaf curl virus — Iran (TYLCV-IR)
Tomato yellow leaf curl virus — AJ132711 (TYLCV-IR[IR])
Iran [Iran]
Tomato yellow leaf curl virus — Israel (TYLCV-IL)
Tomato yellow leaf curl virus — AM282874 (TYLCV-IL
Israel [China:Shangai 2:2005] [CN:SH2:05])
Tomato yellow leaf curl virus — AJ223505 (TYLCV-IL
Israel [Cuba] [CU))

The species names are not abbreviated and are written in italics, the strain
names are not italicized and can be abbreviated, the isolate names are not
italicized and some strain (TYLCV-Iran; TYLCV-Mild; TYLCV-Gezira) and
isolate descriptors (TYLCV-[Israel:Rehovot:1986]) are added to the name.
The descriptor of the strain level is written before the square brackets, while
the isolate descriptors are between brackets and are composed of the coun-
try, the location and the year of sampling, when available. The descriptor for
the strain can be a symptom type, a location or a country, using the first one
described irrespective if all the members of that strain do or do not fit with
that descriptor. Variants are by default not described and are represented by
isolates within strains (see Tables 1 and 3). Formally species names are not
abbreviated, and in most of the publication, species names are written once
to indicate the classification of the isolates used in the publication, however
in this specific chapter, species names will be used several times and we there-
fore propose to exceptionally abbreviate the species names as well (i.e.,
Tomato yellow leaf curl virus, “TYLCV?).
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Consequently, for geminiviruses there is a perfect equivalence between nomen-
clature and classification and before a name is given to a new geminivirus isolate,
one should enquire about the classification of this new isolate, its classification
and taxonomy, which will in turn determine the way of writing its name. This sys-
tem is also important in order to “read” correctly the virus names in publications
and reports, and also for different scientists to “speak” a common language
understood by everybody. For example TYLCV-Iran is a strain of the species
TYLCYV isolated from Iran, but TOLCIRV is a new virus species called Tomato
leaf curl Iran virus, and this abbreviation should be completed with the descrip-
tors of that isolate for example: Tomato leaf curl Iran virus — [Iran:Iranshahr],
ToLCIRV-[IR:Ira].

5. GEMINIVIRUS DISEASES OF TOMATO

At least 57 different species of geminiviruses (mostly begomoviruses), are reported
to be capable of infecting tomato (Table 1). Among the tomato-infecting monopar-
tite geminiviruses, Tomato pseudocurly top virus (TPCTV) is the only member of
the genus Topocuvirus and Tomato leaf roll virus (TOLRV) is a member of the genus
Curtovirus and all other tomato-infecting geminiviruses are begomoviruses. Both
monopartite and bipartite geminiviruses infect tomato. Some monopartites, only
from the Old World (OW) have been found to be associated with satellite DNAs
like DNA-B (Figure 1). A large majority of these viruses are geographically
distributed between Asia, India, Africa, and America, there are however a few
exceptions to this rule (TYLCIDV, ToLCV, TYLCKaV, and ToLCPV) and there is
no obvious explanations for it. TYLCV is part of a so-called TYLCYV cluster in the
African branch that does comprise 6 species of monopartite begomoviruses. The
updated list of geminiviruses infecting tomato has been published by Fauquet et al.
(2003), Fauquet and Stanley (2005), and Fauquet et al. (2007).

6. TOMATO BEGOMOVIRUSES IN THE NEW WORLD

A large number of bipartite tomato-infecting geminiviruses has been reported from
the New World (NW) mostly from the American continents, including the
Caribbean islands. These include Tomato mottle virus (ToMoV) from Florida,
Tomato yellow mosaic virus (ToYMYV) from Venezuela, Tomato severe leaf crum-
ple virus (ToSLCV) from Central America, Tomato leaf crumple virus (TLCrV),
Tomato leaf curl Sinaloa virus (ToLCSinV), Tomato mottle Taino virus
(ToMoTV) and Chino del tomate virus (CdTV) from Mexico, Tomato rugose
mosaic virus (TORMYV), Tomato severe rugose virus (ToSRV), Tomato chlorotic
mottle virus (ToCMoV), Tomato golden mosaic virus (TGMYV), Tomato
golden mottle virus (ToGMoV), Tomato severe leaf curl virus (ToSLCV), from
Brazil, Tomato mosaic Havana virus (ToMHYV), Potato yellow mosaic Trinidad
virus (PYMTYV) in Trinidad, and Potato yellow mosaic virus (PYMYV) in
Martinique, and Guadeloupe (Fauquet & Stanley, 2005).
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Table 1. List of 57 virus isolates (written in black) used in this chapter belonging to 57 different
species (written in green). The accession number of the complete A component sequence is indicated
in the second column and the abbreviation of the name of the virus isolates is indicated in the third

column

Chino del tomate virus
Chino del tomate virus —
[Mexico:Sinaloa:Soybean:2005]

Merremia mosaic leaf curl virus
Merremia mosaic virus — [Puerto Rico:]

Potato yellow mosaic Panama virus
Potato yellow mosaic Panama virus —
[Panama:Divisa:Tomato]

Potato yellow mosaic Trinidad virus
Potato yellow mosaic Trinidad virus —
[Trinidad and Tobago:Tomato]

Potato yellow mosaic virus
Potato yellow mosaic virus — [Venezuela]

Tomato chino La Paz virus
Tomato chino La Paz virus —
[Mexico:Sinaloa MM1:2005]

Tomato chlorotic mottle virus
Tomato chlorotic mottle virus —

[Brazil:Igarape 1:1996]
Tomato curly stunt virus

Tomato curly stunt virus —
[South Africa:Onderberg:1998]

Tomato golden mosaic virus
Tomato golden mosaic virus —
Yellow vein [Brazil]

Tomato golden mottle virus
Tomato golden mottle virus —
[Guatemala:R2:1994]

Tomato leaf curl Arusha virus

Tomato leaf curl Arusha virus —
[Tanzania: Tengelu:2005]

Tomato leaf curl Bangalore virus

Tomato leaf curl Bangalore virus —
[India:Bangalore 5]

Tomato leaf curl Bangladesh virus

Tomato leaf curl Bangladesh virus —
[Bangladesh:2]

Tomato leaf curl China virus

Tomato leaf curl China virus —
[China:Guangxi 18:2002]

Tomato leaf curl Guangdong virus
Tomato leaf curl Guangdong virus —
[China:Guangzhou 2:2003]

DQ347945

AF068636

Y15034

AF039031

D00940

DQ347948

DQ336353

AF261885

K02029

AF132852

DQ519575

AF295401

AF188481

AJ558119

AY 602165

CdTV-
[MX:Sin:Soy:05]

MeMV-[PR:]

PYMPV-[PA:Div:Tom|]

PYMTV-[TT:Tom]

PYMV-[VE]

ToChLPV-[MX:SinMM1:05]

ToCMoV-[BR:1gal:96]

ToCSV-[ZA:0nd:98]

TGMV-YV[BR]

ToGMoV-[GT:R2:94]

ToLCArV-[TZ:Ten:05]

ToLCBV-[IN:Ban5]

ToLCBDV-[BD:2]

ToLCCNV-[CN:Gx18:02]

ToLCGuV-[CN:Gz2:03]

(continued)
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Table 1. (continued)

Tomato leaf curl Guangxi virus
Tomato leaf curl Guangxi virus —
[China:Guangxi 1:2003]

Tomato leaf curl Gujarat virus

Tomato leaf curl Gujarat virus —
[India:Varanasi:2001]

Tomato leaf curl Hsinchu virus

Tomato leaf curl Hsinchu virus —
[Taiwan:Hsinchu:2005]

Tomato leaf curl Indonesia virus
Tomato leaf curl Indonesia virus —
[Indonesia:Lembang:2005]

Tomato leaf curl Iran virus
Tomato leaf curl Iran virus —
[Iran:Iranshahr]

Tomato leaf curl Java virus
Tomato leaf curl Java virus —
[Indonesia:Ageratum]

Tomato leaf curl Joydebpur virus
Tomato leaf curl Joydebpur virus —
[Bangladesh]

Tomato leaf curl Karnataka virus
Tomato leaf curl Karnataka virus —
[India:Bangalore:1993]

Tomato leaf curl Laos virus
Tomato leaf curl Laos virus — [Laos]

Tomato leaf curl Madagascar virus
Tomato leaf curl Madagascar virus —
[Madagascar:Morondova:2001]

Tomato leaf curl Malaysia virus
Tomato leaf curl Malaysia virus —
[Malaysia:Klang:1997]

Tomato leaf curl Mali virus
Tomato leaf curl Mali virus — [Mali]

Tomato leaf curl Mayotte virus
Tomato leaf curl Mayotte virus —
[Mayotte:Dembeni:2003]

Tomato leaf curl New Delhi virus
Tomato leaf curl New Delhi virus —
[India:New Delhi:2005]

Tomato leaf curl Pakistan virus
Tomato leaf curl Pakistan virus —
[Pakistan:Rahim Yar Khan 1:2004]
Tomato leaf curl Philippines virus
Tomato leaf curl Philippines virus —
[Philippines:San Leonardo:2005]

AM236784

AY'190290

DQ866131

AF198018

AY297924

AB162141

AJ875159

U38239

AF195782

AJ865338

AF327436

AY 502936

AJ865341

DQ169056

ABI116884

DQ092867

ToLCGxV-[CN:Gx1:03]

ToLCGV-[IN:Var:01]

ToLCHsV-[TW:THsi:05]

ToLCIDV-[ID:Lem:05]

ToLCIRV-[IR:Ira]

ToLCJV-[ID:Age]

ToLCJoV-[BD]

ToLCKV-[IN:Ban:93]

ToLCLV-[LA]

ToLCMGV-[MG:Mor:01]

ToLCMY V-[MY:Kla:97]

ToLCMLV-[ML]

ToLCYTV-[YT:Dem:03]

ToLCNDV-[IN:ND:05]

ToLCPKV-[PK:RYK1:04]

ToLCPV-[PH:SLeo:05]

(continued)
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Table 1. (continued)
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Tomato leaf curl Sinaloa virus
Tomato leaf curl Sinaloa virus —
[Nicaragua:Santa Lucia]

Tomato leaf curl Sri Lanka virus
Tomato leaf curl Sri Lanka virus —
[Sri Lanka:Bandarawela:1997]

Tomato leaf curl Sudan virus
Tomato leaf curl Sudan virus —
[Sudan:Gezira:1996]

Tomato leaf curl Taiwan virus
Tomato leaf curl Taiwan virus — [Taiwan]

Tomato leaf curl Uganda virus
Tomato leaf curl Uganda virus —
[Uganda:Iganga:2005]

Tomato leaf curl Vietnam virus
Tomato leaf curl Vietnam virus —
[Vietnam:Hanoi:1998]

Tomato leaf curl virus
Tomato leaf curl virus — [Australia]

Tomato mild yellow leaf curl Aragua virus
Tomato mild yellow leaf curl
Aragua virus — [Venezuela:10]

Tomato mosaic Havana virus

Tomato mosaic Havana virus —
[Cuba:Quivican]

Tomato mottle Taino virus

Tomato mottle Taino virus — [Cuba]

Tomato mottle virus
Tomato mottle virus —
[US:Florida:1989]

Tomato rugose mosaic virus
Tomato rugose mosaic virus —
[Brazil:Uberlandia:1996]

Tomato severe leaf curl virus
Tomato severe leaf curl virus —
[Mexico:Rioverde 2:2005]

Tomato severe rugose virus

Tomato severe rugose virus —
[Brazil:Minas Gerais:2000]

Tomato yellow leaf curl Axarquia virus

Tomato yellow leaf curl Axarquia virus —
[Spain:Algarrobo:2000]

Tomato yellow leaf curl China virus
Tomato yellow leaf curl China virus —
[China:Guangxi 102:2004]

AJ608286

AF274349

AY 044137

U88692

DQI27170

AF264063

S53251

AY927277

Y14874

AF012300

L14460

AF291705

DQ347947

AY 029750

AY227892

AMO050555

ToLCSinV-[NT:SL]

ToLCSLV-[LK:Ban:97]

ToLCSDV-[SD:Gez:96]

ToLCTWV-[TW]

ToLCUV-[UG:Iga:05]

ToLCVV-[VN:Han:98]

ToLCV-[AU]

ToMYLCAV-[VE:10]

ToMHV-[CU:Qui]

ToMoTV-[CU]

ToMoV-[US:Flo:89]

ToRMV-[BR:Ube:96]

ToSLCV-[MX:Ri02:05]

ToSRV-[BR:MG:00]

TYLCAXxV-[ES:Alg:00]

TYLCCNV-[CN:Gx102:04]

(continued)
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Table 1. (continued)

Tomato yellow leaf curl Guangdong virus
Tomato yellow leaf curl Guangdong virus — AY 602166 TYLCGuV-[CN:Gz3:03]
[China:Guangzhou 3:2003]

Tomato yellow leaf curl Kanchanaburi virus

Tomato yellow leaf curl Kanchanaburi DQ169054 TYLCKaV-[VN:05]
virus — [Vietnam:2005]

Tomato yellow leaf curl Malaga virus

Tomato yellow leaf curl Malaga virus — AF271234 TYLCMalV-[ES:421:99]
[Spain:421:1999]

Tomato yellow leaf curl Mali virus

Tomato yellow leaf curl Mali virus — [Mali] AY 502934 TYLCMLV-[ML]
Tomato yellow leaf curl Sardinia virus
Tomato yellow leaf curl Sardinia virus — 728390 TYLCSV-Sic[IT:Sic]

Sicily [Italy:Sicily]

Tomato yellow leaf curl Thailand virus
Tomato yellow leaf curl Thailand virus — AF206674 TYLCTHV-[MM:Yan:99]
[Myanmar:Yangon:1999]

Tomato yellow leaf curl Vietnam virus

Tomato yellow leaf curl Vietnam virus — DQ641697 TYLCVNV-[VN:Han:05]
[Vietnam:Hanoi:2005]

Tomato yellow leaf curl virus

Tomato yellow leaf curl virus — X15656 TYLCV-[IL:Reo:86]

[Israel:Rehovot:1986]

Tomato yellow margin leaf curl virus
Tomato yellow margin leaf curl virus — AY 508993 TYMLCV-[VE:Mer57]
[Venezuela:Merida 57]

Tomato yellow spot virus
Tomato yellow spot virus — DQ336350 ToYSV-[BR:Bic2:99]
[Brazil:Bicas 2:1999]

Rojas et al. (2005) reported the presence of a begomovirus complex infecting
the tomato crop in Nicaragua. These viruses include: ToLCSinV, ToSLCYV,
Squash yellow mild mottle virus (SYMMoV), Euphorbia mosaic virus (EuMV),
and Pepper golden mosaic virus (PepGMYV). In the Caribbean Basin, gemi-
niviruses associated with peppers (Capsicum spp.), Pepper huasteco yellow vein
virus (PHYVV), and PepGMYV are known to infect both tomato and pepper
(Roye et al 1999). There are many more viruses in the world that infect tomato
and also typical “tomato” viruses that infect other crops, but the objective of this
paragraph is only to provide a sense of the large diversity of geminiviruses infect-
ing tomato and not to provide an exhaustive list.
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Figure 1. The diagram represents a world map on which each of the 57 members representing 57
begomovirus species as per the ICTV list of 2006. The exact name and accession numbers of the
isolates are listed below. The upper part of the diagram shows a phylogenetic tree of these 57
viruses using their complete A component sequence. The Clustal V algorithm of the program
MegAlign from DNAStar has been used and distances in percentage difference are indicated on
the left. The tree shows a partition in 4 major clusters, America, Africa, the Indian subcontinent
and Asia respectively in blue, green, orange, and purple colors, belonging to two branches called,
NW Tomato Begomoviruses and OW Tomato Begomoviruses. The individual viruses composing
these clusters are positioned on the world map as stars of the same colors. In addition, there are
four “outsiders”, meaning not fitting with the geographical distribution described above, that
have been indicated on the map as white stars and located in Indochina, Indonesia, Philippines,
and Australia. Furthermore, we have indicated if the genome of these viruses has two (green dot)
or one (red dot) component and if a beta molecule has been found associated to each virus (blue
dot). The accession numbers of the virus sequences used in the figure and their complete names
can be found in Table 1.
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Tuble 2. List of 59 virus isolates (written in black) used in this chapter belonging to 15 different strains
(written in red) and six different species of the Tomato yellow leaf curl virus cluster (written in green).
The accession numbers of the complete A component sequence is indicated in the second column and
the abbreviation of the name of the virus isolates and strains is indicated in the third column

Tomato leaf curl Sudan virus

Tomato leaf curl Sudan virus — Gezira

Tomato leaf curl Sudan virus — Gezira
[Sudan:Gezira:1996]

Tomato leaf curl Sudan virus — Shambat
Tomato leaf curl Sudan virus — Shambat
[Sudan:Shambat:1996]

Tomato leaf curl Sudan virus — Yemen
Tomato leaf curl Sudan virus — Yemen
[Yemen:Tihamah:2006]

Tomato yellow leaf curl Axarquia virus
Tomato yellow leaf curl Axarquia virus —
[Spain:Algarrobo:2000]

Tomato yellow leaf curl Malaga virus
Tomato yellow leaf curl Malaga virus —
[Spain:421:1999]

Tomato yellow leaf curl Mali virus

Tomato yellow leaf curl Mali virus — Ethiopia

Tomato yellow leaf curl Mali virus — Ethiopia
[Ethiopia:Melkassa:2005]

Tomato yellow leaf curl Mali virus — Mali

Tomato yellow leaf curl Mali virus — Mali [Mali]

Tomato yellow leaf curl Sardinia virus

Tomato yellow leaf curl Sardinia virus — Italy

Tomato yellow leaf curl Sardinia virus — Italy
[Italy:Sardinia:1988]

Tomato yellow leaf curl Sardinia virus — Sicily

Tomato yellow leaf curl Sardinia virus — Sicily
[Israel:Henryk:2005]

Tomato yellow leaf curl Sardinia virus — Sicily
[Italy:Sicily]

Tomato yellow leaf curl Sardinia virus — Sicily
[Tunisia:Bkalta 3:2002]

Tomato yellow leaf curl Sardinia virus — Spain

Tomato yellow leaf curl Sardinia virus — Spain
[Spain:Almeria 2:1992]

Tomato yellow leaf curl Sardinia virus — Spain
[Spain:Canary]

Tomato yellow leaf curl Sardinia virus — Spain
[Spain:Murcia 1:1992]

Tomato yellow leaf curl Sardinia virus — Spain
[Morocco:Agadir:2002]

AY 044137

AY 044139

EF110890

AY227892

AF271234

DQ358913

AY 502934

X61153

DQ845787
728390

AY 736854

L27708
AJ519675
725751

AY 702650

ToLCSDV-Gez
ToLCSDV-Gez[SD:Gez:96]

ToLCSDV-Sha
ToLCSDV-Sha[SD:Sha:96]

ToLCSDV-YE
ToLCSDV-YE[YE:Tih:06]

TYLCAxV-[ES:Alg:00]

TYLCMalV-[ES:421:99]

TYLCMLV-ET
TYLCMLV-ET[ET:Mel:05]

TYLCMLV-ML
TYLCMLV-ML[ML]

TYLCSV-IT
TYLCSV-IT[IT:Sar:88]

TYLCSV-Sic
TYLCSV-Sic[IL:Hen:05]

TYLCSV-Sic[IT:Sic]

TYLCSV-Sic[TN:Bk3:02]

TYLCSV-ES
TYLCSV-ES[ES:Alm2:92]

TYLCSV-ES[ES:Can]
TYLCSV-ES[ES:Murl:92]

TYLCSV-ES[MA:Aga:02]

(continued)
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Tomato yellow leaf curl virus

Tomato yellow leaf curl virus — Gezira

Tomato yellow leaf curl virus — Gezira
[Sudan:1996]

Tomato yellow leaf curl virus — Iran

Tomato yellow leaf curl virus — Iran [Iran]

Tomato yellow leaf curl virus — Israel

Tomato yellow leaf curl virus — Israel
[Australia:Brisbane:2000]

Tomato yellow leaf curl virus — Israel
[China:Shangai 2:2005]

Tomato yellow leaf curl virus — Israel
[Cuba]

Tomato yellow leaf curl virus — Israel
[Dominican Republic]

Tomato yellow leaf curl virus — Israel
[Egypt:Ismaelia]

Tomato yellow leaf curl virus — Israel
[Egypt:Nobaria:1991]

Tomato yellow leaf curl virus — Israel
[Israel:Rehovot:1986]

Tomato yellow leaf curl virus — Israel
[Italy:Sicily:2004]

Tomato yellow leaf curl virus — Israel
[Japan:Haruno:2005]

Tomato yellow leaf curl virus — Israel
[Japan:Misumi:Stellaria]

Tomato yellow leaf curl virus — Israel
[Japan:Miyazaki]

Tomato yellow leaf curl virus — Israel
[Japan:Omura:Eustoma]

Tomato yellow leaf curl virus — Israel
[Japan:Omura]

Tomato yellow leaf curl virus — Israel
[Japan:Tosa:2005]

Tomato yellow leaf curl virus — Israel
[Jordan:Tomato:2005]

Tomato yellow leaf curl virus — Israel
[Lebanon:Tomato:2005]

Tomato yellow leaf curl virus — Israel
[Mexico:Culiacan:2005]

Tomato yellow leaf curl virus — Israel
[Morocco:Berkane:2005]

Tomato yellow leaf curl virus — Israel
[Puerto Rico:2001]

Tomato yellow leaf curl virus — Israel
[Spain:Almeria:Pepper:1999]

Tomato yellow leaf curl virus — Israel
[Tunisia:2005]

AY 044138

AJ132711

1934*
AM?282874
AJ223505
AF024715
AY594174
EF107520
X15656
DQ144621
AB192966
AB116631
AB116629
AB116630
AB110217
AB192965
EF054893
EF051116
DQ631892
EF060196
AY134494
AJ489258

EF101929

TYLCV-Gez
TYLCV-Gez[SD:96]

TYLCV-IR
TYLCV-IR[IR]

TYLCV-IL
TYLCV-IL[AU:Bri:06]

TYLCV-IL[CN:SH2:05]
TYLCV-IL[CU]
TYLCV-IL[DO]
TYLCV-IL[EG:Ism]
TYLCV-IL[EG:Nob:91]
TYLCV-IL[IL:Reo:86]
TYLCV-IL[IT:Sic:04]
TYLCV-IL[JR:TosH:05]
TYLCV-IL[JR:Mis:Ste]
TYLCV-IL[JR:Miy]
TYLCV-IL[JR:Omu:Eus]
TYLCV-IL[JR:Omu]
TYLCV-IL[JR:Tos:05]
TYLCV-IL[JO:Tom:05]
TYLCV-IL[LB:Tom:05]
TYLCV-IL[MX:Cul:05]
TYLCV-IL[MO:Ber:05]
TYLCV-IL[PR:01]
TYLCV-IL[ES:Alm:Pep:99]

TYLCV-IL[TN:05]

(continued)
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Table 2. (continued)

Tomato yellow leaf curl virus — Israel
[Turkey:Mersin:2004]

Tomato yellow leaf curl virus — Israel
[US:Florida]

Tomato yellow leaf curl virus — Mild

Tomato yellow leaf curl virus — Mild
[Israel;1993]

Tomato yellow leaf curl virus — Mild
[Japan:Aichi]

Tomato yellow leaf curl virus — Mild
[Japan:Atumi]

Tomato yellow leaf curl virus — Mild
[Japan:Daito]

Tomato yellow leaf curl virus — Mild
[Japan:Kisozaki]

Tomato yellow leaf curl virus — Mild
[Japan:Osuka]

Tomato yellow leaf curl virus — Mild
[Japan:Shimizu]

Tomato yellow leaf curl virus — Mild
[Japan:Shizuoka]

Tomato yellow leaf curl virus — Mild
[Japan:Yaizu]

Tomato yellow leaf curl virus — Mild
[Jordan:Cucumber:2005]

Tomato yellow leaf curl virus — Mild
[Jordan:Homra:2003]

Tomato yellow leaf curl virus — Mild
[Jordan:Tomato:2005]

Tomato yellow leaf curl virus — Mild
[Lebanon;L.BA44:05]

Tomato yellow leaf curl virus — Mild
[Portugal:2:1995]

Tomato yellow leaf curl virus — Mild
[Reunion:2002]

Tomato yellow leaf curl virus — Mild
[Spain:72:1997]

Tomato yellow leaf curl virus — Mild
[Spain:Almeria:1999]

AK3812277

AY 530931

X76319

AB014347

ABI116633

ABI116635

AB116634

AB116636

ABI110218

AB014346

AB116632

EF158044

AY 594175

EF054894

EF185318

AF105975

AJB65337

AF071228

AJ519441

TYLCV-IL[TR:Mer:04]

TYLCV-IL[US:Flo]

TYLCV-MId
TYLCV-MId[IL;93]

TYLCV-MId[JR:Aic]
TYLCV-MId[JR:Atu]
TYLCV-MId[JR:Dai]
TYLCV-MId[JR:Kis]
TYLCV-MId[JR:Osu]
TYLCV-MId[JR:Shi]
TYLCV-MId[JR:Shz]
TYLCV-MIA[JR: Yai]
TYLCV-MId[JO:Cuc:03]
TYLCV-MId[JO:Hom03]
TYLCV-MId[JO: Tom:03]
TYLCV-MId[ILB;LBA44:05]
TYLCV-MIA[PT:2:95]
TYLCV-MIA[RE:02]
TYLCV-MI[ES:72:97]

TYLCV-MIA[ES:Alm:99]

* Australian accession #

7. TOMATO BEGOMOYVIRUSES IN THE OLD WORLD

The geminiviruses are grouped into OW(consisting of Asia along with the
Indian subcontinent and Africa) or NW(encompassing the whole of the
American continent) types based upon their geographical origin and number of
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genomic components they possess. This classification is also based on their
genome sequences (Figure 1). Several OW tomato-infecting begomoviruses have
been reported from Asia and some of them are Tomato leaf curl virus (ToLCV),
Tomato leaf curl Laos virus (ToLCLV), Tomato leaf curl Malaysia virus
(ToLCMYV), Tomato leaf curl Philippines virus (ToLCPV), Tomato yellow leaf
curl China virus (TYLCCNYV), Tomato leaf curl Taiwan virus (ToOLCTWYV),
Tomato leaf curl Vietnam virus (TOLCVNYV), and Tomato leaf curl Thailand virus
(TYLCTHYV). Several such viruses have been also reported from the Indian sub-
continent, to mention a few — Tomato leaf curl Bangladesh virus (ToLCBDYV),
Tomato leaf curl Karnataka virus (ToLCKYV), Tomato leaf curl Gujarat virus
(ToLCGYV), Tomato leaf curl Sri Lanka virus (ToLCSLV), Tomato leaf curl
Bangalore virus (ToLCBYV), and Tomato leaf curl New Delhi virus (ToOLCNAV).

Viruses are also being extensively studied and reported from the African con-
tinent such as Tomato leaf curl Sudan virus (ToLCSDV), Tomato yellow leaf
curl Mali virus (TYLCMLYV), Tomato yellow leaf curl Sardinia virus (TYLCSV),
Tomato curly stunt virus (ToCSV) (Fauquet et al., 2003; 2007; Fauquet &
Stanley, 2005).

8. TOMATO BEGOMOVIRUSES IN THE MEDITERRANEAN BASIN

Among the begomoviruses infecting tomato, TYLCV is the most notorious in
terms of the intensity of the disease and the number of countries it is spread into.
TYLCV is highly prevalent in the Mediterranean region (Moriones & Navas-
Castillo, 2000). In addition to the tomato leaf curl disease the TYLCV causes the
bean crumple disease in common bean, and usually in association with the
Tomato yellow leaf curl Malaga virus (TYLCMalV), which is a recombination
product of two different tomato infecting begomoviruses belonging to two differ-
ent species, TYLCV and Tomato yellow leaf curl Sardinia virus (TYLCSV) (Monci
et al., 2002). TYLCSYV infects the tomato crop, but not the common bean (Noris
et al., 1994; Sanchez-Campos et al., 1999). Since 1992 TYLCSV-ES was reported
as the causal agent in Spain, and epidemics of TYLCD have caused devastating
damage to both field and greenhouse tomato crops (Noris et al., 1994; Fauquet
et al., 2000). In 1997, another begomovirus, the mild strain of TYLCV (TYLCV-
Mlid) was also found associated with isolates of TYLCSV in the TYLCD epi-
demics (Navas-Castillo et al., 1997, 2000). Both viruses are frequently found in
mixed infections in single tomato plants (Sanchez-Campos et al., 1999).

Other than Spain, all the isolates found in South Europe and North Africa
belong to the species TYLCV and TYLCSV (Accotto et al., 2000; Chouchane
et al., 2006; Tahiri et al., 2006). The eastern part of the Mediterranean basin has
representatives of the same strains (Anfoka et al., 2005) with the addition of
TYLCV-IR from Iran (Bananej et al., 2004). In the Nile region of eastern Africa,
Idris & Brown (2005) detected different tomato begomoviruses including the strain
TYLCV-Gez that has a high homology with the TYLCV-MId sequence. Moreover,
Shih et al. (2006) reported new symptoms on cultivated tomatoes in Ethiopia
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during 2003, and molecular techniques allowed them to identify TYLCMLYV as the
causing agent for the severe symptoms and member of a new species.

9. PAIRWISE COMPARISONS OF TYLCV-LIKE VIRUSES

One way to appreciate the geminivirus diversity is to use the pairwise sequence
comparison method and compare different subsets of viruses. The method is
very simple and consists in comparing geminivirus sequences two by two and
after aligning them to calculate a percentage of sequence identity for the pair.
The exercise is repeated for all the pairs of viruses in a population set and these
numbers are then plotted for their distribution, and subsets of viruses can then
be compared for this distribution relative to the general distribution. If all virus
sequences were randomly and normally distributed we would obtain a single
peak with a bell curve shape, and therefore any other distribution will indicate a
nonrandom distribution (Figures 2 and 3).

If all tomato-infecting geminivirus sequences, at the species level, are com-
pared; they form two distinct peaks in their pairwise distribution (Figure 2A).
The most divergent one ranges from 45% to 60%, while the second one is from
60% to 90%. The first peak corresponds to comparisons between viruses from
the OW and the NW (Figure 2A), while the second peak corresponds to com-
parisons within each world (Figure 2B, C). This diagram is showing that there
is the same molecular diversity in each part of the world and that the TYLCV
cluster is typical of the OW geminiviruses.

If only tomato viruses of the Mediterranean basin are considered (Figure 3),
there is much less diversity and it ranges from 70% to 100% with several peaks
(Figure 3A). The least conserved one from 70% to 90% corresponds to the
comparisons between the species of that group (Figure 3B), while the compari-
son between isolates varies between 85% and 100% (Figure 3C). Within virus
isolates, one can easily distinguish two peaks, the first one corresponds to virus
strains and varies between 85% and 94% (Figure 3D) and finally comparisons
between variants varies from 95% to 100% (Figure3E).

This type of distribution implies that viruses cannot occupy the whole
molecular diversity spectrum, but only some specific parts of it, probably due to
structural and functional constraints. The pairwise comparison system can in
turn be an aid for virus classification and it is effectively highly used for gemi-
nivirus classification. This molecular diversity analysis is the basis for the
classification of TYLCV-like viruses described in the following paragraphs.

10. GEOGRAPHICAL DISTRIBUTION OF TYLCV-LIKE VIRUSES

TYLCD was challenged nearly a century ago in Europe by carrying out
breeding for resistance (Herrmann 1921). The virus causing this disease was
first mentioned in the early 1960s in Israel (Cohen & Harpaz 1964) and
Sudan (Yassin & Nour 1965). In the 1970s, reports on incidence of TYLCD
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Figure 2. Distribution of 1,596 pairwise identity percentages between 57 tomato begomovirus
DNA-A component sequences. The horizontal axes show percentage of pairwise comparisons and
the vertical axes show the number of comparisons for each percentage. The yellow bars represent
the distribution of the total population of chosen viruses, and the green bars represent specific sub-
groups of these pairwise comparisons: (A) comparison between NW and OW tomato bego-
moviruses, (B) comparison between NW and NW tomato begomoviruses, (C) comparison between
OW and OW tomato begomoviruses. The comparisons were generated using the Clustal V algo-
rithm of the MegAlign program (DNAstar).
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Figure 3. Distribution of 1,710 pairwise identity percentages between 59 tomato begomovirus DNA-A
component sequences belonging to the Tomato yellow leaf curl virus cluster. The horizontal axes show
percentage of pairwise comparisons and the vertical axes show the number of comparisons for each
percentage.
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Figure 3. (continued) The yellow bars represent the distribution of the total population of 57 viruses
representing 57 species of tomato begomoviruses, and the blue or green bars represent specific sub-
groups of pairwise comparisons within the TYLCV cluster: (A) comparison between the 59 bego-
moviruses of the TYLCV cluster at all taxonomic levels; (B) comparison between the 59
begomoviruses of the TYLCV cluster at the species level; (C) comparison between the 59 bego-
moviruses of the TYLCYV cluster at the isolate level; (D) comparison between the 59 begomoviruses of
the TYLCV cluster at the strain level, E) comparison between the 59 begomoviruses of the TYLCV
cluster at the variant level. The comparisons were generated using the Clustal V algorithm of the
MegAlign program (DNAstar). In the panel A, the colored curves indicate the expected position of
each of the taxonomic levels.

had suddenly increased in different parts of the world associated with the
increased whitefly (B. tabaci) population and huge yield loss in tomato pro-
duction, ranging from 50% to 100%, were recorded (Makkouk et al., 1979).
The accepted bipartite nature of begomoviruses had made it difficult to prove
that this virus was a monopartite begomovirus, and it is only in the early
1990s that the full length complete sequence of the virus was published and
proved to be a monopartite begomovirus (Navot et al., 1991). The studies on
whitefly populations, during the early 1990s, indicated that a new biotype of
whitefly had emerged with increased capability of acquiring and transmitting
geminiviruses in a broader host range (Bedford et al., 1994). In recent years
there have been frequent reports of mixed infections of different TYLCV-like
viruses (Monci et al., 2002; Accotto et al., 2003; Anfoka et al., 2005) and such
mixed infected plants act as the reservoirs for recombination, diversity, and
subsequent evolution of these viruses. Furthermore, Cynanchum acutum is a
natural host of TYLCYV that is important in the repeated introduction of the
virus into tomatoes in the Jordan Valley (Cohen et al., 1988).

The assessment of the geographical distribution for TYLCV was carried out
for the first time in 1990 by hybridization experiments with specific probes
(Czosnek et al., 1990), and has been followed by other laboratories since.
Nowadays, we can have a better evaluation of its geographical distribution by
analyzing the sequences published in GenBank for TYLCV and other closely
related viruses.



Molecular Biodiversity, Taxonomy, and Nomenclature 103

Interestingly, TYLCYV sequences are reported with often an increased aggres-
siveness and fast spreading in the newly invaded ecosystems. On the world map,
TYLCD started to appear first in the Middle East and the Mediterranean
basin, particularly in Italy (Khyer-Pour et al., 1991) and Spain (Noris et al.,
1994), where initially the new viruses were mistakenly identified as TYLCV iso-
lates. TYLCV was first reported in the NW in the late 1990s (Czosnek &
Laterrot, 1997) to progressively invade all Central America and the south of
the USA (Polston & McGovern, 1999). It is interesting to note that TYLCV
has not been reported in South America so far. Also in the 1990s, there was the
first reports of TYLCYV in Japan (Kato et al., 1998), followed very recently in
China (Wu et al., 2006) and even recently in Australia, despite their very strict
quarantine regulations (Tesoriero & Azzopardi 2006).

Table 3 lists the timing of virus distribution of TYLCV-like viruses in the
world. Sequence identity is the most important criterion used to study the global
distribution of the TYLCV-like viruses and the first TYLCV isolate described
from Israel (TYLCV-IL), as well as its mild strain (TYLCV-mild) are the most
widely spread across the globe (Figure 4).

There are no definitive explanations for the wide spread of TYLCYV, although
several hypothesis have been proposed including the physical transfer of
infected plantlets from Israel to the Caribbean by commercial companies
(Czosnek & Laterrot, 1997), or the fact that the petiole of virus infected
exported tomato fruits could serve as inoculum for whitefly transmission
(Delatte et al., 2003). In any case, it is apparent that the human trade activities
are largely responsible for the uncontrolled worldwide spread of this virus dis-
ease, and this could explain the fact that some regions have not yet been invaded
such as South America or India (see Part I, Chapter 4). It is also possible that
TYLCV isolates enter in competition with local geminiviruses and may not nec-
essarily be successful, and this could account for their absence in some parts of
India where extremely aggressive viruses already occupy the tomato niche
(Padidam et al., 1995a, b; Chakraborty et al., 2003).

11. MOLECULAR DIVERSITY AND RECOMBINATION AMONG
TYLCV-LIKE VIRUSES

Since the late 1970s, reports on incidence and disease symptoms of TYLCD has
increased rapidly in different parts of the world, this increase was always asso-
ciated with the increased population of whitefly (B. tabaci) and huge yield losses
that ranged from 50% to 100% (Makkouk et al., 1979).

Whiteflies were reported to colonize many crops in Florida (Schuster
et al., 1991), California (Perring et al., 1993), Texas, Arizona, Central and
South America (Brown, 1994) and in many other parts of the world. The
whitefly population reports during the early 1990s indicated that the physi-
ology, behavior, reproduction, and genetics of whiteflies were different from
the population that was present before 1989; new biotypes of whitefly had



104 Abhary et al.

Tuable 3. Distribution of Tomato yellow leaf curl virus and TYLCV-like isolates in the world;
published complete sequences from different countries around the world are indicated in respect of
the virus species, strain, and the year of publication. Other complete sequences for the virus are
available in GeneBank and are updated regularly

Year
Virus species | Virus strain Country reported  Reference
Israel 1990 Czosnek et al., 1990
Egypt 1993 Nakhla et al., 1993
Lebanon 1995 Abou-Jawdah, 1995
Jamaica 1995 Wernecke et al., 1995
Portugal 1996 Louro et al., 1996
Spain 1997 Navas-Castillo et al., 1997
Japan 1998 Kato et al., 1998
USA 1999 Polston et al 1999
TYLCV-IL Puerto Rico 2001 Bird et al., 2001
Cuba 2002 Quinones et al., 2002
Dominican Rep 2002 Salati et al., 2002
Italy 2003 Accotto et al., 2003
TYLCV Jordan 2005 Anfoka et al., 2005
China 2006 Wu J. et al., 2006
Turkey 2006 Kokli et al., 2006
Mexico 2006 Brown, J K. & Idris,
A.M. 2006
Australia 2006 Tesoriero, L. &
Azzopardi, S. 2006
Israel 1994 Antignus, E.Y. &
Cohen, S. 1994
Portugal 2000 Navas-Castillo et al., 2000
TYLCV-MId Spain 2000 Navas-Castillo et al., 2000
Japan 2004 Ueda et al., 2004
Jordan 2005 Anfoka et al., 2005
Reunion 2005 Delatte et al., 2005
TYLCV-IR Iran 2004 Bananej et al., 2004
TYLCSDV - Sudan 2005 Brown, J. & Idris, A. 2005
TYLCMLV-ML Mali 1991 Dembele, D. &
TYLCMLV Noussourou, M. 1991
TYLCMLV-ET Ethiopia 2006 Shih et al., 2006
TYLCSV-IT ITtaly 1991 Kheyr-Pour et al., 1991
TYLCV-ES Spain 1994 Reina et al., 1994
TYLCSV Jordan 2005 Anfoka et al., 2005
Morocco 2006 Tabhiri et al., 2006
TYLCSV-Sic Tunisia 2006 Gharsallah et al., 2006
TYLCMalV - Spain 2002 Monci et al., 2002
TYLCAxV - Spain 2006 Garcia-Andres et al., 2006
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Figure 4. The diagram represents a world map on which each of the 59 members representing 6 bego-
movirus species of the TYLCYV cluster. The exact name, abbreviation, and accession numbers of the iso-
lates are listed in Table 2. The upper part of the diagram shows a phylogenetic tree of these 59 viruses
using their complete A component sequence. The Clustal V algorithm of the program MegAlign from
DNAStar has been used and distances in percentage difference are indicated on the left. The tree shows
a partition in 6 major clusters, one for each of the 6 designated species, TYLCV, TYLCSV, TYLCAXYV,
TYLCMalV, TYLCMLY, and ToLCSDYV, respectively in yellow, green, grey, red, blue, and purple col-
ors. These 6 species constitute the so-called TYLCV cluster of the OW begomoviruses. The individual
viruses composing these clusters are positioned on the world map, as dots of various colors represent-
ing their pertaining to one of the 15 specific strains of the 6 species, as indicated in the colored boxes at
the bottom of the tree. On the world map, the individuals pertaining to the same species are circled with
the same color as indicated by the name of the species of the boxes of the on the phylogenetic tree.

emerged with capabilities of acquiring and transmitting geminiviruses more
efficiently, also to a broader host range (Bedford et al., 1994) with an
outbreak of apparently new geminiviruses (Polston & Anderson 1997).
Introducing begomoviruses into the new areas through trading, transporta-
tion, and other human activities encourages adaptation and evolution of the
invading virus.

Mixed infected host plants with genetically divergent begomoviruses or
different species of the same virus (TYLCYV) have been reported a number of
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times (Ooi et al., 1997; Anfoka et al., 2005), and such mixed infected plants are
the reservoirs for recombination, diversity, and evolution of these viruses, which
largely depend on recombination for selective advantages (Bonnet et al., 2005).

Increased virulence and disease severity were always reported with the
discovery of new recombinants of TYLCV-like viruses (Monci et al., 2002;
Garcia-Andrés et al., 2006). Monci et al. (2002) showed how the new recombi-
nant TYLCMalV became prevalent in Spain because of its better acquisition by
the whiteflies and its broader host range than both of its parents (Monci et al.,
2002; see also Part II, Chapter 3).

12. MECHANISMS FOR MOLECULAR DIVERSITY
OF TYLCV-LIKE VIRUSES

Genetic variation within the genome of TYLCV-like viruses could arise either
through simple mutations or complicated recombination events. TYLCV-like
viruses depend on the replication machinery of the plant host cell and their
enzymes for their replication and transcription in the nucleus of infected cell
(Hanley-Bowdoin et al., 1999). The replication occurs either through rolling-
circle-replication (RCR) or the recombination-dependent-replication (RDR),
thus encouraging recombinations (Preiss & Jeske 2003). Begomoviruses escape
the repair mechanism of the replication errors, because of the absence of methy-
lation of their replicative forms and thus the lack of mismatch repair, as
the mismatch repair normally involves DNA methylation, and this allows the
inheritance of the mutations (Roossinck, 1997).

In most cases, the resulting recombinant is naturally selected for a better
fitness and/or better acquisition by the whitefly vector (Monci et al., 2002) but
most certainly the selected recombinant, with a more aggressive behavior, is
not the only recombinant in the recombination pool. Morilla et al. (2004)
examined tomato cells infected with both TYLCSV and TYLCYV, and they
found that the level of mixed infection invades at least one fifth of all the
nuclei. This may indicate a huge potential for recombination between TYLCV
and TYLCSYV, but at least one recombinant could be detected in the mixed
infected plants due to its successful replication and movement. Other recom-
bination events might not have the chance to be detected by PCR or hybridiza-
tion techniques as these recombinants might not have the right combination
of sequences to be replicated.

Interaction with the host is another important factor for the selection of
recombinants with a better fitness; Fauquet et al. (2005) proposed that the
region between AC1-AC4 is subjected to frequent recombinations due to its
interaction with the host factors. On the other hand, natural sources of virus
resistance and intensive breeding programs can be a major factor in selecting
recombinants that can break the resistance (Lapidot & Friedman 2002). Polston
et al. (2006) described how the Capsicum species were tamed by TYLCYV, which
broke the immunity barrier and achieved 100% infection, with the enhanced
capability of offering easy whitefly transmission to tomato plants.
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Incorporating one strand from a virus into the genome of another virus
requires homologous conserved sequences between the donor and the recipient
viruses. Such homologous stretches of sequences serve as recombination junc-
tions and are referred as recombination hot spots because of the high frequency
of recombination in these sites (Stanley, 1995). The region from 2,600 to 150 nt,
encompassing the N-terminus of the Rep and the stem-loop, is an obvious hot
spot for recombination (Navas-Castillo et al., 2000; Sanz et al., 1999, 2000;
Kirthi et al., 2002; Bananej et al., 2004; Jovel et al., 2004). The inter-cistronic
region (ICR), contains cis-acting signals that regulate the replication like the
iterons and regulatory motifs required for the control of gene expression (Eagle
et al., 1994). The ICR also has the highly conserved nonanucleotide sequence
TAATATTLAC containing the nicking/initiation site ({) for replication (Hanley-
Bowdoin et al., 1999). Furthermore, a specific interaction between the N-termi-
nus of the Rep protein and the iteron has been demonstrated, thus the DNA
coding for the protein motives and the iterons are functionally associated and are
selected together during the recombination events (Chatterji et al., 2000).

Fauquet et al. (2005) predicted another hot spot of recombination in the posi-
tion around the nucleotide 2000 present within the Rep gene, which was based
on the study of 19 begomoviruses-infecting tomato with a monopartite genome
in the OW (Fauquet et al., 2005). Though the presence of such hot spots were
suggested, at the same position for other geminiviruses infecting other hosts
(Xie & Zhou, 2003), their precise recombination junction was not mapped. The
recently reported recombinant species TYLCMalV (AF271234) and TYLCAxV
(AY?227892) indicate the presence of another hot spot at the region surrounding
the nucleotide 1800, for which both viruses show a recombination event.
Sequence alignment of this region, between the recombinants and other viruses;
indicates a highly conserved sequence, suggesting that this region may serve as
the junction for recombination.

These predicted recombination sites were confirmed by the RDP2 software,
by sequence comparisons of representatives of all the species of TYLCV-like
viruses and other closely related viruses (Martin et al., 2005). This analysis
also identified similar such recombination junctions embedded in small
stretches of highly conserved regions located around the nucleotides 500
(CTGAACTTCGACAGCCC), 1100 (CAAATATAATAAA), 1800 (CCTT-
TAATTTGAATGGG, or AAGATAGTGGGAAT), and nucleotide 2200
(GGAACTTGAT). These sequences are conserved among all TYLCYV isolates
and other related TYLCV-like viruses, creating a clear linkage point between
different species members.

13. RECOMBINATION MAP OF MEMBERS OF THE TYLCV
CLUSTER

Figure 5 shows a color-coded diagrammatic representation of the common
sequences between virus isolates representing the 6 species and the 15 strains of
the TYLCV-cluster. Pairwise comparisons of pairs of sequences were done
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Figure 5. The diagram represents a recombination map of representative members of 15 strains
pertaining to the 6 species of the TYLCV cluster. Recombinations were assessed by pairwise
comparisons relative to a “species” profile and a “strain” profile (Fauquet et al., 2005). The key for
the different colors is indicated at the bottom of the figure while the position of the recombination
is indicated by the length of the genomes at the top of the figure and the genetic map of the viruses
in the center of the figure. A phylogenetic tree of representatives of the 15 strains of the TYLCV
cluster is indicated on the left, and the scale indicates the level of divergence in percentages. The
comparisons and the tree were generated using the Clustal V algorithm of the MegAlign program
(DNAstar). The scale on the left represents the sequence percentage difference. The abbrevia-
tion and accession numbers of the representatives of the 15 strains of the TYLCV cluster are:
ToLCSDV-Gez[Gez]. AY 044137, ToLCSDV-Sha[Sha].AY 044139, ToLCSDV-
YE[YE:Tih:06].EF110890, TYLCAxV-[ES:Alg:00].AY227862, TYLCMaLV[ES:421:99].AF271234,
TYLCMLV-ET[ET:Mel:05]. DQ358913, TYLCMLV-ML[ML:03].AY502934, TYLCSV-ES|ES:
Murl:92].Z225751, TYLCSV-Sar[IT:Sar:88].X61153, TYLCSV-Sic[IT:Sic].Z28390, TYLCV-Gez
[SD:96].AY044138, TYLCV-IL[IL:Reh:86].X15656, TYLCV-IR[IR:Ira:98].AJ132711, TYLCV-
mld[IL:93].X76319, TYLCV-OM[Oma:AlB:05].DQ644565. The complete names of the viruses can
be found in Table 2. In addition a 16th sequence was used (TYLCIRV-[IR:Ira].AY297924) as it is
known that TYLCIRYV is related to TYLCV-IR via recombination.

between species representatives using a window of 50 nt across the entire length
of genome, starting at the nicking site “LAC” (Fauquet et al., 2005). Common
sequences with more than 89% identity were considered similar and the colors
indicate sequences of different origins. These common sequences presumably
resulted from recombination between different isolates that occurred in the
recent or long past. For clarity of the Figure 5, we have ignored sequences that
are smaller than 100 nt. In the majority of the cases the real “donor” of
sequence is unknown, and we can only point to common sequences between
2 or more viruses. The diagram in Figure 5 is showing some hot spots for recom-
bination as identified in the previous paragraph, i.e., £100, 500, 1,100, 1,800,
2,200 among others.
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14. OPPORTUNITIES FOR RECOMBINATION
OF TYLCV-LIKE VIRUSES

The emergence of TYLCV-like viruses is affected by many factors: the global
spread of TYLCV encountering other tomato viruses (discussed in this chapter)
provides new opportunities for these viruses to invade new ecological niches and
to house several viruses within a single plant, thereby promoting recombina-
tions. The frequency of coinfection of viruses belonging to different
strains/species from the same region in a single plant is very high for viruses
belonging to the TYLCV cluster (Monci et al., 2002; Accotto et al., 2003;
Anfoka et al., 2005). For these recombination events, it is currently impossible
to precisely distinguish between the old and new recombinants because of their
close relationships.

Among all the cases of detectable recombinations in the TYLCYV cluster, two
belong to the first category, and these are TYLCAxV and TYLCMalV. This
can be attested by the fact that despite a high level of surveillance of tomato
viruses in Spain it is only recently that they were identified (Monci et al., 2002;
Garcia-Andres et al., 2006) and secondly because of the type of recombination
having a very high P value (Sawyer et al., 1989) and a very obvious pairwise
recombination (Fauquet et al., 2005). It is hypothesized that TYLCV-IL and
TYLCV-MId have been introduced in Spain in the 1990s, allowing recombina-
tion with the local viruses, namely TYLCSV-Sac, -Sic, and -ES. These two
recombinants are the only two cases where we could identify both parents in
the TYLCV-cluster. All the other cases illustrated in Figure 5, presumably
result from fairly old recombinations between local viruses known or unknown
(marked with a “?” on the figure), with much lower P values for the estimated
recombinations (Fauquet et al., 2005).

15. POSSIBLE LINEAGE BETWEEN TYLCV-LIKE VIRUSES

Figure 6, derived from Figure 5, is an attempt to retrace the lineage of TYLCV-
like viruses with the geographical perspective. It is to be noted that for clarity,
the recent introductions/spread of some TYLCSVs in Morocco, Tunisia,
Lebanon, and Israel have been excluded from Figure 6. Primarily, TYLCV and
TYLCSV are the two parents of newly created recombinants, namely
TYLCAxV and TYLCMalV, resulting from the introduction of at least two
strains of TYLCV from the Middle East (TYLCV-IL and TYLCV-mld), and
perhaps also from the introduction of TYLCSV from Italy, unless this virus was
already present on the Spanish territory (shown by unidirectional blue and yel-
low arrows on Figure 6). In all other cases it was possible to reconstruct a pos-
sible lineage with local viruses and this is compatible with the map and
conclusions of Figure 5, supporting again the concept that the involved viruses
have been present for a long time in the same region. Until recently the
TYLCSYV species was confined to Italy-Spain and TYLCV to the Middle East
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extending up to Iran, whereas ToLCSD is confined to the Sudan—Yemen region.
The only case that is not highly consistent with the geographical distribution is
the TYLCMLYV species, with one strain identified from Mali and another in
Ethiopia. The Ethiopian strain is related to other isolates belonging to the
TYLCV and ToLCSDV species, therefore consistent with the geographical dis-
tribution. Trade between Mali and Ethiopia is not very intense and therefore it
might not be the only cause for this situation, but it is possible that we are miss-
ing viruses between these two regions that could bring intermediates and thereby
resolve the question. By the study of its sequence, we can however conclude that
the Malian isolate was not a recent introduction of the Ethiopian strain.

The overall geographical distribution of TYLCV-like viruses is fairly consistent
with a long term “natural” geographical distribution and a recent “Human” intro-
duction. In addition, we cannot exclude some short distance movement of viruses
by human interference. Evidently it is impossible to know what the original
donors were, but it is nevertheless possible to retrace the lineage of related viruses.

16. EVOLUTIONARY CONSIDERATION OF
BEGOMOVIRUSES AND TYLCV

Emergence of viral diseases can cause considerable damage to the crops (Chua
et al., 2000; Hahn et al., 2000; Rybicki & Pietersen, 1999; Schrag & Wiener,
1995). Viruses display much higher variability compared to other organisms and
at least two factors are responsible for this; an error-prone replication mecha-
nism in most plant viruses and a high recombination frequency in some plant
viruses (geminiviruses). Mutation is the most common viral genomic variation
and is estimated to be in the order of 10~ -10-> mutations per base every year.
This means that in average and if two mutations were not located twice at the
same base, a geminivirus sequence could be completely changed every 3,000
years! The second factor is recombination, which is important among plant
viruses and particularly those with single-stranded DNA genomes like gemi-
niviruses. Notably for the members of the family Geminiviridae, recombination
is extremely common, not only when forced under experimental conditions, but
also among naturally occurring isolates (Harrison & Robinson, 1999; Padidam
et al., 1999). Geminiviruses are extremely diversified as evaluated by the number
of species described so far (more than 200) (Fauquet et al., 2007). Due to the
broad feeding habits of the whiteflies, the geminiviruses they carry are intro-
duced in a large number of plant hosts, many of them already containing other
geminiviruses and thus their coexistence in the same plant host gives consider-
able opportunity for recombination to occur. It has been shown that gemi-
niviruses can recombine both at intraspecies and interspecies levels, and even at
the intergenera level, and that recombinations are extremely frequent for all
types of geminiviruses (Padidam et al., 1999).

A prerequisite for such a recombination is the encounter of different viruses
not only in the same host but within the same cell and the same nucleus. Recent
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introduction of begomoviruses into new areas provides an ideal in sitzu model to
analyze the aspects of genetic adaptation and evolution of an invading virus.
The spread of begomoviruses in Spain is now well documented (Sanchez-
Campos et al., 1999, 2002). The first reports of infections were made in early
1990s, associated with the presence of TYLCSV. Subsequently introductions of
TYLCYV isolates were reported, which provided the substrate for interactions,
and spread to new host species (Monci et al., 2002; Morilla et al., 2003, 2005;
Navas-Castillo et al., 1999). Garcia-Andres et al. (2006) have described a wild
reservoir of TYLCD-associated viruses, which helps to get an insight into the
bases of begomovirus epidemics and their evolution. They provide evidence for
the presence of a novel recombinant begomovirus TYLCAxV for which puta-
tive parents, with spatial (geographical area, host), and temporal origin, have
been suggested. The colonization of begomoviruses in Spain is an interesting
example of successful invasion following multiple introductions (Figure 6). This
provides novel sources of variation and conditions for genetic exchange, which
helps in local adaptation of the invader begomoviruses (Monci et al., 2002).

The presence of TYLCYV has also been reported in pepper plants at rates as
high as 100% by Polston et al. (2006), thus demonstrating the ability of pepper
to serve as reservoir for the acquisition and transmission of TYLCV.
Ambrozevicius et al. (2002) verified a close phylogenetic relationship between
begomoviruses infecting tomato and those associated with weeds in tomato
fields in the Southeastern region of Brazil, which was studied by direct sequenc-
ing of PCR fragments amplified by using universal oligonucleotides for the
begomovirus DNA-A, and subsequent computer-aided phylogenetic analysis.
This analysis indicated the presence of an additional four possible new species
and this high degree of genetic diversity suggested a recent transfer of indige-
nous begomovirus from wild hosts into tomatoes.

17. CONCLUSION

The analysis of DNA sequences has become the tool of choice to identify gem-
iniviruses and to study their diversity, allowing one to accurately identify the
virus and to evaluate its relationship with other isolates (Fauquet & Stanley,
2003; Crespi et al., 1995; Hong & Harrison, 1995; Kheyr-Pour et al., 1991; Noris
et al., 1994). Sequence comparisons of geminivirus genomes, genes, intergenic
region, and gene products have been used to construct phylogenetic trees (Hong
& Harrison, 1995; Howarth & Vandemark, 1989; Padidam et al., 1995a, b).
These analyses complemented by pairwise sequence analysis for the complete
DNA-A component, have shown that geminiviruses are generally geographi-
cally distributed with particularly NW and OW geminiviruses, but also down to
much smaller regions (Italy—Spain, Middle-East). Tomato begomoviruses are no
exception as exemplified by the very large number of tomato begomovirus
species in the world. Among them, TYLCV and closely related viruses form a
cluster called TYLCV-like cluster geographically distributed and originally
comprising isolates from the Mediterranean basin and Northern part of Africa.



Molecular Biodiversity, Taxonomy, and Nomenclature 113

Sequence comparisons have also suggested that new virus species be created
to accommodate all TYLCV-like viruses according to the ICTV species demar-
cation criteria; e.g., Tomato yellow leaf curl virus (TYLCV), Tomato yellow leaf
curl Sardinia virus (TYLCSV), Tomato yellow leaf curl Malaga virus
(TYLCMalV), Tomato yellow leaf curl Axarquia virus (TYLCAXV), Tomato
yellow leaf curl Malawi virus (TYLCMLV), and Tomato yellow leaf curl Sudan
virus (ToLCSDV) (Fauquet et al., 2003; Fauquet & Stanley, 2005). TYLCV and
TYLCSV are the two most distinct virus species without recombinations in
common, but all the other representative members of species in this cluster do
contain various recombinant fragments originating from TYLCV, TYLCSYV,
and other known or unknown viruses, forming now almost a continuum
network between the two species TYLCV and TYLCSYV. It thus becomes diffi-
cult to clearly demarcate each species, but the current classification is the best
one representing the molecular variability in nature. Furthermore these viruses
do contain some fragments that are common to other geminiviruses infecting
tomato and other plant species, indicating the great capacity of geminiviruses to
recombine and the essential role of recombination in their evolution. Novel
recombinants like TYLCAxV and TYLCMalV are extremely recent in their
origin (less than 12 years?) and this demonstrates the impact of modern agri-
culture/trade on geminivirus evolution. It remains to be seen if these viruses will
have a better fitness and will be able to invade new ecological niches.

A study of the distribution of TYLCYV, and TYLCSYV in the world indicates
that these viruses are rapidly spreading, as a result of human activities like trade,
and agribusiness in different parts of the world. However, this also indicates the
great capacity of some viruses like TYLCV and TYLCSV to adapt to new
niches that they invade very quickly, suppressing the occurrence of local viruses
like ToMoV in Florida. So far we have documentation for such worldwide
spread only for these viruses that could very well be exceptions, but also could
be the beginning of a trend with an increasing global trade. Still many TYLCV
recombinants with their local viruses such as ToMoV remain to be identified, as
now TYLCYV is infecting the same tomato host as local OW and NW gemi-
niviruses. If this was to happen, it could mark the second impact of humans
after crop domestication, directly impacting geminivirus evolution by promot-
ing adaptation to newly introduced hosts (domestication) and the creation of
hybrids between viruses that have been separated in their natural evolution dur-
ing several millions of years (international trade).

18. REFERENCES

Abou-Jawdah, Y. (1995). Serological reactivity of tomato yellow leaf curl geminivirus isolates from
Lebanon with heterologous monoclonal antibodies. Phytopathol. Mediterr. 34, 35-37.

Accotto, G. P, Navas-Castillo, J., Noris, E., Moriones, E., & Louro, D. (2000). Typing of tomato
yellow leaf curl viruses in Europe. Eur. J. Plant Pathol. 106, 179-186.

Accotto, G. P, Bragaloni, M., Luison, D., Davino, S., & Davino, M. (2003). First report of Tomato
yellow leaf curl virus (TYLCV) in Italy. Plant Pathol. 52, 799.



114 Abhary et al.

Ambrozevicius, L. P, Calegario, R. F.,, Fontes, E. P. B., Carvalho, M. G., & Zerbini, F. M. (2002).
Molecular detection and phylogenetic analysis of tomato- and weed infecting geminiviruses in
Southeastern Brazil. Fitopatologia Brasiliera 27, 372-377.

Anfoka, G. H., Abhary, M., & Nakhla, M. K. (2005). Molecular identification of species of the
Tomato yellow leaf curl virus complex in Jordan. J. Plant Pathol. 87, 61-66.

Antignus, E. Y. & Cohen, S. (1994). Cloning of tomato yellow leaf curl virus (TYLCV) and the
complete nucleotide sequence of a mild infectious clone Phytopathology 84, 707-712.

Bananej, K., Kheyr-Pour, A., Salekdeh, G. H. & Ahoonmanesh, A. (2004). Complete nucleotide
sequence of Iranian tomato yellow leaf curl virus isolate: further evidence for natural recombi-
nation amongst begomoviruses. Arch. Virol. 149, 1435-1443.

Bedford, I. D., Briddon, R. W., Brown, J. K., Rossel, R. C., & Markham, P. G. (1994). Geminivirus
transmission and biological characterization of Bemisia tabaci (Genn.) biotypes from different
geographic regions. Ann. Appl. Biol. 125, 311-325.

Bird, J.,, Idris, A. M., Rogan, D., & Brown, J. K. (2001). Introduction of the Exotic Tomato leaf curl
virus-Israel in tomato to Puerto Rico. Plant D. 85, 1028-1028.

Bonnet, J., Fraile, A., Sacristan, S., Malpica, J. M., & Garcia-Arenal, F. (2005). Role of recombina-
tion in the evolution of natural populations of Cucumber mosaic virus, a tripartite RNA plant
virus. Virology 332, 359-368.

Brown, J. K. (1994). The status of Bemisia tabaci (Genn.) as a pest and a vector in world agroe-
cosystems. FAO Plant Prot. Bull. 42, 3-32.

Brown, J. K. & Idris, A. M. (2005). Genetic differentiation of whitefly Bemisia tabaci mitochondr-
ial cytochrome oxidase I, and phylogeographic concordance with the coat protein of the plant
virus genus Begomovirus. Ann. Entomol. Soc. Am. 98, 827-837.

Brown, J. K. & Idris, A. M. (2006). Introduction of the exotic monopartite Tomato yellow leaf curl
virus into West Coast Mexico. Plant Dis. 90, 1360.

Brown, J. K. & Nelson, M. R. (1989). Two whitefly-transmitted geminiviruses isolated from pepper
affected with pepper tigre disease. Phytopathology 79, 908.

Chakraborty, S., Pandel, P. K., Banerjee, M. K., Kalloo, G., & Fauquet, C. M. (2003). Tomato leaf
curl Gujarat virus, a new begomovirus species causing a severe leaf curl disease of tomato in
Varanasi, India. Virology 93, 1485-1495.

Charlesworth, B. & Charlesworth, D. (2003). Evolution: A Very Short Introduction. Oxford: Oxford
University Press.

Chatterji, A., Chatterji, U., Beachy, R. N., & Fauquet, C. M. (2000). Sequence parameters that
determine specificity of binding of the replication-associated protein to its cognate site in two
strains of Tomato leaf curl virus-New Delhi. Virology 273, 341-350.

Chouchane, S. G., Gorsane, F., Nakhla, M. K., Maxwell, D. P, Marrakchi, M., & Fakhfakh, H.
(2006). Complete nucleotide sequence and construction of an infectious clone of a Tunisian iso-
late of Tomato yellow leaf curl Sardinia virus. J. Phytopathol. 154, 626-631.

Chua, K. B., Bellini, W. J., Rota, P. A., Harcourt, B. H., Tamin, A., Lam, S. K., Ksiazek, T. G.,
Rollin, P, Ezaki, S. R., Shieh,W. J., Goldsmith, C. S., Gubler, D. J., Roehrig, J. T., Eaton, B.,
Gould, A. R., Olson, J., Field, H., Daniels, P, Ling, A. E., Peters, C. J., Anderson, L. J., &
Mahy, B. W. J. (2000). Nipah virus: a recently emergent deadly paramyxovirus. Science
288, 1432-1435.

Cohen, S. & Harpaz, 1. (1964). Periodic, rather than continual acquisition of a new tomato virus by
its vector, the tobacco whitefly (Bemisia tabaci Gennadus). Entomologia Experimentalis et
Applicata 7, 155-166.

Cohen, S., Kern, J., Harpaz, 1., & Ben-Joseph, R. (1988). Epidemiological studies of the tomato yel-
low leaf curl virus (TYLCV) in the Jordan Valley, Israel. Phytoparasitica 16, 259-270.

Credi, R., Betti, L., & Canova, A. (1989). Association of a geminivirus with a severe disease of
tomato in Sicily. Phytopathol. Mediterr. 28, 223-226.

Crespi, S., Noris, E., Vaira, A. M., & Accotto, G. P. (1995). Molecular characterization of cloned
DNA from a tomato yellow leaf curl virus isolate from Sicily. Phytopathol Mediterr. 34, 93-99.



Molecular Biodiversity, Taxonomy, and Nomenclature 115

Czosnek, H. & Laterrot, H. (1997). A worldwide survey of tomato yellow leaf curl viruses. Arch.
Virol. 142, 1391-1406.

Czosnek, H., Navot, N., & Laterrot, H. (1990). Geographical distribution of tomato yellow leaf curl
virus. A first survey using a specific DNA probe. Phytopathol. Mediterr. 29, 1-6.

Delatte, H., Dalmon, A., Rist, D., Soustrade, 1., Wuster, G., Lett, J. M., Goldbach, W. R.,
Peterschmitt, M., & Reynaud, B. (2003). Tomato yellow leaf curl virus can be acquired and trans-
mitted by Bemisia tabaci (Gennadius) from tomato fruit. Plant Dis. 87, 1297-1300.

Delatte, H., Martin, D. P, Naze, F., Goldbach, R., Reynaud, B., Peterschmitt, M., & Lett, J. M.
(2005). South West Indian Ocean islands tomato begomovirus populations represent a new major
monopartite begomovirus group. J. Gen. Virol. 86, 1533-1542.

Dembele, D. & Noussourou, M. (1991). Tomato yellow leaf curl virus in Mali (in French). In:
H. Laterrot, C. Trousse (Eds.), Proceedings of the Seminar of EEC: Resistance of the Tomato
to TYLCV. Avignon, France, pp. 17-20.

Eagle, P. A., Orozco, B. M. & Hanley-Bowdoin, L. (1994). A DNA sequence required for gemi-
nivirus replication also mediates transcriptional regulation. Plant Cell 6, 1157-1170.

Fauquet, C. M. & Stanley, J. (2003). Geminivirus Classification and Nomenclature: progress and
problems. Ann. Appl. Biol. 142,165-189.

Fauquet, C. M. & Stanley, J. (2005). Revising the way we conceive and name viruses below the
species level: a review of geminivirus taxonomy calls for new standardized isolate descriptors.
Arch. Virol. 150, 2151-2179.

Fauquet, C. M., Maxwell, D. P., Gronenborn, B., & Stanley, J. (2000). Revised proposal for naming
geminiviruses. Arch. Virol. 145, 1743-1761.

Fauquet, C. M., Bisaro, D. M., Briddon, R. W., Brown, J. K., Harrison, B. D., Rybicki, E. P,
Stenger, D. C., & Stanley, J. (2003). Revision of taxonomic criteria for species demarcation in
the family Geminiviridae, and an updated list of begomovirus species. Arch. Virol. 148,
405-421.

Fauquet, C. M., Sawyer, S., Idris, A. M., & Brown, J. K. (2005). Sequence analysis and classification
of apparent recombinant begomoviruses infecting tomato in the Nile and Mediterranean Basins.
Phytopathology 95, 549-555.

Fauquet, C. M., Briddon, R. W., Brown, J. K., Moriones, E., Stenger, D. C., Stanley, J., Zerbini, M.,
& Zhou, X. (2007). Update of the list of species, strain and isolates in the family Geminiviridae.
Virol. J. (submitted).

Garcia-Andrés, S., Monci, F., Navas-Castillo, J., & Moriones, E. (2006). Begomovirus genetic diver-
sity in the native plant reservoir Solanum nigrum: Evidence for the presence of a new virus species
of recombinant nature. Virology 350, 433-442.

Garcia-Andrés, S., Monci, F., Sanchez-Campos, S., & Moriones, E. (2006). A recombinant between
the ES strain of Tomato yellow leaf curl Sardinia virus (TYLCSV-ES[1]) and Tomato yellow leaf
curl virus TYLCV)(cross-over points in the intergenic region and REn ORF
http://www.ncbi.nlm.nih.gov accession AY227892

Hahn, B. H., Shaw, G. M., De Cock, K. M., & Sharp, P. M. (2000). AIDS as a zoonosis: scientific
and public health implications. Science 287, 607-614.

Hanley-Bowdoin, L., Settlage, S. B., Orozoo, B. M., Nagar, S., & Robertson, D. (1999).
Geminiviruses: Models for plant DNA replication, transcription, and cell cycle regulation. Crit.
Rev. Plant Sci. 18, 71-106.

Harrison, B. D. & Robinson, D. J. (1999). Natural genomic and antigenic variation in whitefly-transmitted
geminiviruses (begomoviruses). Annu. Rev. Phytopathol. 37, 369-398.

Herrmann, F. (1921). Selection of a variety of tomato resistant to leaf-curl. Fur Obst-und.
Gartenbau zu Proskau. 1918-1919; 111.

Hong, Y. G. & Harrison, B. D. (1995). Nucleotide sequences from tomato leaf curl viruses from dif-
ferent countries: evidence for three geographically separate branches in the evolution of the coat
protein of whitefly-transmitted geminiviruses. J. Gen. Virol. 76, 2043-2049.

Howarth, A. J. & Vandemark, G. J. (1998). Phylogeny of geminiviruses. J. Gen. Virol. 70, 2717-2727.



116 Abhary et al.

Idris, A. M. & Brown, J. K. (2005). Evidence for interspecific-recombination for three monopartite
begomoviral genomes associated with the tomato leaf curl disease from central Sudan. Arch.
Virol. 150, 1003-1012.

Jovel, J., Reski, G., Rothenstein, D., Ringel, M., Frischmuth, T., & Jeske, H. (2004). Sida micrantha
mosaic is associated with a complex infection of begomoviruses different from Abutilon mosaic
virus. Arch. Virol. 149, 829-841

Kato, K., Onuki, M., Fuji, S., & Hanada, K. (1998). The first occurrence of tomato yellow leaf curl
virus in tomato (Lycopersicon esculentum Mill.) in Japan. Ann. Phytopathol. Soc. Japan 64, 552-559.

Kheyr-Pour, A., Bendahmane, M., Matzeit, M., Accotto, G. P., Crespi, S., & Gronenborn, B. (1991).
Tomato yellow leaf curl virus from Sardinia is a whitefly-transmitted monopartite geminivirus.
Nucleic Acids Res. 19, 6763-6769.

Kirthi, N., Maiya, S. P., Murthy, M. R., & Savithri, H. S. (2002). Evidence for recombination among
the tomato leaf curl virus strains/species from Bangalore, India. Arch. Virol. 147, 255-272.

Lapidot, M. & Friedman, M. (2002). Breeding for resistance to whitefly-transmitted geminiviruses.
Ann. Appl. Biol. 140, 109-127.

Louro, D., Noris, E., Veratti, F. & Accotto, G. P. (1996). First report of tomato yellow leaf curl virus
in Portugal. Plant Dis. 80, 1079.

Makkouk, K. M., Shehab, S., & Madjalani, S. E. (1979). Tomato yellow leaf curl: incidence, yield
losses and transmission in Lebanon. Phytopathol. Z. 96, 263-267.

Martin, D. P, Williamson, C., & Posada, D. (2005). RDP2: recombination detection and analysis
from sequence alignments. Bioinformatics 21, 260-262.

Mongci, F., Sanchez-Campos, S., Navas-Castillo, J., & Moriones, E. (2002). A natural recombinant
between the geminiviruses Tomato yellow leaf curl Sardinia virus and Tomato yellow leaf curl virus
exhibits a novel pathogenic phenotype and is becoming prevalent in Spanish populations.
Virology 303, 317-326.

Morilla, G., Antunez, C., Bejarano, E. R., Janssen, D., & Cuadrado, I. M. (2003). A new Tomato
yellow leaf curl virus strain in southern Spain. Plant Dis. 87, 1004.

Morilla, G., Janssen, D., Garcia-Andrés, S., Moriones, E., Cuadrado, I. M., & Bejarano, E. R.
(2005). Pepper (Capsicum annuum), is a dead-end host for Tomato yellow leaf curl virus
(TYLCV). Phytopathology 95, 1089-1097.

Morilla, G., Krenz, B., Jeske, H., Bejarano, E. R., & Wege, C. (2004). Tete-a-tete of Tomato yel-
low leaf curl virus and Tomato yellow leaf curl Sardinia virus in single nuclei. J. Virol. 78,
10715-10723.

Moriones, E. & Navas-Castillo, J. (2000). Tomato yellow leaf curl virus, an emerging virus complex
causing epidemics worldwide. Virus Res. 71, 123-134.

Nakhla, M. K. & Maxwell, D. P. (1998). Epidemiology and management of tomato yellow leaf curl
disease. In: A. Hadid, R. K. Khetarpal, & H. Koganezawa (Eds.), Plant Virus Disease Control.
St Paul, MN, USA: APS Press, pp. 565-583.

Nakhla, M. K., Mazyad, H. M., & Maxwell, D. P. (1993). Molecular characterization of four
Tomato yellow leaf curl virus isolates from Egypt and development of diagnosis methods.
Phytopathol Mediterr. 32, 163-173.

Navas-Castillo, J., Sanchez-Campos, S., Diaz, J. A., Saez-Alonso, E., & Moriones, E. (1997). First
report of tomato yellow leaf curl virus-Is in Spain: Coexistence of two different geminiviruses in
the same epidemic outbreak. Plant Dis. 81, 1461.

Navas-Castillo, J., Sanchez-Campos, S., Diaz, J. A., Saez-Alonso, E., & Moriones, E. (1999).
Tomato yellow leaf curl virus-Is causes a novel disease of common bean and severe epidemics in
tomato in Spain. Plant Dis. 83, 29-32.

Navas-Castillo, J., Sanchez-Campos, S., Noris, E., Louro, D., Accotto, G. P., & Moriones, E. (2000).
Natural recombination between Tomato yellow leaf curl virus-1s and Tomato leaf curl virus. J. Gen.
Virol. 81, 2797-2801.

Navot, N., Pichersky, E., Zeidan, M., Zamir, D., & Czosnek, H. (1991). Tomato yellow leaf curl
virus: a whitefly-transmitted geminivirus with a single genomic molecule. Virology 185,
151-161.



Molecular Biodiversity, Taxonomy, and Nomenclature 117

Noris, E., Hidalgo, E., Accotto, G. P., & Moriones, E. (1994). High similarity among the tomato
yellow leaf curl virus isolates from the western Mediterranean basin: the nucleotide sequence of
an infectious clone from Spain. Arch. Virol. 135, 165-170.

Ooi, K., Ohshita, S., Ishii, I., & Yahara, T. (1997). Molecular phylogeny of geminivirus infecting
wild plants in Japan. J. Plant Res. 110, 247-257.

Padidam, M., Beachy, R. N., & Fauquet, C. M. (1995a). Classification and identification of gemi-
niviruses using sequence comparisons. J. Gen. Virol. 76, 249-263.

Padidam, M., Beachy, R. N., & Fauquet, C. M. (1995b). Tomato leaf curl from India has a bipar-
tite genome and coat protein is not essential for infectivity. J. Gen. Virol. 76, 25-35.

Padidam, M., Sawyer, S., & Fauquet, C. M. (1999). Possible emergence of new geminiviruses by fre-
quent recombination. Virology 265, 218-225.

Perring, T. M., Cooper, A. D., Rodriguez, R. J., Farrar, C. A., & Bellows, T. S. Jr. (1993).
Identification of a whitefly species by genomic and behavioral studies. Science 259, 74-77.

Polston, J. E. & Anderson, P. K. (1997). Emergence of whitefly transmitted geminiviruses in tomato
in the Western Hemisphere. Plant Dis. 81, 1358-1369.

Polston, J. E., Cohen, L., Sherwood, T. A., Ben-Joseph, R., & Lapidot, M. (2006). Capsicum species:
Symptomless hosts and reservoirs of Tomato yellow leaf curl virus. Phytopathology 96, 447-452.

Polston, J. E., McGovern, R. J., & Brown, L. G. (1999). Introduction of Tomato yellow leaf curl virus
in Florida and implications for the spread of this and other geminiviruses of tomato. Plant Dis.
83, 984-988

Preiss, W. & Jeske, H. (2003). Multitasking in replication is common among geminiviruses. J. Virol.
77, 2972-2980.

Quifniones, M., Fonseca, D., Martinez, Y., & Accotto, G. (2002). First report of Tomato yellow leaf
curl virus infecting pepper plants in Cuba. Plant Dis. 86, 73.

Reina, J., Jiménez, J., Bejarano, E. R., Guerra, J. M., Cuadrado, I. M., & Garcia, C. (1994). El Virus
del rizado amarillo del tomate (TYLCV). Hortifruticultura 6, 36-40.

Rojas, A., Kvarnheden, A., Marcenaro, D., & Valkonen, J. P. (2005). Sequence characterization of
tomato leaf curl Sinaloa virus and tomato severe leaf curl virus: phylogeny of New World bego-
moviruses and detection of recombination. Arch. Virol. 150, 1281-1299.

Roossinck, M. J. (1997). Mechanisms of plant virus evolution. Ann. Rev. Phytopathol. 35, 191-209.

Roye, M. E., Wernecke, M. E., McLaughlin, W. A., Nakhla, M. K., & Maxwell, D. P. (1999).
Tomato dwarf leaf curl virus, a new bipartite geminivirus associated with tomatoes and peppers
in Jamaica and mixed infection with tomato yellow leaf curl virus. Plant Pathol. 48, 370-378.

Rybicki, E. P. (1994). A phylogenetic and evolutionary justification for three genera of
Geminiviridae. Arch. Virol. 139, 49-78.

Rybicki, E. P. & Pietersen, G. (1999). Plant virus problems in the developing world. Adv. Virus Res.
53, 127-175.

Salati, R., Nahkla, M. K., Rojas, M. R., Guzman, P., Jaquez, J., Maxwell, D. P., & Gilbertson, R. L.
(2002). Tomato yellow leaf curl virus in the Dominican Republic: characterization of an infectious
clone, virus monitoring in whiteflies, and identification of reservoir hosts. Phytopathology 92,
487-496.

Sanchez-Campos, S., Navas-Castillo, J., Camero, R., Soria, C., Diaz, J. A., & Moriones, E. (1999).
Displacement of Tomato yellow leaf curl virus (TYLCV)-Sr by TYLCV-Is in tomato epidemics
in Spain. Phytopathology 89, 1038—1043.

Sanchez-Campos, S., Diaz, J. A., Monci, F,, Bejarano, E. R., Reina, J., Navas-Castillo, J., Aranda, M. A.,
& Moriones, E. (2002). High genetic stability of the begomovirus Tomato yellow leaf curl
Sardinia virus in southern Spain over an 8-year period. Phytopathology 92, 842-849.

Sanz, A. 1., Fraile, A., Gallego, J. M., Malpica, J. M., & Garcia-Arenal, F. (1999). Genetic variability
of natural populations of cotton leaf curl geminivirus, a single-stranded DNA virus. J. Mol. Evol.
49, 672-681.

Sanz, A. 1., Fraile, A., Garcia-Arenal, F., Zhou, X., Robinson, D. J., Khalid, S., Butt, T., & Harrison,
B. (2000). Multiple infection, recombination and genome relationships among begomovirus
isolates found in cotton and other plants in Pakistan. J. Gen. Virol. 81, 1839-1849.



118 Abhary et al.

Sawyer, S. (1989). Statistical tests for detecting gene convertions. Mol. Biol. Evol. 6, 526-538.

Schrag, S. J. & Wiener, P. (1995). Emerging infectious disease: what are the relative roles of ecology
and evolution? Trends Ecol. Evol. 10, 319-324.

Schuster, D. J., Kring, J. B. & Price, J. B. (1991). Association of the sweetpotato whitefly with a
silverleaf disorder of squash. HortScience 26, 155-156.

Shih, S. L., Green, S. K., Tsai, W. S, Lee, L. M., Wang, J. T., & Tesfaye, A. (2006). First report of a
begomovirus associated with tomato yellow leaf curl disease in Ethiopia. Plant Dis. 90, 974.

Stanley, J. (1995). Analysis of African cassava mosaic virus recombinants suggests strand nicking
occurs within the conserved nonanucleotide motif during the initiation of rolling circle DNA
replication. Virology 206, 707-712.

Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., Rybicki, E. P.,
& Stenger, D. C. (2005). Geminiviridae. In C. M. Fauquet, M.A., Mayo, J., Maniloff, U., Desselberger
& L.A. Ball (Eds.), Virus Taxonomy. Eighth Report of the International Committee on Taxonomy of
Viruses. London: Elsevier/Academic Press, pp. 301-326.

Tahiri, A., Sekkat, A., Bennani, A., Granier, M., Delvare, G., & Peterschmitt, M. (20006).
Distribution of tomato-infecting begomoviruses and Bemisia tabaci biotypes in Morocco Ann.
Appl. Biol. 149, 175.

Tesoriero, L. & Azzopardi, S. (2006). Tomato yellow leaf curl virus in Australia. Primefact 220, 1-2.

Ueda, S., Kimura, T., Onuki, M., Hanada, K., & Iwanami, T. (2004). Three distinct groups of iso-
lates of Tomato yellow leaf curl virus in Japan and construction of an infectious clone. J. Gen.
Plant Pathol. 70, 232-238.

Wernecke, M., Roye, M. E., & McLaughlin, W. (1995). Identification of tomato yellow leaf curl
geminivirus (TYLCV-Is) in tomatoes and pepper in Jamaica. In Proceedings of Biology and
Molecular Epidemiology of Geminiviruses. Tucson, AZ, p. 17.

Wu, J. B,, Dai, F. M., & Zhou, X. P. (2006). First Report of Tomato yellow leaf curl virus in China.
Plant Dis. 90, 1359.

Xie, Y. & Zhou, X. P. (2003). Molecular characterization of squash leaf curl Yunnan virus, a new
begomovirus and evidence for recombination. Arch. Virol. 148, 2047-2054.

Yassin, A. M. & Nour, M. A. (1965). Tomato leaf curl disease in the Sudan and their relation to
tobacco leaf curl. Ann. Appl. Biol. 56, 207-217.

Yassin, A. M. & Nour, M. A. (1965). Tomato leaf curl disease, its effect on yield and varietal sus-
ceptibility. Sudan Agric. J. 1, 3-7.



CHAPTER 3

RECOMBINATION IN THE TYLCV COMPLEX:

A MECHANISM TO INCREASE GENETIC DIVERSITY.
IMPLICATIONS FOR PLANT RESISTANCE
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1. RECOMBINATION INCREASES GENETIC DIVERSITY
AND DRIVES EVOLUTION OF PLANT VIRUSES

Mutation, reassortment, and recombination are the major sources of genetic
variation of plant viruses (Garcia-Arenal et al., 2001; Worobey & Holmes,
1999). During mixed infections, viruses can exchange genetic material through
recombination or reassortment of segments (when the parental genomes are
fragmented) if present in the same cell context of the host plant. Hybrid pro-
geny viruses might then arise, some of them with novel pathogenic characteristics
and well adapted in the population that can cause new emerging diseases.
Genetic exchange provides organisms with a tool to combine sequences from
different origins which might help them to quickly evolve (Crameri et al., 1998).
In many DNA and RNA viruses, genetic exchange is achieved through recom-
bination (Froissart et al., 2005; Martin et al., 2005). As increasing numbers of
viral sequences become available, recombinant viruses are recognized to be fre-
quent in nature and clear evidence is found for recombination to play a key role
in virus evolution (Awadalla, 2003; Chenault & Melcher, 1994; Moonan et al.,
2000; Padidam et al., 1999; Revers et al., 1996; Garcia-Arenal et al., 2001;
Moreno et al., 2004). Understanding the role of recombination in generating
and eliminating variation in viral sequences is thus essential to understand virus
evolution and adaptation to changing environments (de Wispelaere et al., 2005;
Vignuzzi et al., 2006; Domingo, 2000; Eigen, 1993).
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Knowledge about the existence and frequency of recombination in a virus
population might help understanding the extent at which genes are exchanged
and new virus variants arise. This information is essential, for example, to pre-
dict durability of genetic resistance because new recombinant variants might be
formed with increased fitness in host-resistant genotypes. Determination of the
extent and rate at which genetic rearrangement through recombination does
occur in natural populations is also crucial if we use genome and genetic-mapping
information to locate genes responsible of important phenotypes such as genes
associated with virulence, transmission, or breakdown of resistance. Therefore,
better estimates of the rate of recombination will facilitate the development of
more robust strategies for virus control (Awadalla, 2003).

Recombination appears to be common among members of the family
Geminiviridae, which have single-stranded DNA genomes (Padidam et al.,
1999). In this group of viruses, more notably among members of the genus
Begomovirus, recombination seems to contribute greatly to the genetic diversifi-
cation of viral populations (Zhou et al., 1997; Berrie et al., 2001; Pita et al.,
2001; Monci et al., 2002; Chatchawankanphanich & Maxwell, 2002; Umaharan
et al., 1998; Moffat, 1999; Harrison & Robinson, 1999; Sanz et al., 1999, 2000).
Replication of these viruses, in addition to a rolling circle replication (RCR)
mechanism (Saunders et al., 1991; Stenger et al., 1991), also involves a recom-
bination-dependent replication (RDR) mechanism (Jeske et al., 2001). RDR
provides geminiviruses with a tool by which damaged or incomplete DNA could
be recovered for productive infection by homologous recombination and con-
verted into full-size genomic DNA. The existence of this replication mechanism
might explain in part the extent at which recombination occurs in geminivirus
populations (Jeske et al., 2001; Preiss & Jeske, 2003). Recombination in bego-
moviruses is found at the strain (Hou & Gilbertson, 1996; Kirthi et al., 2002),
species (Zhou et al., 1997; Fondong et al., 2000; Navas-Castillo et al., 2000; Sanz
et al., 2000; Martin et al., 2001; Saunders et al., 2002; Monci et al., 2002; Garcia-
Andrés et al., 2006), genus (Briddon et al., 1996; Klute et al., 1996), and family
(Saunders & Stanley, 1999) levels. The potential of begomoviruses to generate
genetic diversity through recombination can be relevant for their ecological fit-
ness, because greater sequence heterogeneity provides a reservoir of virus vari-
ants in the population that enables rapid adaptation to changing environmental
conditions. Thus, begomoviruses like those in the Tomato yellow leaf curl virus
(TYLCYV) complex exploit gene flow provided by recombination as a mechanism
to increase their evolutionary potential and local adaptation.

2. RECOMBINATION HAS PLAYED AN IMPORTANT
ROLE IN THE ORIGIN OF VIRUSES OF THE TYLCV COMPLEX

The tomato yellow leaf curl disease (TYLCD) causes severe damage to tomato
production in many warm and temperate regions worldwide (Cohen &
Antignus, 1994; Moriones & Navas-Castillo, 2000; Varma & Malathi, 2003).
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Different virus species and strains of the same virus species have been associated
with TYLCD, among them, TYLCV (Moriones and Navas-Castillo et al., 2000;
Fauquet et al., 2003; Stanley et al., 2005). In this chapter, TYLCD-associated
viruses are referred to as “TYLCV complex”. Recombination seems to have
played an important role in the origin of viruses of the TYLCV complex. Two
case studies are examined here in detail.

2.1. Case study I: The type strain of the species TYLCYV is a recombinant virus
which shares an ancestral parent with extant Asian begomoviruses

The earliest evidence of naturally occurring recombination within the genus
Begomovirus was found when the genome of the Mld strain of the monopartite
virus Tomato yellow leaf curl virus (TYLCV-MId) (Antignus & Cohen, 1994)
was compared with the genome of the type strain of TYLCV (Navot et al.,
1991). The nucleotide sequences of the Rep gene and the intergenic region (IR)
of the type and MId strains of TYLCV were only 87% and 78% identical,
respectively, whereas the rest of the genome shared 98% nucleotide identity.
Harrison & Robinson (1999) suggested that the Rep-IR regions of both
genomes were acquired from different parental viruses that could not be identi-
fied at that moment. However, when increasing number of begomovirus DNA-
A sequences became available, Navas-Castillo et al. (2000) were able to identify
the existent viruses more related to such parents. These authors compared the
sequences of nine isolates of the TYLCV complex, three of the type strain of
TYLCV (the original isolate from Israel, and isolates from the Dominican
Republic and Cuba), five of the TYLCV-MId strain (the original Mld isolate
from Israel, and isolates from Spain, Portugal, and Japan), and one TYLCYV iso-
late from Iran (now recognized as the IR strain of TYLCV). When phylogenetic
relationships between nucleotide sequences of these isolates were analyzed,
changes in the topological position of certain isolates occurred depending on
the part of the genome compared (IR and open reading frames — ORFs - V1, V2
and C1-C4). Detailed comparisons throughout the genome using PLOTSIM-
ILARITY diagrams (Wisconsin GCG software package) (Devereux et al., 1984)
clearly indicated that four regions (named I-1V in Figure 1) were recognized for
which differential distribution of nucleotide identity was observed. Region 111
comprised about 5 half of the Rep gene (ORF C1), including the ORF C4
and part of the IR; region I comprised most of the rest of the genome, and
regions Il and IV were small regions separating region I from region III
(Figure 1). In these comparisons, the nucleotide sequences of the TYLCV-MId
isolates from Spain, Portugal, and Japan on the one hand and those of the
TYLCYV type strain isolates from Israel, Cuba, and Dominican Republic on the
other, proved to be almost identical between them throughout the genome. Also,
when region I was analyzed, phylogenetic analyses revealed that all TYLCYV iso-
lates grouped in a single clade related to Tomato yellow leaf curl Sardinia virus
(TYLCSYV), another species of the TYLCV complex causing the TYLCD.
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Figure I. PLOTSIMILARITY diagrams (scanning window = 50) comparing the nucleotide sequences
of TYLCV isolates (A) of the Mld (isolate ES:72:97) and type (isolate IL) strains, (B) of the type (iso-
late IL) and Iran (isolate IR) strains, (C) of the MId (isolate ES:72:97) and Iran (isolate IR) strains,
and (D) two isolates of the MId strain (isolate ES:72:97and IL). Separation between regions I-1V for
which differential distribution of nucleotide identity is observed are indicated by vertical dotted lines.
In brackets is indicated the first nucleotide of the region (numbers refer to nucleotide positions in the
sequence of TYLCV-MIA[ES:72:97]. Positions of the open reading frames (ORFs) and of the inter-
genic region (IR) are indicated at the top of the figure. Horizontal broken lines are the mean similar-
ity between the sequences compared. GenBank accession number of sequences used for comparison
are AF071228 (TYLCV-MId[ES:72:97]), AJ132711 (TYLCV-IR[IR]), X15656 (TYLCV-[IL:Re0:86]),
and X76319 (TYLCV-MId[IL]). (Adapted from Navas-Castillo et al., 2000.)
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However, when comparing sequences in region II1, significant changes occurred
in the phylogenetic relationships of certain TYLCYV isolates. Thus, based on
sequences of this region most TYLCYV isolates grouped in a single clade related
to TYLCSYV, but TYLCYV (type strain) and TYLCV-IR isolates grouped sepa-
rately, together with begomovirus isolates Bangalore-2 and Bangalore-4. These
two latter viruses were considered at that moment to belong to the begomovirus
species, Tomato leaf curl virus (ToLCV) (Moriones & Navas-Castillo, 2000),
however now they are known to belong to the Asian begomovirus species
Tomato leaf curl Karnataka virus (ToLCKV) and Tomato leaf curl Bangalore
virus (ToLCBYV), respectively (Stanley et al., 2005). Therefore, the genomes of
TYLCYV, TYLCV-MId, and TYLCV-IR begomovirus isolates reflect a modular
composition, with genome fragments having diverse phylogenetic origins that
were probably put together after successive recombination events.

2.2. Case study II: The type strain of TYLCSYV is a recombinant
virus which shares an ancestral parent with extant
African begomoviruses

Tomato yellow leaf curl Sardinia virus (TYLCSV) is another monopartite bego-
movirus species of the TYLCV complex that comprises isolates infecting
tomato in the Mediterranean Basin, both in southern Europe and northern
Africa (Noris et al., 1994; Moriones & Navas-Castillo, 2000). In the TYLCSV
clade, at least three different types of sequences can be distinguished, repre-
sented by the type strain, originally described from Sardinia (TYLCSYV), the
Sicily strain (TYLCV-Sic), and the Spain strain (TYLCV-ES). Through com-
parison of the genome of isolates of the type and Sic strains from Italy follow-
ing a similar procedure to that described above for TYLCV (i.e., search for
topological changes in the phylogenetic trees, and analysis with PLOTSIMI-
LARITY diagrams), evidence was obtained for differences in the phylogenetic
origin of the different genomic regions of these isolates probably as a result of
recombination events. Two regions could be distinguished when the genomes
of these isolates were compared (Figure 2A): region I, in which the percentage of
nucleotide identity between TYLCSV and TYLCSV-Sic is 96%, and region II,
which includes a shorter fragment that comprises part of the IR, and the 5" end
of ORF Cl1, in which the percentage of nucleotide identity is significatively
lower, about 64%. When nucleotide sequences in region I were phylogenetically
analyzed, TYLCSV type strain clustered in the TYLCSV-clade, closely related
to TYLCSV-Sic, TYLCSV-ES, and the rest of viruses of the TYLCV complex
(Figure 2B). However, after comparison of nucleotide sequences in region II, a
significant topological change occurred in the position of the TYLCSV type
strain isolate (Figure 2C). Thus in this case, TYLCSV type strain isolate did not
group with isolates of the TYLCV complex, but in a clade that comprised all the
cassava-infecting begomoviruses from Africa, being the closest related sequence
that of an isolate of South African cassava mosaic virus (SACMYV) (Figure 2C).
Therefore, these results strongly suggested that the TY LCSV-type strain resulted
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Figure 2. PLOTSIMILARITY diagram comparing the nucleotide sequences of isolates of the type
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from a recombination exchange of genetic material occurred between TYLCSV
and African begomovirus ancestors.

2.3. Begomoviruses of the TYLCV complex are evolving through genetic
exchange in their travel accross Asia and Africa

The above examples of putative recombinations involving begomoviruses of the
TYLCV complex from the Middle East and the Mediterranean Basin seem to
reflect exchange of genomic fragments with begomoviruses present in Asia (e.g.,
India) and Africa. Therefore, it could be hypothesized that an ancestral
“TYLCV” evolved and generated new variants (species or strains) by exchanging
genetic material through recombination with other begomoviruses in its travel
accross different areas of the Old World. Because begomoviruses in the TYLCV
complex belong to a clade of begomoviruses of the Old World that affect tomato,
and this crop was introduced in this region from America only recently, several
scenarios can be suggested. One possibility is that a number of TYLCV-like
viruses could have already existed in the wild or cultivated hosts of the Old World
before the introduction of tomato. When tomato was grown in different areas, it
could have become infected with these preexisting viruses. Alternatively, an
ancestor of the begomoviruses of the TYLCV complex infected tomato and, in
its travel through the regions of Asia, Africa, and Europe (regions in which
tomato has become a major crop), different virus lineages evolved by acquisition
of genomic fragments from other begomoviruses by genetic exchange through
recombination. Thus, emergence of new begomoviruses could have occurred
which shared tomato as common host. As tomato has become a major crop, it
could act as a bridge for begomoviruses between other local crops or wild reser-
voirs, favoring contact between viruses otherwise separated. Spread of Bemisia
tabaci biotypes highly polyphagous like the biotype B could also have favored
exchange of viruses between tomato and other cultivated or wild hosts and thus
facilitating recombination to occur. Evidently, it is reasonable that an intermedi-
ate situation between the two scenarios proposed is what occurred and probably
is occurring. New information about viruses infecting wild and cultivated hosts

-«
-

Figure 2. (continued) component of representative isolates of viruses infecting cassava from Africa.
Relationships were inferred by using the neighbor-joining method on the sequences of the region
1 (B) and II (C) deduced from the PLOTSIMILARITY analysis. Support for nodes in a bootstrap
analysis with 1,000 replications is shown for figures over 500. Horizontal branch lengths are drawn
to scale with the bar indicating 0.1 nucleotide replacements per site; vertical distances are arbitrary.
Abbreviations and GenBank accession numbers are as follow: ACMYV, African cassava mosaic virus,
J02057; SACMY, South African cassava mosaic virus, AF155806; EACMYV, East African cassava
mosaic virus, Z83257, EACMMY, East Africa cassava mosaic Malawi virus, AJ006460; TY LCSV-ES,
Tomato yellow leaf curl Sardinia virus-Spain, Z25751; TYLCYV, Tomato yellow leaf curl Sardinia virus,
X15655; TYLCSV-Sic, Tomato yellow leaf curl Sardinia virus-Sicily, Z28390; TYLCMLYV, Tomato
yellow leaf curl Mali virus, AY502934; TYLCV, Tomato yellow leaf curl virus, X15656; TYLCV-MId,
Tomato yellow leaf curl virus-Mild, X76319. As outgroup, an isolate of Tomato mottle virus
(ToMoV) was used (GenBank 1.14460).
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in regions of the Old World could provide some clues about the origin and
evolution of this complex of viruses.

In addition to the well-documented examples of recombination shown above,
other examples that involved begomoviruses of the TYLCV complex have also
been reported in the literature. Thus, an interspecific recombination has been
described for begomoviruses infecting tomato in central Sudan (Idris & Brown,
2005). In this case, two recombinant fragments were identified in the genome of
the isolate SD:Gez:96 of Tomato leaf curl Sudan virus from Gezira (ToLCSDV-
[SD:Gez:96]) when compared with the isolate SD:96 from Sudan of the Gezira
strain of TYLCV (TYLCV-Gez[SD:96]). Also, Padidam et al. (1999) detected
several other putative recombination events also involving viruses of the
TYLCV complex by employing a statistical technique for detecting gene con-
version based on the program GENECONYV. Their analyses, using 64 gemi-
nivirus DNA A sequences, identified 420 statistically significant recombinant
events, 36 of them being listed and identified. Six of the listed recombination
events involved TYLCYV or TYLCSYV, some of them between strains of the same
species (e.g., TYLCSV/TYLCSV-Sic) whereas others had as a partner a non-
TYLCYV virus from Africa or Asia (e.g., TYLCV/Chayote yellow mosaic virus,
TYLCSV/Indian cassava mosaic virus). Surprisingly, GENECONYV identified as
recombinant a fragment shared between a Spanish isolate of TYLCSV and
Bean dwarf mosaic virus, a begomovirus species from the New World.

Rybicki (1994) already pointed out that recombination is probably a powerful
tool in the evolution of begomoviruses, not only in the long term but also in the
short to medium term. In this sense, Padidam et al. (1999) evaluated the hypoth-
esis that recombination among begomoviruses is contributing to the increasing
emergence of new species and suggested that such studies could facilitate under-
standing of how viruses could evolve in response to changes in the ecosystem.
In the next sections of this chapter, we will present data that evidenced the
extent at which recombination is contributing to the diversification and adapta-
tion of begomoviruses of the TYLCV complex during their colonization of
southern Spain (Western Mediterranean Basin). Emergence and spread of new
recombinant viral species belonging to the TYLCV complex is shown from field
data. Also evidences from laboratory experiments are provided that support fre-
quent emergence of new recombinant virus variants during single host plant
infection cycles, in mixed infections between TYLCV and TYLCSV.

3. RECOMBINATION IS DRIVING POPULATION EVOLUTION
OF VIRUSES OF THE TYLCV COMPLEX INVADING NEW
GEOGRAPHICAL AREAS: THE CASE OF THE WESTERN
MEDITERRANEAN BASIN

The two case studies described in the previous section are examples of ancient,
and probably multiple, recombination events that contributed to the emergence
of begomoviruses of the TYLCV complex. But if located at the right place and
the right time, it could be possible to be witness to the occurrence of such a
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recombination event and emergence of the new virus variant originated. This
was the case during studies of the epidemics of begomoviruses of the TYLCV
complex that recently colonized southern Spain. Following are data that evi-
dence the relevance of recombination in the rapid evolution of such a popula-
tion for its adaptation to a novel environment.

3.1. Mixed infections: A prerequisite for recombination to occur in a
begomovirus population

Mixed infections can be frequent in nature associated with begomovirus
epidemics. Thus for example, in a recent survey for viruses associated to TYLCD
in epidemics in tomatoes of the Western Mediterranean Basin (Italy and Spain),
it was shown the presence of isolates of eight different virus variants of the
TYLCV complex occurring simultaneously in the epidemics (Figure 3) (Garcia-
Andrés et al., 2007a). Coexistence of isolates corresponding to different virus
variants in single fields and even mixed infections in single plants are suggested,
which is a prerequisite for recombination to occur. In fact, analysis of
begomovirus-related sequences present in single samples demonstrated that
several virus strains could coexist (e.g., in sample T570/02:F4:Sic; Figure 4).
Therefore, opportunities for genetic exchange are evident, and appearance of
novel variants as a result of recombination events can be predicted. As men-
tioned before, begomovirus replication involves two mechanisms, a RCR
(Saunders et al., 1991; Stenger et al., 1991) and a RDR (Jeske et al., 2001; Preiss
& Jeske, 2003). Recombinant variants can be produced through the latter
mechanism if viruses coexist in the same cell. If viable and competitive, these de
novo created recombinant viruses can emerge and perpetuate in the population
during epidemics.

Recent introduction of begomoviruses into new areas provided an ideal
model to analyze aspects of genetic adaptation and evolution of an invading
virus population. This was the case of the colonization of southern Spain by
begomoviruses of the TYLCV complex associated with TYLCD, which is well
documented (Sanchez-Campos et al., 1999, 2002). This case is an interesting
example of invasion success following multiple introductions, similar to those
reported for animal or plants (Novak & Mack, 2001; Kolbe et al., 2004), in
which recombination is providing tools for biological adaptation. Initial colo-
nization with isolates of the ES strain of TYLCSV during the early 1990s,
resulted in a relatively stable population in which reduced genetic diversity was
observed, a typical result of a population bottleneck upon invasion of a new
area (Sanchez-Campos et al., 2002). This could have been detrimental for the
success of the invader begomovirus population. However, subsequent introduc-
tions of isolates of the type and MId strains of TYLCV (Navas-Castillo et al.,
1999; Morilla et al., 2003) resulted in novel sources of variation, and conditions
for recombination to occur, thus providing to the begomovirus population tools
to gain potential for local adaptation. This was the case of the novel recombi-
nant variant named Tomato yellow leaf curl Mdlaga virus (TYLCMalV) that
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Figure 3. Phylogenetic relationships for Tomato yellow leaf curl disease (TYLCD)-associated bego-
movirus isolates present in tomato samples randomly collected in Italy (italics/bold letters) and
Spain (normal letters) between 1999 and 2003. Relationships were inferred based on a sequence of
about 300 nucleotides encompassing the intergenic region (IR) by neighbor-joining analysis.
Support for nodes in a bootstrap analysis with 1,000 replications is shown for figures over 500.
Horizontal branch lengths are drawn to scale with the bar indicating 0.1 nucleotide replacements per
site. Vertical distances are arbitrary. Names of isolates refer to host species origin (T, tomato), sam-
ple number/year, field (Fi means field 1), and sampling region (Sicily, Sic, and Sardinia, Sar, in Italy;
Malaga, Mlg, Almeria, Alm, and Murcia, Mur, in Spain). Representative isolates are included of
begomovirus species associated with TYLCD in the Mediterranean area, the type, Sic and ES strains
of Tomato yellow leaf curl Sardinia virus (TYLCSV), type (isolates from Israel, Spain, and Italy) and
MlId strains of Tomato yellow leaf curl virus (TYLCV), Tomato yellow leaf curl Mdalaga virus
(TYLCMalV), and Tomato yellow leaf curl Axarquia virus (TYLCAxV) (GenBank accession num-
bers X61153, 728390, Z25751, X15656, AJ489258, DQI144621, AF071228, AF271234, and
AY 227892, respectively) (boxed and bold letters). As outgroup, an isolate of Tomato leaf curl virus
(ToLCV) was used (GenBank S53251).
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Figure 4. Restriction fragment length polymorphism analysis with the restriction enzyme Bgl II on
10 almost full-length genome clones of Tomato yellow leaf curl disease-associated (TYLCD) bego-
moviruses present in sample T507/02:F4:Sic. The almost full-length genome fragments were PCR-
amplified from total nucleic acids obtained from the sample by means of a primer pair designed on
nucleotide sequences conserved among all the TYLCD-associated viruses reported from the
Western Mediterranean Basin: MA241 (5-GAATGGGCTTCCCATACTTTGTGTTGC-3'), corre-
sponding to 1739 to 1765 nt of TYLCSV-ES[ES:1:92] (GenBank Z25751), and MA242 (5'-CAC-
TATCTTCCTCTGCAATCCAGG-3’), complementary to 1,719 to 1,696 nt of this same virus. PCR
fragments thus obtained were cloned into pGEM-T (Promega Corporation, Madison, USA) to
derive the clones analyzed here (lanes 1-10). Equivalent clones obtained from samples infected with
known isolates of the type and Sic strains of Tomato yellow leaf curl Sardinia virus (TYLCSV) (lanes
11 and 12, respectively) and of the type strain of Tomato yellow leaf curl virus (TYLCV) (lane 13)
were used as controls. A 1Kb molecular marker (lane M) was included.

emerged as a result of a genetic exchange between isolates of the ES strain of
TYLCSV and of the Mld strain of TYLCYV. This natural recombinant variant
showed to be better adapted ecologically than either parental virus and spread
rapidly in the population (Monci et al., 2002). Recently, a novel recombinant
between TYLCSV-ES and the type strain of TYLCV was detected in the popu-
lation, which also seemed to be well adapted ecologically (Garcia-Andrés et al.,
2006). Therefore, recombination showed to be an important force driving the
evolution of the population of these viruses for adaptation to the novel ecological
conditions present in the invaded area.

3.2. Wild hosts: reservoirs of mixed infections for begomovirus epidemics

Native species, acting as reservoirs, can play an important role in the emergence
of plant virus epidemics (Hull, 2002). For begomoviruses, studies are available
that indicate presence in wild reservoirs (Funayama-Noguchi, 2001; Jovel et al.,
2004; Ooi et al., 1997; Roye et al., 1997). To evaluate the possible importance of
wild reservoirs as sources of begomovirus genetic diversiy for epidemics, the
begomovirus population present in the Solanum nigrum L. plant community
found in southern Spain was examined. S. nigrum is a wild host widely distributed
in the Mediterranean area, which can survive for long periods (even for more
than 2 years) thanks to the mild climatic conditions present. Infections with
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Figure 5. Phylogenetic relationships among begomoviruses detected in plants of the population of
the native reservoir Solanum nigrum present in Malaga (southern Spain). Relationships were inferred
by neighbor-joining analysis of sequences comprising the intergenic region (IR) (about 300
nucleotides). Support for nodes in a bootstrap analysis with 1,000 replicates is shown for figures over
700. Vertical distances are arbitrary and branch lengths are drawn to scale; the bar indicates 0.05
nucleotides substitutions per site. Begomovirus isolates are named according to indications of the
Geminiviridae Study Group of the International Committee on Taxonomy of Viruses, giving the
code of the country of origin, sample name, and year of collection (e.g., “ES:Sn8-1:00”, in which
“ES” refers to Spain, “Sn8-17, to isolate 1 derived from the sample number 8 of S. nigrum, and “00”
to the year 2000). Representative begomoviruses included (boxed and bold letters) are the same as
in Figure 3. As outgroup, an isolate of Ageratum yellow vein virus (AYVV) was used (GenBank
X74516). (Adapted from Garcia-Andrés et al., 2006.)

TYLCD-associated begomoviruses are known in this plant species (Bedford
et al., 1998; Salati et al., 2002; Sanchez-Campos et al., 2000). Our studies indi-
cated that this wild host is an excellent reservoir of variants of viruses of the
TYLCV complex for TYLCD epidemics. In fact, phylogenetic reconstruction of
sequences of begomoviruses obtained from S. nigrum plants sampled in the
Malaga region (southern Spain) between 2000 and 2003 demonstrated the pres-
ence of isolates of all the TYLCD-associated begomoviruses species and strains
reported in Spain (Figure 5). Moreover, mixed infections in single S. nigrum
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plants were evident, as observed for example in sample Sn8:00, in which
TYLCSV-like and TYLCV-like sequences were detected (e.g., isolates ES:Sn8-
1:00, ES:Sn8-2:00, respectively, Figure 5). Therefore, S. nigrum plants can be an
optimal niche for genetic exchanges to give rise to better-adapted recombinant
begomoviruses. In fact, we demonstrated the presence in this host species of
isolates of a new previously undescribed begomovirus of recombinant nature,
named Tomato yellow leaf curl Axarquia virus, TYLCAXV (e.g., isolate
ES:Sn1:03, Figure 5). This virus variant was demonstrated to be the result from
a genetic exchange between isolates of the ES strain of TYLCSV and of the
type strain of TYLCV (found coinfecting S. nigrum plants, Figure 5). Novel
pathogenic properties are demonstrated for TYLCAXV that suggested enhanced
ecological adaptation (Garcia-Andrés et al., 2006). We concluded therefore that
presence of mixed begomovirus infections in wild reservoirs can be a cause for
alarm, because novel recombinants might arise with unpredictable consequences
for epidemics of viruses of the TYLCV complex.

4. RECOMBINANTS OCCUR FREQUENTLY IN MIXED INFECTIONS
OF VIRUSES OF THE TYLCV COMPLEX

Sequence analyses of field isolates have revealed substantial evidence for wide-
spread occurrence of recombination amongst begomoviruses (Padidam et al.,
1999; Sanz et al., 2000; Berrie et al., 2001; Pita et al., 2001; Monci et al., 2002;
Chatchawankanphanich & Maxwell, 2002). However, it remains unclear
whether recombination represents a frequent phenomenon shaping bego-
movirus populations during a single host plant infection life cycle. We investi-
gated this aspect for infections with TYLCSV and TYLCV as model system
(Garcia-Andrés et al., 2007b). These two viruses coinfect single plants in nature
(Sanchez-Campos et al., 1999; Monci et al. 2002; Garcia-Andrés et al., 20006),
and even could share single nuclei of an infected plant (Morilla et al., 2004), a
prerequisite for recombination to occur. Natural mixed infections were simu-
lated in tomato and the frequency of recombinant genomes was evaluated at
several times post coinfection. We found that recombinant-like molecules accu-
mulated in the virus progeny of mixed-infected plants and rapidly constituted a
significant proportion of the population (in most cases about 50% of the
genomes analyzed, Figure 6A). We also found that parent TYLCSV and recom-
binant variants generated de novo coexisted, suggesting that the latter fit well in
the population and were not outcompeted. However, at least in the experimen-
tal conditions analyzed, TYLCV was outcompeted, suggesting that it is less
adapted to compete in planta with either TYLCSV or the recombinants arisen.
This was surprising because TYLCV seems to be well adapted to compete dur-
ing natural epidemics (Sanchez-Campos et al., 1999). Therefore, other factors in
addition to competitiveness in planta are associated with the success of a bego-
movirus variant in nature (transmission, host range, etc.). Interestingly, only
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Figure 6. Appearance and frequency of recombinant genomes generated de novo after co-inoculation
of the [ES:1:92] isolate of Tomato yellow leaf curl Sardinia virus (TYLCSV-ES) (Navas-Castillo et al.
1999) and the [ES:72:97] isolate of Tomato yellow leaf curl virus (TYLCV-MId) (Noris et al. 1994)
in a single tomato cv. Moneymaker plant. Studies were based on restriction fragment length
polymorphism analysis on clones containing full-length genome fragments amplified from virus
population present in total nucleic acids extracted from the mixed-infected plant at several times
post co-inoculation using the commercial kit TempliPhi (Amersham Biosciences, England). The
amplified DNA was digested with the restriction enzyme BamHI that singly cut either TYLCSV-
ES[ES:1:92] or TYLCV-MIA[ES:72:97] double-stranded DNA forms in equivalent genome posi-
tions, and the linearized genome size DNA fragments were cloned into the BamHI-cloning site of
pBluescript SK+ (pBSK*, Stratagene, La Jolla, CA). Twenty-five clones per time post-inoculation
studied were analyzed. The evolution of the relative proportion of parental (TYLCV and TYLCSV)
and recombinant-like variants (Rec) (A) and the frequency of the different recombinant variants
found (variants X, IV, and XII) (B) at different times post-inoculation analyzed is shown. For
restriction mapping, enzymes were selected (Bgll, Bglll, Dralll, EcoNI, HindIII, Kpnl, Pmll, Sacll,
and Sphl) that used in single combinations provide information about TYLCSV or TYLCV
sequence identity at different positions along the cloned genome.
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three types of recombinant variants could be recovered in the plant coinfected
with TYLCV and TYLCSV during the 400-day infection cycle analyzed.
Therefore, constraints for recombination seemed to exist in these viral genomes.
Moreover, frequency of the different recombinant variants found in the popula-
tion could vary with time but, at least in the experimental conditions used, one
type predominated through the entire experiment (type IV, Figure 6B).
Although additional studies are needed to better understand the significance of
recombination in single host infection cycles in this group of viruses, these data
suggested that recombination seems to be a frequent phenomenon and could
contribute significantly in generating genetic diversity and novel virus variants
for local adaptation.

5. IMPLICATIONS OF RECOMBINATION FOR VIRUS CONTROL
THROUGH PLANT RESISTANCE

Given the importance of recombination in the molecular evolution of viruses
promoting biological adaptation, understanding the frequency at which it
occurs, mechanisms involved, and ecological features that control the rate of
recombination, might help to predict the emergence of new viruses. This knowl-
edge can be used to improve effectiveness and durability of current control pro-
cedures (Bonnet et al., 2005; Lewis-Rogers et al., 2004). Efficient control of
plant virus diseases is difficult, however the use of virus-resistant cultivars can
provide an effective mean to limit the economic damage caused. Although the
use of resistance is the most desirable plant virus control strategy, it often fails
because resistance-breaking virus genotypes appear and increase their frequency
in the virus population (Lecoq et al., 2004; Garcia-Arenal et al., 2001). The
durability of resistance is determined by the evolutionary potential of plant
viruses (Garcia-Arenal & McDonald, 2003) and recombination is one of the
major forces driving virus evolution. In this regard, recombination events have
been demonstrated to be associated with major changes in fitness and patho-
genic characteristics of plant viruses, including expansion of their host range
and increase in their virulence (Fernandez-Cuartero et al., 1994; Stenger et al.,
1994; Pita et al., 2001; Zhou et al., 1997; Gibbs et al., 2001; Monci et al., 2002;
Garcia-Arenal & McDonald, 2003; Rest & Mindell, 2003; Garcia-Andrés et al.,
2006). Thus, recombination can accompany or even be at the origin of major
changes during virus adaptation. In fact, recombination is known to be a potent
mechanism to create more fit genotypes (Biirger, 1999; Hu et al., 2003), that can
help viruses to adapt to novel environmental conditions (Dybdahl & Storfer,
2003; Lively & Dybdahl, 2000; Stavrinides & Guttman, 2004; Zhou et al., 1997).
Therefore, the risk of break of a begomovirus resistance owe to the appearance
and spread of better-adapted recombinant variants exists and should be considered
to predict the durability of a resistance.

The abundance of recombinant variants in a virus population should also be
kept in mind for the evaluation of the potential impact of recombination in the
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use of transgenic plants expressing viral sequences (Harrison, 2002; Aaziz &
Tepfer, 1999b; Tepfer, 2002; de Wispelaere et al., 2005). The virus-resistant
transgenic plants (VRTPs) hold the promise of enormous benefit for agricul-
ture, however, questions concerning the potential ecological impact have been
raised (Tepfer, 2002). Numerous transgenic crops resistant to a wide range of
viruses have been developed (Beachy, 1997), many of them based on the application
of the concept of pathogen-derived resistance (Sanford & Johnston, 1985).
Different virus sequences have been used for the development of virus-derived
transgenic resistance, including genes encoding coat proteins, replicases, movement
proteins, proteases, or helper components (Lomonossoff, 1995). However, it is
important to examine VRTP carefully and take into account the risk of the
deployment from the point of view of biosafety. Interactions are possible in
transgenic plants between products of the viral transgene (whether DNA, RNA,
or protein) and an incoming virus, which can result in potential ecological risks
like synergism, heteroencapsidation, or recombination (Tepfer, 1993, 2002;
Robinson, 1996; Aaziz & Tepfer, 1999a). It has been demonstrated that recom-
bination of a challenging virus with a transgene could have important biologi-
cal consequences such as changes in virulence or host range (Kiraly et al., 1998;
Frischmuth & Stanley, 1998). Therefore, if as mentioned above RDR occurs
during geminivirus multiplication within plants, transgenic constructs that
provide information for symptom expression, host range, tissue and vector
specificities should be avoided (Jeske et al., 2001). In this sense, it is a fortunate
coincidence that the resistance strategy that uses defective interfering DNAs as
control elements was successful for geminiviruses (Frischmuth & Stanley, 1993;
Jeske et al., 2001).
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CHAPTER 1

REPLICATION OF GEMINIVIRUSES AND THE USE
OF ROLLING CIRCLE AMPLIFICATION FOR THEIR
DIAGNOSIS

HOLGER JESKE
Biologisches Institut, Universitdit Stuttgart, Pfaffenwaldring 57, D-70550 Stuttgart, Germany

1. OVERVIEW

During natural infection, geminiviruses are injected directly into phloem cells by
insect vectors. It is not clear whether the whole virion or only its ssDNA has to
enter the nucleus for replication. Within the nucleus, ssDNA is complemented
to dsDNA, a process which is performed by host enzymes. Viral dsDNA is then
packaged into nucleosomes forming chromatin as a substrate for further tran-
scription and replication. Since geminiviruses do not encode a gene for DNA
polymerase and because they multiply in differentiated cells, they need to acti-
vate the host replication machinery in order to promote their own multiplica-
tion. The plant host process of replication has to be modified, however, to
ensure a rolling circle mechanism, which generates circular ssDNA to be pack-
aged into virions for further spread.

Geminiviral replication has been studied extensively, and comprehensive
reviews are available covering most of the details of this process (Gutierrez, 2000;
Gutierrez et al., 2004; Hanley-Bowdoin et al., 1999). Here, we will focus on the
current knowledge as far as it concerns tomato leaf curl-inducing viruses. Results
from related viruses are included if there is evidence that they behave similarly.

Our general knowledge about replication mechanisms has changed considerably
during the past years. Although replication was originally seen as a continuous
process, evidence has accumulated indicating that it may be rather discontinuous
and therefore needs additional means to solve stalled replication forks. It is now
well established that recombination plays a major role in replication to repair
such insufficiently processed DNA. The reader is referred to recent reviews
about the triple R (replication-recombination-repair) connection (Alberts, 2003;
Johnson & O’Donnell, 2005; Olavarrieta et al., 2002; Schvartzman & Stasiak,
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2004; Sogo et al., 2002; Stauffer & Chazin, 2004). The fact that viruses may
utilize more than one mode of replication has been originally demonstrated for
bacteriophage T4, but such multitasking is a more general phenomenon in
prokaryotic and eukaryotic organisms (Formosa & Alberts, 1986; Mosig, 1998;
Mosig et al., 2001).

The diversity of processes is reflected by an increasing number of recently
detected DNA polymerases (Sutton & Walker, 2001), currently comprising
13 members in eukaryotes. It has still to be determined which one is responsible
for geminivirus replication in which tissue.

The efficiency of replication is enhanced by the sliding clamp (proliferating
cell nuclear antigen, PCNA in eukaryotes), first detected as a processing factor
for replication but later on recognized as an extremely versatile switchboard and
signal integrator in other DNA metabolic processes as well, including repair, cell
cycle regulation, and recombination (Johnson & O’Donnell, 2005). The correla-
tion of PCNA activation and geminivirus replication has been studied in some
detail in section 2.

2. MULTITASKING IN REPLICATION, RECOMBINATION,
AND REPAIR

Circular single-stranded DNA and the highly conserved nonanucleotide sug-
gested themselves that geminiviruses may replicate like bacteriophages such as
60X 174. Correspondingly, it was proposed early that geminiviruses also utilize a
rolling circle mechanism (RCR) for their replication. Genetic evidence (Stenger
et al., 1991), the use of two-dimensional gel electrophoresis (Jeske et al., 2001;
Saunders et al., 1991) as well as direct electron-microscopic visualization of
geminiviral DNA forms (Jeske et al., 2001) have supported this conclusion.
However, the RCR model does not explain all intermediate DNA forms that
were originally observed (Jeske et al., 2001; Saunders et al., 1991). An improved
two-dimensional gel electrophoresis technique which used the combination of
SDS and chloroquine-containing gel systems (Figure 1) helped to annotate most
of the unknown DNA forms and led to the conclusion that geminiviruses repli-
cate by at least three modes: complementary strand replication (CSR), RCR,
and recombination-dependent replication (RDR) (Jeske et al., 2001; Preiss &
Jeske, 2003). In this multitasking, geminiviruses follow the model deduced from
bacteriophage T4 (Formosa & Alberts, 1986; Mosig, 1998; Mosig et al., 2001),
although RDR was observed late during infection for T4, but early for gemi-
niviruses (Jeske et al., 2001). The use of several replication modes has been
shown for various begomoviruses (including TYLCV and TYLCSV) and a
curtovirus (Alberter et al., 2005; Morilla et al., 2006; Preiss & Jeske, 2003), but
corresponding information about the replication of mastreviruses and topocu-
viruses is still lacking.

Figure 1 summarizes our current knowledge in a schematic sketch. Grey circles,
ovals, bands, and solid lines represent products of replication whereas stippled
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Figure 1. Separating geminiviral DNA forms. In a schematic sketch, the different geminiviral DNA
forms are shown for one-dimensional gels in the presence of SDS (a) or of chloroquine as well as for
a two-dimensional gel combining both gel systems. Note that the order of appearance of DNA forms
has changed for (a) and (b), being open circular (oc), linear (lin), single-stranded (ss), and covalently
closed circular (cce) for the former and oc, lin, cce, and ss for the later. Upon chloroquine intercala-
tion the ccc DNA is resolved into its topoisomers resulting in multiple bands (b, c). Numbers 2-4
refer to dimers to tetramers of the respective conformations. Products of replication are shown as
grey circles, ovals, and black solid lines. True replicative intermediates are indicated by stipled lines.
Ongoing replication is marked for complementary strand replication (CSR) starting from circular
(¢) or linear (1) templates, for rolling circle replication (RCR), and for recombination-dependent repli-
cation (RDR). In addition, part of the heterogeneous linear dsDNA (h) may be engaged in RDR
but cannot be discriminated under the chosen experimental conditions. FY and FX indicate fields of
geminiviral DNA northwest of ssDNA or hDNA, respectively, which result from replicating
heterogenous ssDNA (FY) or dsDNA (FX). (For a detailed description see Preiss & Jeske, 2003.)
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lines refer to true replicative intermediates (Figure 1¢). The true replicative
intermediates are not recognized in one-dimensional gels (Figure 1a, b) because
they are represented in a background smear of hybridizing material which is
usually suppressed by short film exposures in hybridization analyses. Having
analysed manifold samples of various geminiviruses during their courses of
infection, we would like to draw attention to the discrimination of replication
“products” and “intermediates” to avoid misinterpretation. For example, the
presence of viral oc or ccc dsSDNA may not always indicate ongoing replication.
They may be engaged in transcription or represent a completely silent state,
whereby oc dsDNA is in part generated from ccc dsDNA during purification
and is therefore even less informative.

The underlying technical details of Figure 1 and their interpretation have
been described (Preiss & Jeske, 2003). Here we will use the scheme solely for dis-
cussing the different replication processes. After infection by insect vectors,
monomeric circular ssDNA is introduced into the nucleus of phloem cells where
it is complemented to circular oc dsDNA (Figure lc, ss to oc). For mastre-
viruses, a RNA/DNA primer was found to be attached to the short intergenic
region and packaged within the virions serving as start signal for CSR (Donson
et al., 1984). In contrast following infection, begomoviruses use a host RNA
polymerase to generate such a primer and to start CSR within the large inter-
genic region (Saunders et al., 1992). The first oc dSDNA synthesized is sealed
and packaged into nucleosomes, giving rise to ccc ds DNA (Figure 1c, oc to ccc)
whereby each added nucleosome generates one superhelical turn (Figure 1b, c;
from bottom band to top band of the topoisomers).

RCR in general starts from monomeric oc dsDNA (Figure 1c, oc) and results
in a straight line (indicating the extension of ssDNA) for one round of replica-
tion. Only occasionally for specific viruses, a further elongation of RCR inter-
mediates was observed (Jovel et al., 2007). The accumulation of heterogenous
circular ssDNA (Figure Ic, straight line from ss to 4ss) may, however, indicate
products of insufficient termination and/or premature termination of RCR in
general, which were not detectable as RCR intermediates. These products again
may be complemented by CSR (Figure Ic, 2ss to 2oc, or approaching h lin
ssDNA, or represented in FY), leading to multimeric oc or heterogeneous lin
dsDNA. The recycling of heterogeneous circular ssDNA to oc and subsequently
ccc dsDNA, however, is underrepresented in normal geminiviral replication,
whereas heterogeneous oc dSDNA was prominent for satellite DNA replication
(Alberter et al., 2005). Correspondingly, ccc dsDNA multimers were always
discrete, lacking heterogeneous transition states during normal geminivirus
replication.

Recombination-dependent replication is useful for geminiviruses to repair
every ssDNA which has been replicated only partially or has been digested by
host nucleases (Jeske et al., 2001). It needs the transfer of ssDNA into a proper
cccDNA, which grants a genomic full-size template. RDR intermediates are
hidden in the arc of hDNA (Figure lc, ccc to h and lin) but were visualized by
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electron microscopy of nucleic acids from this area of the gel (Jeske et al., 2001).
Within the 2D gel, RDR intermediates starting from dimeric ccc dsDNA
(Figure Ic, 2ccc) are a better diagnostic indication of ongoing RDR. The arc
starting at 2ccc represents a dsDNA elongation with no defined end. This con-
figuration shows that just after starting RDR, the complementary strand is
simultaneously produced by CSR. (Note the difference to RCR as discussed
above.) The products of RDR are therefore heterogeneous linear dsDNAs
found in the central most prominent diagonal arc (Figure 1c, h). hDNAs again
may serve as templates in an RCR-like or RDR mode giving rise to a field of
hybridizing material (Figure 1c, FX) frequently seen as background smear in the
original blots.

3. VIRAL CHROMATIN STRUCTURE

To deepen the understanding of geminiviral replication, it is necessary to recall
that every dsDNA in the nucleus of eukaryotic cells is readily incorporated into
chromatin structure. Correspondingly, geminiviral dsDNA was predominantly
found in minichromosomes (Abouzid et al., 1988; Pilartz & Jeske, 1992; Pilartz
& Jeske, 2003) within purified nuclei. A typical geminiviral circular dSSDNA can
be wrapped around 13 nucleosomes at maximum, thereby converting the nega-
tive superhelical into a toroidal conformation of the DNA, thus relaxing topo-
logical stress. To interact with replication and transcription factors, the
minichromosomes need to be opened at certain genomic positions. Nuclease
hypersensitivity assays have revealed two such open positions for AbMYV, each
in DNA A as well as in DNA B: one within the common region and one colo-
calized with the promoters serving for AC2/AC3 or BC1, respectively (Pilartz &
Jeske, 2003). The opening was accompanied with the loss of one or two nucleo-
somes of the minichromosomes as reflected in the decreased number of negative
superhelical turns in one-dimensional and two-dimensional gels (Pilartz &
Jeske, 2003). Interestingly, the most exposed nuclease-sensitive region in the
genome was the conserved hairpin-structure of the replicator.

4. INITIATION OF REPLICATION

To start a replication, an origin has to be defined on the template DNA of all
organisms and viruses analysed so far. It is now referred to as “replicator” in
parallel to “promoter” for the start of transcription (Watson et al., 2004). The
replicator is typically composed of three elements: a specific sequence which is
bound first by an initiator protein, a region which is easily melted, and one or
more preferred replication start sites. This concept holds true for the leading
strand of double-stranded (ds) DNA and has to be modified for single-stranded
(ss) DNAs as they are present in viruses or as they are built during lagging
strand synthesis. DNA-dependent RNA polymerases are able to synthesize
primers without the need of specific sequences in the latter case.
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The replicator of geminiviruses is located within the 200 bp common region
for bipartite members or within the large intergenic region for monopartite
members. A specific duplicated sequence (called “iteron”) has been identified as
recognition site for the viral Rep for begomoviruses and curtoviruses, but not for
mastreviruses. How far the binding of a specific Rep is necessary for replication
may be different for the Old World and the New World geminiviruses (Hanley-
Bowdoin et al., 1999). The region to be easily melted is represented by a hairpin
structure which can adopt a cruciform structure in dsDNA upon the action of
helicases or topological stress of circular dSDNA. The third general element for
geminiviruses is an exactly defined sequence within the loop of the hairpin
which is cleaved by Rep to start unidirectional rolling circle replication.

Being first identified for WDV (Heyraud et al., 1993; Kammann et al., 1991),
the replicator nick site was analysed for TYLCV (Heyraud-Nitschke et al., 1995;
Laufs et al., 1995a, b) and ACMYV (Stanley, 1995). Using Rep protein which had
been ectopically expressed in Escherichia coli and chemically synthesized primer
DNAs, Laufs et al. (1995b) showed that ssDNA primers were precisely cut
within the TYLCV nonamer sequence TATAATATT#AC which is conserved
among all geminiviruses. Mutated loop sequences yielded a lower efficiency but
did not change the specificity of this cleavage. The stem-forming sequence was
not necessary at all for this in vitro reaction. Hybridization of primers in the
viral sense and in the complementary sense prevented the cleavage reaction
indicating that the hairpin structure must be melted before it can be processed.
Remarkably, not only the viral sense ssDNA primer, but also the complementary
sense ssSDNA primer was cleaved in this assay, although with lower efficiency
and specificity. A similar pattern of nicks within the viral and complementary sense
sequences was later on identified in DNase-sensitivity experiments using
purified nuclei infected with AbMV (Pilartz & Jeske, 2003) lending additional
weight on this first observation.

Concomitantly with the nicking of the viral sense primer, TYLCV Rep binds
covalently to the newly created 5 phosphate, saving the binding energy of the
phosphodiester bond and protecting the 5" end in this way (Heyraud-Nitschke
et al., 1995; Laufs et al., 1995a, b). The newly created 3’OH end would be ready
now to serve as a primer for the actual DNA-dependent DNA polymerization, not
tested in these assays. The fidelity of replication is granted if a second Rep nicks
the newly replicated viral DNA at the same sequence and the 5" phosphate-bound
Rep re-ligates 5" and 3’ end. Using various primers to mimic this joining reaction
in the assays (Heyraud-Nitschke et al., 1995; Laufs et al., 1995b), it was shown that
the authentic as well as other primers can be fused by Rep, indicating that Rep may
not only serve for proper replication but also function in recombination and repair.
Once attached specifically to the 5 end of a DNA, Rep thus can join it to every
prematurely terminated replication intermediate giving rise to heterogeneous cir-
cular ssDNAs as they were observed in vivo (Preiss & Jeske, 2003).

Besides the specific nicking site, the hairpin structure is the most conserved
feature of viruses with ssDNA. The secondary structure of the stem is necessary
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for replication and covariations of the primary sequences are allowed
(Hanley-Bowdoin et al., 1999). Reflecting the general concept of replication
initiation, it serves as an easily melting sequence either with the help of a helicase,
still to be defined, or as a consequence of topological constraints generated by
wrapping viral DNA around nucleosomes and interaction with binding viral
and/or host proteins (see below).

The recognition of the geminiviral replicator is mediated by the interaction of
Rep with a cognate sequence upstream the conserved hairpin loop (Figure 2).
This DNA sequence is generally virus-specific and functional to trans-replicate
the proper DNA B component preferentially (Hanley-Bowdoin et al., 1999).
A more promiscuous relationship has been shown for TOLCV and DNA satellites
(Alberter et al., 2005; Lin et al., 2003). Although sequence-specific Rep-binding
occurs as in all other geminiviruses, it seems less important to start replication
(Lin et al., 2003).

For tomato yellow leaf curl-inducing geminiviruses (TYLCV, TYLCSV),
replication is only possible if the cognate pair of Rep and Rep-binding sequence
is present on the same viral DNA (Jupin et al., 1995) or on transreplicated
chimeric constructs (Morilla et al., 2006). The relevant DNA sequence was
delimited to a region of 146 nt. upstream of the hairpin loop (Jupin et al., 1995)
that harbours the canonical duplication, now called “iteron”, which has been
characterized for SLCV, TGMYV, and BGMYV in closer detail (extensively
reviewed in Hanley-Bowdoin et al. (1999). Binding of Rep to iterons is not only
involved in replication but also in autorepression of transcription of the Rep
gene (Hanley-Bowdoin et al., 1999).

5. REP PROTEIN FUNCTIONS

Rep is a multifunctional protein and the only factor that is absolutely necessary for
the initiation of replication. It fulfills tasks of specific nicking and joining of DNA,
autorepression of its own transcription, reprogramming the cell cycle to induce
DNA-dependent DNA polymerase expression in differentiated cells as well as ATP
hydrolysis, the exact role of which has to be determined (reviewed in Hanley-Bowdoin
et al., 1999). Based on sequence comparisons, it has been early postulated that Rep
possesses helicase activity (Koonin & Ilyina, 1992), but only recently this activity has
been biochemically proven (Choudhury et al., 2006; Clerot & Bernardi, 2006).

Rep is composed of two gross portions: the N-terminal one harbouring activ-
ities for specific DNA binding, nicking, and joining, whereas the C-terminal one
is responsible for ATPase and helicase activity (Figure 2b). In the genome of
mastreviruses, both portions are separated into two ORFs (C1, C2) which are
fused by splicing (Accotto et al., 1989; Schalk et al., 1989). Rep forms oligomers
which are necessary for the two-step replication mode that involves two nicking
events triggered by two separate protein units. In this respect geminivirus repli-
cation differs from phage replication, like that of ¢X 174, the Rep of which pos-
sesses two active sites in one protein (for discussion see Laufs et al., 1995a).
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a
——————— > —mmmme > >
TYLCVﬁIR 2620 CAT------—-- GTTGAAATGAATCGGTGTCC-CTCAAAGCTCTATGGCAATCGGTGT-ATCGGTGTCTTATTTATA
TYLCSV_IR 2615 CATTTTTGC-TGTCGTTCTGAATCGGGGGACACTCAAAG-TATCCAGCAATTGGGGGAATTGGGGGGCAATATATA
——————— > B
TYLCVﬁIR CCTGGACACCTAATGGCTATTTGGTAATTTCGTAAAAGTACATTGCAATTC TTC TTC TCAAATCATTA
TYLCSV_IR TGATGCCCCCTAAA------- TGGCATAGATGTAATTATTCAAAGTAAT---AAATTTATTTTTTAATTTTTTT-TTGGTA
—————————— > 1 <———-—————=
TYLCV_IR AAGCGGCCATCCGTATAATATT | ACCGGATGGCCGCGCCTTTTCCTTTTATGTGGTCCCCACGAGGGTTCCACAGACGTCA
TYLCSVﬁIR AAGCGGCCATCCGTATAATATT | ACCGGATGGCCGCGC--TCCCCGATAAAGAAGT—————— GGGTCCTACGCAGTAGTTT
TYLCVﬁIR CTGTCAACCAATCAAATTGCATACTCAAACGTTAAATAAGTGTTCATTTGTCTTTATATACTTGGTCCCCAAGTATTTTGT

TYLCSV_IR CTGTCGACCAATGAAATTGCAGCCTCAAAGCTTAAATAACTGTTCAGCTGTGTT-ATAAACTTGCTCCCTAAGTTTAAAAA

TYLCV_IR

CT-TGCAATATG.153

TYLCSV_IR ATATACAAAATG.149

b
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TYLCV-A
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ACMV-K

TYLCSV
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ACMV-K
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ACMV-K
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==> Motif IV
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Figure 2. Comparison of selected replicator DNA (a) and Rep amino acid (b) sequences. Intergenic
regions of Tomato yellow leaf curl virus (TYLCV-IR) and Tomato yellow leaf curl Sardinia virus
(TYLCSV-IR) are compared in (a). Sequences were obtained from NCBI Virus resource for
TYLCV_IR (NC_004005) and for TYLCSV_IR (NC_003828). Start codons for Rep (CAT) and V2
(ATG), TATA Box, and the stem of the conserved hairpin loop are underlaid with grey. Elements
relevant for replication are shown in bold, like iteron (direct repeats, arrows) and CA-box in anal-
ogy to Tomato golden mosaic virus (Orozco et al., 1998). Number 1 identifies the first nucleotide after
Rep cleavage. Rep protein sequences (b) are compared for Tomato leaf curl-inducing viruses from
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Although TYLCV Rep possesses two tyrosines in conserved positions, tyrosine
103 (Y103) alone is necessary and sufficient as active amino acid to perform the
nucleophilic attack at the target sequence and to covalently attach Rep to the
5" phosphate of the cleaved DNA (Laufs et al., 1995a). Mutants of Rep (Y103F)
were unable to replicate in protoplasts confirming the biological significance of
these in vitro results (Laufs et al., 1995a). The cleavage reaction needs divalent
cations (Mg>*, Mn?*), and conserved acidic amino acids are present in the vicin-
ity of the active Y103 (DVKXYXXKD or YXXKD/E/N) (Laufs et al., 1995a).
However, structural analysis of TYLCSV Rep implied E49 in coordinating diva-
lent cations (Campos-Olivas et al., 2002a, b).

When ectopically expressed in E. coli, the first 211 amino acids of TYLCV
Rep (corresponding to 24 kDa) were sufficient to perform the specific nicking-
joining reaction with chemically synthesized primers, irrespectively of whether
Rep was fused N-terminally to maltose-binding protein, a tag which was used to
purify the protein (Heyraud-Nitschke et al., 1995). The N-terminal portion of
Rep harbours three conserved motifs (I-111) identified for various geminiviral
Rep proteins (Hanley-Bowdoin et al., 1999), but lacks the fourth motif, the P-loop
and nucleotide-binding site (see below). As discussed for the complete protein,
truncated Rep is able to rejoin primers of different origin, underlining its
possible role not only for replication but also for recombination and restoring
circular DNA (Heyraud-Nitschke et al., 1995).

The capability of specific recognition of the cognate DNA sequence has been
delimited for TYLCV and TYLCSYV to the first 116 amino acids of Rep (Jupin
et al., 1995), whereas the first 57 amino acids of ACMYV Rep were sufficient for
binding to autorepress the AC1 promoter (Hong & Stanley, 1995). Mutational
analysis of TGMV Rep (Gladfelter et al., 1997; Orozco & Hanley-Bowdoin,
1998) narrowed down the DNA-binding domain to amino acids 25-52, a pep-
tide sequence predicted to be composed of two a-helices, one of which is con-
firmed by structure determination (Figure 2 b, o-2).

Nuclear magnetic resonance (NMR) analysis of partial TYLCSV Rep com-
prising amino acids 4-121 and corresponding to 13,7 kDa (Campos-Olivas
et al., 2002a, b) have provided the clue to elucidate the interaction of the con-
served motifs in nicking and joining reaction as well as in DNA binding.
According to the deduced three-dimensional model, the key amino acids of
motifs I-III reach close vicinity upon folding of the N-terminal Rep domain

-
<

Figure 2. (continued) Sardinia (SwissProt P27260), Spain (Murcia, P38609), Australia (P36279),
and Israel (P27259) as well as African cassava mosaic-inducing viruses from Nigeria (P14972) and
Kenya (P14982). Conserved motifs as discussed in the text are indicated as well as a-helix 1 (o-1)
and an oligomerization domain (< = = = = >) in analogy to TGMYV (Orozco et al., 2000). The
oligomerization domain overlaps with interaction domains for other viral proteins (REn) and host
factors as shown for TGMYV, TYLCV (Arguello-Astorga et al., 2004; Kong and Hanley-Bowdoin,
2002; Settlage et al., 2005), and TYLCSV (Castillo et al., 2004). It may therefore serve as a platform
for mutual interactions of Rep with other proteins during replication.
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Figure 3. Three-dimensional structure of the N-terminal portion of TYLCSV Rep. NMR-resolved
structure of amino acids 4-121 of TYLCSV Rep (Campos-Olivas et al., 2002a, b) redrawn from
PDB IDI1L2M to show the vicinity of the conserved sequence motifs in B-sheets B—2 and B-4 as
well as o-helix o-2. Selected key amino acids, as discussed in the text, are shown with their chemi-
cal structure.

into four to five B-sheets and two a-helices (Figure 3). o-2 exposes Y103 of
motif 1T just opposite to H57 and H59 in -4 of motif II and F15 in B-2 of
motif I. All together form a binding and reaction pocket which is structurally
conserved in many RNA and DNA-binding proteins from all kingdoms of liv-
ing organisms and viruses (Campos-Olivas et al., 2002a, b). Basic as well as
hydrophobic (aromatic) amino acids may be involved in binding of ds and
ssDNA and may orient ssDNA into the neighbourhood of Y103 where it can be
cleaved. Divalent cations may be bound at E49 in close vicinity (Figure 3) to
facilitate nucleophilic attack of Y103 to the conserved A1l nucleotide within the
hairpin loop of the replicator (Campos-Olivas et al., 2002a, b).

In contrast to the N-terminal portion, the function and the structure of the
C-terminal portion of Rep is less well understood. The latter harbours an NTP-
binding motif (P-loop for phosphate binding fold) with the consensus of
GXXXXGKT/S which is a functional site for NTP binding and ATPase activ-
ity of TYLCV Rep (Desbiez et al., 1995). The central Lys 227 was necessary for
high in vitro ATPase activity and in vivo replication of TYLCYV in protoplasts,
but replacement of lysine by an arginine still allowed residual reactivity and
replication (Desbiez et al., 1995). The C-terminal portion has been identified as
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helicase domain recently (Choudhury et al., 2006; Clerot & Bernardi, 2006).
ATP binding has also been discussed with reference to RecA (Desbiez et al.,
1995), a recombination protein for which the release from DNA needs the con-
version of ATP to ADP (Stauffer & Chazin, 2004). However, ATPase activity of
TYLCYV Rep was independent of ssDNA and dsDNA, otherwise a prerequisite
for recombinationally active proteins.

6. RECRUITING VIRAL AND HOST PROTEINS BY REP

Geminiviral Rep has been shown to interact with several host proteins for
different, more or less well-understood purposes. The most intriguing
interaction occurs between the plant retinoblastoma-related protein (pRBR).
Retinoblastoma protein has been detected as a tumour suppressor in animal
cells, but is generally involved in cell cycle regulation (for review see Durfee
et al., 2000; Gutierrez, 2000; Gutierrez et al., 2004; Hanley-Bowdoin et al.,
1999). Its normal function relies on the binding of a transcription factor (EF2)
thus inhibiting the expression of EF2-dependent genes which are involved in the
start of DNA synthesis at the G1/S-phase transition. Viral proteins are able to
recruit RB and release EF2 which can activate S-phase-specific genes. Whether
plants and their DNA viruses use similar mechanisms to activate host DNA
synthesis has been analysed for WDV mastrevirus (Xie et al., 1996), TGMV
(Ach et al., 1997; Egelkrout et al., 2002; Kong et al., 2000; Nagar et al., 1995;
Settlage et al., 2001), and TYLCV (Arguello-Astorga et al., 2004). Most RB-
binding proteins harbour a highly conserved motif (LXCXE), which is present
in mastrevirus Reps but not in Reps of other geminiviruses (Gutierrez et al.,
2004). The role of the LXCXE in mastrevirus replication is still discussed
(Collin et al., 1996; Liu et al., 1999; Xie et al., 1996). TGMYV Rep lacking this
sequence element, nevertheless, binds maize and arabidopsis pRBR (Ach et al.,
1997; Kong et al., 2000), and essential amino acids for pPRBR-binding have been
mapped, with special focus on KEE146 (Kong et al., 2000) and L1148 (Arguello-
Astorga et al., 2004). A problem with this analysis lies in the multifunctionality
of the interaction domain within which these amino acids are located (Figure
2b, KSE/Q, L). Whereas AL1-ALI interaction is also reduced by alanine sub-
stitution at these sites, the binding of pRBR is not completely abolished.
Correspondingly, these mutations reduce but do not prevent viral replication of
infectious clones. They restrict TGMYV to the phloem (Kong et al., 2000), where
the majority of geminiviruses replicate exclusively.

In addition to pRB, TGMV Rep is able to bind a plant Ser/Thr kinase, a
kinesin, and histone H3 in yeast and insect assays. The proof of these interac-
tions in planta and their implications in viral replication are still pending (Kong
& Hanley-Bowdoin, 2002). In yeast and insect assays, TYLCSV Rep binds to
PCNA (Castillo et al., 2003) which may assist in the formation of replisomes on
geminiviral DNA. Moreover in the same assays, TYLCSV Rep interacts with
a SUMO-conjugating enzyme from Nicotiana benthamiana (Castillo et al., 2004).
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Sumoylation does not destine proteins for proteasomal degradation like the
related ubiqitin, but modifies proteins for specialized functions. In this context,
it is interesting to note that the switch from replication to recombination and
repair is accompanied by differential SUMOylation and ubiquitination of
PCNA, at least in budding yeasts (Hoege et al., 2002). SUMO-modified PCNA
recruits a helicase (Srs2) to prevent a stalled replication fork during S-phase
from recombination (Papouli et al., 2005; Pfander et al., 2005; for review see
Watts, 2006). It would be extremely interesting to know, whether the dual bind-
ing of TYLCSV Rep to PCNA and the SUMO-conjugating enzyme implicates
a similar switch for plants which are less well investigated for this aspect.

Besides host factors, TGMYV, TYLCV Rep (Settlage et al., 1996; Settlage
et al., 2005), and TYLCSV Rep (Castillo et al., 2003) bind the viral replication
enhancer protein (REn) which is not necessary for, but increases the efficiency
of viral replication.

Interestingly, the self-interaction of Rep during oligomerization, as well as the
interaction with other proteins is mediated by a central Rep protein domain
(around aa 130-180) (Castillo et al., 2004; Kong & Hanley-Bowdoin, 2002;
Orozco et al., 2000; Settlage et al., 1996; Settlage et al., 2005). This domain may
serve as a general platform for mutual binding in order to differentially regulate
certain functions during multitasking of replication.

7. ROLLING CIRCLE AMPLIFICATION AND DIAGNOSIS

Due to the great variety of circular replication intermediates and products, gemini-
viral DNA is prone to amplification by bacteriophage ¢ 29 polymerase, an enzyme
that combines polymerase and strand-displacement activity (Blanco et al., 1989).
CSR, RCR, and RDR intermediates were converted to high-molecular weight
DNA (Jeske, 2006, unpublished data) and the products were easily identified by
restriction fragment length polymorphism (RFLP) (Haible et al., 2006). This rolling
circle amplification (RCA) has been used to clone geminiviral DNA (Inoue-Nagata
et al., 2004), however, advanced usage of RCA will help to circumvent many
bacterial cloning steps, since their products can be sequenced, modified, and
inoculated directly in a cell-free system (Haible et al., 2006; Schubert et al., 2007).
RCA can replace most of PCR and ELISA techniques in future, because it is eas-
ier to handle (needs no thermal cycler or specific primers) and amplifies all DNA
components of a virus without the knowledge of their sequences, including defec-
tive DNAs and satellites. If an RFLP signal is obtained and contamination is
avoided, RCA assays reveal virtually no false-positive results in contrast to PCR,
and the fragment pattern of unknown samples can be directly compared to the
expected fragment sizes deposited in a sequence database. Last but not the least,
RCA works with dried leaf samples and multiple-infected plants allowing its wide-
spread application in agriculture with lower technical equipment (Schubert et al.,
2007). Since TYLCV and related viruses make up one of the major threats for
tomato crops, RCA should be especially valuable for practical quarantine measures.
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1. OVERVIEW

Whiteflies cause damages to many economically important agricultural crops
because of their feeding habits and their begomovirus transmissions. The white-
fly Bemisia tabaci is a genetically diverse group, which includes a large number
of different biotypes (see Part I, Chapter 3). It is extremely prolific; a single
female may lay approximately 400 eggs during her lifetime. Unfertilized eggs
give rise to haploid males, whereas fertilized eggs develop into diploid females
(arrhenotoky). The male/female ratio naturally changes throughout the course
of the year, in fields and in insectaries (Horowitz & Gerling, 1992). B. tabaci
develops into a flying adult from an egg, through four instars. Although
B. tabaci nymphs are able to ingest and transmit begomoviruses, flying adults
are those who spread the disease in the field (Gerling & Mayers, 1996). In this
chapter we discuss the characteristics of acquisition, transmission, and retention
of Tomato yellow leaf curl virus (TYLCV) and related begomoviruses by the
whitefly vector B. tabaci.

2. INGESTION AND INOCULATION OF TYLCV
2.1. Acquisition and transmission by B and non-B biotypes of B. tabaci

Most begomoviruses are restricted to the phloem of infected plants. Hence,

to acquire a begomovirus from an infected plant or to transmit a begomovirus to

a host plant, the stylets of B. tabaci need to find their way between the

epidermal and parenchymal cells before penetrating the vascular tissues and

reaching the phloem that they feed on (Pollard, 1955). The parameters of

acquisition and transmission of a begomovirus were first defined for the
157
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monopartite begomovirus TYLCV and were based on biological tests (Cohen
& Harpaz, 1964; Cohen & Nitzany, 1966). A single insect is able to acquire
TYLCV and transmit it to tomato plants. The reported minimum acquisition
access period (AAP) and inoculation access period (IAP) of TYLCYV isolates by
B. tabaci biotype B varied from 15 to 60 min and from 15 to 30 min, respectively
(Cohen & Harpaz, 1964; Mansour & Al-Musa, 1992; Mehta et al., 1994).
Similar values were reported for other monopartite geminiviruses infecting
tomato such as Tomato yellow leaf curl Sardinia virus (TYLCSV) from Italy
(Caciagli & Bosco, 1997). Efficient AAP and IAP of bipartite begomoviruses
infecting tomato such as Tomato yellow leaf curl Bangalore virus (ToLCBYV)
from India are not drastically different (Muniyappa et al., 2000).

The development of molecular tools has allowed to refine these studies. The
genome of TYLCV was readily detected by Southern blot hybridization of
DNA extracted from a single viruliferous whitefly (Zeidan & Czosnek, 1991).
PCR allowed detecting amounts of TYLCV DNA in a single insect below the
threshold of infectivity (Navot et al., 1992). The frequency of detection
increased as the length of the AAP increased, from 10-20% after 30 min to
100% of the insects tested after 8 h. The intensity of the hybridization signals
indicated that insects that had access to the same tissues for the same period of
time could acquire variable amounts of viral DNA (Zeidan & Czosnek, 1991).
A similar study conducted previously with the bipartite Squash leaf curl virus
(SLCV) showed a similar albeit slower increase in the frequency of virus detection
with time (Polston et al., 1990).

Monitoring the electronic waveforms produced during insect feeding (elec-
trical penetration graphs (EPG), Tjallingii, 1978) allowed dissecting the
virus transmission process. Following a short probing period, the minimum
phloem contact period for successful inoculation of TYLCV was 1.8 min
(Jiang et al., 2000). Using print-capture PCR, we have detected TYLCV
DNA in 20% of the individuals tested as early as 5 min after access to the
infected plant (Atzmon et al., 1998). Anatomical differences between virus
source plant and target host plants (e.g., accessibility of the phloem in the
leaf) may be reflected in differences in acquisition and transmission parameters
associated with various begomoviruses.

The appearance of new exogenous biotypes in regions where TYLCV is
endemic has allowed comparing the transmission efficiency of different B. tabaci
biotypes from the same locality and on the same tomato cultivar. Comparison
of two whitefly colonies from Murcia Spain by EPG indicated that the B bio-
type probed more often but ingested for less time than the Q biotype on the
same tomato cultivar (Jiang et al., 1999). However, the B and Q biotypes did not
significantly vary in terms of transmission efficiency of a virus isolate from
Murcia, Spain (TYLCSV-ES), from infected tomato to noninfected tomato and
to the weed plants Datura stramonium, Solanum nigrum. Another biotype, S,
was unable to survive in tomato long enough to acquire or transmit TYLCSV-
ES (Jiang et al., 2004). Acquisition and transmission efficacies of Tomato Yellow
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Leaf Curl China Virus (TYLCCNYV), a virus from the Zhejiang province in
China virus closely related to TYLCYV, by an invasive B and the local non-B
B. tabaci biotype (China-ZHJ-1) were similar. A single insect was sufficient to
infect tomato. Viruliferous B and ZHJ-1 adults retained TYLCCNYV for their
entire life when placed on healthy cotton plants (Jiu et al., 2006).

2.2. Latent period

Once ingested, begomoviruses are not immediately available for infection. They
need to translocate from the digestive tract to the salivary glands from which
they are excreted with the saliva during feeding. The time it takes for a bego-
movirus to complete this path and to infect susceptible plants is called the latent
period. The latent period may not reflect the speed of virus translocation but
rather the time it takes for an insect to accumulate enough virions to be able to
transmit the disease to plants. For some begomoviruses this threshold may be
reached much earlier than for others. For example, SLCV has been detected by
PCR in the saliva 8 h after the beginning of the AAP (Rosell et al., 1999) while
the minimal latent period was approximately 19 h (Cohen et al., 1983). In con-
trast TYLCYV has been detected in the salivary glands of B. tabaci 7 h after the
beginning of the AAP, 1 h only before the insects were able to infect tomato
plants (Ghanim et al., 2001). The estimated latent period for a given virus may
vary due to the experimental conditions or to changes in virus and/or vector
with time. For example the latent period of TYLCV from Israel was reported
to be 21 h in the early 1960s (Cohen & Nitzany, (1966), while it was found to be
8 h, 35 years later (Ghanim et al., 2001).

2.3. Transmission efficiency of begomoviruses: The effect of gender and age

It has been reported that a single insect was able to infect a tomato plant with
TYLCYV following a 24 h AAP; efficiency of transmission reached 100% when
5-15 insets were used (Cohen & Nitzany, 1966; Mansour & Al-Musa, 1992;
Mehta et al., 1994). A similar number of insects were necessary to achieve 100%
transmission of TYLCV from Italy (TYLCSV) and from China (TYLCCNYV),
and for the bipartite SLCV (Caciagli et al., 1995; Jiu et al., 2006; Cohen et al.,
1983). However, in most cases the age and/or the gender of the insects used has
been ignored. It has been previously reported that female whiteflies transmit the
monopartite TYLCV (Cohen & Nitzany, 1966) and the bipartite ToLCBV
(Muniyappa et al., 2000) with higher efficiency than males. We have studied the
effect of the gender and of the age of synchronized populations of adult B. tabaci
on the efficiency of transmission of TYLCV acquired during a 48 h AAP
(Czosnek et al., 2001). Nearly all the 1- to 2-week-old adult females were able to
infect tomato plants during a 48 h IAP. In comparison, only about 20% of the
males of the same age were able to infect plants. Infection capacity decreased
with age; while 60% of the 3-week-old females infected plants, the males were



160 Czosnek

totally unable to infect tomato plants. Only 20% of the 6-week-old females were
able to infect tomato plants. Aging insects acquire fewer viral particles than
younger individuals: 17-day-old adult females ingested less than half the virus
ingested by 10-day-old insects and 24-day-old adults ingested only about 10%
(Rubinstein & Czosnek, 1997). It has to be noted that female and male B. rabaci
transmitted SLCV with the same efficiency (Polston et al., 1990). The reason for
these differences is unclear.

3. THE PATH OF GEMINIVURSES IN THE WHITEFLY HOST
3.1. Organs and cells involved in circulative transmission of begomoviruses

Once ingested, begomoviruses follow a path that has been described in some
details. The extensive anatomical analysis of the begomovirus nonvector
whitefly Trialeurodes vaporariorum, performed in the 1930s, still serves as a
reference for analyzing the internal anatomy of whitefly species (Weber, 1935).
The description of B. tabaci mouthparts (Rosell et al., 1995), anterior alimentary
canal (Hunter et al., 1996), digestive tract, filter chamber, and salivary glands
(Harris et al., 1996; Cicero et al., 1995; Ghanim et al., 2001) has helped defining
the pathway of begomoviruses in their insect vector. The organs and tissues
involved in begomovirus circulative transcription are described in Part III,
Chapter 3. These authors also show the immunolocalization of TYLCV in
whitefly key organs.

3.2. Velocity of TYLCYV translocation in B. tabaci

Using DNA from extracts of B. tabaci raised in Arizona as substrates for PCR,
the bipartite SLCV DNA was detected in insect extracts after a 30 min AAP on
infected pumpkin, and was found in the haemolymph after 2 h and in the saliva
and honeydew after 8 h (Rosell et al., 1999). We have measured the velocity of
translocation of TYLCV genomic DNA and coat protein (CP) in whiteflies from
a colony raised in Israel. Stylets, head, midgut, haemolymph, and salivary glands
dissected from a single insect were used as substrate for PCR and immunocapture-
PCR (Ghanim et al., 2001). TYLCV was detected in the head 10 min after the
beginning of the AAP and in the midgut after 40 min. The virus reached the
haemolymph 90 min after the beginning of the AAP and was detected in the sali-
vary glands approximately 5.5 h thereafter, approximately 1 h before the insects
were able to infect tomato plants. TYLCV translocation timing defined by PCR
and by immunocapture-PCR, overlapped, suggesting that the viral DNA is pres-
ent within virions. Hence, begomoviruses transit in the body of B. tabaci accord-
ing to an invariable sequential path: head-midgut-haemolymph-salivary glands
(Ghanim et al., 2001). Moreover, it is likely that the path and the velocity of bego-
movirus translocation are independent of the identity of the begomovirus (as long
as it is transmissible) and of the geographical origin of the B. tabaci vector.
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3.3. Fate of nontransmittable begomoviruses

During the transit of begomoviruses in their whitefly vector, the capsid is the
structure that is exposed to the whitefly tissues and interacts with insect recep-
tors and chaperons (Morin et al., 2000). Vector specificity of geminiviruses is
determined by the CP and there is no evidence for the involvement of other
virus-encoded proteins in transmission. Loss of begomovirus transmission by
B. tabaci can be caused by a small number of amino acid replacements in the
CP. Natural TYLCSV mutants have been isolated. Some are ingested but not
transmitted by B. tabaci. Loss of TYLCSV transmission was due to the replacement
of two amino acids in the CP at positions 129 (P for Q) and 134 (H for Q) (Noris
et al., 1998). These two amino acids are in a stretch of 12 (123-134), which are
mostly external. P129 is predicted to introduce a bend in the polypeptide chain,
potentially modifying the protein structure of the CP subunits. This region of
the CP is also implicated in transmission of the bipartite Watermelon chlorotic
stunt virus (Kheyr-Pour et al., 2000). Abutilon mosaic virus (AbMV) is another
bipartite begomovirus that has lost the ability to be transmitted (Wu et al.,
1996), probably, because it has been maintained and propagated by cuttings.
Mutagenesis of AbMV CP showed that exchange of three amino acids at positions
124, 149, and 174 restored transmissibility by whiteflies (Hohnle et al., 2001).
Replacing the CP of AbMYV with that of the closely related transmissible Sida
golden mosaic virus (SiIGMYV) produced a whitefly-transmissible chimeric
AbMYV (Hofer et al., 1997).

Although not transmittable, the pattern of association of AbMV with B. tabaci
was similar to that of TYLCV. Following a 4-day AAP on infected abutilon
plants, AbMV DNA remained associated with B. tabaci during the 15-day
experiment, while the CP was detectable only for up to 7 days (Morin et al.,
1999). AbMV was detected in the vector digestive system, but not in the
haemolymph, indicating that this virus was unable to cross the gut/haemolymph
barrier (Czosnek et al., 2002). We speculate that, following acquisition, AbMV
binds to the putative B. tabaci receptors present in part of the digestive tract.
However, because of a change in the conformation of the capsid due to muta-
tions in the CP, AbMYV cannot be internalized in the epithelial cells by the
microvilli system and delivered to the haemolymph.

4. TYLCV AFFECTS THE FITNESS OF THE WHITEFLY HOST
4.1. Long-time association of TYLCYV with the whitefly vector

Following a 1- to 2-day AAP on infected plants and transfer to non-host plants,
begomoviruses may be retained in their whitefly vector for several weeks and
sometimes for the entire life of the insect. TYLCV and TYLCCNV remain
associated with B. tabaci during the entire life of the vector (Rubinstein & Czosnek,
1997; Jiu et al., 2006), while TYLCSYV is undetectable after approximately 20 days
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(Jiang et al., 2000). In most instances the viral DNA remained associated with
the insects much longer than infectivity indicated. For example while TYLSCV
DNA was detectable up to 20 days after the end of the 48 h AAP, infectivity was
retained for up to 8 days only (Caciagli et al., 1995). TYLCV DNA and CP are
not retained in B. tabaci for the same time periods. Following the end of the
48 h AAP, TYLCV DNA remained conspicuous during the 5 weeks life span of
the insect, while the amount of TYLCV CP steadily decreased until it was unde-
tectable at day 12; the disappearance of the virus CP was associated with a fast
decrease in whitefly ability to infect host plants (Rubinstein & Czosnek, 1997).
It is possible that most of the viral DNA dissociated from the capsid, left the
circulative pathway and invaded insect tissues.

4.2. Deleterious effects of TYLCYV on longevity and fertility of B. trabaci

In an early study, it was shown that the life span of female whiteflies (biotype
not specified) fed for 24 h on bipartite SLCV-infected plants was in average
25% shorter than that of whiteflies fed on the same virus source for 4 h only
(Cohen et al., 1989). To examine the effects of the direct association
between the whitefly vector and TYLCV we have compared longevity and
fertility of viruliferous and nonviruliferous insects reared on cotton (a virus
non-host plant), following a short exposure to TYLCV-infected tomato
plants (Rubinstein & Czosnek, 1997). Adult whiteflies that emerged during
a 24 h time period were caged with TYLCV-infected tomato plants for a 48
h virus AAP. Control insects that emerged the same day were caged for 48 h
with noninfected tomato plants. The two insect populations were then
reared in a net house concurrently on eggplants, with climatic conditions
close to those prevalent outdoors. At the population level, the difference at
the 50% mortality point between infected and noninfected insects was
between 5 and 7 days: 27 vs. 34 days in January—February, 20 vs. 26 days in
April-May, 26 vs. 32 days in May—-June and 29 vs. 35 days in
August—September. These results showed that the life expectancy of viruli-
ferous insect populations was significantly lower (~20%) than that of the
nonviruliferous controls.

The long-term association of TYLCV with female B. tabaci was also corre-
lated with a decrease in fertility (Rubinstein & Czosnek, 1997). Following a
48 h AAP on TYLCV-infected tomato plants, the mean number of eggs laid
either on tomato or on eggplant during a 7 or 20 days long period was signi-
ficantly lower than that laid by nonviruliferous insects of the same age.
The decrease in fertility was not observed during the first 24 h following AAP
(6.0 vs. 5.1 for 3-day-old insect, 9.8 vs. 10.0 for 11-day-old insects), indicating
that the target was maturing eggs. The mean number of eggs laid by viruliferous
insects during a 7-day period was significantly lower than that laid by nonvir-
uliferous insects (22.7 vs. 38.1 for 1-day-old insects; 14.1 vs. 28.0 for 9-day-old
insects). Similar results were obtained with 3-day-old insects during a 20-day
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period (33.4 vs. 56.0). The host plant did not have a significant effect on the
insect fecundity. The percentage of eggs that developed into instars was simi-
lar, whether they were laid by infected or noninfected insects. Therefore,
TYLCYV influenced the number of eggs laid but not the emergence of the
instars.

In a similar experiment the effect of TYLCCNYV on two B. tabaci biotypes
(invasive B and local ZHJ1) was appraised (Jiu et al., 2007). Emerged whiteflies
were caged with TYLCCN V-infected tobacco plants for 48 h and transferred on
cotton plants. The mean longevity and fertility of viruliferous B biotype insects
on cotton were significantly lower than that of nonviruliferous insects (19.8 vs.
31.0 days and 62.3 vs. 84.8 eggs per female). A similar deleterious effect of the
virus on the longevity and fertility of the ZHJ1 biotype was observed (14.7 vs.
25.2 days, 55.9 vs. 83.6 eggs). In the same study, the effect of another monopar-
tite geminivirus, the Tobacco curly shoot virus (TobCSV) on the two biotypes
was appraised following a 48 h AAP on TobCSV-infected tobacco and transfer
to cotton plants. The results were just the opposite of those obtained with
TYLCCNYV. Viruliferous B biotype whiteflies exhibited higher longevity and
fertility than nonviruliferous whiteflies (33.8 vs. 31.0 days, 116.1 vs. 84.8 eggs per
female). The effect of TobCSV on ZHJ1 insects was minor (25.7 vs. 25.2 days,
75.5 vs. 83.6 eggs per female).

In contrast to TYLCV and TYLCCNYV, the bipartite begomovirus Tomato
mottle virus (ToMoV) did not affect fertility of whitefly B biotype (McKenzie,
2002). Whiteflies infected with ToMoV deposited significantly more eggs on
healthy tomato leaves than nonviruliferous whiteflies. There was no significant
difference between viruliferous and nonviruliferous whiteflies for the number of
adults emerged or the proportion of those adults surviving from the egg stage.
There was no significant correlation between the number of eggs deposited per
viruliferous and nonviruliferous females and progeny survival rates on healthy
tomato. These observations indicate that some begomoviruses have deleterious
effects on their insect host while others do not.

5. FATE OF TYLCV IN THE WHITEFLY HOST
5.1. Association of viral particles with insect chaperons

Begomoviral particles need to cross the gut wall into the haemolymph on
their way to the salivary gland. The haemolymph consists of plasma in which
haematocytes digest foreign proteins, microorganisms and tissue debris
(Chapman, 1991). Hence transiting virions face a particularly hostile environ-
ment. A GroEL homologue produced by endosymbiotic bacteria of aphids has
been shown to play a crucial role in the transmission of luteoviruses (van den
Heuvel et al., 1994). Similarly, endosymbiotic bacteria housed in the whitefly
mycetocytes have a cardinal role in protecting begomoviruses in the haemolymph
(Gibbs, 1999). As demonstrated for TYLCV, the GroEL homologue seems to
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bind to and protect begomoviruses from degradation in the haemolymph.
Disrupting the GroEL-TYLCYV association leads to the degradation of the virus
and to a marked decrease in transmission efficiency (Morin et al., 2000, 1999).
We have shown that in the yeast two hybrid system, B. tabaci GroEL interacted
with the CP of TYLCYV as well as with the CP of the nontransmissible AbMV
(Morin et al., 2000), indicating that the amino acid residues at position 124, 149,
and 174, which prevented AbMV from crossing into the insect haemolymph
(Hohnle et al., 2001) did not prevent binding to GroEL. It has been suggested
that viruses belonging to unrelated taxonomic groups have taken advantage of
endosymbiotic bacteria proteins produced by their insect vector to avoid degra-
dation in the haemolymph (Gibbs, 1999).

5.2. Does TYLCY replicate in its insect vector?

Begomovirus replication in its vector remains a controversial issue. It has been
postulated that geminiviruses do not replicate in their insect vectors (Harrison,
1985). However, studies to determine virus titer over time in whiteflies have
shown that TYLCV DNA persists in the insects longer than infectivity would
suggest (Caciagli & Bosco, 1997; Rubinstein & Czosnek, 1997; Sinisterra et al.,
2005). Hence, the persistence of begomoviruses in B. tabaci as infective entities
for longer than the latent period, sometimes for the entire life of the insect,
raises the question of replication of the virus in the insect.

Accumulation of viral DNA in B. tabaci reared on a TYLCV-non-host plant,
after first feeding on plants infected with a TYLCYV isolate from Egypt, has been
interpreted as multiplication of TYLCV in its vector (Mehta et al., 1994). We
have found that after a short AAP the amount of TYLCV DNA associated with
whiteflies detectable by Southern blot hybridization steadily increased after a lag
period of 8 h, reaching maximum levels approximately after 16 h and decreas-
ing thereafter (Czosnek et al., 2001). These results could be explained by the
ingestion of viral replicative complexes, which complete their replication cycle in
the insect. It has to be noted that following acquisition of the closely related
TYLCSYV, accumulation of viral DNA was not observed in the whitefly host
(Caciagli & Bosco, 1997).

5.3. Is TYLCYV transcribed in the whitefly vector?

Transcriptional activity of two begomoviruses in the B. tabaci vector, the
monopartite TYLCV and the bipartite ToMoV have been evaluated
(Sinisterra et al., 2005). After feeding on virus-infected tomato plants and
after subsequent transfer to the virus non-host cotton, quantitative RT-PCR
was performed using specific primers for three ToMoV genes (AV1, BCI,
and BV1) and three TYLCYV genes (V1, V2, and C3). The ToMoV gene tran-
scripts rapidly became undetectable in whiteflies following transfer from
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tomato to cotton, probably because degradation was not accompanied by
new synthesis. On the other hand, TYLCYV transcripts increased after trans-
fer of whiteflies to cotton, and were readily detected after 7 days indicating
active TYLCV transcription. Interestingly, the difference observed in
ToMoV and TYLCYV transcripts in the vector parallel observations on the
different biological effects of these viruses on whiteflies, i.e., TYLCYV,
but not ToMoV, reduced whitefly fitness (Rubinstein & Czosnek, 1997
McKenzie, 2002).

6. ACQUISITION OF TYLCV BY WHITEFLIES INDEPENDENTLY
OF AN INFECTED PLANT SOURCE: TRANSOVARIAL
INHERITANCE AND TRANSMISSION DURING MATING

6.1. Transovarial transmission

Transovarial transmission of plant viruses by their insect vector is a rare
event and has been associated with replication and with deleterious effects
on the insect host (Sylvester & Richardson, 1969; Sylvester, 1973). Usually,
the virus was transmitted to some, but not to all progeny. Geminiviruses have
not been considered to be transmitted transovarially to progeny (Harrison,
1985). Using PCR, Southern blot hybridization and transmission tests, we
have found that TYLCV was transmitted to the progeny of viruliferous
insects with various efficiencies. Moreover, the progeny of viruliferous
insects was able to infect tomato test plants. Dissection and analysis of the
reproductive system of viruliferous whiteflies showed that both the ovaries
and the maturing eggs contained TYLCV DNA (Ghanim et al., 1998).
The closely related TYLCSV was also found to be transmitted transovarially
to the first-generation progeny (only). Similarly to TYLCV (Ghanim et al.,
1998), TYLCSYV was detected in eggs and nymphs as well as in adults (Bosco
et al., 2004). However, in contrast to TYLCYV, the adult progeny of TYLCSV
viruliferous insects were unable to infect tomato plants. It is interesting to
note that in the later experiments, while TYLCSV DNA was associated with
eggs, instars, and adults of the first generation progeny, TYLCV was detected
neither in instars nor in adult progeny of viruliferous females. These divergent
results may be due to intrinsic differences in the highly inbred insect colonies
raised in the laboratory and used in these experiments. Different endosymbiotic
bacteria fauna might also be involved in these contradictorily processes.

The way in which TYLCV and TYLCSV enter the whitefly reproductive
system is unknown. It is possible that during the maturation of eggs in the
ovaries, geminiviral particles penetrate the egg together with the endosym-
bionts, via an aperture in the membrane (Costa et al., 1995). Invading TYLCV
may affect the development of some of the eggs, causing a decrease in fertility
(Rubinstein & Czosnek, 1997).



166 Czosnek

6.2. Transmission during mating: Another route of acquisition
of begomoviruses

We have shown that TYLCV can be transmitted between whiteflies in a sex-
dependent manner in the absence of any other source of virus (Ghanim &
Czosnek, 2000). TYLCV was transmitted from viruliferous males to females
and from viruliferous females to males, but not between insects of the same sex.
Transmission took place when insects were caged in a feeding chamber or on
TYLCV non-host cotton plants. TYLCV was detected in the haemolymph of
the recipient insects about 1.5 h after caging, but was detected neither in the
midgut nor in the head. Hence, the virus bypassed the pathway followed after
feeding on infected plants, and probably infected the recipient insect by means
of haemolymph exchange. From there TYLCV translocated in the salivary
glands, but never crossed the gut membranes back into the digestive system.

The key role of the haemolymph was demonstrating by caging nonvirulifer-
ous B. tabaci males with females fed on AbM V-infected abutilon plants. AbMV
DNA was never detected in the males. Identical results were obtained in the
reciprocal mating scheme (Ghanim & Czosnek unpublished) 2007. Since AbMV
remains in the digestive tract and is unable to cross the gut barrier into the
haemolymph, these results confirmed that virus cannot be acquired from the
feeding solution and that mating is the obligate route for sexual transmission of
TYLCV, which probably occurs by exchange of haemolymph during inter-
course. Transmission of the bipartite begomoviruses SLCV and WmCSV dur-
ing mating was also observed by detecting viral DNA A and DNA B in the
recipient insects (Ghanim & Czosnek unpublished) 2007.

7. VIRAL AND CELLULAR DETERMINANTS INVOLVED
IN BEGOMOVIRUS CIRCULATIVE TRANSMISSION

Whiteflies and begomoviruses have a long history of cohabitation which has left var-
ious traces. On the one hand fossils anatomically similar to modern whiteflies have
been found in ~120 million-year-old (MY) amber from Lebanon (Schlee, 1970). On
the other, multiple repeats of geminiviral DNA sequences highly homologous to
sequences of the modern bipartite Tomato golden mosaic virus (TGMV) seem to
have integrated into the genome of some tobacco ancestors during Nicotiana speci-
ation, about 25 MY ago (Bejarano et al., 1996). In this context it is interesting to note
that the endosymbiotic bacteria that produce the GroEL homologue on which
depends the survival of begomoviruses in their insect vector (Morin et al., 1999),
have been associated with whiteflies for the last 200 MY (Bauman et al., 1993).
During this long-lasting virus—vector relationship begomoviruses might have
optimized the conformation of their capsid to fit the receptors that mediate their
circulation in the insect host and to interact with the chaperonins produced by
the whitefly endosymbiotic bacteria. It is interesting to note that the adaptation
of the local vector to the local begomovirus is reflected in the parameters of
acquisition and transmission. Transmission of a begomovirus by an insect from
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the same geographical region is more efficient than in the case where virus and
insect originated from two different regions (McGrath & Harrison, 1995).

8. PERSPECTIVES: THE WHITEFLY FUNCTIONAL
GENOME PROJECT

The B. tabaci genome has been hardly explored. It has been reported that nuclei
of haploid males contain 10 chromosomes (Blackman & Cahill, 1998). Using flow
cytometry we have estimated the DNA content of nuclei from haploid B. tabaci
males as 1,020 million base pairs (Brown et al., 2005), which is approximately five
times that of the fruitfly Drosophila melanogaster.

A functional genomics approach has been taken to understand the patterns of
gene expression during whitefly development and during association of whiteflies
with begomoviruses. In particular, the insect receptors which are thought to medi-
ate translocation of begomoviruses from the gut to the haemolymph and from the
haemolymph to the salivary glands are unknown. Also unknown are the genes
affected by the virus, whether during circulative transmission or during long-term
storage in the insect tissues. We have constructed three cDNA libraries for non-
viruliferous whiteflies (eggs, immature instars, and adults) and two from adult
insects that fed on tomato plants infected by two geminiviruses: the monopartite
TYLCYV and the bipartite ToMoV. The sequence of approximately 20,000 clones
has been determined, which may represent approximately 4,000 different genes
(Leshkowitz et al., 2005). Comparisons with public databases indicated that the
libraries contained genes involved in cellular and developmental processes. Some
sequences were specific of developmental stages while others were specific to vir-
uliferous insects. A microarray containing 6,000 entries is available for this
research. The functional analysis of these genes is in progress.
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CHAPTER 3

LOCALIZATION OF TOMATO YELLOW LEAF CURL
VIRUS IN ITS WHITEFLY VECTOR BEMISIA TABACI

MURAD GHANIM! AND VICENTE MEDINA?

Unstitute of Plant Protection, Department of Entomology, The Volcani Center, Bet Dagan 50250,
Israel

2Department of Crop and Forest Science ( University of Lleida), Av. A. Rovira Roure 191, 25198
Lleida, Spain

1. OVERVIEW

Very little is known on the interactions of TYLCV and its Bemisia tabaci vector.
Although many parameters of acquisition and transmission have been established
(see Part III, Chapter 2), the localization of TYLCYV particles in the whitefly has
been barely studied. TYLCYV is transmitted in a circulative manner. Once ingested
during feeding on phloem of infected plants, the viral particles cross the midgut
wall barrier, are transported through the haemolymph to the salivary system, cross
the salivary gland barrier and are transmitted to the plant during feeding (Ghanim
et al., 2001a). Few research articles describe the anatomy of B. tabaci organs and
cells in relation to virus translocation, retention, and transmission. In this chapter
we will describe the anatomy of the different B. tabaci tissues pertinent to TYLCV
circulative transmission and illustrate the localization of viral particles in the body
of the insect vector. Figure 1 provides the reader with the location of the major
organs of B. tabaci: the piercing-sucking mouthparts, digestive, and salivary sys-
tems. These organs will be presented in details. Other organs will be described
where needed. Localization of TYLCV in the different organs will be shown
according to the temporal order by which the viral particles translocate in the insect
body (Ghanim et al., 2001b; Medina et al., 2007).

2. THE STYLET AND MOUTH PARTS

The structure of the stylet and mouthparts of B. tabaci resemble similar

structure in other piercing—sucking insect pests. These structures were exten-

sively studied (Harris et al., 1995, 1996; Rosell et al., 1995; Hunter et al., 1996).

B. tabaci has a stylet that penetrates the plant tissues to reach the phloem, from
171
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Figure 1. Drawing of a parasagittal view of an adult Bemisia tabaci (A), and a whole-body parasag-
ital section across the insect (B). AM, ascending midgut; CA, caeca; CC, connecting chamber; CIB,
cibarium; DM, descending midgut; EE, external esophagus; FC, filter chamber; HG, hindgut; PSG,
primary salivary gland; PSGD, primary salivary gland duct; RS, rectal sac; SEG, subesophageal
ganglion; TAGM, thoracic-abdominal ganglionic mass; S, stylet; PT, prothorax; MT, mesothorax;
MX, metathorax.

where sugars are transported into the insect body. This transport is thought to
happen because of the pressure differences between the cavities of the plant cell
and the insect body. Probing the plant tissue is a critical step in finding the right
location for nutrition. The stylet is a bundle that consists of paired mandibles
and paired maxillae. The paired maxilla are interlocked to form the food canal
in which plant fluids are transported into the body, and the salivary canal from
which saliva is excreted to smoothen the penetrating process into the plant tis-
sues. While feeding on phloem contents; TYLCYV particles are transported rap-
idly into the stylet food canal and then into the esophagus. Once injured, the
contents of the phloem are emptied into the stylet cavity. TYLCYV coat protein
has been localized in the stylet cavity by immunogold labelling (IGL) on elec-
tron microscope (EM) sections (Figure 2). The localization was observed mainly
in the food canal cavity, and was not associated with other parts in the stylet.
This observation suggests that the passage of TYLCYV virions or naked DNA is



Localization of TYLCV in its Whitefly Vector 173

Figure 2. Scanning Electron Microscopic (SEM) images showing the external morphology of
B. tabaci stylet (S). (A) Labium of the stylet (L); (B) a higher magnification of the inset in A showing
the labial tip (LT); (C) an overview of the whole stylet; (D) a higher magnification of the inset in C
showing the cibarial pump muscles (CPM).

passive and happens with the food flow towards the digestive tract. The food
canal of B. tabaci located within the stylet harbours gustatory sensilla that vary
in their location and come in close contact with passing fluids through the food
canal for sensing.

Although TYLCYV is transmitted in a circulative manner, an interesting phe-
nomenon related to non-circulative virus transmission by homopteran vectors
was also observed. The “ingestion—egestion” hypothesis suggests a mechanism
in which the vector acquires non-circulative viruses by ingestion, carry them on
the lumina lining the forgut (mainly the esophagus part before it reaches the
midgut), and inoculates them to plants by egestion. This hypothesis has not
been supported by experimental findings. Several researchers have suggested
that an extravasation helps transmission of non-circulative viruses (McLean &
Kinsy, 1984; Ammar & Nault, 1991; Harris et al., 1995). They argued that, like
aphids, B. tabaci is also able to actively ingest and egest using the cibarial pump
and postcibarial lumen manipulations. The fact that aphids and leafhoppers can
ingest and egest for fairly long times with no interruptions, continuously filling
the chamber with fluids, supports the idea that these vectors can sustain positive
or negative pressure in the precibarial pump for prolonged time periods during
which they can fill (ingest) or empty (egest) the pump (Harris & Bath, 1973;
Harris et al., 1981) (Figure 3).
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Figure 3. Immunogold localization of TYLCV coat protein in the stylet food canal (FC) of B. tabaci.
Note that localization is mainly in the food canal and not observed in other places.

3. THE ESOPHAGUS

The esophagus of B. tabaci is extremely slender and is composed of external and
internal esophageal tissues (Ghanim et al., 2001a). The external esophagus passes
along the thorax, dorsally of the subesophageal ganglionic mass to meet the junc-
tion of the filter chamber where the descending and the ascending parts of the
midgut and the hindgut meet. The external esophagus is formed by a thin layer of
epithelial cells and a very well-defined cuticular intima surrounding the lumen.
The external esophagus ends where it meets the connecting chamber (midgut and
hindgut). Some of the tissues of the connecting chamber are esophageal, thus are
called internal esophagus. The transport of food particles in the external esopha-
gus is relatively fast if compared to other parts of the digestive system. Therefore
visualization of food particles and virions inside this organ is particularly difficult.
Food elements are not absorbed by esophageal tissues and are rapidly transported
to the abdomen, and from there to the haemocoel.

4. THE FILTER CHAMBER AND MIDGUT

Determining the structure of the filter chamber has been challenging (Cicero
et al., 1995; Harris et al., 1996; Ghanim et al., 2001a). Identification of the two
arms that join the filter chamber has been controversial. Harris et al. (1996)
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considered these structures as Malpighian tubules similar to those found in
other insects, which have an excretory function. Cicero et al. (1995) observed
large Malpighian-like cells in the area of the filter chamber. The authors sug-
gested an excretory role for these cells because of their relationships with the
hindgut tissues. Ghanim et al. (2001a) described in details the ultrastructure of
the filter chamber, and demonstrated that the filter chamber is a highly special-
ized organ where fluids are filtered into highly concentrated sugars that are
absorbed in the internal ileum of the hindgut, which constitutes an integral part
of the filter chamber. Fluids absorbed into the internal ileum are directed to the
rectal sac and excreted outside the body as honeydew (Figure 4A). The remain-
ing fluids are pushed into the looped midgut and important food substances
such as amino acids are absorbed into the haemocoel. Pushing food materials
into the hindgut is achieved mainly by the two structures extending from the
connecting chamber. Ghanim et al. (2001a) and Cicero et al. (1995) defined
these paired structures as caeca (Figures 4B & 4C). The caeca have extensive
musculature and a large labyrinth-like lumen (Figure 4C).

Together with food materials, TYLCV virions are expected to be found in the
filter chamber locations described above. TYLCV DNA could be amplified
from honeydew collected from leaves infested with viruliferous whiteflies
(unpublished). This finding demonstrated the ability of TYLCYV virions to cross
the filter chamber barriers, including the walls of the continuous lumen, the
ascending midgut and the internal ileum, and reach the hindgut and the rectum.
Circulative transmission of TYLCYV implies that the virus is able to cross the
midgut wall barrier, to be transported into the haemolymph, to cross the sali-
vary gland barrier and to be transmitted to plants (Ghanim et al., 2001b).
Therefore extensive virus-related signal should be observed in the filter chamber
and midgut tissues. A lower signal is expected in the paired caeca and in the
hindgut because food and viral particles are rapidly transported through these
tissues. The paired caeca push food materials into the midgut and the hindgut,
from where they are rapidly excreted outside the body. Therefore we were unable
to detect any TYLCYV signal in the hindgut. Conversely, we observed extensive
IGL of the virus in midgut and filter chamber tissues. Figure 5 shows immuno-
fluorescent labelling of TYLCYV in the filter chamber and the midgut, detected
with FITC-goat anti-rabbit secondary antibody. The stain was mainly observed
in the filter chamber and the descending midgut. When food material is pushed
by the paired caeca, it is filtered in the filter chamber and the remaining contin-
ues to the descending midgut where most of the important substances are
absorbed into the haemocoel. These are the two main locations where food is
kept for longer time than in other locations of the digestive tract. Figure 5
reveals that the antibody stain is concentrated in the gut wall. To confirm these
findings we prepared EM sections from midguts of viruliferous whiteflies that
fed on infected tomato for 48 h. These sections were reacted with anti-
TYLCV-CP antibody prepared in rabbits. This antibody was detected with a
secondary antibody conjugated to 15 nm gold particles. The sections presented
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Figure 4. External and internal morphology of the filter chamber and the midgut of B. tabaci. (A),
Drawing of a cross section through the filter chamber (FC) illustrating the components of the diges-
tive system present in this region and the probable flow of ingested plant materials. Hatched arrow-
heads indicate how ingested plant materials empty from the external esophagus (EE) into the
continuous lumen (CL) of the filter chamber via the internal esophagus (IE). Curved arrows indi-
cate the movement of plant from the continuous lumen of the filter chamber into the lumen of the
adjoining connecting chamber (CC). Ingested plant materials then enter the lumen of the caeca
(CA) (curved arrows). The caeca are blind-ended thus the ingested plant materials circulate back
into the connecting chamber lumen and then enter the descending midgut (DM) (hatched arrow-
head). The solid black arrowhead indicates movement of plant materials back to the filter chamber
via the ascending midgut (AM). The dotted lines with arrowheads at each end indicate that ingested
fluids, before or after circulation, may also be absorbed by the ascending midgut cells. The basal
membrane of these cells interdigitates the basal membrane of the internal ileum (II) cells (double
asterisk). Fluids that enter these cells are presumably filtered across the internal ileum and exit the
filter chamber via the internal ileum lumen (IIL) which enters the lumen of the hindgut (HG) (solid
black arrowheads). The internal ileum forms a tube within the filter chamber that connects to the
hindgut, where it exits the filter chamber. Hence, once fluids enter its lumen they do not reenter the
continuous lumen of the filter chamber. MLC, Malphigian-like cells; MV, microvilli. (B), SEM of
B. tabaci showing a dorsal view of the filter chamber where it joins the connecting chamber. The
external esophagus is slender and expands where it becomes the internal esophagus in the filter
chamber and joins the connecting chamber (not visible externally). The caeca extends into the
haemocoel from the connecting chamber and the descending midgut exits the connecting chamber
and joins the ascending midgut, which in turn joins the continuous lumen within the filter chamber.
The arrow on the hindgut points towards the anus. (C), LM showing a ventral view of portions of
the alimentary tract after dissection. The caeca and descending midgut extend from the connecting
chamber. The lumen of the connecting chamber is convoluted and connects the caeca and the
descending midgut. The filter chamber is not visible because it was underneath the connecting
chamber in this dissection. The ascending midgut passes underneath the connecting chamber to join
the filter chamber. The hindgut snapped free of the anus during dissection and was consequently
folded accordion-fashion underneath the connecting chamber.

in Figure 6 show that the midgut of B. tabaci is rich with brush border
(microvilli) extending to the lumen of the midgut. These structures are elon-
gations of the extensive epithelial cells building the gut wall. The main role of
the microvilli is to absorb and transport food materials from the lumen of the
midgut to the haemocoel. The microvilli are capable of increasing the absorbing
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Figure 5. Immunofluorescent detection of TYLCYV in dissected midgut. (A) and (B), midgut reacted
with secondary antibody FITC-conjugated, and not reacted with anti-TYLCV-CP antibody. (C) and
(E), detection of TYLCV-CP in filter chamber (C) and descending midgut (E). (D) and (F), higher
magnifications of the insets in C and E. CA, caeca; DM, descending midgut, AM, ascending
midgut; FC, filter chamber; CC, connecting chamber; HG, hindgut.

surface area in the midgut 1,000-10,000 times. Figure 6A shows the extensive
microvilli originating from the gut and longitudinal and cross sections of these
microvilli in different portions of the gut. Figure 7 shows IGL of TYLCYV in dif-
ferent portions of the midgut, mainly in epithelial cells within the gut wall. In
these cells, the virus-related signal is associated with chromatin, supporting the
assumption that TYLCV replicates in the insect vector. These results also
suggest that the microvilli may constitute one of the sites rich in begomovi-
ral receptors and may serve as the primary site allowing internalization of viral
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Figure 6. Overview of the descending midgut of B. rabaci showing its epithelium and the rich
microvilli lining the boarders of the midgut. (A), longitudinal section along the descending part of
the midgut showing extensive brush-boarder on its two sides. (B) and (D), higher magnifications
showing the microvilli and epithelial cells. (C), cross section across the microvilli. Mv, microvilli;
DM, descending midgut.

particles. Hence these cells may constitute a transit site for the virus on its way
to the haemocoel, or may serve as a virus long-term storage site.

We were unable to detect TYLCV in hindgut tissues. Unlike the aphid
Rhopalosiphum padi, which has a barrier for the Cereal yellow dwarf virus-RPV
(CYDV-RPV) in the hindgut (Gildow, 1985; Gray & Gildow, 2003), it seems that
B. tabaci does not have a similar barrier. Since TYLCV was detected in many
epithelial cells of the midgut, it seems that the barrier sets on midgut cells such as
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Figure 7. Longitudinal section across the descending midgut showing extensive immunogold
labelling inside epithelial cells. (A), longitudinal section showing extensive labelling inside two
epithelial cells; the labelling is not associated with the microvilli. (B), extensive immunogold labelling
against TYLCV-CP in one epithelial cell. DM, descending midgut; Mv, microvilli; Lu, lumen; Ec,
epithelial cell.

those involved in the interaction between the aphid Myzus persicae and Potato
leafroll virus (PLRV) (Garret et al., 1993). Unlike viruses that are transported from
the hindgut lumen of aphids to the haemocoel, non-transmissible viruses such as
Brome mosaic virus and Cowpea mosaic virus were only observed in the lumen, and
were not absorbed into the gut membrane or epithelial cells (Gildow, 1993). The
specificity of virus transmission and receptor-mediated transmission was exten-
sively studied in aphids; transmission of CYDV-RPV by its vector R. padiis a good
example. Coated vesicles are formed in cell membranes in response to ligand bind-
ing. These vesicles are usually part of the protein transport mechanism. The virus
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particles accumulate in tubular vesicles and cross the cytoplasm. They are then
released into the haemocoel by budding of the tubular vesicles across the basal
plasmalemma (Gildow, 1985, 1993).

5. THE SALIVARY SYSTEM

Harris et al. (1995, 1996) have provided a detailed description of the salivary
ducts and the common salivary canal of B. tabaci at the light microscopic level.
The salivary system consists of paired primary and paired accessory glands.
Each primary gland has an accessory counterpart and from both a salivary duct
originates to meet its counterpart. Both salivary ducts from each paired primary
and accessory glands join to form the common salivary canal. In the aphid
M. persicae, the ducts from all primary and accessory glands join immediately
after exiting the gland in one point to form an afferent duct (Forbes, 1964;
Ponsen, 1972, 1977).

The ultrastructure of the primary and salivary glands of B. tabaci has been
studied by Ghanim et al. (2001a). The primary salivary glands are looped and
kidney-shaped as seen in Figure 8. On each side of the prothorax, lying are one
primary salivary gland (PSG) and one accessory salivary gland (ASG). The
salivary ducts that originate from each PSG and ASG meet on each side
(Figure 8A).

Each PSG is made from 13 nearly asymmetrical large cells that empty into
one duct lined with microvilli. These cells stain differentially. Each ASG is made

Figure 8. Scanning electron microscopic images showing external morphology of the primary and
accessory salivary glands. (A), shows the close relation between primary and accessory glands, and
the location they join to form the afferent salivary duct. Paired primary glands and one accessory
gland are shown in this image. (B), SEM image showing one primary salivary gland and its kidney
shape. In the inset, a light micrograph showing a primary salivary gland with the same shape. PSG,
primary salivary gland; ASG, accessory salivary gland; PSGD, primary salivary gland duct; ASGD,
accessory salivary gland duct.
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Figure 9. Localization of tomato yellow leaf curl Sardinia virus (TYLCSV) at primary salivary
glands (PSG) by immunogold labelling (IGL). (A) and (B) are given for orientation. (B, brain; Cpr,
cibarial pump retractor muscles; Cvr, cibarial valve retractor muscles; Ec, epicibarial gustatory organ;
Hec, hypocibarial gustatory organ; Lr, labrum; Ph, pharynx; Pr, piston retractory muscle; Rt, ros-
trum). (C) IGL of PSG. (D) and (E) are higher magnification of the insets in (C). Strong IGL of
saliva drops in saliva secretory cells is observed. (F) Higher magnification of the insert in (E) labelling
of initial saliva drop.
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from four large symmetric cells similar and simple in their structure. In aphids
it was previously shown that transmission specificity is determined at the salivary
gland barrier. Two observations led to this conclusion. First, aphids were able to
transport non-transmissible viruses from the gut lumen to the haemocoel indicat-
ing that the barrier to transmission is subsequent to this event (Rochow & Pang,
1961); second, injecting non-transmissible virus into the haemocoel did not lead
to transmission of the virus (Mueller & Rochow 1961; Rochow, 1969). Particles of
Barley yellow dwarf virus-MAV (BYDV-MAV) were always associated with the
anterior end of the ASG basal lamina, and not with basal laminas of other
organs, suggesting receptor-mediated recognition events taking place in the ASG
barrier (Gildow & Rochow, 1980). The ASGs of aphids consists four large secre-
tory cells, with structures similar to those of B. tabaci (Ghanim et al., 2001a).

TYLCV has been localized in PSGs using immunofluorescent labelling
(Brown & Czosnek, 2002), and by in situ amplification of TYLCV DNA
(Ghanim et al., 2001b), no data is available regarding localizing TYLCV or
other begomovirus in the salivary glands of B. tabaci. It is not known whether
ASGs of PSGs, or both, are involved in the process of TYLCV transmission.

We were able to localize TYLCV using IGL in the PSGs. Figure 9 shows
extensive gold labelling in PSG excretory cells. Although these observations do
not shed light on the specificity of TYLCYV at the barriers of PSG or ASG, both
glands could serve as the selective barrier for TYLCV transmission. Additional
studies are necessary to find out whether whitefly salivary glands are function-
ally similar to those of aphids.
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1. LOCALIZING TYLCYV INSIDE HOST PLANTS: HISTORY, KEY
TECHNIQUES, LANDMARKS - AN OVERVIEW

After its release into the phloem of a young leaf by feeding Bemisia tabaci,
TYLCYV systemically invades most plant organs above and below ground within
1-2 weeks (Ber et al., 1990; Czosnek et al., 1988b; Kheyr-Pour et al., 1994;
Michelson et al., 1994; Pico et al., 1999, 2001; Rom et al., 1993). Different virus
titers will accumulate depending on the organ type and its position at the plant.
In tomato, viral replication and translocation usually precede symptom appear-
ance by days or even weeks. Tolerant tomoto varieties were developed following
epidemics of devastating tomato yellow leaf curl disease (TYLCD) in Israel and
the Middle East since the first half of last century (Cohen & Antignus, 1994;
Czosnek, 1999, and references herein). In tolerant breeding lines, TYLCV
spread is almost or fully latent, producing only mild and delayed phenotypic
alterations, if at all (Pico et al., 1996; Rom et al., 1993).

In order to understand TYLCD pathogenesis, detailed analyses on transmis-
sibility, symptom induction, and host range of the causative agent named
Tomato yellow leaf curl virus were performed in the 1960s (Cohen & Nitzany,
1966). In this study, eight symptomless crops and weed hosts were discovered,
which were able to serve as source plants for whitefly inoculation of test plant
species. These early findings substantiated the frequently “hidden nature” of the
virus upon translocation inside its hosts. Hence, unraveling time course, prefer-
ential routes, and final distribution patterns of the virus in the different types of
tissues and cells has been attempted in several consecutive studies, whenever
more advanced techniques were available.

In the 1980s, transmission electron microscopy (TEM) was carried out on yel-
low leaf curl-diseased tomato and yielded first strong evidence for the presence
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of a phloem-associated geminivirus with reference to similar ultrastructural
findings published in the 1970s for other geminivirus-infected plants (Russo
et al., 1980, and references herein). TEM also verified the twinned particle mor-
phology and the presence of a circular ssDNA genome after TYLCV was iso-
lated (Czosnek et al., 1988a), and elucidated further details of its tissue and
organelle specificity as described later.

The disadvantages of TEM analysis, such as its limitation to samples of very
small dimensions, the need for extensive tissue preparation, and the lack of any
proof for the identity of the observed structures with primary TYLCV compo-
nents led to new strategies for localizing viral nucleic acids and proteins, as
molecular biology and immunology methods were developed or improved.
Hybridization of (radio-)labeled virus-derived DNA probes to nucleic acid
preparations from different plant tissues became a key technique to trace viral
nucleic acids inside plants and to carry out time-course analyses, in some cases
accomplished by serological detection of TYLCYV antigen in extracts (Ber et al.,
1990; Czosnek et al., 1988b; Kheyr-Pour et al., 1994; Michelson et al., 1994;
Pico et al., 1999; Pico et al., 2001; Rom et al., 1993). The studies helped to nar-
row down peaks of latent DNA accumulation and of plant susceptibility for
whitefly inoculation to certain developmental stages, and thus yielded important
data for effective quarantine and cultivation measures against TYLCD.

Tissue printing onto membranes in combination with nucleic acid or
immunological detection methods allowed for a direct visualization of the viral
DNA distribution in different plant organs (Czosnek & Navot, 1988; Fargette
et al., 1996; Navot et al., 1989). The respective findings supported the phloem
preference of TYLCYV, and were able to resolve even rough numbers of infection
foci in internal and external phloem squashed onto nitrocellulose membrane
(Fargette et al., 1996).

Molecular localization techniques on the light-microscopic level finally
yielded detailed pictures of TYLCV accumulation patterns inside extended
areas of systemically invaded plant tissues, covering at minimum several mil-
limeters in extension. Cellular or even subcellular resolution was achieved with
methods specific for either viral antigens or nucleic acids. A fundamental study
of Rojas et al. (2001) confirmed a strict phloem-limitation of TYLCV in dif-
ferent tomato organs by visualizing coat and C4 protein antigens in paraffin
sections, and by in situ PCR detecting ORF C1. The latter also yielded first evi-
dence for some viral DNA present in cambium tissues of stem sections, which
may contribute to efficient virus release into vascular elements as discussed
later. A similar phloem tropism was found for another TYLCYV strain and for
TYLCSV by genome-specific in situ hybridization (Morilla et al., 2004). By
applying a dual-colour detection method, the investigation additionally
demonstrated that in doubly infected plants, TYLCV and TYLCSYV enter only
a very limited number of nuclei, of which they share about 20% (Figure 1). On
the background of inherent viral replication mechanisms exploiting the recom-
bination machinery of plants (Jeske et al., 2001; Preiss & Jeske, 2003), this may
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Figure 1. In situ hybridization detecting TYLCV and TYLCSV DNA in infected Solanum lycopersicum
(A-C, E.,F) and Nicotiana benthamiana (D,G) tissues or purified nuclei from N. benthamiana plants
(H-K) of different infection status, sampled at 21 or 28 days post agroinfection. Arrowheads point
at infected nuclei in A-G; H-K: dual-colour detection visualizes singly or doubly infected nuclei.
A-C: TYLCSV-infected tomato (A: longitudinal section of stem; left hand side: apex; B, C: cross
sections of central leaflet veins). Infected nuclei are located in vascular parenchyma (VP) and com-
panion cells (CC) in internal and external phloem tissues. D: TYLCSV-infected N. benthamiana leaf;
a virus-DNA containing nucleus is located close to a xylem element. E-G: Leaf specimens from
plants doubly infected with TYLCV and TYLCSV (E,F: tomato, G: N. benthamiana), analysed by
use of a probe visualizing both viruses in the same tissues as in single infections. H: Isolated nuclei
adsorbed to slides and hybridized with TYLCSV-specific probe, or I: with mixed probe staining
TYLCSV DNA red and TYLCV DNA blue. 4’,6-diamidino-2-phenylindole (DAPI) counterstain of
nuclear DNA, combined brightfield/fluorescence microscopy. K: Range of colours obtained upon
virus-specific DNA detection in isolated nuclei in a representative experiment. Tissue sections were
examined by differential contrast (DIC) microscopy. (e/i)P: (external/internal) phloem; X: Xylem;
Pal/SpPar: palisade/spongy parenchyma. Scale bars: A-G: 50 um, H,I: 25 um. For experimental
details, refer to Morilla et al. (2004).
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be a clue finding to explain the economically relevant frequency of epidemics
caused by new geminiviral strains which have arisen from genome recombination
events (Fondong et al.,, 2000; Harrison & Robinson, 1999; Moffat, 1999;
Padidam et al., 1999; Pita et al., 2001; Ribeiro et al., 2003; Sanz et al., 2000;
Schnippenkoetter et al., 2001; Zhou et al., 1997, 1998, 2003). Recombinants of
TYLCV and TYLCSV play an important agronomic role in Spain since the
beginning of this century (Monci et al., 2002) and have become prevalent only
after a few years’ period of coexistence of both viruses in southern parts of the
country (Navas-Castillo et al., 1997, 1999; Sanchez-Campos et al., 1999).
Analogous situations in which different TY LCD-causing virus strains or species
with different host range and pathogenicity meet each other may be expected
not only for extended regions around the Mediterranean and northern Africa,
but also for tropic and subtropic regions in Asia and the USA (Moriones and
Navas-Castillo, 2000; Pico et al., 1996). Hence the study of Morilla et al. (2004)
indicates an enhanced need for rapid international measures to effectively
reduce the worldwide incidence of TYLC(S)V, in order to prevent the establish-
ment and spread of increasing numbers of new viral variants in the future.

Specimen preparation and in situ hybridization techniques have been further
refined recently for begomovirus-infected plants, including TYLCSV-infected
N. benthamiana (Rasheed et al., 2006). With buty-methyl methacrylate-embedded
plant material, preservation of cytoplasmic cellular components was improved
in comparison to paraffin sections, which tend to lose part of the cell contents
upon paraffin removal. Hence, the authors were able to localize different viral
DNA species to distinct regions of single cells. Furthermore, they present evi-
dence for an association of TYLCSV DNA not only with phloem, but also with
xylem elements, which expands observations of Rojas et al. (2001) who detected
TYLCV-specific DNA in cambium nuclei of tomato. An extended model for
TYLC(S)V spread was deduced, discussing a potential role of the xylem in the
long-distance transport of begomoviruses (Rasheed et al., 2006).

2. EXTENDED TRACING OF TYLCV INTO THE FOURTH
AND THE SMALLEST DIMENSIONS - RECENT PROGRESS
TOWARDS HIGH RESOLUTION

Whereas molecular in situ localization studies so far have elucidated many
details of TYLCYV distribution patterns in two to nearly three dimensions (the
latter, however, only indirectly via comparisons of cross, and longitudinal, and
series of consecutive sections), they have barely been used for collecting data
of the fourth dimension. Time-course experiments are either impossible with
the techniques described above, since individual samples have to be processed
and therefore cannot be observed at later stages, or they bear the risk of mis-
interpretations due to inconspicuous differences, whenever they are carried
out with “comparable” tissues of other plants or of the same plant, but later
on. To even out insignificant discrepancies, large numbers of specimens were
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to be analysed — which is nearly impossible with modern histological in situ
localization methods due to the immense expenditure of work they require and
the limited number of samples which may be processed at a time.

Nevertheless, real-time monitoring of TYLCD in the host is an important
prerequisite for tailoring cultivation measures against epidemics, and for evalu-
ating and characterizing resistance traits of crop plants. Therefore special
emphasis has been placed on developing an in vivo tracing strategy for the
monopartite TYLCV during the last years, like it had been achieved for bipar-
tite begomoviruses by replacement of their coat protein (CP) gene, e.g., with the
marker gene for Green Fluorescent Protein (GFP; Levy & Czosnek, 2003;
Sudarshana et al., 1998). Since, however, the CP is indispensable for TYLCYV or
TYLCSV movement inside plants (Noris et al., 1998; Rojas et al., 2001, and ref-
erences herein; Wartig et al., 1997), the monopartite virus had to be visualized
by help of an accompanying, trans-replicated second component expressing the
tracer. First results to be noticed in this context have been reported for Tomato
yellow leaf curl China virus (TYLCCNY), which induces symptoms only in the
presence of an associated satellite DNA expressing ORF BC1 (Cui et al., 2004,
2005). Tao & Zhou (2004) modified TYLCCNYV isolate Y10 DNAJ to develop
a gene silencing system and inserted host gene sequences, which upon trans-
replication by the helper virus led to bleaching of invaded tissues due to loss
or blocked synthesis of chlorophyll as a consequence of target gene silencing.
The system indicated in a roughly contemporary manner the viral routes
inside different hosts, since the silencing signal seemed not to be transported
into virus-free areas to any significant extent. These experiments, however, were
designed for other purposes and therefore did not focus on highly resolved
time-course observations.

Those were achieved only recently by an experimental design which intimately
connects the expression of an in vivo tracer to the presence of replicating
TYLCSV DNA in the respective cell (Morilla et al., 2006). N. benthamiana
plants were stably transformed with a GFP-expression cassette flanked by
TYLCSYV origins of replication. In cells harbouring transcriptionally active and
replicating TYLCSYV, the transgene was released from plant genomic DNA to
form freely trans-replicated GFP-expressing episomes, which under UV expo-
sure led to strongly fluorescent areas wherever wildtype virus was multiplying.
Monitoring GFP expression in individual plants over periods of several weeks
confirmed that TYLCSYV replication was confined to veinal tissues and revealed
that it took place only very transiently in small windows of leaf development.
Moreover, the experimental setup for the first time proved that the virus was
able to replicate also in floral, stem, and root tissues.

All studies published so far have contributed to a quite close-meshed picture
about TYLC(S)V replication and spread inside tissues of important host plants,
details of which will be presented in the following paragraphs accompanying the
virus on its long-distance journey through the host. Although most of the respec-
tive experiments have specifically detected either viral DNA or proteins, in no case
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were they able to define the full composition of the moving viral agent. Additional
analyses using different molecular biology techniques were necessary to identify
viral and non-viral components involved, and to bring about details of short-dis-
tance cell-to-cell transport mechanisms and of intracellular tropisms of viral pro-
teins and forms of nucleic acids (see also Gafni, 2003, and references herein). They
include comparisons of ORF sequences and functions (Kheyr-Pour et al., 1991;
Navot et al., 1991), usage of genetically modified viral clones (e.g., Jupin et al.,
1994; Noris et al., 1998; Wartig et al., 1997), localization of microinjected or tran-
siently expressed individual viral proteins and/or nucleic acids in plants (e.g., Dong
et al., 2003; Rojas et al., 2001; van Wezel et al., 2001) or analyses in heterologous
yeast or insect cell model systems (Kunik et al., 1998, 1999; Rhee et al., 2000).
Thereby, the types of viral nucleic acid—protein complexes transported between
cells, tissues, and organs could be delimited to a small number of possibilities which
may occur in parallel or alternatively, depending on host plant or cell type. It is gen-
erally accepted that TYLC(S)V CP plays an important role in at least long-distance
transport, and that precoat- and C4-protein are involved in viral movement (the
latter, however, being of minor importance in N. benthamiana (Jupin et al., 1994).
Chapter 1 in Part B describes the functions of individual proteins involved in viral
transport in and between cells, and further information on molecular interactions
of these proteins with plant factors is given in chapter 5 of Part C. Therefore, only
a brief overview will be given in this chapter on the molecular processes of virus
trafficking. It is, however, noteworthy to mention a few aspects of early TEM stud-
ies below, with respect to their potential relevance for supporting recent results on
viral movement mechanisms as obtained by modern molecular biology methods.

Thus, the next sections will accompany TYLCVs inside a systemically
infected host plant step by step, leaving out all details on individual protein or
nucleic acid functions, and molecular virus-host interactions. Instead, the
results from a range of completely different studies will be combined for every
stage of the infection in order to yield a highly resolved “motion picture” of the
viral lifecycle in the different organs and tissues.

3. TYLC(S)V ON ITS ROUTE THROUGH THE PLANT:
THE START - ESTABLISHMENT WITHIN FIRST CELLS

TYLCD-causing viruses are transmitted by the whitefly B. tabaci in a persistant
circulative manner. After virus uptake from infected plants, latent periods
between 7 and 24 h occur in which the particles are translocated through differ-
ent organs of the vector, finally entering its salivary glands to be injected into
the phloem of newly infested plants with the saliva. Since detection of TYLCV
DNA inside glands by immunocapture-PCR was dependent on the presence of
anti-CP antibody, the infectious agent entering the phloem probably exists in the
form of virus particles (Ghanim et al., 2001, and references herein). In order to
establish a feeding site, whiteflies slowly move their stylets intercellularly
between epidermal and mesophyll parenchyma cells directly into the phloem,
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occasionally puncturing xylem elements (Harris et al., 1996; Janssen et al., 1989;
Pollard, 1955). Virions will therefore be delivered in most cases into sieve ele-
ments (SE), in some instances into CC, or VP cells, respectively, of host plants
inside the bundle sheath (BS). For starting the viral “lifecycle”, however,
genomic DNA needs to enter a nucleus, which is mediated by TYLCV-CP
(Kunik et al., 1998, 1999; Rojas et al., 2001). It is not clear whether intact virus
particles transit through the nuclear pores, or target the nuclear pore complex to
release DNA into the nucleoplasm, or if completely or partially uncoated viral
nucleic acids are transported into nuclei as was suggested on the basis of
microinjection experiments (Noueiry et al., 1994). Similarly, it is not known if
complete virions may enter nucleate cells from the enucleate sieve tubes. At the
onset of a natural infection, this may occur either close to the feeding site of the
viruliferous whitefly, or, after phloem transport of the virion, somewhere else in
an, at that time, SE export-competent vascular region. In general, both sink and
source leaves exhibit phloem and thus sieve tube unloading capacities, though
they differ in several aspects (Waigmann et al., 2004). Exit from the sieve tube
into an adjacent CC or, with some viruses in some plant species, alternatively a
phloem parenchyma (PP) cell (Nelson & van Bel, 1998) probably happens via
specialized asymmetric branched plasmodesmata (PD) at the SE/CC (or SE/PP)
boundary. PD of this shape were found in apoplastic as well as symplastic
phloem-loading plants and exhibit unusually large size exclusion limits which
may allow for trafficking of complete virions under certain circumstances
(Oparka & Santa Cruz, 2000; Silva et al., 2002). They are also called pore/plas-
modesm units (PPU; van Bel & Kempers, 1997) and indeed have been shown to
contain particles of a spherical luteovirus (Murant & Roberts, 1979;
Waterhouse & Murant, 1982). However, studies of virus export from sieve
tubes via SE-companion or SE-parenchyma cell interfaces are scarce. It might
be aided by virus-induced gating of the PPUs, which could involve transient
events or alterations performed by help of plant cell-wall degrading enzymes
(for detailed overviews on PD and systemic plant virus spread, refer to Ding,
1998; Nelson & van Bel, 1998; Waigmann et al., 2004).

After a primary whitefly-injection of TLYC(S)V particles into a sieve tube, no
movement proteins of the virus are available yet which might form DNA-protein
transport complexes other than virions or increase the size exclusion limit (SEL)
of PPUs. Therefore, either virions can pass PPUs from the SE lumen into CC
cytoplasm by themselves, at least in some susceptible tissue regions, or the
begomovirus may start a productive infection only after being introduced into a
nucleate phloem cell. Any differentiation between both putative routes has not
been possible so far.

Early molecular hybridization studies showed first locally multiplied TYLCV
DNA inside the whitefly-inoculated organ at 8 days post inoculation (dpi) when
the apex was subjected to the insects, or 2 to several days later when older leaves
were used (Ber et al., 1990). With the improvement of nucleic acid detection on
Southern blots, different authors consistently reported significant TYLCV
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DNA accumulation in insect-inoculated tomato leaves at usually 3-4 dpi
(Michelson et al., 1994; Pico et al., 1999; Rom et al., 1993), reaching a peak of
maximum viral DNA content about 11-13 dpi which preceded symptom for-
mation by another 2-4 days in susceptible plant lines. By exposing individual
leaves of tomato plants at the 8-leaf stage to viruliferous whiteflies in leaf cages,
Ber et al. (1990) found out that plant apices exhibited the highest TYLCV sus-
ceptibility and accumulated the largest amounts of new viral DNA in compari-
son to all other leaves. Both susceptibility and efficiency of TYLCYV replication
decreased with the age of the inoculated leaf, and were almost or completely
absent when the primary leaves were treated. After Agrobacterium-mediated
TYLC(S)V inoculation into stems of tomato plants, newly replicated viral DNA
was detectable close to the site of delivery already at 2 dpi (Pico et al., 2001).
This might be attributed to an increased number of cells entered by the infec-
tious DNA construct, which is guided into nuclei via the bacterial T-DNA-
transfer machinery.

In a natural infection, this step is mediated by the viral CP, which also
accounts for intranuclear targeting and, later in the infection cycle, nuclear
export of newly replicated virus DNA (refer also to Part B, Chapter 1; Gafni,
2003; Rhee et al., 2000; Rojas et al., 2001, and references herein; Wartig et al.,
1997). Most TYLC(S)V CP functions are comparable to those of BV1 proteins
of bipartite begomoviruses (for a detailed discussion on BV1 NSP functions,
refer to Hehnle et al., 2004). Multiplication and transcription of geminiviruses
inside nuclei involve formation of minichromosomes (to be described in detail
in Part C Chapter 1; Pilartz & Jeske, 1992; Preiss & Jeske, 2003). After tran-
scripts have been exported into the cytoplasm and non-structural TYLC(S)V
proteins translated for the first time, additional movement functions can be
taken over by viral proteins other than the CP, with further capacities of inter-
acting with host components. TYLC(S)V precoat protein was shown to be one
of the key players in cell-to-cell transport, probably acting in association with the
ER in analogy to BC1 movement protein of bipartite geminiviruses (Navot
et al., 1991; Rojas et al., 2001). An additional BC1-like role has been revealed
for TYLC(S)V ORF C4, which seems to support viral cell-to-cell transport
from a position at the cytoplasmatic periphery; but it is not absolutely necessary
for systemic invasion of N. benthamiana (Jupin et al., 1994).

After movement-associated proteins have been synthesized in the primary
infected cells, local and the systemic long-distance (LD) spread of the virus will
start. To invade new organs via the phloem, the transported viral agent exits the
initially infected cell, probably again via PPUs, into an SE. The systemically
transported TYLC(S)V DNA form has not been identified yet, but CP seems to
contribute to LD movement in different host plants and binds to nucleic acids
(Palanichelvam et al., 1998; and Part B, Chapter 1).Evidence for a crucial role
of virus-like particles comes from TYLC(S)V CP mutants which revealed a clear
correlation between the abilities to form virions and to be transported
systemically (Noris et al., 1998). The findings are further substantiated by
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immunocapture-PCR results indicating the presence of TYLCV-DNA-CP
complexes in whitefly stylets after one hour of phloem sap acquisition on
infected plants, which were assumed to be virions (Ghanim et al., 2001).
Additional support comes from EM studies on TY LCD-affected tomato plants,
in which virus-like particles were found in mature SE (Cherif & Russo, 1983).
These results, however, do not rule out that CP interactions necessary for multi-
merization during particle formation also contribute to a differently structured
LD transport complex. In later stages of the infection, virions might also be
released into sieve tubes upon degradation of virus-invaded nuclei of differenti-
ating apical SE, as discussed below. Geminate TYLCV particles have in fact
been detected in mature sieve tubes and in developing phloem cells of diseased
tomato leaflets (Cherif & Russo, 1983; Russo et al., 1980).

Whereas several studies on systemically infected plants consistently have
shown that the virus remained confined to vascular tissues in all subsequently
invaded organs (as specified below), Michelson et al. (1997) reported for the
insect-inoculated leaves of two tomato lines that viral DNA from the primary
infected cells passed the BS barrier and infiltrated mesophyll tissues: On white-
fly-inoculated first true leaves, TYLCV-specific DNA probes exhibited signals
on parenchyma cells outside the veins, either after a collapse of those tissues, or
after ageing. It may be possible that viral spread inside insect-exposed leaf lam-
inae can differ from that in systemically invaded organs, if for example feeding
damage leads to physiological disturbances (Buntin et al., 1993, and references
herein). Alone or in combination with processes induced during ageing and tis-
sue processing, it might account for abnormally enhanced SELSs of PD, or efflux
of virus-loaded cytoplasm into neighboured tissue domains.

4. EXPLOITING VASCULAR FLUXES: TRAVELING THROUGH
THE CORMUS

After viral LD transport forms have gained access to a mature SE, they will be
translocated in the phloem solute together with a large variety of different
macromolecules, basically following the source-to-sink carbon transport routes
inside the cormus. After a long debate on the in vivo permeability of the sieve
plate pores interrupting the sap stream inside the tubes, it is now generally
accepted that the traversing P protein filaments do not obstruct longitudinal
movement of molecule complexes such large as plant virions (Knoblauch & van
Bel, 1998; Oparka & Santa Cruz, 2000, and references herein). Hence, the main
driving force for LD transport inside the phloem is the mass flow of macromol-
ecules which results from the osmotic pressure gradient generated by sugars and
nonsugar osmotic equivalents loaded into SE of carbohydrate-exporting source
tissues (Miinch, 1930; van Bel, 1993). Since plant organs at different positions
of the cormus differ in their relative source strength, speed and direction of the
initial TYLC(S)V spread inside sieve tubes towards sink regions depend on
the viral entry site. Induced responses can locally reduce or block the passive
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streaming of macromolecules in the phloem, as it was shown for mechanical
injury and irradiation damage (Knoblauch & van Bel, 1998).

Several independent studies on the TYLC(S)V LD movement agree with a pas-
sive viral diffusion inside the photoassimilate stream (Ber et al., 1990; Michelson
et al., 1994; Pico et al., 1999; Rom et al., 1993). Experiments comparing whitefly-
inoculated tomato species or cultivars (S. lycopersicum) of different susceptibility
indicated that certain plant genotypes did not allow for equally effective viral LD
spread (Michelson et al., 1994; Pico et al., 1999; Rom et al., 1993). These studies
monitored TYLCV spread throughout the cormus by means of repeated sam-
pling and blot hybridization techniques. Whitefly-mediated infection was carried
out at different developmental stages of the plants, which harboured between two
and eight true leaves and were inoculated either by mass exposition of the whole
plant or by cage inoculation of individual leaves, respectively. A susceptibility gra-
dient was obvious, with the highest success of infection in the youngest apical tis-
sues and negligible susceptibility of fully developed older leaves or cotyledons (Ber
et al., 1990). The total age of the plants also played a role and seemed to be also
crucial in bean hosts of TYLCYV, which were shown to exhibit only narrow win-
dows of maximum susceptibility about 2 weeks post germination (Lapidot &
Friedmann, 2002, and references herein). Subsequent accumulation patterns and
systemic spread routes of TYLCV were consistent in all studies: after a primary
peak of virus replication in the first infected organ 3-4 dpi (Ber et al., 1990, as dis-
cussed above), a portion of TYLCYV is transported through the stem phloem
straight into the roots, where small amounts could be detected in fully susceptible
hosts as early as 4 days after whitefly-mediated inoculation of their top leaves
(Michelson et al., 1994). In parallel, in accordance with source-to-sink gradients,
a much higher accumulation of viral DNA takes place in the apices and the
youngest leaves from 4 dpi on (Ber et al., 1990; Michelson et al., 1994; Pico et al.,
1999). Depending on the individual physiological status of the plant and on the
initial inoculation dose, levels of TYLCV dsDNA and newly generated ssDNA,
as well as CP further increased in young organs of susceptible hosts up to several
weeks post inoculation. Concomitantly, the productive infection gradually spread
downwards to older regions of the cormus, but remained strictly confined to the
vascular system. Delivery of TYLCV via agroinofection resulted in a similar dis-
tribution pattern; viral DNA passed at least about one internode per day during
downward movement in the stem (Picé et al., 2001). Infective viral forms most
likely exit from the sieve tubes via PPUs wherever they get access to a suitable
replication-competent companion or PP cell, and may also enter adjacent cells
inside the BS after the next round of replication, transcription and movement pro-
tein translation. The resulting foci of viral accumulation could be visualized for
the first time by high-resolution immunolocalization of TYLCV CP in stem
imprints of different S. esculentum species (Fargette et al., 1996) and consist of
either single or groups of companion and/or PP cells embedded in a majority
of virus-free cells by in situ localization detecting non-structural viral protein C4
or viral DNA (Morilla et al., 2004; Rasheed et al., 2006; Rojas et al., 2001).
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Invasion of those nucleate vascular cells may occur upon longitudinal transit
inside the stems, in subsequently infiltrated leaves, or along the roots. By trans-
forming N. benthamiana with a TYLCSV-derived vector cassette releasing free
GFP-expressing transreplicons in cells containing actively replicating virus,
Morilla et al. (2006) could directly prove that a significant portion of nucleate vas-
cular cells inside stems and roots multiply, and not just trap, TYLCSV. Hence,
replication proceeds along the vascular tissues upon viral passage through the
stem, and in all leaves which are still markedly growing and therefore import the
virus, including their petioles and petiolules (Fargette et al., 1996). It is not clear
whether the phloem-limited begomovirus restarts the cell cycle in all of the newly
invaded cells, or whether it takes advantage of not yet fully differentiated cells
which may be present in veins of growing organs, descending from cambium tis-
sues or residual meristems. Some evidence indicates that suppression of antiviral
host defences contributes to successful viral gene expression and thus replication
and movement inside the vascular tissue domains, probably involving the silencing
suppressor function of the protein encoded by ORF C2 (for recent reviews on
geminiviral silencing suppression, including references for TYLC(S)V, refer to
Bisaro, 2006; Vanitharani et al., 2005). A TYLCV mutant in C2 was not able to
infect tomato systemically any more and exhibited reduced pathogenicity in N.
benthamiana (Wartig et al., 1997). Recent experiments hint at a role in silencing
suppression also for the TYLCV precoat protein (Zrachya et al., 2007). ORF C4
might influence the expression of relevant host genes (Rojas et al., 2005, and ref-
erences therein), in addition to its putative function in moving viral DNA to the
PD (Rojas et al., 2001).

During the primary systemic infiltration period described so far, infected
tomato plants usually remain symptomless. Typically about 11 to 13 dpi, maxi-
mum amounts of viral DNA and CP are reached in the youngest tissues of
shoots and roots, and only 4-7 days later, symptoms will appear for the first time
(Ber et al., 1990; Rom et al., 1993). At that time, TYLCV accumulation in the
newly developing plant organs usually has levelled out: The long-time titres
found during the ontogenesis of all subsequent leaves or roots may be substan-
tially lower than during the first peak of systemic virus invasion (Ber et al., 1990;
Morilla et al., 2006; Pico et al., 1999).

Nevertheless, as the systemic infection proceeds in the growing plant, maxi-
mum viral accumulation keeps going on in the strongest sink tissues and thus
will most efficiently take place in the veins of developing leaves close to the apex,
and of axillary shoots. In tomato and in three Nicotiana species, first indirect
evidence for the time course of further systemic virus movement has arisen from
studies on TYLCCNYV in combination with a DNA B derivative modified in
order to induce silencing of either phytoene desaturase (PDS) or a magnesium
chelatase component (Tao & Zhou, 2004). The resulting chlorosis of vascular
tissues was observed first in newly developing apical leaves and upper stem
regions, and then in young lateral shoots. Since PCR verified the presence of
TYLCCNV-DNA B in the affected tissues, the findings roughly correlated with
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Figure 2. Tracing of TYLCSV replication in different plant organs, as revealed by GFP-accumulation
in cells of transgenic N. benthamiana plants multiplying the virus (for experimental details, refer to
Morilla et al., 2006). GFP-specific fluorescence is detected 3-4 weeks post agroinfection in leaves,
petioles and stem tissues (A) and can be attributed to different cell types inside the vasculature of a
petiole (B, C) such as companion cells (¥) and PP cells (arrowheads in B, no label in C). B,C:
Photographs were taken at 20-40 fold magnification under a fluorescence microscope, showing indi-
vidual infected cells interspersed by non-fluorescing ones (B) or groups of TYLCSV-replicating
parenchyma cells adjacent to each other (C). D: A leaf in which fluorescence starts to gradually dis-
appear from the tip towards the base, strongly resembling the spatial pattern observed for sink-
source transitions in N. benthamiana (Roberts et al., 1997). Note that viral replication goes on in
veins of all classes. E: Cross section visualizing TYLCSV-multiplication inside a root. P: Phloem
areas, and X: typical xylem distribution in the radial vascular bundle of a root are indicated. (All
pictures in this panel: courtesy of G. Morilla and E. Bejarano.)
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the movement of viral DNA in the plant. Transreplicon-induced GFP fluores-
cence in transgenic N. benthamiana plants (Morilla et al., 2006) finally unrav-
elled precise details of systemic begomovirus accumulation in that it indicated
the exact sites of viral replication during the whole lifetime of infected plants.
First, TYLCSV DNA is not only passively transported into root tissues, but is
amplified along the whole root in multiple spots in the phloem, as discussed
above for stem and petioles (Figure 2). Second, significant TYLCSV replication
is confined to the uppermost four to five expanded leaves of a plant and is an
extremely transient process. GFP accumulation and thus virus replication in
those leaves was observed in veins of all size classes (i.e., first to fifth order) and
disappeared gradually upon ageing of the leaf. The observed patterns resemble
the course of sink/source transitions as they have been visualized by carboxy-
fluorescein tracing and potato virus X-mediated GFP expression (Roberts et al.,
1997). This indicates that TYLCSV replication is highly favoured to occur in
sink tissues, which should allow for an efficient export into new organs exploit-
ing the inherent vascular fluxes in the phloem.

5. RELEASE FROM SECONDARY INFECTIONS SITES:
A ROLE ALSO FOR THE XYLEM?

When entering a developing sink leaf, or the apical or root tip sink regions via
the phloem, viral movement complexes or virions may not only invade nucleate
CC or VP cells upon exiting the sieve tubes. At their very ends, in the primary
differentiating regions just descended from the procambium, they might be able
to enter via newly formed sieve plate pores also immature nucleate SE. It has
been proposed that from these nucleate cells, geminiviruses might even get
access to the adjacent SE/CC progenitor cells via PD, resulting in enhanced
accumulation and cell-to-cell-spread via segregation of the infected nuclei, as
discussed by Latham et al. (1997) for Beet curly top virus and Rojas et al. (2001)
for TYLCV. In situ PCR experiments performed by Rojas et al. indicated the
presence of TYLCV DNA also in nuclei of procambial cells and in the vascular
fascicular cambium, which during plant development derives from the procambial
tissues (Fosket, 1994). Since the virus neither is able to invade apical meristems, nor
to adapt its life cycle to callus (Pelah et al., 1994), the tissue identity of the cambial
cells might be a prerequisite for begomovirus uptake. The findings of Rojas et al.
(2001) are in accordance with recent results on three tomato-infecting bego-
moviruses, including TYLCSYV, discovering viral ssDNA even in mature xylem
vessels (Rasheed et al., 2006). A presence of begomoviral DNA in both non-
phloem vascular domains, fascicular cambium and xylem, might be explained as a
result from the movement processes supposed to function in apical regions and,
similarly, major veins in young leaves. If, after exiting from the protophloem, the
infection traversed into closely located xylem precursor cells, newly formed virions
and/or differently organized ssDNA-containing nucleoprotein complexes could be
released into primary xylem elements upon their differentiation from nucleate
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cells. So far, however, no detailed data on incidence and distribution of
begomoviral DNA-containing procambium or fascicular cambium cells inside
the plant cormus are available.

If infected cambial cells occurred in older tissues, viral egress into newly
formed phloem or xylem precursor cells would not necessarily be limited to api-
cal regions. New conductive elements are produced during extended periods in the
main veins of growing leaves in plants with a high carbohydrate content in the
Solanaceae (Avery, 1933), and - though to a considerably lower extent in annual
plants- along stems or roots upon thickening. The sites at which the TYLCSV
DNA detected by Rasheed et al. (2006) in roughly 10% of the stem, and 40% of
the leaf xylem elements had been released into these vessels still remain to be
determined.

The authors discuss that the presence of begomoviral nucleic acid inside
xylem vessels might not represent a dead end, but could allow for re-uptake of
TYLC(S)V into VP or cambium cells in analogy to interpretations for unrelated
viruses. A model for its export from individual xylem elements was proposed for
the monocot-infecting Rice yellow mottle sobemovirus (RYMYV), which is
thought to egress from xylem vessels via destabilized pit membranes not only in
young, but also in fully differentiated veins (Opalka et al., 1998). Furthermore,
tracheids in the protoxylem frequently are mechanically disrupted upon organ
elongation (Esau, 1969). If infective virus was concomitantly taken up by tra-
cheid-surrounding, transiently injured parenchyma cells, this might lead to bego-
movirus multiplication in healed cells close to the xylem and serve as additional
spread mechanism in the plant’s cormus. Notwithstanding, any experimental evi-
dence for virus egress from dead xylem vessels into living adjacent cells is lacking
so far. For Soilborne wheat mosaic sobemovirus (SBWMYV), which was shown to
move long distance in the wheat xylem, any lateral transport from differentiated
tracheids into the parenchyma was questioned (Verchot et al., 2001). In analogy
to the processes described for apical phloem regions, however, the authors discuss
that virus may exit from not yet degraded tracheid precursor cells invaded at the
veins’ ends into neighboured cells such as parenchyma, meristematic, or even CC
of the phloem.

Another question still awaiting detailed analyses for TYLC(S)V is the utiliza-
tion of internal and external phloem tissues in the bicollateral veins harboured
by several agronomically important hosts, e.g., in the Solanaceae and the
Cucurbitaceae. Tissue prints yielded evidence that, at least in later stages of sys-
temic infections, the numbers of TYLCV-Sen replication foci in internal phloem
tissues of tomato stems significantly exceed those in external phloem by a fac-
tor of 1.5-2, which differed from the data obtained in parallel for Indian tomato
leaf curl virus (ITmLCV) predominantly present in external phloem (Fargette
et al., 1996). Since both viruses are whitefly-transmitted and thus preferably
delivered into external (abaxial) sieve tubes, the reasons underlying those differ-
ences are not obvious. In the solanaceous host Capsicum annuum it was determined
for Pepper mottle potyvirus (PepMoV), spreading long distance also in the phloem,
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that primary movement down the stem occurred in the external phloem which
transports photoassimilates from the leaves towards the roots, whereas ascend-
ing translocation took place in the internal phloem typically supplying carbo-
hydrates to sink leaves (Andrianifahanana et al., 1997, and references on phloem
transport herein). The cotyledonary node seemed to be the main viral exchange
site between both phloem domains, although phloem anastomoses connecting
internal and external strands are known to exist not only in most nodes of the
plants, but also in the internode regions (Andrianifahanana et al., 1997; Esau,
1969), and may be potentiated in their transport activity upon stress as shown
for wounded Dahlia plants (Aloni & Peterson, 1990). So the TYLCV-Sen-
specific partitioning between internal and external phloem may either result
indirectly from its kinetics of DNA replication and release of viral transport
forms, or it may reflect its capacities of traversing phloem anastomoses, perhaps
in combination with functional plant responses to the presence of the virus.

6. HOW THE JOURNEY MIGHT GO ON - ENTERING FLOWERS,
FRUITS, AND FURTHER HOSTS, ALONE OR IN MIXED
INFECTIONS: PHLOEM LIMITATION FOR EVER? AN OUTLOOK

Though TYLC-diseases frequently cause severe harvest damage, most systemically
infected plants produce flowers and fruits which are transported worldwide to a
high extent: In 2002, Delatte et al. (2003) discovered 57% of TYLCV-infected
tomato fruit in 13 out of 27 batches from different countries. The presence of
begomoviral nucleic acid in fruit had been detected for the first time by squash
blot analyses (Czosnek & Navot, 1988), who also showed that the virus can
invade different flower organs like petals, anthers, and pistils (Navot et al.,
1989). Since it is not transmitted by seeds, however, spread will be limited to the
veins of parental tissues, as it was visualized by in situ hybridization in paraffin-
embedded ACM V- and TGM V-infected flower buds of N. benthamiana (Wege et al.,
2001). As indicated already by the tissue blots (Navot et al., 1989), recent
experiments localized individual infection foci in sepals and petals and thereby
confirmed that flowers contain considerable amounts of infected phloem cells
actively replicating the begomovirus (Morilla et al., 2006; Morilla et al., 2004).
Interestingly, however, the final TYLCV distribution inside a tomato berry seems
to differ between individual L. esculentum lines. ELISA analyses on small pieces
of distinct fruit regions, including the stem of the bunch and the sepals, revealed
characteristic differences between two representative vine tomato cultivars, espe-
cially with respect to the relative virus titers in stems and sepals compared to
those inside the ovular tissues pulp (derived from carpel regions, placentas, and
integuments) and skin (exocarp of former carpels; Delatte et al., 2003). Having
established itself in a tomato fruit, the journey might well go on for TYLCYV, into
new countries and further host plants. Delatte et al. have determined that most
whiteflies survive at least 24 h on bunches of tomato, which are transported
worldwide to increasing numbers since selling complete “naturally-looking”
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bunches has come into vogue. After feeding on infected bunches, whiteflies were
able to transmit TYLCV to healthy plants with significant percentages.

So far, this chapter has focused on singly infected plants because the large major-
ity of data available on TYLC(S)V tissue distribution was obtained with experi-
mentally infected hosts, using a defined inoculum, or with well-characterized test
plants derived from fields infested by a single virus species. Upon crop produc-
tion or in the surrounding environment, however, the begomoviruses frequently
meet related as well as unrelated viruses in newly infected plants. In order to
investigate if some aspects of viral systemic spread change in mixed infections
with a distinct monopartite begomovirus, we studied the tissue tropism of
TYLCV and TYLCSYV in doubly infected tomato and N. benthamiana by in situ
hybridization, detecting specifically either of both viruses by use of a dual-
colour assay on tissue specimens and isolated nuclei (Morilla et al., 2004).
Numerous tomato plants co-infected with these viruses have been detected in
southern Spain (Sanchez-Campos et al., 1999), so our analysis addressed an
agronomically relevant begomovirus combination which, furthermore, is associ-
ated with a synergism in symptoms. Despite of this, and quite unexpected, the
total number of virus DNA-containing nuclei isolated from doubly infected
plants was equal to that obtained with either of the singly infected ones: about
1.4% in tomato, or 6% in N. benthamiana. At least 20% of those nuclei contained
DNA of both viruses, with variable ratios between TYLCV and TYLCSV. The
“téte a téte” makes up a good prerequisite for intermolecular recombination
between viral genomes, which may result in increased fitness of new virus vari-
ants under conditions of selection. Inside tissues, nuclei of different infections
status frequently occurred close or adjacent to each other, interspersed between
a majority of uninfected cells, and in any case strictly confined to vascular tis-
sues, sometimes neighboured to sieve tubes containing large amounts of viral
DNA (Morilla et al., 2004). These findings indicate that only a limited and host-
specific portion of nuclei is attainable by TYLC(S)V, all of them located in
veinal domains. The molecular mechanisms underlying the resulting tissue
restriction have not been determined yet. The monopartite begomoviruses lack
DNA B-encoded movement proteins, which in some cases were shown to medi-
ate export from the phloem (Morra & Petty, 2000; Rojas et al., 2005, and refer-
ences therein). So any failure to cross the vascular BS PD which directly arose
from insuffient movement functions would have to be attributed to deficiencies
of coat and/or precoat protein, which maybe also operate in physical interaction
with the protein encoded by ORF C4 (Jupin et al., 1994). For the similarly
phloem-limited bipartite begomovirus Abutilon mosaic virus (AbMV), however,
recent experiments with transgenic plants have ruled out that a simple lack in
DNA B-encoded movement functionalities is responsible for confining the virus
to the vascularity (Wege & Pohl, 2007). Alternatively, or in combination with
qualified movement protein functions, tissue limitations might be caused by
insufficient viral capacities in influencing the plant cell cycle, which is typically
mediated by replication (Rep)-associated proteins of geminiviruses (Kong et al.,
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2000). For the mastrevirus Maize streak virus (MSV) it was shown that mutation
of a retinoblastoma-related protein (RBR)-binding motif in its protein RepA
confined the otherwise not strictly phloem-limited virus to this tissue
(McGivern et al., 2005). Amongst further interactions with host proteins, the
binding of TYLCSV Rep protein to SUMO-conjugating plant enzymes might
determine an additional role of the viral protein in regulating viral tissue infil-
tration characteristics (Castillo et al., 2004). Furthermore, the TYLCV replica-
tion enhancer protein (REn, encoded by ORF C3), which is involved in the
replication-cell cycle connection, may also contribute to viral tissue tropism
(Castillo et al., 2003; Settlage et al., 2005). Finally, certain features of the
TYLC(S)V mode in RNA silencing suppression, as mediated by ORFs C2 and
C4, and described in Section 4 in this chapter, may play an important role in
determining the final viral distribution pattern inside plants. It may be evolu-
tionary adapted to vascular cells, resulting in a balanced pathogenicity of the
virus which allows for long-time persistence inside the plant’s cormus over
extended growth periods. Interestingly, the phloem-limited AbMYV which
exhibits a comparable pathogenicity in tomato could be “mobilized” to
increased numbers of cells by co-infection with Cucumber mosaic virus (CMV)
in different hosts in the Solanaceae (Wege & Siegmund, 2006). The CMV 2b
silencing suppressor protein significantly contributed to the enhanced tissue
infiltration, although it was not sufficient to mediate phloem release under the
respective conditions. It is tempting to speculate that, in analogy to these find-
ings, also TYLC(S)V could be supported by unrelated viruses which harbour
superior, or distinct, capacities in silencing suppression.

Figure 3. Systemically TYLCV-infected (right) compared to mock-inoculated Petunia hybrida plant
(left). Is the virus also limited to vascular tissues inside this host?
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Virtually no clear data are available on the tissue tropism of TYLC(S)V in
plants other than Nicotiana sp. or tomato (Figure 3). Therefore, also host-
specific differences in the systemic distribution patterns of these monopartite
begomoviruses cannot be excluded at present, as they were shown for a num-
ber of different geminivirus species (refer to Wege & Siegmund, 2006 for the
respective examples).
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1. OVERVIEW

Since there are still no chemicals that can be applied routinely to control plant
virus diseases, TYLCV control strategies have been mainly focused on methods
to prevent the occurrence of infection and on genetic resistance. Attempts to
reduce the incidence of TYLCV by eliminating the sources of inoculum or con-
trolling vector transmission are often ineffective (Picé et al., 1996). Attempts to
derive TYLCYV resistant tomato cultivars constituted the main effort of extended
breeding programmes to introgress resistance from wild Lycopersicon species.
Although some wild relatives of tomato are resistant, introduction of resistance
traits into commercial tomatoes is however complicated by several factors. Some
tolerant cultivars have been released (Lapidot et al., 1997; Friedmann et al.,
1998), but no fully resistants Lycopersicon esculentum are still available.

The identification of plant genes involved in the viral life cycle may offer the
opportunity to disrupt the interaction between the virus and the plant cell, thus
preventing infection without introducing foreign genes in the plant. Despite dif-
ferences in the properties of their genomes, all plant viruses face the same two
fundamental challenges during the establishment of systemic infections in their
plant hosts. The first necessity is to replicate in the infected cells. The second
requirement is to move through adjacent plant cells to the vascular system,
before spreading throughout the plant. Both processes depend on highly specific
interactions with host proteins. Protein—protein interactions are the underpin-
nings of a vast number of these cellular processes. In recent years, the conver-
gence of biochemistry, cellular and molecular biology has made available a
number of powerful techniques for studying such interactions. These techniques
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vary in their sensitivity, efficiency and rapidity, but judicial deployment of a
combination of them has proved to be effective and reliable.

The viruses of the Tomato yellow leaf curl complex that include Tomato yel-
low leaf curl virus (TYLCV) and Tomato yellow leaf curl Sardinia virus
(TYLCSYV) isolates are monopartite members of the Begomovirus genus. Like
other begomoviruses, TYLCYV virus infection is initiated by whitefly-mediated
transmission of virions from an infected plant to a recipient plant. The single-
stranded DNA is converted to a double-stranded form, which then serves as a
transcription template for the production of the viral replication proteins Rep
(also designated AL1, ACI, and C1) and REn (also named AL3, AC3, and C3).
The Rep protein acts as a rolling circle initiator to catalyse a site-specific cleav-
age and rejoining reaction in a conserved hairpin loop in the viral replication
origin (Laufs et al., 1995). The REn protein greatly enhances viral DNA accu-
mulation and symptoms in infected plants (Hanley-Bowdoin et al., 2000;
Hanley-Bowdoin et al., 2004; Settlage et al., 2005). Geminiviruses do not encode
their own DNA polymerases and rely on the nuclear DNA replication machin-
ery, like many mammalian DNA tumour viruses do. They replicate in nuclei of
mature cells, which are inactive in DNA replication.

Accumulating evidence strongly supports the notion that geminivirus
proteins have a significant impact on a variety of host cell pathways (reviewed
in Gutierrez et al., 2004; Hanley-Bowdoin et al., 2004), including cell differentiation,
cell cycle control, DNA replication, plasmodesmata function, RNA silencing, etc.
Several studies have shown that the begomovirus Rep and REn proteins bind to
viral and host proteins (Table 1). It has been demonstrated that besides the

Table 1. Plants proteins that interact with Rep and/or REn proteins from begomoviruses. IMYMV:
Indian Mung bean yellow mosaic virus; CaLCuV: Cabbage leaf curl virus

Plant proteins Virus Gene  Reference
pRBR (maize) TGMV Rep Ach et al., 1997
«©r TYLCV Rep Arguello-Astorga et al., 2004
“ CaLCuV Rep Arguello-Astorga et al., 2004
“ TGMV REn Settlage et al., 2001
«©r TYLCV REn Settlage et al., 2005
PCNA (tomato) TYLCSV Rep Castillo et al.,. 2003
o TYLCV REn Settlage et al., 2005
“(tomato/ N. benthamiana) TYLCSV REn Castillo et al., 2003
“(pea) IMYMV Rep Bagewadi et al., 2004
SCE1(Arabidopsis/N.benthamiana)  TYLCSVT  Rep Castillo et al., 2004
? GMV Rep Castillo et al., 2004
ACMV Rep Castillo et al., 2004
Histone H3 (Arabidopsis) TGMV Rep Kong and Hanley-Bowdoin, 2002
Mitotic kinase (Arabidopsis) TGMV Rep Kong and Hanley-Bowdoin, 2002
GRIK kinase (Arabidopsis) TGMV Rep Kong and Hanley-Bowdoin, 2002

SINACT (tomato) TYLCV REn Selth et al., 2005
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interaction with themselves and with each other (Lucioli et al., 2003; Settlage
et al., 2005), Rep and REn interact with the proliferating cell nuclear antigen
(PCNA), an essential component of the DNA replisome (Castillo et al., 2003;
Settlage et al., 2005), and with the host protein pRBR, the plant retinoblastoma
homologue (reviewed in Hanley-Bowdoin et al., 2004). Rep also interacts with a
novel protein kinase (GRIK), a kinesin, the histone H3 (Kong & Hanley-
Bowdoin, 2002), and with the SUMO conjugating enzyme NbSCE1/Ubc9, a
component of the sumoylation pathway (Castillo et al., 2004). Finally, REn from
a related virus, Tomato leaf curl virus (TLCV) was recently shown to interact with
a transcription factor in the NAC family (Selth et al., 2005).

We highlight here the use of the yeast two-hybrid assay (see Fields, 2005;
Gietz, 20006, for recent reviews) to identify plant proteins that interact with gemi-
nivirus proteins. The two-hybrid method detects the interaction of two proteins
by their ability to reconstitute the activity of a split transcription factor, thus
allowing the use of a simple growth selection in yeast to identify new interac-
tions. In spite of some problems (large number of false positives), two-hybrid is
a powerful technique, widely used for the last 15 years and it has been recently
scale-up in combination with computational analysis to a high-throughput
analysis of protein interaction.

In this chapter, we summarized the results obtained using yeast two-hybrid
technique, to identify plant proteins that interact with TYLCV/TYLCSV pro-
teins involved in the replication of the virus (Rep and REn). We also described
a system recently developed to easily identify if a host factor is required for gem-
inivirus replication using Virus induced gene silencing (VIGS).

2. TWO-HYBRID SCREENINGS

To identify cellular proteins that interact with Rep and REn, several screen-
ing have been carried out on Arabidopsis thaliana, Nicotiana benthamiana,
and L. esculentum cDNA prey libraries using Rep or REn fused to the GAL4
DNA-binding domain as bait.

To clone the viral proteins we used three different plasmids pAS2, pBD-
GAL4, and pGBKT7 all containing the GAL4 DNA-binding domain. We
selected the yeast strain PJ696 for the screening as it has three reporter genes,
HIS3, ADE2, and lacZ, to detect the interaction. Positive interactions were
indicated by yeast growth in the absence of histidine and adenine. Once, we
confirmed that none of the viral-protein-fusions activated histidine/adenine
auxotrophy by themselves yeast cells were then cotransformed with the Rep or
REn bait plasmid and the plant cDNA, prey libraries. Among transformants
that appeared 5-10 days after transformation, we selected those for which
the 3 yeast reporter genes were activated. Next, plasmids from the cDNA
library were isolated from the selected colonies and reintroduced into the yeast
by transformation. Empty bait plasmids, as well as bait plasmid expressing a
non-related virus sequence are used to confirm the specificity of the interaction.
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Finally, we sequenced the cDNA clone, to confirm that it was cloned in frame,
and identify it.

2.1. REn interacting proteins

REn screening lighted up four proteins: one from tomato, one from N. benthamiana,
and two from Arabidopsis cDNA libraries. Sequence and databases analysis
from the positive clones isolated from Arabidopsis, revealed the existence of
three different partial cDNA clones of the same protein, PCNA, an essential
component of the eukaryotic replication machinery. PCNA is a ring-like protein
that tethers DNA and functions as a moving platform that modulates the inter-
actions of other proteins with DNA. This sliding clamp interacts with many
proteins that are involved in important cellular processes like replication and
repair of DNA, DNA methylation, cell cycle control, and chromatin assembly
(Warbrick, 2000). The interaction between TYLCSV REn and PCNA was con-
firmed using PCNA from plant species infected by this virus (N. benthamiana
and L. esculentum) (Castillo et al., 2003).

PCNA-binding proteins can be divided into two groups: enzymatic proteins that
participate in DNA metabolism and regulatory proteins that are involved in cell
cycle progression, checkpoint control, and cellular differentiation. Most of the
interactions are located in three loop structures protruding on the C-side that are
very well conserved in all eukaryotic PCNAs (Tsurimoto, 1999). In tomato PCNA
(LePCNA) those structures correspond to residues Asp41 to His44 (central loop),
Leu 118 to Glul24 (long loop), and Lys254 to Glu256 (C-terminal tail). REn-bind-
ing domain of LePCNA was mapped on using a truncated LePCNA, to a region
between Lys132 and Thr187, where no other interactions have been previously
described (Castillo et al., 2003). This region is located at the end of the PCNA
monomer with amino acids placed to the C-side and loop side (Figure 1).

By analysing the solvent accessibility of the amino acids and identifying pos-
sible receptor-binding domains, we mutagenized three amino acids residues
(Argl72, Argl83, and Glul84) of the REn-binding region that could be
involved in protein—protein interactions. Unexpectedly, none of the mutations
reduced the interaction with REn, and moreover four of them increased protein
binding, indicating that none of those residues is involved in the interaction
(Collinet, unpublished data).

Although the PCNA interaction domain of TYLCSV REn was also analysed
by two-hybrid assays using truncated forms of the protein the results were not
clear enough to identify it (Castillo et al., unpublished data). A detailed analy-
sis of TYLCV REn domains involved in the interaction with PCNA has been
published recently (Settlage et al., 2005). In this work the authors have examined
the impact of mutations in amino acids that are conserved across the REn pro-
tein family on protein interactions, and replication enhancement of REn.
Analysis of the mutated proteins by two-hybrid assays has localized the PCNA
interaction domain between residues 7 and 95.



Plant Genes Involved in TYLCYV Replication 211

Figure 1. 3D model of the L. esculentumm PCNA monomer. Loop structures are indicated: central
loop in yellow, long loop in green, and C-terminal tale in purple. The minimal interacting domain
of L. esculentum PCNA (amino acids 132-187) is in blue.

Notwithstanding its small size (134 amino acids), TYLCV REn also interacts
with Rep, with itself and with and the retinoblastoma-related protein (pRBR).
The REn-binding domain with PCNA overlaps with the REn region that binds
Rep, and itself, but not with the one interacting with pRBR (Settlage et al., 2005).

The mechanism by which REn enhances viral DNA accumulation may reside
in its ability to interact with Rep. The REn protein sequence shows no homology
to any known enzymatic motifs. Thus, it is more likely that the structure of the
REn/Rep complex is important for replication rather than a catalytic activity
of REn that could affect Rep. The results obtained using mutated versions of
REn protein of TYLCYV, established the importance of REn—REn, REn—Rep,
and REn—PCNA interactions in geminivirus replication. While REn—-pRBR
interaction is not required for viral replication in cycling cells, it may play a role
during infection of differentiated cells in intact plants (Settlage et al., 2005).

Another recent study proposed that TLCV REn binding to a transcription
factor, SINACI, and induction of its expression is the mechanism whereby REn
enhances geminivirus replication (Selth et al., 2005). However, it is unlikely that
REn-SINACI interactions are sufficient for REn replication enhancement
activity. REn mutant replicons are typically constructed by deleting REn
sequences that do not overlap with the other geminiviral open reading frame,
(Trap), to yield a truncated proteins of 83—111 amino acids. This region of REn
retains the capacity to bind to SINAC, but the REn mutant replicons support
little if any detectable replication in protoplasts and are severely attenuated in
infectivity assays in planta. Instead, the data suggest that the loss of replication
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enhancement activity by the truncated REn proteins reflects their inability to
form oligomers with themselves, Rep, and/or PCNA.

Several explanations for the effect of REn on virus replication have been pro-
posed (Hanley-Bowdoin et al., 2000). There are some experimental observations
that suggest that REn might increase the affinity of Rep for the origin of repli-
cation. Another possibility is that REn directs Rep from the Rep/DNA-binding
domain to its cleavage site in the origin during the initiation of replication. REn
and Rep interact with PCNA and by encircling DNA and interacting with poly-
merases, PCNA forms a sliding clamp that keeps the polymerases associated
with the DNA template during processive DNA synthesis. By interacting with
PCNA and Rep, REn could help Rep to recruit the replication machinery nec-
essary to replicate the viral DNA. In the absence of REn, Rep can still bind
PCNA although the efficiency of DNA replication decreases. Placing the DNA
replication machinery in the viral origin of replication could also involve
interactions of Rep and/or REn with other cellular proteins than PCNA.
In fact, it has been demonstrated that Rep from the geminivirus Wheat dwarf
virus interacts with RFC-1, the large subunit of PCNA clamp loader (Luque
et al., 2002) and the existence of a multimeric REn complex is supported by gel
filtration analysis of native Tomato golden mosaic virus (TGMV) REn, which
fractionated with a complex of >100 kDa (Hanley-Bowdoin, unpublished data).
It is also possible that REn or Rep binding to PCNA prevents the interaction of
PCNA with cell cycle regulators such as p21, cyclin D and p57 that inhibit chro-
mosomal replication by interacting with PCNA during cell cycle progression
(Kelman, 1997).

2.2. Rep interacting proteins

Yeast two-hybrid screenings using Rep from TYLCSV and TYLCYV as bait,
were laborious, as this protein seems to be partially toxic in yeast. We carried
out various screenings expressing full length and truncated versions of Rep.
We also clone Rep in several bait plasmids that differ in the promoter strength. The
best results were obtained when the full-length protein was cloned into the bait
plasmid pGBKT7.

From the positive clones isolated after screening Arabidopsis and N. benthamiana
cDNA libraries, we identified three N. benthamiana proteins able to interact
with Rep from TYLCSV. The subsequent procedures to confirm the interac-
tions were similar to those described above for REn. For further studies we
selected one of the proteins present in two library clones that specifically inter-
acts with DB-Rep. The two clones contained a single open reading frame of
160 amino acids, named NbSCEI1, which had high homology to the AtSCEla
gene, an E2 ubiquitin-conjugating-like enzyme from Arabidopsis, and to UBC9
from Saccharomyces cerevisiae. Like UBC9/SCEI from S.cerevisiae, humans
and Arabidopsis, NbSCEI is predicted to conjugate SUMO, not ubiquitin, to
target proteins in a cellular process called sumoylation. Sumoylation is a
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post-translational process that modifies function, activity, or localization of the
target protein by the covalent attachment of an Ubiquitin-like polypeptide
(Ubl) called SUMO (Bossis & Melchior, 2006). Contrary to ubiquitination,
SUMO conjugation is mediated by a single E2 enzyme (UBC9/SCE1) that is
essential for cell viability and sumoylation in yeast and animals. In yeast, there
is just a single gene that codifies for SUMO (SMT3), but in metazoan, SUMO
proteins can be divided in two families — SUMOI1 and SUMO2/SUMO3.
Although SUMO2 and SUMO3 share 50% sequence identity with SUMOI, they
are functionally different. In plants little is known about SUMO pathway or the
nature of its targets. Many of the core components for sumoylation have been
identified in Arabidopsis (Novatchkova et al., 2004).

The NbSCEI protein also interacts with Rep proteins from other bipartite
begomoviruses TGMYV (AL1) and African cassava mosaic virus-kenya (RepAC
or AC1), both of which infect N. benthamiana (Castillo et al., 2004). Many pro-
teins, including some from mammalian viruses, interact with UBC9/SCEI in
yeast two-hybrid assays. Although most of these UBC9/SCE] interacting pro-
teins are also sumoylated, some are not sumoylation substrates. It is not known
yet if Rep/ALl is a substrate for sumoylation. In plants, it is not easy to prove
Rep sumoylation because of the difficulty detecting Rep from infected tissues on
immunoblots and problems associated with its overexpression. In mammalian
cells and yeast, SUMO is covalently attached to specific lysines in the target pro-
tein. The precise lysine residues modified by SUMO have been identified in
more than a dozen known substrates (Muller et al., 2001). The majority of these
modification sites conform to a consensus sequence defined by four amino acids
“YKXE”, where Y is a large hydrophobic residue and K serves as the acceptor
for SUMO. However, there are sumoylated proteins that do not share this exact
sequence (Yeh et al., 2000). Rep from TGMYV, TYLCSYV, or TYLCV does not
contain any protein motifs that exactly match the consensus, but has lysine
residues surrounded by similar amino acids that are potential sumoylation sites.

Sumoylation plays a role in the geminivirus replication as transgenic tobacco
plants showing altered levels of SUMO disturb TGMYV replication (Castillo
et al., 2004) and silencing of NbSCE] also reduces TYLCSV replication (see
Section 3 of this chapter). It is difficult to provide a simple hypothesis that
explains these results, as the biological effects of sumoylation are quite diverse,
and the mechanisms and signal pathways involved in most of them remain
unclear. SUMO conjugation has been implicated in cellular responses to envi-
ronmental stress, subcellular protein translocation, nuclear body formation,
centromere segregation, protection from ubiquitin-mediated proteolysis, and
regulation of transcriptional activity (Hay, 2005)

SUMO may play an important role in pathogen plant defence responses. The
tomato SUMO orthologue (LeSUMO) was isolated in a yeast two-hybrid screen
by its interaction with ethylene-inducing xilanase (EIX) from the fungus
Trichoderma viridae (Hanania et al., 1999). The expression of LeSUMO in
tobacco transgenic plants suppressed the induction of the defence response by
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EIX (a strong elicitor of the rapid defense response in tomato). A virulence factor
(AvrBsT) from the plant pathogen Xanthomonas campestris, has SUMO pro-
tease activity that interferes with the plant defence response, probably by
desumolating a key defence regulator (Gurlebeck et al., 2006). It also has been
proposed that SUMO conjugation in Arabidopsis plays a regulatory role in the
stress response, modifying the activity or localization of critical effectors.
SUMO conjugation could impact a battery of nuclear regulatory proteins when
plants are exposed to stress signals. Potential targets under negative regulation
could include factors that promote cell division and other general physiological
processes that are repressed while plants cope with adverse environments. Thus,
interference with viral DNA replication observed in overexpressing SUMO
transgenic plants or in NbSCEl-silenced plants could be related to changes in
the levels and/or the profiles of SUMO conjugates. These changes may repress
proteins required for viral replication or induce a stronger defence response.

However, a direct effect on Rep cannot be ruled on virus cell cycle. Viruses
have evolved numerous mechanisms to overcome host defences and to utilize
host biochemical pathways to their advantage. One type of viral-host interac-
tion that it is well established and widespread is the modulation of viral protein
function by post-translational modification systems such as phosphorylation,
glycosylation, ubiquitination, and sumoylation. The interaction between viral
proteins and the cell sumoylation system has been previously described for
mammalian viruses, and the effects are target specific and very diverse (Boggio
& Chiocca, 2006). As with sumoylated cellular proteins, the biological effect of
sumoylation of viral proteins is target specific. Rep/AL1 interaction with SCEI
could affect geminiviral replication by preventing de novo sumoylation, or
enhancing desumoylation of host proteins, or by using SUMO for viral bene-
fit, as long as the outcome is an environment that is more favourable for viral
propagation.

3. A VERSATILE TRANSREPLICATION-BASED SYSTEM
TO IDENTIFY CELLULAR PROTEINS INVOLVED
IN GEMINIVIRUS REPLICATION

In the genomic age, molecular biologists are looking for new alternatives to
study gene function on a genome-wide scale. High-throughput techniques for
gene discovery and expression analysis, such as whole genome sequencing and
micro-arrays, demand efficient procedures to unravel gene functions to render
them useful for both basic and applied applications. The information generated
by these high-throughput technologies could be combined with post-transcrip-
tional gene silencing (PTGS) approaches to determine gene function on a
genome-wide scale.

Traditional gene knock-out techniques use transformation as a delivery sys-
tem, and they usually require tissue culture procedures to regenerate silenced
mutants. PTGS, and particularly virus induced gene silencing systems, can be
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used as tools to speed up studies of gene function by reverse genetic analysis,
since they allow us to bypass the time-consuming transformation and tissue cul-
ture procedures. The resulting phenotypes can thus be evaluated within days
after the inoculation, vs. the months or even years required when using more tra-
ditional transformation methods. VIGS technology has already been used for
function analysis of defence-related genes (reviewed in Lu et al., 2003; see e.g.,
Peart et al., 2002); however, phenotype evaluation remains one of the major
constraints to the use of VIGS to identify host genes involved in viral infection.
Traditionally, the level of geminivirus infection has been determined evaluating
symptom development, and quantifying viral DNA accumulation by nucleic
acid hybridization. Both methods present substantial inconveniences for their
use in large-scale VIGS analysis. Geminivirus-induced symptoms could be par-
tially or completely obscured by the phenotype produced as consequence of the
host gene silencing, or by the symptoms induced by the viral vector used for the
VIGS system. Furthermore, hybridization analysis is time-consuming and diffi-
cult to interpret when using VIGS as a gene-silencing method. Suppression of
host gene expression by VIGS does not affect the whole plant. Thus, in a plant
where a host gene essential for viral replication had been silenced by VIGS, a
geminivirus could still replicate in areas where silencing was not implemented.
Viral molecules produced in such non-silenced areas of the plant could then be
transported to the silenced parts of the plant and accumulate there, thus pro-
ducing misleading results when detecting viral DNA accumulation by hybridiza-
tion analysis. Additionally, several samples from each VIGS-silenced plant
should be analysed, since silenced leaves cannot be previously identified.

The use of recombinant viruses containing a reporter gene is a better alter-
native to evaluate whether gene silencing of a target gene interferes with viral
infection. Many RNA viruses have already been labelled with reporter genes
such as GFP. One successful example is Potato Virus X (PVX) (Cruz et al.,
1996), an RNA virus which like many other rod-shaped viruses does not have
limitations in the insert size that is able to package. However, few recombinant
geminiviruses tagged with reporter genes have been reported, and GFP target-
ing has only been successful with Bean dwarf mosaic virus (Sudarshana et al.,
1998; Levy & Czosnek, 2003). There are many limiting features, which hinder
the tagging of geminiviruses. DNA viruses suffer a stronger DNA packaging
size limitation than RNA viruses, actually the smaller viral genomes with partial
deletions are selected in the movement through plasmodesmata (Hayes et al.,
1989; Gilbertson et al., 2003). Furthermore, in monopartite begomoviruses such
as TYLCV all six ORFs are essential for an efficient replication and long
distance movement within the plant, making rather difficult the replacement
strategy used with bipartite begomoviruses.

Geminiviruses, with their simple genome organization, broad host range,
high copy number, and ability to generate infective clones, have many advan-
tages as recombinant virus-based gene amplification system in infected
transgenic plants (Timmermans et al., 1992). Extrachromosomal amplification
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from gemimivirus-based constructs has been exploited for the production of
valuable peptides and proteins (Palmer et al., 1999; Mor et al., 2002; Hefferon
et al., 2004), or to analyse the function of Rep in replication (Hong et al.,
2003).

We have developed a TYLCSV-based GFP amplification system to identify
the plant organs or tissues where viruses replicate in real-time and without their
destruction (Morilla et al., 2006). In combination with the VIGS technology,
this tool could be an attractive instrument in functional genomics to easily iden-
tify host proteins required for geminivirus infection.

3.1. Amplification of mGFP transreplicons during TYLCSYV infection

The TYLCSV-based GFP system is based on the construction of N. benthami-
ana transgenic plants (2IRGFP) that contain a construct with direct repeats of
the intergenic region (IR) of TYLCSV flanking a GFP expression cassette
(Figure 2A). These transgenic plants developed typical systemic symptoms
when infected with TYLCSV or TYLCV and accumulates an episomal DNA
(called mGFP replicon) when they were infected with TYLCSV but not with
TYLCW.

The mGFP replicon are circular episomal transreplicons generated from the
transgene during viral infection, as a consequence of the interaction between
Rep and its cognate origin of replication. TYLCV is unable to mobilize the
TYLCSV-derived transreplicon because TYLCV Rep does not recognize TYLCSV
IR-binding motifs.

TYLCSYV replication is easily detected under long-wavelength UV light in
2IRGFP plants. Three weeks after infection, GFP fluorescence is concentrated
at the leaf veins (Figure 2B). An increase on GFP expression is also noticeable
in other TYLCSV-infected organs such as stems, roots, or flowers. GFP signal
in roots and stems was also concentrated in transport tissues. The changes
observed on the GFP expression pattern of 2IRGFP plants are dependent on:
(1) TYLCSV-specific infection, since they were not detected when plants were
mock inoculated or infected with TYLCYV; and (ii) the presence of the IR in the
transgene, since GFP expression of transgenic plants containing a GFP cassette
without IR is not affected by infection.

Although induction of GFP expression is noticed already 2-3 days postin-
fection (dpi), the characteristic GFP expression pattern in the leaves produced
by the TYLCSV infection appear several days after (10-12 dpi), reach a
maximum between the second and the fourth week postinfection, and slowly
decay afterwards. The intensity and spread of the vein expression is stronger in
younger leaves. GFP expression is associated with the generation of the episo-
mal replicon. Increase in GFP fluorescence and amplification of mGFP replicon
could also be reached expressing only TYLCSV Rep/C4, as Rep is the only viral
protein required for IR recognition and virus replication.
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Figure 2. (A) Formation of episomal replicon in 2IRGFP transgenic plants infected with TYLCSV.
Transgen contains a direct repeat of IR encompassing a GFP expression cassette. Rep expressed
from the virus is able to recognize IR in the transgen and induce the formation of episomal repli-
cons to express more GFP. (B) Leave from a 2IRGFP transgenic plants 3 weeks after infection with
TYLCSV. (C) Effect of SCE1 Tobacco rattle virus (TRV)-induced silencing on GFP expression.
Transgenic plants were infected with TYLCSV and TRV or with TYLCSV and the TRV vector con-
taining the SCE1 fragment (TRV-SCEI). Leaves were photographed under visible (left) or UV light
(right) 3 weeks after infection.

3.2. 2IRGFP plants as a tool to detect plant proteins require
for TYLCSY replication

The distribution of the green fluorescence in infected 2IRGFP transgenic plants
highlights the plants organs or tissues where the virus has expressed Rep, and is
therefore actively replicating its DNA. So, these transgenic plants could be used
to identify plant genes required for TYLCSV replication. If a cell function nec-
essary for virus replication is silenced in TYLCSV-infected transgenic plants, we
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could readily detect it by illuminating the plants with UV light, as green fluo-

rescent vein-pattern will not be produced. Silencing of host functions could be

obtained by dsRNA-mediated suppression of genes through the production of
sense or antisense transcripts, or even more efficiently, using single-stranded

self-complementary (hairpin) RNA containing an intron (Lee & Roth, 2003).

However, both strategies rely on the generation of transgenic plants, which is a

time-consuming task. Alternatively, temporal silencing of the genes could be

obtained by VIGS. This technology has been widely used for analysis of gene
function, particularly for genes involved in defence against pathogens (reviewed

in Lu et al., 2003)

Hence, the 2IRGFP plants were assessed by VIGS-silencing two host genes:
PCNA (Morilla et al., 2006) and NbSCEI (Lozano et al., unpublished results).
PCNA was used to test the system, since it was already known that this protein
is required for begomivirus replication (Peele et al., 2001). NbSCE1 was selected
an example of functional assay to determine if a candidate gene identified by its
ability to interact with Rep was required for virus replication
1. PCNA: N. benthamiana PCNA was silenced using a Tobacco rattle virus

(TRV) vector (Ratcliff et al., 2001) designed to induce VIGS. Several time
lapses between TRV and TYLCSV infections were previously assayed and
finally the best results were obtained when transgenic 2IRGFP plants were
agroinfected TYLCSV immediately after the infection with TRV-PCNA.
Ten days after the infection a phenotype described for PCNA silencing in
N. benthamiana was observed. Primary growth is interrupted at the apical
meristem, and new leaves show progressively reduced expansion. Although
transgenic plants infected with TRV-PCNA seemed to develop less symptoms
of TYLCSV infection than control plants, the PCNA-silenced phenotype
displayed by these plants somehow obscured the analysis of this difference.
However, a difference is clearly noticed when the plants were illuminated with
UV, since GFP vein-pattern fluorescence is almost undetectable on most
leaves of PCNA-silenced plants located above the inoculation point, only
isolated dots of green fluorescence were noticed (Morilla et al., 2006). The
absence of fluorescence in these plants indicated that TYLCSV replication is
impaired when the level of PCNA in the cell is reduced. This result was
confirmed by Southern blot, TYLCSV DNA accumulation showed a signifi-
cantly decrease but not completely suppressed. This is not an unexpected
result, as silencing of an endogenous gene by VIGS is not uniform and it does
not occur in whole plant.

2. SCE1: A 345 bp fragment of N. benthamiana NbSCE1 was cloned in a TRV
vector to infect 2IRGFP plants 2 days before that the same plants were
agroinfected with TYLCSV. As it was mentioned above, the timing of both
infections was selected based on the results obtained with different timing
lapses. Plants infected with TRV-NbSCE1 showed a distinctive phenotype
with reduction in internodes distance and in the expansion of leaves. When
TYLCSYV infected leaves from SCEI-silenced plants are observed under UV
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light and compare with non-silenced leaves, a clear difference in green fluo-

rescence is noticed, lighting up that SCE1 expression is required for TYLCSV

infection (Figure 2C)

The experiments achieving PCNA and NbSCEI silencing demonstrate the
great potential of the system to perform a wide screening to identify plant pro-
teins required for viral infection, as well as to determine the effect of the sup-
pression of a certain host gene in viral replication or movement. Although the
specificity of the interaction between Rep and the IR limit the use of the plant
to TYLCSYV, it is expected that most of the host factors identified with TYLCSV
will be also needed for other TYLCV and geminivirus infections. The search
with other geminivirus will require the construction of new transgenic plants
carrying the construct with its own IR.

Several points should be borne in mind when interpreting a VIGS phenotype
to avoid any misreading of the results. First, the absence of a phenotype does
not necessarily rule out the involvement of the target gene in the trait of inter-
est. VIGS is never complete, thus some silencing phenotypes might be missed
due to some residual level of mRNA might still be supporting target-gene func-
tion in the viral vector-transformed plants. Second, it is conceivable that fortu-
itous sequence similarity between the cloned insert and an unknown mRNA
might be responsible for the phenotype. To rule out this kind of artefact, a
second non-overlapping insert from the same target gene should be used: if the
target gene has been correctly identified this second insert would reproduce the
original VIGS phenotype. Finally, the development of pleiotropic effects is an
issue that needs to be addressed when interpreting VIGS experiments.
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CHAPTER 6

BIOTIC AND ABIOTIC STRESS RESPONSES IN TOMATO
BREEDING LINES RESISTANT AND SUSCEPTIBLE
TO TOMATO YELLOW LEAF CURL VIRUS
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1. OVERVIEW

In the eyes of a tomato grower, resistance to TYLCYV, as opposed to susceptibility,
is defined by the absence of, or mild, disease symptoms, and acceptable yield. In
resistant cultivars and breeding lines, the amount of virus that can be detected with
molecular tools is usually smaller than that in the susceptible plants, especially
during the first 4 weeks after inoculation. Genetic studies have indicated that
several genes, expressed as quantative trait loci (QTL), are involved in providing the
resistance phenotype described above. Several QTLs have been localized to tomato
chromosomes using polymorphic DNA markers (see Part V, Chapter 2). However,
the molecular basis of resistance to TYLCV remains totally unknown. Moreover,
the physiological state of susceptible vs. resistant plants, before and after inocula-
tion, has never been compared.

To provide some clues on what makes a plant resistant to TYLCV and
another susceptible, we have considered the virus as a particular case of stress,
among many that a tomato plant may face, and resistance as a particular case
of successful response to stress. The response of plants to biotic and abiotic
stresses has been studied intensively. A stress response is initiated when plants
recognize stress at the cellular level, activating signal transduction pathways that
transmit information within the individual cell and throughout the plant, lead-
ing to the changes in the expressing of many gene networks. Hence plants
respond to biotic and abiotic stresses by activation of R-gene mediated and
“signal transduction” defense response pathways (Figure 1).
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Figure 1. Schematic drawing showing the major plant defense pathways.
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Wild ancestors of domesticated agricultural plants are well adapted to many
environmental stresses and to a wide range of pathogens. During breeding for
high yield and fruit quality, many of the gene networks conferring general
resistance to stress have been lost, probably because they were linked to unde-
sirable traits. As a result, domesticated agricultural crops are susceptible to
many biotic and abiotic stresses. By crossing domesticated crops with their wild
relatives, breeders have succeeded in introgressing chromosomal fragments
from wild species that contain stress-resistant genes into superior lines and
hybrids and reconstituting some of the gene networks that provide stress toler-
ance in plants. By crossing domesticated tomato (Solanum lycopersicum) with
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their wild relatives S. chilense, S. peruvianum, and S. habrochaites and selecting
for both horticultural quality and stress resistance, breeders have succeeded in
reconstituting some of the gene networks that provide tolerance to various
stresses such as viruses, drought, and salinity (Tal and Shannon, 1983).

We have used two tomato lines issued from the same breeding program, one
susceptible (S) and the other resistant (R) to TYLCYV, to compare the expression
of genes involved in stress response. These lines are issued from a cross between
S. habrochaites plants (accessions LA1777 and LA386) and a superior cultivar
(Vidavski and Czosnek, 1998). Line 902 (R) is resistant to the virus while line
906-4 (S) is susceptible. R remains symptomless and yields upon inoculation,
while S remains stunted, presents severe disease symptoms and does not yield.
S behaves similarly to susceptible tomato cultivars such as Daniella (FA144). In
addition to TYLCV-resistance, line R has shown adaptation to a range of dele-
terious condition such as heat, humidity, drought, and salinity (in Central
America, Southern Africa, and the Middle East).

In this chapter, we discuss the expression of stress response genes in R and S
plants upon biotic stresses (TYLCV and its vector, the whitefly Bemisia tabaci,
and the fungus Sclerotinia sclerotiorum) and abiotic stresses (NaCl, H,0,,
ethanol, heat). We discuss the implications of our findings which as a whole
showed that R plants have a stronger protein homeostasis capacity to sustain
stresses of many kinds than S plants. We also present evidence that some of the
more potent stress response genes in R plants (especially HSP70) may originate
from the wild tomato genitor S. habrochaites LA1777.

2. PLANT DEFENSE PATHWAYS REGULATING THE RESPONSES
TO DIFFERENT ENVIRONMENTAL STRESSES IN RESISTANT
(R) AND SUSCEPTIBLE (S) TOMATO LINES

2.1. R-gene-mediated resistance defense pathways

Plant stress response pathways implicate the activation of R proteins and result in
hypersensitive response (HR) and plant immunity. This phenomenon is associated
with the accumulation of H,O, at the site of pathogen attack (oxidative burst) and
rapidly induced programmed cell death (PCD) affecting the cells near the site of
infection (Bolwell, 1999). The oxidative burst induces several defense responses
and is expressed in most if not all plant species (Figure 1). We have compared the
intensity of the oxidative burst in S and R genotypes upon whitefly-mediated
inoculation of TYLCV (and mock inoculation). We have also compared the
response of the S and R lines upon inoculation with a completely different
pathogen, the fungus S. sclerotiorum (Cessna et al., 2000).

The intensity of oxidative burst or H,O, accumulation can be detected by
3,3’-diaminobenzidine (DAB) histochemical staining (Alvarez et al., 1998).
DAB staining was prominent in S tomato leaves at 60 days post inoculation
(dpi) by viruliferous whiteflies and thereafter, when disease symptoms were
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Figure 2. Oxidative burst-related damages detected with DAB. Leaves of S and R genotypes have
been assayed 2 months after inoculation with viruliferous and nonviruliferous whiteflies, 8 and 24 h
after S. sclerotiorum infection, and over time after in situ salt application.

conspicuous (Figure 2). Significantly less damage was detected in leaves of R
plants inoculated with viruliferous whiteflies, as well as in plants mock-inocu-
lated with nonviruliferous insects. In comparison, S. sclerotiorum produced
DAB-detectable damages a few hours after inoculation; in this case, the inten-
sity of the oxidative burst was similar in S and R plants (Figure 2). Many abi-
otic stresses induce endogenous antioxidative defense mechanisms, associated
with oxidative burst and release of H,O, (Anderson and Davis, 2004). We have
incubated (in vitro treatment) or infiltrated (in situ treatment) tomato leaves
with NaCl (0.5 M), H,0, (10 mM), ethanol (8%), and H,O as control. A short
time after incubation with NaCl a strong DAB staining of in vitro treated leaves
was observed; DAB staining was less intensive following EtOH and H,O, treat-
ments (not shown). Injections of the same reagents into leaves caused mechan-
ical damages, though most leaves did survive and the plants continued to grow.
DAB staining was observed at the site of NaCl injections and was confined to
the lesions, to the surrounding cells and to clusters of cells along the veins
(Figure 2). The DAB-detected damages were similar in S and R plants. Since
the intensity of DAB staining correlates with the strength of the HR and PCD,
we concluded that S and R tomatoes behaved similarly at the level of the first
step of R gene-mediated response. The increased staining in S after prolonged
TYLCYV infection correlated with virus-induced disease symptoms.

The second step of R-gene mediated resistance is named systematic acquired
resistance (SAR). SAR occurs in tissues that are distant from the initial stressed site
and is characterized by an increase in the expression of several genes encoding
pathogenesis-related (PR) proteins. The expression of PR proteins can be regulated
by a variety of stresses including wounding, chemical elicitors, hormones, and
UV-light (van Loon, 1999). PR proteins include at least 11 families, among them
B-1,3-glucanases, chitinases, and peroxidases.



Biotic and Abiotic Stress Responses 227

—— Control —o— Whitefly alone
—A— Whitefly + Virus

Chitinase
15 /g
10
5 5
B - o =
ER
£ 15 R
z
S 10
° -—n—ﬁ
0

1 7 14 21 28 35 42 60 dpi

B-1,3-glucanase

15’S
10

-

Fold induction
o

15 1R
10

1 7 14 21 28 35 42 60 dpi

Peroxidase

15 |
S
10

fold induction

15 R
10

2 M

1 7 14 21 28 35 42 60 dpi

Figure 3. Chitinase, -1,3-glucanase and peroxidase activities over time in S and R following inoc-
ulation of S and T tomatoes with viruliferous and nonviruliferous whiteflies.

We have followed the activities of chitinase, B-1,3-glucanase, and peroxidase in
tomato leaves inoculated with viruliferous and nonviruliferous whiteflies, from 1 to
60 dpi. Figure 3 shows a slight increase with time in the activity of all three enzymes
in leaves of noninoculated plants, which might be related to aging of tissues. Insect
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and virus treatments lead to a minor increase in chitinase activity. In contrast, a
pronounced increase in B-1,3-glucanase activity was correlated with whitefly feed-
ing, starting at 28 dpi and amplifying thereafter; yet viruliferous and nonviruliferous
whiteflies had similar effects. S and R plants presented similar patters of chitinase
and B-1,3-glucanase activities upon treatments. The pattern of peroxidase activa-
tion was quite different: S leaves challenged with viruliferous whiteflies showed a
level of peroxidase significantly higher than in uninfected or mock inoculated
plants starting at 36 dpi and thereafter. Thus, TYLCYV infection caused an increase
of peroxidase activity in S but not in R tomato lines. The activation of the same
PR proteins has been also assayed in response to some abiotic stresses (not shown).
Salt applied in situ led to the activations of all three PRs after several days of treat-
ment, followed by a pronounced decrease. No significant differences have been
observed at the stage of activation of the PRs in S vs. R plants, but the intensity
of decline of B-1,3-glucanase and peroxidase activities was somehow less pro-
nounced in R than in S tomatoes. Chitinase, 3-1,3-glucanase, and peroxidase activ-
ities in in vitro-treated tomato leaves showed similar patterns (data not shown).

Under our experimental conditions, the downstream events in biotic and abi-
otic stress response, such as activation of HR/PCD and expressions of PRs
(chitinase, B-1,3-glucanase, and peroxidase), were similar in S and R tomatoes,
except at the very late (more than 7-8 weeks) of TYLCYV infection.

2.2. Signal transduction response pathways

2.2.1. Mitogen-activated protein kinase ( MAPK)

Control of HR, PCD, and SAR, all characterized by increased expression of
several genes encoding PR proteins, could be a major outcome of mitogen-
activated protein kinase (MAPK) cascades (Figure 1). MAPK cascades are
present in higher plants and play an important role in signal transduction in
response to hormones and biological signals as well as in environmental stresses
such as wounding, cold, salt, drought, oxidative stress, and ozone (Bogre et al.,
1997; Ichimura et al., 2000). MAPK cascades are also involved in signal trans-
duction leading to activation of plant defense responses against pathogen
attacks (Nuhse et al., 2000; Desikan et al., 2001). Based on sequence analysis,
the known plant MAPKSs are most similar to ERKs, which are implied in vari-
ous forms of biotic and abiotic stress responses (Bogre et al., 2000).

We have used an immunodetection approach to compare the patterns of a
redundant class of ERKs in infected S and R tomato lines in response to biotic
and abiotic stresses. ERK1/2 antibodies recognized 45-50 kDa polypeptides in
extracts of tomato leaves (Figure 4, A and B). The ERKs patterns did not change
compared with noninoculated plants at 1 dpi. At 5-7 dpi and thereafter, a
decrease in ERK amounts was observed in plants caged with viruliferous as well
as nonviruliferous whiteflies. This decrease was less pronounced in R than in S
tomatoes (Figure 4A). The amount of ERK-like proteins increased 0.25-1 h after
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Figure 4. ERK-like proteins in S and R tomatoes upon biotic and abiotic stresses. (A) whitefly-
mediated inoculation; C: untreated, Wf: mock inoculation with nonviruliferous whiteflies,
V: whitefly-mediated inoculation of TYLCV. (B) exposure to NaCl, H,0,, and EtOH. Anti-ERK
antibodies recognize tomato polypeptides with approximate molecular mass 45-50 kDa. OE33 (33
kDa subunit of oxygen evolving system of photosystem II) was used as an internal protein marker.

the application of abiotic stresses, followed by an abrupt decrease thereafter
(Figure 4B). The S and R tomato lines behaved similarly during ERK activation.
However, while the amount of ERKs dramatically decreased in S plants, this
decrease was milder in R plants. The pattern of OE33 (subunit of oxygen evolv-
ing system of photosystem II), used as an internal protein marker, was not
affected neither in S, nor in R plants under abiotic stresses (shown for NaCl;
Figure 4B). Expression of two other MAPKs families, detected by antibodies
raised against mammalian JNK and P38 kinases, reflected a similar pattern upon
whitefly inoculation-related stresses and abiotic stresses (data not shown). The
patterns of MAPK-like proteins imply that R tomato is more stable than S
tomato in response to the biotic and abiotic stresses we have tested.

2.2.2. Heat shock proteins (HSPs)

A group of highly conserved proteins, termed Heat shock proteins (HSPs)
(chaperones and proteases), has evolved to cope with environmental stresses.
Chaperones control the folding status of proteins and, together with ATP-
dependent proteases, form the cellular protein quality control system (Hartl and
Hayer-Hartl, 2002). Many work in concert to facilitate correct protein folding,



230 Gorovits and Czosnek

assembly, and repair, while others interact with proteolytic components to
degrade terminally damaged proteins that might otherwise accumulate to poten-
tially harmful levels (Parsell and Lindquist, 1993) (Figure 1). HSPs also assist in
the cell recovery from stress either by repairing damaged proteins (protein refold-
ing) or by degrading them, thus restoring protein homeostasis and promoting cell
survival (in plants, Pareek et al., 1995; Katiyar-Agarwal et al., 2003).

HSPs have been classified into six major families according to their molecular
size: HSP100/CLP, HSP90, HSP70, HSP60, HSP40, and small HSPs (Jolly and
Morimoto, 2000). HSPs/chaperones/proteases are expressed in plants experienc-
ing a variety of stresses such as high and cold temperatures, drought, salinity,
osmotic shock, oxidative stress, and pathogen attacks (Wang et al., 2004). Several
plant proteases are induced during drought and salinity (Seki et al., 2002), desic-
cation, and high light (Hausuhl et al., 2001). Many stresses trigger chlorophyll
decline accompanied by degradation of several photosystem-II proteins. Within
the chloroplast stroma, the enzymes responsible for most protein degradation
are the ATP-dependent Clp and FtsH proteases (Adam and Clarke, 2002).

The best investigated member of HSPs family is HSP70. We have analyzed the
pattern of HSP70 in S and R tomatoes upon inoculation with viruliferous and
nonviruliferous whiteflies. A decrease in the amount of HSP70 started at 5-7 dpi
(Figure 5A); this decrease was less pronounced in R than in S plants. At 60 dpi
and thereafter, HSP70 almost disappeared in S, coinciding with a massive
decline of total proteins (see marker protein, OE33) which accompanies the
development of the disease symptoms (Figure 5A). The other two broadly dis-
tributed members of the HSP family, HSP60 and HSP90, behaved similarly to
HSP70 in response to the biotic stresses assayed (Figure 5B).

Housekeeping Clp proteases facilitate the normal turnover of many stromal
enzymes and regulatory proteins, as well as removing and recycling irreversibly
damaged polypeptides (Halperin and Adam, 1996). FtsH protease plays a role
in proteolytic removal of oxidized components from the photo-damaged PSII
reaction center after variety of environmental stresses (Adam and Clarke, 2002).
Recently, in transgenic tobacco plants under- and overexpressing the fish gene,
the size of necrotic lesions correlated with FtsH content (Seo et al., 2000). ClpC
amounts were stable during the first weeks after mock and TYLCV inoculation
of S and R plants (Figure 5C). After 60 dpi, ClpC decrease could be observed
in mock inoculated and virus inoculated plants. In contrast to ClpC, the amount
of FtsH started to decline after 5-7 dpi and this decrease accelerated at 10 dpi
and thereafter and was more pronounced in S than in R plants (Figure 5C).

We have compared the behavior of HSP70 and of the chloroplast proteases
ClpC and FtsH in detached leaves (in vitro) and in whole R and S plants (in vivo)
upon heat, salt, and ethanol stresses. HSP70 accumulated in detached leaves
during the first 2 h at 45°C (Figure 6A). The protein declined subsequently and
almost disappeared in S tomato after 6 h; the extent of reduction was milder in
R tomatoes. Application of NaCl, H,0,, and ethanol caused similar patterns of
HSP70 expression in S and R (Figure 6B). The expression of HSP60 and HSP90
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Figure 5. Heat shock proteins (HSP70, HSP60, HSP90) and proteases (ClpC and FtsH) in S and R
tomato without (C) and with mock inoculation by nonviruliferous whiteflies (Wf) and whitefly-
mediated inoculation by TYLCV whitefly (V). OE33 was used as an internal protein marker.

was induced in R and S plants within 1 h of salt application; the two HSPs
declined soon after, more abruptly in S than in R tomato (data not shown).
It has to be noted that the amounts of HSP60 and HSP90 decreased less dra-
matically than those of HSP70. ClpC proteins were constitutively expressed in
S and R plants during NaCl treatments (Figure 6C). In contrast, in response to
salt stress the levels of FtsH increased after 1 h of treatment; it sharply
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Figure 6. HSPs responses to abiotic stresses in leaves of S and R tomato. (A): HSP70 patterns after
heat shock (45°C); (B) HSP70 patterns after NaCl, H,0,, and EtOH treatments; (C) FtsH, ClpC
patterns after NaCl treatment.
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decreased thereafter in R but not in S plants. Prolonged stress (16-20 h and
more) led to recovery of this protease in R tomato (Figure 6C). H,O, and
ethanol treatments caused similar changes in FtsH abundance (not shown). The
behavior of chloroplast protease FtsH may reflect the immediate response of R
plants to stress, namely a sharp decrease and shot-off of protease expression for
several hours followed by recovery, which did not happen in S plants. Most rel-
evant, when plants are exposed to different environmental stresses, chlorophyll
biosynthesis and chloroplast development are inhibited (Adam and Clarke,
2002). The impaired chlorophyll biosynthesis can be part of a protective mech-
anism against stress during limited time periods.
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Again, analysis of HSPs patterns, as the patterns of the other class of regulatory
stress proteins, MAPKs, revealed the less extent of decline in R vs. S tomatoes in
response to different used in this study stresses.

3. DISCUSSION

Plants have evolved strategies to perceive and to cope with deleterious condi-
tions, whether biotic (attacks by pathogens, including fungi insects and viruses)
or abiotic (including temperature, water, and salt stresses). In most cases the
induced defense responses are regulated by a network of interconnecting signal
transduction pathways, in which a variety of stress proteins play cross-reactive
roles (Hammersmidt and Kuc, 1995). A rapid respond to these stresses deter-
mines the adaptive capacity and, therefore, the likelihood of survival of the
threatened plants (Rattan, 20006).

We have compared the response of TYLCYV resistant and susceptible lines to
a variety of biotic and abiotic stresses. As a whole, R-gene mediated resistance
at the stages of oxidative burst and PRs activation was comparable in S and R
tomato. The activation of regulatory proteins was similar in the two lines, how-
ever the stress-induced decrease in the abundances of MAPK-like proteins,
HSPs 60, 70, 90, and FtsH was more pronounced in S than in R plants. Hence
shortly after application of stress, the plant defense mechanisms of S and R
plants are activated. Thereafter, these defenses are overwhelmed in S plants and
stress-induced damages appear on the treated leaves. In contrast, R plants show
a milder decrease in stress response proteins expressions followed by a certain
level of recovery. We propose that the higher ability of reestablishing cellular
homeostasis in response to stresses makes R tomatoes tolerant to numerous
environmental stresses.

After exposures to different stresses the members of HSP/chaperone/protease
families seem to play a key role in the reestablishing of cellular homeostasis. We
propose that the higher abundance of HSP70, HSP60, HSP90, as well as FtsH
and the regulating proteins MAPKSs, in R tomato lines vs. S, is one of the rea-
sons of increased tolerance to several environmental stresses, not only in the lab-
oratory conditions, but also in the field. As a whole, it appears that
virus-resistant plants have a better buffer capacity to cope with stress than sus-
ceptible plants. Indeed, the physiological status of R plants reflected by their
chlorophyll content (a commonly used marker) was higher than in S plants after
exposure to the salt stress, H,O,, and EtOH (not shown). Moreover, our results
support the idea of overlapping between signaling involved in host response
against biotic and abiotic stresses. For example, leaves of tomato plants exposed
to NaCl 10 days after whitefly-mediated inoculation of TYLCV did not show
the decline in HSPs amounts observed without the virus preinoculation step,
especially in S plants (Figure 7). Treatment with H,O, and ethanol showed sim-
ilar results (not shown).
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Figure 7. Protection against salt stress by a prior TYLCV inoculation. HSP70 and HSP60 in S and
R tomatoes, infected (and not) by TYLCV with and without 0.3 M NacCl stress.

Whiteflies by themselves, whether viruliferous or not, induced a stress
response translated by a decrease in the amount of the stress proteins MAPKs,
HSPs and of the chloroplast protease FtsH (ClpC showed exceptional stability).
This decrease was already observed at 5-7 dpi in S plants, much less in R plants.
The specific effect of TYLCV was conspicuous at 10-15 dpi for HSP 60 and
HSP90, and at 60 dpi for HSP70; this decline occurred more abruptly in S than
in R tomatoes. Among the PRs studied, only the induction of peroxidase could
be correlated with TYLCYV, at 30-40 dpi. Activation of B-1,3-glucanase, and at
a lesser extent chitinase, was similar upon mock- and TYLCV-inoculation by
B. tabaci. These biotic stresses induce PRs expression after prolonged treat-
ments (not earlier than 4-5 weeks), while infection by the fungus S. sclerotiorum
led to a sharp induction already at 2-3 dpi (not shown). Infected S and R toma-
toes responded similarly to biotic stresses at the level of PRs activation, except
for a very late increase in the peroxidase activity more than 7-8 weeks after
infection of S plants. We cannot exclude the possibility that there are other PRs
underlying tolerance to TYLCYV by restricting viral multiplication in the R line.

Recently, the downregulation of many expressed genes in Arabidopsis—phloem
aphids interactions was shown (De Vos et al., 2005), moreover, large fraction of
the downregulated genes were involved in plant metabolism and not directly in
plant protection (as PR proteins).

The maintenance of stress protein profiles and the stimulation of proteolytic
degradation of damaged proteins both contribute to improved cellular resistance
to different stresses. The analysis of the signal transduction pathways to deter-
mine alterations in the phosphorylation and dephosphorylation states of ERK,
JNK, and p38 MAP kinases, and consequently, functional activities of numerous
MAPKSs’ regulated substrates, can be a measure of cellular responsiveness to
mild and severe stresses. The stability of these biomarkers in response to biotic
or abiotic stresses causes the increased adaptive abilities, maintenance of repair
mechanisms in the living cells.

Up to now, we have discussed the response of R and S plants to biotic and abi-
otic stress and have shown that HSPs and MAPKSs are less affected by TYLCV
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Figure 8. SNP in the intron of a HSP70 gene, related to resistance and susceptibility. (A) The 880
bp amplicon obtained by PCR with R and S DNA was treated with Munl. R DNA was digested,
S was not. (B) Seed DNA collected during the breeding program for resistance; the S. habrochaites
LA17777 genitor is heterozygote.

whitefly-mediated inoculation in R than in S germplasm. Therefore, we may
assume that the alleles of R plants are more “potent” than their S counterparts.
Since TYLCV-resistance is the result of introgression of (unknown) chromoso-
mal fragments from resistant S. habrochaites, we have hypothesized that these
alleles have been introgressed from the wild tomato species into the domesticated
tomato during breeding for TYLCYV resistance. To substantiate this hypothesis
we have searched for polymorphism (SNPs/Indels) in the HSP70 gene family
(which provided a clear difference in expression in R vs. S genotypes, see Figure
8A) that could be related to S. habrochaites. Since DNA sequences of tomato
HSP70 were not available, we have used Arabidopsis HSP70 genes to find a con-
sensus sequence flanking an intron, which served to design primers that allowed
PCR amplification of a ~880 bp amplicon shared by R and S plants, including
an intron. A Munl site allowed discriminating between R and S by RFLP PCR:
Munl digested the 880 bp from R, two fragments of 595 and 285 bp, but not
from S plants (Figure 8). Using seeds from plants selected at different stages of
the breeding program (Vidavski and Czosnek, 1998), the R-specific Munl
SNPs was traced back to the S. habrochaites LA1777 parent, but not to the
other S. habrochaites LA386 parent. LA1777 presented a Munl heterozygous R/S
profile, probably because seeds from this accession gave rise to resistant as well
as susceptible and tolerant plants. Seeds from the first S. habrochaites x S.
lycopersicon cross had the R/S profile. Along the R and S pedigree, there was a
strict correlation between the resistant/susceptible phenotypes and the Munl
SNP. This polymorphism was not present in other tomato TYLCV-resistant
lines that had introgressions from wild tomato species other than S.
habrochaites.

We suggest that the maintenance of a higher stability of protein homeostasis
in R compared to S tomatoes, derives from its ability to manage stress caused by
the accumulation of denatured proteins. Future research should investigate
the plant cellular protective machinery that copes with the buildup of
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abnormal polypeptides. Compared to S plants, R tomatoes may have a greater
capability (1) to refold denatured polypeptides and restore their activities, (2) to
selectively degrade abnormal proteins by ubiquitin-dependent systems in pro-
teosomes, (3) to prevent protein aggregation that can be toxic for the cells, (4) to
disassociate the aggregates of denatured proteins, (5) to isolate the aggregates in
special structures called aggresomes, and in the case if all the above is insuffi-
cient, (6) to prevent the accumulation of abnormal proteins, to initiate PCD
(apoptosis) by using MAPKSs signaling. It will be of interest to found out how
TYLCYV infection influences these stages.
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CHAPTER 1
DETECTION METHODS FOR TYLCV AND TYLCSV

GIAN PAOLO ACCOTTO AND EMANUELA NORIS
Istituto di Virologia Vegetale, CNR, Strada delle Cacce 73, Torino-10135, Italy

1. OVERVIEW

The tomato yellow leaf curl disease (TYLCD) has been known for many years.
The cause was, premature but with commendable intuition, put down to an
entity named Tomato yellow leaf curl virus (TYLCV) (Cohen and Nitzany, 1966)
although the viral etiology was recognized only in the late 1970s, and a virus
with geminate morphology detected even later. Electron microscopic (EM)
observations of thin sections from TYLCV-infected tomato leaves indicated that
geminate particles were located in the nuclei of phloem parenchyma cells (Russo
et al., 1980; Cherif & Russo, 1983), with intranuclear occurrence of fibrillar
rings and small virus-like particles like those in the new virus group named
“geminiviruses” (Goodman, 1981). In those times EM was therefore the only
possible way to detect TYLCV.

However, what are considered “detection methods” for this virus complex had
to wait for isolation of viral particles and demonstration that they are the causal
agent of TYLCD. The virus was first isolated and purified in 1988 (Czosnek
et al., 1988), and its association with the disease was demonstrated by mem-
brane feeding of the whitefly vector on purified virus preparations. Since then,
several detection methods for what is now recognized as a virus complex have
been developed, both for mass screening and for more specific characterization.

In this review only methods for mass screening will be discussed, omitting spe-
cific applications, such as in situ hybridization and immuno-enzymatic methods
for light or electron microscopy.

Depending on the kind of investigation, different questions can be asked,
and no single detection method can fulfil all needs. Are the tomato plants
which show yellowing and curling on leaves infected by TYLCV? Or are they
infected by a different begomovirus? Which virus strain or variant is present?
Are the plants infected by more than one begomovirus (mixed infection)?
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Difficulties arise mainly because there are several begomoviruses that cause
similar symptoms in tomato (Fauquet et al., 2005) and they are not sufficiently
different to allow easy and reliable discrimination using techniques such as
ELISA, familiar to plant virologists and agricultural extension services.

2. SEROLOGICAL TECHNIQUES

Serological methods have not had much success in detecting TYLCV and white-
fly-transmitted begomoviruses more generally. This is due both to difficulty in
obtaining pure virus preparations and to the low immunogenicity of virus par-
ticles. Although the first purification procedure was described in 1988 (Czosnek
et al., 1988) and later improved (Luisoni et al., 1995), the polyclonal antibodies
obtained, while adequate for Western blotting, were not suitable for reliable
detection of TYLCV by ELISA in field samples (Al-Bitar and Luisoni, 1995).
Today some commercial ELISA reagents are available, detecting both TYLCV
and the related but separate species Tomato yellow leaf curl Sardinia virus
(TYLCSV) (Dalmon et al., 2000; Crescenzi et al., 2004). Some monoclonal anti-
bodies (MAbs) raised against particles of African cassava mosaic virus (ACMYV)
have been reported to detect three isolates of TYLCSYV, but were not tested
against TYLCV in TAS-ELISA (Macintosh et al., 1992).

A different TAS-ELISA format has been described in a EWSN datasheet
(Winter & Louro, 2000) and in an EPPO Bulletin (EPPO, 2005). It uses a poly-
clonal antibody prepared against ACMYV for the coating step, followed by either
a MAD that can detect TYLCV and TYLCSYV isolates present in Europe (DSMZ
AS-0546/2) or another MAb (DSMZ AS-0546/4) which does not react with
TYLCSV. To differentiate the two virus species, a sample must be analysed with
both MADbs: if it is positive only to the first, it is probably infected only by
TYLCSV; if it is positive to both, certainly TYLCYV is present, but it is impossi-
ble to conclude on the presence of single infection by TYLCYV or mixed infection
by both viruses. To resolve mixed infections molecular techniques are necessary.

Immunoblotting methods have also been reported, both in the form of tissue-
printing (squash immunoassay) and dot-blotting (dot immunoassay) (Hajimorad
et al., 1996; Pico et al., 1999; Dalmon et al., 2000). In comparison with ELISA,
these methods suffer from a relatively high background, also found in healthy
controls, that masks weak signals. Furthermore, they have not been tested for their
ability to distinguish among similar species.

Recently some companies have introduced lateral flow assays for TYLCV (see
www.neogeneurope.com; pdiag.csl.gov.uk). However, the sensitivity and ability
of these assays to detect all or some species or isolates have not yet been tested
thoroughly.

A different approach has also been used for trapping virus particles: the
coating step of an ELISA is performed using GroEL protein rather than anti-
bodies to the virus. Indeed, GroEL is much more potent in binding TYLCV
than commercial anti-TYLCV antibodies (Akad et al., 2004). The method
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exploits the strong interaction between the GroEL protein of the whitefly
Bemisia tabaci and the coat protein of TYLCV and other begomoviruses
(Morin et al., 1999).

3. MOLECULAR HYBRIDIZATION

The use of labelled DNA probes for detecting TYLCV dates back to 1988
(Czosnek et al., 1988; Navot et al., 1989; Nakhla et al., 1993), when a cDNA
clone representing part of the viral genome was radiolabelled and used in
Southern blots to detect the different viral DNA forms present in infected
plants. The same probe was also employed on leaf squashes obtained by tissue
printing, where it showed very good specificity (no reaction with the other
viruses tested and no reaction with healthy plants). These characteristics and the
ease, with which nylon membranes can be prepared, even in field conditions,
immediately indicated the potential of molecular hybridization assays for mass
screening and diagnosis. Interestingly, TYLCV can also be efficiently detected in
squashes of single whiteflies. The method was proposed for large-scale
epidemiological studies and for use in breeding programmes for virus resistance
(Lapidot et al., 1997, 2001). One step of the molecular hybridization, however,
made it impossible for many diagnostic laboratories to run the assay: probes
were radioactively labelled.

To overcome this problem non-radioactive labelling techniques were
explored. The most popular, even today, is based on digoxigenin (Crespi et al.,
1991; Abou Jawdah et al., 1995). Probes are labelled with digoxigenin—-dUTP,
and the signal is detected with an anti-digoxigenin antibody conjugated with
alkaline phosphatase, followed by incubation with an enzyme substrate. The
first substrates were chromogenic, producing a pink—violet colour. Sensitivity
was comparable with that of radiolabelled probes (Crespi et al., 1991; Quindnez
et al. 2004). Chemiluminescent substrates brought a further improvement. This
allowed: (a) visualization of the signal on a film, therefore permitting optimal
exposures and better interpretation of results, especially in cases where a weak
hybridization signal is superimposed on the colour of the tissue print, and (b)
more important, easy removal of the probe for a second hybridization.
Reprobing membranes is particularly useful when mass screening is performed
in areas where TYLCD can be caused by more than one virus species (see below).
Non-radioactive hybridization was also successfully used for quantitative
determination of TYLCYV in dot blots of plant and whitefly extracts (Caciagli.
& Bosco, 1996, 1997).

Probes, radioactively labelled or not, able to recognize the entire viral genome
or selected portions of it can easily be produced, and proved very useful in
organizing the taxonomy of the numerous whitefly-transmitted geminiviruses
affecting tomato cultures in many tropical and subtropical regions.
Hybridization tests with two DNA probes derived from a cloned isolate of
TYLCYV from Israel have been used to assess the affinities of viruses in naturally
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infected tomato plants with yellow leaf curl or leaf curl symptoms from
25 countries (Czosnek & Laterrot, 1997). By a careful choice of probes and
hybridization conditions, it was possible to conclude that samples from coun-
tries in the Middle East, Cuba, or the Dominican Republic were closely related
to TYLCV from Israel, whereas samples from nine countries in the western
Mediterranean area, Africa, or SouthEast Asia were more distantly related and
probably represent one or more additional geminivirus species; a further group
of samples contained very distantly related geminiviruses. The great number of
geminivirus sequences available today have confirmed that TYLCD is caused by
a number of geminiviruses whose genomes share a wide range of similarity
levels (Fauquet et al., 2005).

The versatility of probes — and the need to make the best choice for everyone’s
purpose — is demonstrated by the cases of Spain and Italy, where TYLCSV
strains were present and well established when TYLCYV strains appeared in 1997
in Spain (Navas-Castillo et al., 1997) and 2002 in Italy (Accotto et al., 2003). For
each species several strains have been described and their DNA sequences deter-
mined. Between the two species the nucleotide identity is about 74%, while
among strains within each species it is above 90%. Sequence similarities are not
uniformly distributed along the genome, so probes can be designed that will
cross-react to different degrees with heterologous sequences. For example,
probes based on the intergenic region (IR), the less conserved portion of
genome, are the most specific. For example, an IR-specific probe made on the
Sardinia isolate of TYLCSV does not recognize TYLCV and gives little or no
reaction with other TYLCSV strains, so is not suited for most screening pur-
poses. On the other hand, a probe designed on a more conserved region, such as
the CP gene, will reliably detect all strains of the viral species from which it was
designed, and can therefore be considered a good choice for mass screening
(Accotto et al., 2000a). It should be noted, however, that samples giving weak
signals may contain a low concentration of the homologous virus or a high con-
centration of the heterologous. Hybridization of the same membrane with a sec-
ond probe, specific for the CP region of the other virus species, will generally
help in final interpretation, but a definitive answer can only be given by a PCR-
based method, such as PCR/RFLP described below. One remedy for the exces-
sive specificity of IR-specific probes is to use an artificial mixture of them
(Accotto et al., 2000b), and to use less stringent conditions during post-
hybridization washing.

Both in Spain and Italy epidemiological studies on TYLCSV and TYLCV
were conducted using tissue printing on membranes that were consecutively
hybridized with two species-specific probes (Sanchez-Campos et al., 1999;
Davino et al., 2006). Molecular hybridization employing non-radioactive
probes, in spite of some limitations, definitely remains the best choice for simul-
taneous analysis of hundreds of samples: it does not require expensive equipment
or a laboratory authorized for radioisotopes, and tissue-blotted membranes can
be prepared in the field, with no extraction steps, and then stored for long
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periods or sent to diagnostic laboratories. Furthermore, digoxigenin-labelled
non-radioactive probes are stable for years, and can be reused at least five times
without loss of sensitivity (Accotto et al., unpublished).

4. PCR-BASED METHODS

Numerous PCR-based methods have been reported for detecting whitefly-trans-
mitted geminiviruses, using specific or degenerate primers, or combining PCR
with tissue printing, immunoblotting, restriction enzyme digestion, molecular
hybridization, etc. Navot et al. (1992) developed primers for detecting TYLCV
in plants and whiteflies; for one of the primer combination tested, they esti-
mated that a single infected whitefly could be detected in a bulk sample of 1,000.

Several publications describe degenerate primers for detecting whitefly-trans-
mitted begomoviruses. One of the most cited uses primers PAL1v1978 and
PAR1c¢713 to amplify a 1.4 kbp fragment (Rojas et al., 1993). Further analysis
of this DNA provides information on the begomovirus under investigation. This
approach to a suspected geminivirus infection in tomato can be found in many
“first reports” in the literature. Other protocols have been proposed for detect-
ing all begomoviruses (Deng et al., 1994; Wyatt & Brown, 1996), but not all of
them have been tested on TYLCV and TYLCSYV isolates, and might be unsuit-
able in some cases.

As mentioned above, a more challenging situation happens when there is need
to rapidly and reliably detect and differentiate two related begomoviruses, that
infect the same host (tomato) producing the same symptoms. For identification
and differentiation of the two species infecting tomato in Europe, TYLCV and
TYLCSYV, the EPPO standard (EPPO, 2005) describes a PCR/RFLP protocol
(Accotto et al., 2000a, c), that utilizes two degenerate primers — TY1(+) and
TY2(-) — to amplify a 580 bp fragment from both species, followed by digestion
with Avall, which produces one pattern for TYLCYV isolates and a clearly differ-
ent one for those of TYLCSYV. In another study (Martinez-Culebras et al., 2001),
following extensive sequence alignments of several begomoviruses, two primer
pairs were designed and successfully tested, one for detection of both TYLCV
and TYLCSYV, the other for TYLCSV only. A duplex PCR was also reported,
that can detect either TYLCV or TYLCSV in a single step: However this proto-
col cannot distinguish the two viruses when mixed infections are present.

Print-capture PCR protocols have been successfully employed for several pur-
poses. For example, squashes of plant or whitefly tissue on small pieces of nylon
membranes were directly used in amplification reactions (Atzmon et al., 1998)
to study TYLCYV acquisition and transmission. This approach was modified by
Navas-Castillo and coworkers (1998), who used pieces of Whatman 3 MM
paper instead of nylon, with similar results. An important advantage consists in
omitting the DNA extraction step needed before standard PCR.

Immunocapture-PCR, when applied to transmission studies, showed that
the capsid protein of TYLCV was present in the insect organs at the same
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time as DNA, suggesting that at least part of the virus circulates as virions
within the insect (Ghanim et al., 2001). However, this technique is not wide-
spread in diagnostics.

Finally, it is worth mentioning a new technique, named loop-mediated
isothermal amplification (LAMP), that has been applied to TYLCV detection
(Fukuta et al., 2003). It amplifies DNA with high efficiency under isothermal
conditions without being significantly influenced by co-presence of non-target
DNA, and its detection limit is a few copies, being comparable to that of PCR.
Although LAMP applications are today mostly in clinical microbiology, its
future development in plant virology cannot be excluded.

5. COMPARISONS AMONG METHODS

Not much effort has been devoted to compare the different detection methods.
It is assumed that PCR is more sensitive than hybridization, which is more sen-
sitive than serological methods. But sensitivity does not always go together with
reliability. In the most comprehensive study, Pico et al. (1999) compared
TAS-ELISA, squash immunoassay, dot immunoassay, squash and dot blot
hybridization, and PCR for their sensitivity, reliability, and possibility of quan-
tification, in order to measure resistance levels in tomato breeding lines. The
squash and dot immunoassay were neither sensitive nor reliable. TAS-ELISA
can be used in large-scale field screening, but hybridization methods are gener-
ally more appropriate, and, in the dot blot version, are quantitative. PCR, in
principle the most powerful technique, sometimes fails to detect TYLCV reli-
ably. A good protocol could be a squash blot followed by the more sensitive
PCR applied to inconclusive samples. Dalmon et al. (2000) confirmed the supe-
riority of squash and dot hybridization methods, because of their reliability and
low cost. PCR gave some false negatives, probably due to the presence of
inhibitors in the plant extract.

6. CONCLUDING REMARKS

Detection of begomoviruses causing TYLCD is best achieved by integrating
two or more methods, as shown by the two following examples. When a new dis-
ease is suspected to be caused by a begomovirus, PCR with degenerate primers
(better more than one combination) is the first step, followed by sequencing the
amplified DNA. Comparing the new sequence with the DNA databases will give
a strong indication on the nature of the begomovirus. In cases where mass
screening is required, such as epidemiological studies, high-throughput is neces-
sary; the best choice is squash blot hybridization, which allows analysis of hun-
dreds of plants or insects on every membrane, without extraction steps, and
with the option of reprobing the same membrane with different probes. For
samples where results are not clear, PCR can then be applied.

However, some situations cannot be resolved with a simple strategy; virus
populations are dynamic, and recombinant viruses have been shown to evolve
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and spread in the parental population (Monci et al., 2002). If the new recombi-
nant virus is present together with one or both parents, results of hybridization
can easily be misinterpreted. In these cases, unfortunately, PCR using carefully
selected primers is probably the only way to study the population dynamics.
Rolling circle amplification (RCA), a method which utilizes a DNA polymerase
from a bacteriophage, has recently been proposed for diagnosis of geminiviruses
(Haible et al., 2006). Although it is probably the best way to face the challenge
of characterizing populations of viruses with single-stranded DNA genomes
in situations where mixed infections, recombinants, or new viruses are present or
expected, RCA will hardly substitute the other techniques, at least in the near
future, in diagnostic laboratories.
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1. OVERVIEW

Over the last 15 years, TYLCV has been a serious problem for tomato production
in many parts of the world. The virus has been known in Israel for over 40 years
and in Florida since 1997 (Cohen & Nitzany, 1966; Polston et al., 1997).
In Israel, tomato crops are severely affected by epidemics of TYLCV and
despite almost daily spraying with insecticides, 100% yield losses have often been
recorded in cases where the whitefly populations were high (Cohen & Antignus,
1994). In Florida, there have been numerous crop failures due to TYLCV and
costs of production have risen. TYLCV is considered the most important
pathogen of tomato in Israel and in Florida (Lapidot & Friedmann, 2002). The
management of TYLCV in tomato is difficult and expensive both in protected
and open field production. Often management techniques are not sufficient and
economic losses are incurred. Many approaches have been used to try to
decrease losses due to TYLCYV although only a few are frequently effective and
some cannot be used in all climates and locations. In general, no single approach
is effective to manage TYLCV. Combinations of chemical and cultural tech-
niques are employed to (1) reduce the number and movement of the whitefly
vector, and (2) minimize or eliminate inoculum sources of TYLCV.
Management of TYLCYV is often expensive and difficult but not always
successful. In both Florida and Israel, multiple techniques are employed simul-
taneously to reduce incidences of TYLCV-infected plants. In Israel, TYLCV is
managed primarily through the use of resistant cultivars, pesticides, cultural
practices, and exclusion through the use of 50 mesh screens, and regular or UV
absorbing plastics in the case of protected production. In Florida, where the
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majority of tomatoes are produced in open fields, the virus is managed through
cultural practices and a heavy reliance on insecticides (Cohen & Antignus, 1994;
Lapidot & Friedmann, 2002). The development of pesticide resistance and the
loss of natural predators and parasites after repeated insecticide applications
contribute to control problems and environmental concerns. The most practical
control of TYLCYV is the use of resistant cultivars. These unfortunately are lim-
ited and not available for all production conditions, climates and market prefer-
ences. Growers are forced to rely on other approaches to minimize yield losses.

2. ECOLOGY OF TYLCV

Management techniques are dependent upon the ecology of the virus. TYLCV
is transmitted in a persistent manner by adult whiteflies of the Bemisia tabaci
species complex. TYLCV has one of the largest described host ranges for bego-
movirus and is capable of infecting more than 30 species in over 12 plant fami-
lies. Known hosts can be cultivated vegetables ornamentals, or wild or weed
plant species. The TYLCV reservoirs often vary among tomato production
regions and must be identified on a case-by-case basis. Although TYLCV can
produce severe symptoms in tomato, it is also able to establish symptomless
infections in both wild and nontomato crop species. TYLCYV reservoirs may not
be obvious. For instance, in many tomato-growing areas pepper is grown in
close proximity. Since pepper was known as a nonhost of TYLCYV, whitefly
management was not practiced rigorously in pepper plots. There have been con-
flicting reports regarding the susceptibility of peppers to TYLCV (Mansour &
Al-Musa, 1992; Reina et al., 1999). Only recently was it clearly demonstrated
that some but not all cultivars of pepper are in fact symptomless hosts of
TYLCV (Morilla et al., 2005; Polston et al., 2006). This is similar to the situa-
tion with beans (Phaseolus vulgaris) in which only 57% of the genotypes tested
were susceptible to TYLCYV, unlike tomato where all genotypes tested were sus-
ceptible (Lapidot, 2002). Some pepper genotypes were infected at much higher
rates than others while other genotypes only became infected using higher den-
sities of whiteflies (Polston et al., 2006). This lack of complete susceptibility and
differences in ease of establishment of TYLCYV infection among genotypes may
explain many of the discrepancies in the literature regarding the status of pep-
per as a host and reservoir of TYLCV. Despite the lack of TYLCV-induced
disease symptoms whiteflies were able to acquire TYLCV from infected pepper
plants and transmit it to tomato (Polston et al., 2006). The symptomless but
infected pepper plants can serve as virus reservoir for the acquisition and trans-
mission of TYLCYV. Other asymptomatic hosts of TYLCV may act as reservoirs
in a similar manner.

The whitefly vector has a very large number of hosts upon which it can feed
and reproduce. Reservoirs of the vector may also vary among production
regions. TYLCV is transmitted persistently by the Bemisia tabaci species com-
plex. Approximately 15-30 min of feeding by an adult whitefly are required for
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acquisition of TYLCYV, which is followed by a latent period of approximately
6 h. Transmission can then occur following a single 15-30 min feeding period
(Cohen & Nitzany, 1966). Adult whiteflies can retain the virus for several
weeks, spreading the virus as far as they range to feed. TYLCYV has been shown
to be acquired by immature whiteflies developing on infected plants. The adults
however are responsible for the spread of virus to healthy susceptible host
plants. Whiteflies are believed to be able to move relatively long distances (up
to 7 km) over land and water using wind-assisted flight (Byrne & Bellows, 1991;
Cohen et al., 1988).

Often, the most important source of TYLCV and whiteflies is old tomato
fields. Whiteflies move readily from old plants to younger plants. The virus can
spread very rapidly in older or abandoned fields where whitefly management has
ceased. The earlier the infection occurs the greater the yield loss. Grape toma-
toes, which have a long production cycle in Florida fields, can act as reservoirs
of TYLCYV and have been shown to cause an increase in incidence of TYLCV
in the regions where they are produced. Although resistant cultivars produce an
acceptable yield after TYLCV infection, they still support viral replication and
can act as reservoirs of TYLCYV for susceptible crops (Lapidot et al., 2001).

3. CROPPING PRACTICES

Management techniques are dependent upon the ecology of the virus as well as
on the cropping production practices employed. Tomatoes are produced using
different approaches in Florida and Israel due to differences in climate,
economies of production, and the type of tomato produced.

Florida tomatoes are produced in five major production regions; two produce
year-round, three have a 2-3 month tomato-free period. The climate is generally
hot and wet in the summer, and cooler and drier in the winter. Tomato plants
are initially sown in open-sided plant houses which are then transplanted to the
fields after 4-6 weeks. Tomato transplants are planted into plastic covered
raised beds of fumigated soil and later staked. A crop is in the field about 4-5
months before removal. The majority of the tomatoes produced are large globe
types although there has been a significant increase in the production of grape
tomatoes. Grape tomatoes are produced in a similar manner to the larger
types, but are harvested for a minimum of 6-8 months. Throughout the
extended harvest period few applications of insecticides for whitefly management
are allowed.

In Israel, the majority of tomato production consists of indeterminate culti-
vars grown year-round in greenhouses or 50-mesh net-houses. In the past, toma-
toes were grown in open fields during the spring and summer. Heavy infestations
of whiteflies and high incidences of TYLCV were the major reasons for the
transition from open field production to protected (greenhouse or net-house)
production. Nearly all tomatoes produced in Israel are sown in commercial
nurseries. Almost 4-5 weeks later they are transplanted to the field or greenhouse.
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The major types of tomatoes produced are globe or flattened globe but the pro-
duction share of cherry and cluster tomato is growing rapidly. Most open field
tomatoes are staked. Processing tomatoes are grown without any support.

4. MANAGEMENT APPROACHES USED IN FLORIDA AND ISRAEL
4.1. Avoidance

4.1.1. Avoidance in time

Planting dates or locations that avoid high whitefly populations will often have
a significant impact on incidences of TYLCV-infected plants. In addition,
planting during these times can significantly increase the impact of the
management tactics and may reduce the costs associated with them. In Israel,
processing tomatoes are transplanted to the field in early spring, usually the end
of March or the beginning of April, and are harvested 3 months later. In Israel,
TYLCYV spreads mainly during the late summer and autumn due to whitefly
populations which peak from September to November. Processing tomatoes are
harvested prior to the build up of large whitefly populations when incidences of
TYLCV-infected plants are lower. When TYLCV appears late in the plants’
development, impact on yields are minimal.

4.1.2. Avoidance in space

New plantings should not be located near old plantings. New tomato plantings
should not be placed near any crops known to be hosts of TYLCV nor should
they be located next to older fields of tomato, older fields of known susceptible
crop species or any crop species where whiteflies are not managed. This is espe-
cially true of resistant tomato cultivars which may not show symptoms but may
still act as sources of TYLCYV for susceptible cultivars (Lapidot et al., 2001).

4.2. Plastic mulches

In open field production in Florida, reflective plastic mulches are used success-
fully to reduce incidences of TYLCV-infected tomatoes. The most effective
reflective mulches are entirely or partially aluminized and reflect a lot of day-
light. These are believed to reflect both visible and UV light which disorients
whiteflies and decreases the landing of whiteflies on plants in the field. Like
other mulches, the effectiveness decreases as the tomato canopy increases and
covers the mulch. Reflective mulches are effective even when whitefly popula-
tions are expected to be high. This approach has the added benefit of interfer-
ing with other virus vectors (aphids and thrips) and is associated with lower
incidences of several other tomato viruses.

The use of yellow plastic mulch to protect open-field tomato plants from the
whitefly-borne TYLCYV is a common practice in Israeli agriculture (Zaks, 1997,
see also Part IV, Chapter 3). In 1962, Mound demonstrated that the color yellow
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attracts whiteflies (Mound, 1962). It was suggested that yellow radiation may be
a component of the whitefly’s host-selection mechanism (Mound, 1962). It was
found that the protection effect of the yellow mulch lasted about 20-30 days after
transplanting, probably due to change with time in the ratio of canopy to mulch
(Cohen and Melamed-Madjar, 1978). Nonetheless, 38 days after transplanting
only 10% of the plants protected by yellow mulch showed TYLCV symptoms,
compared to nearly 100% of the nonmulched control tomato plants (Cohen &
Melamed-Madjar, 1978). The controlling effect of yellow mulch is due to a com-
bination of the whitefly’s attraction to the yellow color of the mulch and its con-
sequent death due to dehydration induced by the high temperature of the mulch
(Cohen, 1982; see also Part IV, Chapter 3). It should be noted that the typical
Israeli climate is semiarid — high temperature and low humidity. In the tomato-
growing regions, soil temperatures exceeding 30°C are quite common. It was
demonstrated that at temperatures above 30°C, in low-humidity conditions,
whiteflies not feeding on a plant dehydrate within an hour (Cohen, 1982).

Interestingly, yellow plastic mulches were not found to be effective in Florida
(Csizinszky et al., 1996, 1999). The reason for this may be due to the very high
level of humidity in Florida. Whiteflies which are attracted to the yellow mulch
probably are not dehydrated as quickly in Florida as they were in Israel, where
relative humidity is much lower. Whiteflies attracted to the yellow mulch in
Florida were still able to fly to a plant and feed on it. In a climate with high rel-
ative humidity the yellow mulch may actually attract whiteflies to the crop
rather than protect it from whiteflies. Although the yellow plastic mulches were
ineffective in Florida, reflective or aluminized plastic mulches have been used
very successfully to reduce incidences of TYLCV-infected plants (Csizinszky
et al., 1996, 1999). In addition to reducing incidences of whitefly-transmitted
viruses such as TYLCYV, reflective mulches can also reduce incidences of aphid- and
thrips-transmitted viruses.

4.3. Physical barriers
4.3.1. Whitefly-proof screens

Physical barriers such as fine-mesh screens have been used in the Mediterranean
Basin since 1990 to protect crops from TYLCV (Berlinger & Lebiush Mordechi,
1996; Berlinger et al., 2002; Cohen & Antignus, 1994). Net houses covered by
50-mesh screens became a necessity due to the spread of TYLCV and its white-
fly vector. The 50-mesh whitefly-proof screens decreased dramatically the num-
ber of invading whiteflies into covered net or greenhouses. Combined with a few
insecticide sprays, the incidence of TYLCYV in the covered structures 18 weeks
after planting was only 1%. This was well below the level required for significant
economic damage. In the control unscreened greenhouse TYLCV incidence
reached 100% despite daily insecticide sprays (Berlinger & Lebiush Mordechi,
1996). Moreover, thanks to the reduced insecticide usage, it was possible to use
bumblebees for pollination. It was shown that bee pollination for tomato is
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cheaper and more efficient than hand pollination and increases yields by
increasing fruit number per plant (Pressman et al., 1999). Adoption of physical
barriers does add to production costs and screens can create problems of shad-
ing, overheating, and poor ventilation. The combination of 50-mesh screens and
a positive pressure ventilation system may reduce whitely penetration as well as
reducing the ventilation problems and over heating. It should be noted that
although 50-mesh screens are indeed highly efficient in excluding whiteflies,
these screens alone may not sufficiently protect against TYLCV since some
whiteflies are still able to enter houses through gaps in entrances and on per-
sonnel. Some insecticide application should be combined when using screens.

4.3.2. UV absorbing plastics and screens

Good results have been reported in protected production in Israel when ultraviolet-
absorbing plastic films were used as greenhouse covers or insect-proof nets
(Antignus et al., 2001, 1998). UV-absorbing plastics reduce levels of UV light,
blinding the whiteflies which use the light UV wavelengths to navigate. These
UV-absorbing films have been shown to inhibit penetration of whiteflies into
greenhouses and to reduce movement of whiteflies within greenhouses. TYLCV
incidence in tomato grown under the UV-absorbing sheets was only 1% com-
pared with approximately 80% in control conditions, without any application of
insecticides (Antignus et al., 1996). Furthermore, filtration of UV light was
shown to hinder the dispersal activity of whiteflies, and consequently reduce
TYLCYV spread (Antignus et al., 2001; see also Part IV, Chapter 3). It is impor-
tant to note that besides the higher production cost, the use of these screens,
may also result in increased temperature and humidity inside greenhouses.

4.4. Use of resistant cultivars

The use of TYLCV-resistant tomato cultivars, when available, is the best
approach to reduce losses due to infection by TYLCV. Resistant commercial
cultivars are available in a limited number of genotypes. A 30-year breeding
effort by multiple programs has resulted in numerous cultivars with variable lev-
els of resistance using genes derived from wild tomato species (Lapidot &
Friedmann, 2002). Progress in introgression of TYLCV resistance has been
slow. This is due to linkage with poor fruit quality, complex inheritance patterns,
and the difficulty of transferring the resistance to commercial cultivars due to
the presence of interspecific barriers between the wild and domesticated tomato
species. Some of these resistances collapse under early or severe infection pres-
sure and require additional cultural and chemical control measures that reduce
whitefly populations to protect the plants from infection. The challenge today is
a cultivar that combines high levels of resistance with high fruit quality. High-
quality TYLCV-resistant tomato cultivars suitable for production in the
Mediterranean region have become available only recently. Many of these
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resistant cultivars cannot be grown in Florida due to the lack of bacterial and
fungal resistances. In Florida, growers are still forced to rely on the use of cul-
tural and chemical approaches.

4.5. Production and use of virus-free transplants

The production season should begin with the use of virus-free transplants. This
can be accomplished by purchasing or producing tomato transplants in isolated
areas away from production fields or houses. The greater the distance between
production areas and nurseries, the lower the incidence of infected transplants
will be. An antifeeding insecticide (such as pymetrozine) can be applied to trans-
plants during their production, reducing transmission rates by whiteflies. Each
application will give approximately 1 week of protection. Transplant production
houses which are enclosed by 50 mesh or smaller screens can effectively exclude
whiteflies and reduce the frequency of TYLCV-infected transplants. These
houses must be well sealed and entrances constructed in such a way as to pre-
vent whitefly intrusion. A positive pressure ventilation system used with 50 mesh
screening can be even more effective. In the absence of transplant nurseries,
floating row covers that exclude whiteflies have been used to produce transplants
with lower rates of virus-infected plants (Cohen & Berlinger, 1986).

The use of a protective dose of a neonicotinoid in the transplant house a
week before plants are set in the field will protect plants for the first 2 weeks
(open field production). Young tomato plants are very attractive to whiteflies
and are highly susceptible to TYLCV. Neonicotinoids have been shown to
have a negative impact on pollinators; therefore, they are not always used in
protected production. Application of a neonicotinoid insecticide in the set-
ting water at the rate recommended could provide 8 weeks of protection
(open field production).

4.6. Other cultural controls

4.6.1. Crop-free periods

A mandatory vegetable crop-free period of 2 months was found to be very
instrumental in eliminating TYLCV or other vegetable-virus epidemics in the
Arava region in Israel (Ucko et al., 1998; see also Part IV, Chapter 4). However,
it should be noted that the Arava region is an arid area, where cultivated fields
were the major sources of whiteflies in the region. A mandatory 3-month white-
fly host-free period issued in the Dominican Republic was one component of a
new TYLCV management effort that helped to drastically reduce losses due to
TYLCV in the first 5 months of the tomato growing season (Polston &
Anderson, 1997; Salati et al., 2002). However once whitefly populations reached
their peaks in February and March, high incidences of TYLCV-infected plants
could be seen in the fields, and losses could be significant in those later plant-
ings (Polston & Anderson, 1997; Salati et al., 2002).
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4.6.2. Sanitation

Old tomato plants are one of the best known reservoirs of TYLCV. Old tomato
plant can support whitefly reproduction and TYLCV replication. Since old
plants are not ideal hosts for whiteflies, the whiteflies produced on these plants
are likely to be migratory morphs which are more likely to leave the field after
emergence in search of better quality hosts. The removal of tomato plants
immediately after harvest reduces whitefly populations in the area and helps
reduce the movem