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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 TYLCV 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 TYLCYV 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] (EACMM V-[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-[RE4]), 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 (TYLCV), 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-MId[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 TYLCYV 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 TYLCV 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 TYLCYV 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 TYLCV 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. tabaci 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 4 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 8§ 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 7. 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.



Whitefly Survival and Transport Conditions 61

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 (TGMYV). 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 AC1 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 TYLCSYV 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
ssSDNA/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 TOLCNDYV 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 (SQCLV), 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 OREF 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-f. 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?).



Molecular Biodiversity, Taxonomy, and Nomenclature 89

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 TOLCIRYV 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:Ond: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

ABI162141

AJ875159

U38239

AF195782

AJ865338

AF327436

AY 502936

AJ86