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This book is dedicated to Dr. Jacquelyn (Jackie) L. Blackmer (1954-2008), a co-
author of Chapter 5 and a renowned entomologist in the field of insect behavior,
insect-plant interactions, and insect dispersal and migration. During postdoctoral
work at The University of Arizona and her most recent tenure with the United
States Department of Agriculture, Agricultural Research Service in Arizona she
made numerous advances in understanding the behavior, physiology and ecology
of Bemisia tabaci. Dr. Blackmer conducted some of the first and still the most
comprehensive studies on the migratory and short-range flight behavior of Bemisia
tabaci including the role of environment, physiology, morphology, life history and
host quality. She advanced our understanding of host quality factors in whitefly
life history, developed an artificial diet system, and examined the flight behavior of
whitefly parasitoids. She was a tireless, innovative and inspirational researcher as
well as being a generous collaborator, colleague and friend to all with whom she
worked. Her significant contributions to entomology will be long remembered and
will continue to inspire advances in whitefly biology, ecology and management.
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Introduction

Philip A. Stansly and Steven E. Naranjo

Bemisia tabaci (Gennadius) has distinguished itself from the more than 1,000 white-
fly species in the world by its adaptability, persistence and potential to damage crops
of all types. Its only rival for this distinction is perhaps the greenhouse whitefly,
Trialeurodes vaporariorum Westwood, which fills the niche of polyphagous white-
fly pest in temperate regions, while B. fabaci reigns supreme in the tropics and
subtropics. Nevertheless, proliferation of protected agriculture and mass movement
of plants and produce have extended the range of B. fabaci into most of the temper-
ate regions of the world as well. B. fabaci stands out against any whitefly rival in a
number of other aspects: host range, virus vectoring ability, damage potential that
includes physiological disorders and honeydew associated quality issues, an ability
to adapt morphologically to its host, and the existence of multiple sibling species,
just to name a few. These and many other characteristics of B. tabaci are examined
here in depth.

First named Aleyrodes tabaci and described from tobacco in Greece (Gennadius
1889), the insect now known as Bemisia tabaci was soon afterward reported from
Florida as A. inconspicua (Quaintance 1900). The “tobacco whitefly” later solidified
its pest status in that crop as the vector of tobacco leaf curl disease in East Africa
(Storey 1931) and Indonesia (Thung 1932). At the same time, the self same “cotton
whitefly” was recognized in West Africa and Sudan as the vector of cotton leaf curl
disease (Golding 1930; Kirkpatrick 1931), which had been reported from Nigeria
two decades earlier (Farquharson 1912). The most effective control for both these
epidemics was found to be timely removal of the principal inoculum source, the
previous year’s crop residue (Hopkins 1932; Tarr 1951).

The cotton/tobacco whitefly soon began to be reported as a pest in its own right,
first in India (1929), and subsequently in the Sudan (1950s), El Salvador (1961),
Mexico (1962), Brazil (1968), Turkey (1974), Israel (1976), Thailand (1978) and
Arizona and California (1981), mostly on cotton (Horowitz 1986). In many cases,
whitefly infestations reached outbreak proportions, a situation attributed to various
causes including improper use of insecticides, climate, and increased agricultural
intensification.

The number of plant species known to host B. tabaci also proliferated, espe-
cially after Takahashi (1936) and Russell (1958) synonymized it with some 18 other
described species. The large number of synonyms was in part due to host induced

XV
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morphological variation (Mound 1963; Neal and Bentz 1999). Mound and Halsey
(1978) listed 302 species in 74 families to which Greathead (1986) added 204 more
to make the widely quoted total of 506. The list continues to expand as the insect
invades new areas and more records are collected in regions where it has established.
The largest numbers in Greathead’s list are in Leguminosae (56) and Compositae
(33), but these are also the two largest plant families. The greatest percentage of
species within plant families known to serve as hosts for B. tabaci is attributed to
the Malvaceae (3.5%) followed by the Curcubitaceae (2.7%), Euphoriaceae (1.7%),
and Convolvulaceae (1.7%). With the addition of the Cruciferae, this list includes
most crops on which B. tabaci is a serious pest.

It was not until 1986 that Florida experienced outbreaks of what is now known as
Bemisia tabaci biotype “B”, first in greenhouse poinsettia, then in a wide diversity
of vegetable, ornamental and agronomic crops throughout the state. The number of
reported outbreaks soon accelerated around the globe. The old biotype “A” of more
limited host range, totally disappeared in the USA and damage attributable to the
new biotype was estimated at 500 million $US in 1993. The subsequent worldwide
outbreak of biotype B stimulated greater attention to whiteflies in general, and B.
tabaci in particular, from the agricultural, research and extension communities.

Our goal with this volume is to follow up on two previous books edited by Dan
Gerling: Whiteflies: their Bionomics, Pest Status and Management (1990, ISBN
0-946707-16-2) and Bemisia: 1995 — Taxonomy, Biology, Damage, Control and
Management (1996, ISBN 1 898298 33.5). The latter, co-edited by Richard Mayer,
consisted of proceedings from the first International Bemisia Workshop that took
place in Israel in 1994. The present volume is a somewhat belated follow-up of the
4th International Bemisia Workshop that took place in Florida, December 2006.

It was perhaps fitting that we met in Florida, 20 years after the onset of the latest
and perhaps most dramatic chapter in the history of encounters between whiteflies
and humans. Much has been learned about Bemisia in the interim, but as is usually
the case, we only find that there is much more yet to discover. The arrival to the
USA, Australia and China of biotype “Q”, originally from in the Middle East and
southern Europe and thought to be especially resistant to insecticides, sets the stage
for another epic struggle among biotypes, the outcome of which may again be mit-
igated by effective management. Only a deepening knowledge of genetics, biology,
interactions with hosts, natural enemies, vectored viruses, and responses to chem-
icals and environmental conditions (bionomics) will provide the tools needed for
satisfactory management. Thus, the broad focus of this book, from basic to applied.

Our specific objective is to provide a review of Bemisia taxonomy, genetics, biol-
ogy, ecology and management, focusing mostly on progress during the last 10—15
years, and directed at workers in the field as well as the informed professional who
may not necessarily specialize in whitefly research. We have divided this review into
5 sections: (1) Taxonomy and Genetics, (2) Biology and Ecology, (3) Epidemiology
of Whitefly Transmitted Viruses, (4) Management, and (5) Genomics, in a total of
18 chapters. This structure is in keeping with our goal of providing a broad but thor-
ough review of the subject matter. Each section has its own section editor(s), all
leaders in their fields. Section editors were responsible for writing an introduction
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to each section, and working with the chapter authors on content and style. It is our
pleasure to help bring this work to fruition and also provide this short introduction
to what has been truly a group effort.

Following an introduction by Brown, Section One opens with an overview by
Gill and Brown of whitefly systematics at the generic level, including an evolu-
tionary history and description of the B. fabaci, and B. afer complexes as well
as Lipaleyrodes and other Bemisia-like species, posing the question: Can molec-
ular techniques solve the Bemisia tabaci complex conundrum? Chapter 2 by
Brown examines the phylogenetic biology of the B. fabaci sibling species group
that has so occupied evolutionary biologists as well as management practition-
ers since the first biotype B outbreaks were recorded in the 1980s. Chapter 3 by
Hadjistylli et al. describes the toolbox of molecular methods that are being used
to unravel the genetic complexities and relationships within the B. tabaci species
group.

Section Two provides an overview of the biology and ecology of this fascinating
and complex insect. After an introduction by editors Naranjo and Legg, we find a
thorough discussion of life history, functional anatomy, feeding and mating behavior
by Walker et al (Chapter 4) which includes many outstanding illustrations, but still
comes to the unsettling conclusion (as in many of the chapters) that although much
is known, much remains to be discovered. Rosell et al. (Chapter 5) take us into the
bewildering world of whitefly symbionts and their myriad effects on whitefly life
history, behavior and virus transmission. They also review our current understand-
ing of the interaction of Bemisia with other herbivores, mediated by the host plants
they share. Chapter 6 by Naranjo et al. places our whitefly into its environment,
describing demographics as revealed by laboratory and field-based life tables, spa-
tial and temporal dynamics, sampling methods, population models and invasion and
outbreak mechanisms.

The worst damage from B. tabaci infestation is usually as a consequence of
its role as virus vector. Editors Lapidot and Polston open Section Three with an
introduction to set the stage for a discussion of these relationships with empha-
sis on biology and epidemiology of different whitefly transmitted viruses. The
Geminiviridae are covered by Legg (Chapter 7) with a review of the cassava
mosaic viruses, Moriones and Navas-Castillo (Chapter 8) who discuss Tomato yel-
low leaf curl virus (TYLCV), and Morales (Chapter 9) who provides a general
review of begomoviruses in Latin America. Wintermantel (Chapter 10) reviews
the Criniviridae, and Adkins and colleagues (Chapter 11) briefly discuss the
Ipomoviridae. The section concludes with a review of evidence for transovarial
transmission of TYLCV by Accotto and Sardo (Chapter 12), a truly daunting
prospect.

Following an introduction to Section Four by editors Gerling and Horowitz, the
authors examine progress made during recent years in perfecting the components
of Bemisia IPM: optical manipulation (Anignus, Chapter 13), host plant resistance
(Nombela and Muiiiz, Chapter 14), biological control (Arné et al., Chapter 15) and
insecticides examined through the lens of resistance in ecological terms (Castle
et al., Chapter 16). Stansly and Natwick (Chapter 17) wrap up the section by
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reviewing the integration of these components into biologically based management
systems for protected and open field crops.

The final Section Five consists of a single chapter by Czosnek and Brown, which
in some sense projects the previous 17 chapters into the future by describing the
potential of genomic methods to further illuminate many of these same areas of
research. Overall, we hope our efforts may serve to advance basic and applied
research on Bemisia for some time to come, leading ultimately to solutions for one
of the most significant agricultural pests, worldwide.
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Section I

Taxonomy, Molecular Systematics,
and Gene Flow in the Bemisia tabaci
Complex and Bemisia Relatives

Judith K. Brown

Introduction

The Bemisia tabaci (Gennadius) complex is one of the most agriculturally impor-
tant insect pests worldwide, predominately as a vector of the plant virus genus
Begomovirus (Family, Geminiviridae). The increased importance of begomoviruses
as emerging viral pathogens is directly related to the adaptability of certain B. tabaci
haplotypes — and biotypes — to agricultural cropping systems, which are increasingly
expanding into whitefly habitats.

This whitefly complex has attracted attention because of its unusually plas-
tic or variable phenotypic traits, including host range, environmental adaptation,
fecundity, and variable dispersal behaviors. Also, the B. tabaci complex has long
confounded systematists owing to lack of morphological characters that can be
linked to diverse phenotypes. Members of the B. tabaci complex further vary with
respect to composition of secondary endosymbionts that are thought to contribute
to certain aspects of fitness. The suite of phenotypic characters of certain biologi-
cal types closely aligns with recognized invasive behaviors. Particularly invasive B.
tabaci often exhibit resistance to certain insecticides used in agricultural production
systems, which similarly, seems related to the inherent plasticity of the species.

Although distinct biotypes and haplotypes may be equally plastic and adaptive in
different environments, some have a greater capacity to become invasive; others are
moderately problematic, or even benign. Likewise, certain biotypes/haplotypes have
an extensive or only a moderate range of host species, while others are host-specific,
or nearly so. Monophagous and polyphagous biological variants are potentially
equally damaging as virus vectors, depending on vector phenotypes and crop (or
non-crop) hosts involved. The B. tabaci complex is poorly studied in genetic and
genomics terms; whether behavioral traits are solely expressed in a gene for gene
manner, and/or if the different phenotypes are the result of differential gene expres-
sion and probably epigenetic regulation is not known, mainly because tools are
lacking with which to conduct functional genomics analyses.

Judith K. Brown (Section Editor)



2 Section I Taxonomy, Molecular Systematics, and Gene Flow

A comparison of the sequences for the mitochondria cytochrome oxidase I gene
(mtCO1; 780 bases) and a nuclear intron from the whitefly nuclear voltage-gated
sodium channel gene (850 bases) for the Sida (moderately fecund, polyphagous) and
Jatropha (monophagous, low fecundity) biotypes sympatric in the Caribbean region,
diverge by less than 1% (mtCO1), and are otherwise indistinguishable (unpublished
data). Although not entirely conclusive, these haplotypes (biotypes) appear to be
very closely related but are known to be differentially host-adapted, although these
differences are not correlated with notable genetic variation.

Unexpectedly, phylogenetic variation (mtCO1) for worldwide B. tabaci was
found to range between 0 and 26%, making the gene somewhat useful for haplo-
type taxonomic classification despite its saturation, which precludes assignment of
a basal clade for the B. tabaci complex. Phylogenetic inferences based on the mtCO1
sequence delineate ~6 major clades (depending on nodes used for demarcation) of
B. tabaci that group phylogeographically, each with sister clades.

Although much emphasis has been leveraged on the invasiveness of the B. tabaci
complex, only a few haplotypes have been truly invasive following their transport to
exotic locales by people. As expected, they are not phylogenetically aligned with the
haplotypes endemic to the region. These invasive haplotypes are the B (introduced
worldwide, 1980s) and Q (introduced, 2005-onward) biotypes, and the (holotype)
B. tabaci from Greece (first recorded outbreak, 1889), the latter, responsible for the
first documented outbreak in a cultivated crop — e.g. tobacco — and the impetus for
naming the species. Unexpectedly, the Greek mtCO1 haplotype of adults recovered
from leaves archived in the British Museum may have originated in Asia, perhaps
arriving as a stow-away aboard a cargo ship bringing goods from Asia to Europe via
the Mediterranean Sea (Gill and Brown Chapter 1; Brown Chapter 2).

From the turn of the century to the 1960s, outbreaks of B. tabaci became increas-
ingly more frequent in vegetable and fiber crops in the tropics and subtropics.
Virus-like diseases became problematic in cotton in Sudan, in vegetable crops in
India, and in cassava throughout Sub-saharan Africa. In Brazil, whitefly-transmitted
viruses caused damage to soybean and tomato crops, and throughout Latin America
and the Caribbean Basin bean crop yields were reduced by Bean golden yellow
mosaic virus infection. In the Southwestern USA, Cotton leaf crumple virus nega-
tively affected lint quality and reduced cotton yields. The literature reveals that much
attention was centered on pesticide solutions to reduce whitefly and virus-induced
crop damage, and reports of the ineffectiveness of certain pesticides emerged as a
common theme. Since then, the economic importance of B. tabaci as a pest and vec-
tor has continued to increase, and research efforts began to provide new knowledge
about this phloem-feeding insect.

In subsequent years, both endemic and introduced B. tabaci have continued to
increase in importance in agricultural systems as their magnitude and prevalence in
irrigated crop production systems have become commonplace, particularly in tropi-
cal and subtropical regions and in temperate greenhouse production areas. Spill-over
from the field into ornamental crops resulted in the infestation of additional plant
species and their addition to the host list for B. fabaci, presently topped off at
over 500 species. In addition, at least two haplotypes have reached invasive status,
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after having been transported to exotic locales on ornamental plants. The worldwide
introduction and rapid establishment of the pesticide resistant biotype B beginning
in ~1980 (B. Kumashiro and R. Gill personal communication) further underscored
the potential significance of B. tabaci. Most recently, whitefly-transmitted viruses
have been introduced into non-native locations where they have established, and
in most instances, have been found to cause greater damage than their endemic
counterparts.

Consequently, B. tabaci and the viral pathogens it transmits are no longer
restricted to native habitats or contained by natural geographic boundaries.
Increased monoculture cropping, reduced genetic variation in cultivated species, and
widespread use of insecticides in agriculture, together with international transport
of infested plants are substantial contributing factors to the global significance of
both indigenous and exotic B. tabaci and the plant viruses they transmit.

The three chapters in Section I address the current state of knowledge about the
systematic of B. tabaci with biological-genetic, and classical and molecular tax-
onomy perspectives (Gill and Brown Chapter 1). Also addressed is the status of
population genetics research, which is essential for revealing important insights in
population structure, clarifying evolutionary patterns, and providing new insights
into the extent of gene flow within the complex (Brown Chapter 2; Hadjistylli et al.
Chapter 3). In all arenas, greater research and understanding is needed.

The invasiveness of several main exotic and/or indigenous biotypes of B. tabaci —
e.g. A and B, and most recently Q biotype — has contributed widely to raised aware-
ness of the economic importance of this whitefly and viruses it transmits to food,
fiber, and ornamental crops. The unique biology of the B. fabaci complex, and a
quest to elucidate the basis for conserved virus-vector interactions have become of
increasing interest to the scientific community. Whether B. tabaci will continue to
be thought of as a “complex of genetic and phenotypic variants”, or as a number
of separate species, is still not clear. Even so, comparative biological investiga-
tions, together with molecular and population biology approaches, are now crucial
to addressing a number of central questions. Recent studies have engaged multiple
disciplines with diverse perspectives, each contributing new and exciting know-
ledge. The authors hope that these writings will inspire continued transdisciplinary
collaborations and creative dialog.

The last Section (V; Chapter 18) in this book is particularly relevant to Section
I in that it underscores the crucial need for a The Whitefly Genome Project and the
associated functional genomics tools to facilitate answers to many unresolved ques-
tions. It is anticipated that the collective knowledge and dedication expressed in this
book will garner enthusiasm, provide clearer rationale, and forge in-roads to acquire
the support needed to develop a genomics toolbox, now essential for devising new
technologies and advancing old paradigms. That the functional genomics (and other
“omics”) studies are hindered because the B. fabaci genome sequence has not been
determined seems unfathomable. At a time of world food shortage and with the
impending effects of global change on food production, it seems unlikely that a more
relevant biological and genetic indicator could be identified. We envision an under-
taking analgous to “The Drosophila species” sequencing project, with B. tabaci
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serving as the first “agricultural model study system”, a tractable and exciting under-
taking given the abundant phenotypic and genetic attributes already known and the
threat of prevalent pest outbreaks. Collectively, we look forward to solution-driven
research directed by such a full blown genome project for the B. tabaci complex,
and to highlighting those significant inroads in future communications.



Chapter 1

Systematics of Bemisia and Bemisia Relatives:
Can Molecular Techniques Solve the Bemisia
tabaci Complex Conundrum — A Taxonomist’s
Viewpoint

Raymond J. Gill and Judith K. Brown

Introduction

The whitefly, Bemisia tabaci (Gennadius), has a long history as a serious pest
of agriculture worldwide. One of the most serious attacks began in 1985-1986
in Florida where very heavy populations infested ornamental and crop plants. By
1990, it had reached the fertile desert croplands of southern Arizona and California,
where clouds of whiteflies could be seen flying over the desert valleys. Crops
were destroyed before they could produce fruit, and the resultant infestation totally
changed the cropping procedures and methods that had been used in these desert
valleys for years. However, sweetpotato whitefly had previously caused economic
losses to many crops in these valleys in the years 1980-1985, largely due to
increased population levels and the transmission of closteroviruses to the plants. But
in 1990, the situation changed. Much heavier populations of the whitefly developed,
and although closteroviruses disappeared from the scene, conditions in the valleys
became extremely serious with losses to growers of many millions of dollars, in
addition to loss of jobs and livelihoods for farm workers and others associated with
agriculture in these areas. For further information on these events see Gill (1992).

History of the Problem

The different responses of these two separate population explosions in the south-
western desert suggested that possibly two species were involved under the name
B. tabaci. By 1991 at least, molecular research and differing biologies had begun to
suggest that there were in fact major differences between these two populations that
eventually became known as biotype A for those that had occurred in the southwest-
ern desert areas of the United States prior to 1990, and the B biotype for populations
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that occurred in Florida starting in 1985-1986, and found on poinsettia plants in
Arizona in 1986-87, and after 1990 in the desert valleys. This eventually led to the
species description of biotype B as the silverleaf whitefly, Bemisia argentifolii, by
Bellows et al. (1994). At the same time, several laboratories were already demon-
strating the existence of many different populations around the world, referred to
as biotypes in addition to the A and B populations. Therefore the naming of this
new species has been soundly refuted, with eventually the species being suggested
by Brown et al. (1995) as a member of a sibling species complex, and by DeBarro
et al. (2005) as a race of fabaci and thus a synonym of it. Part of the reasoning
behind the synonymy is that there are basically no morphological characteristics
of tabaci whitefly populations that can distinguish them as distinct species. Part of
the basis for the original description of B. argentifolii was a slight difference in the
occurrence of a single minute seta on the cephalothoracic submargin of the pupal
usually being present in A populations and usually not in B populations. This seta
is also usually lacking in most other biotypes of tabaci, as will be explained later.

The Problem

Similar issues with setal placement and population separation exist within another
species, Bemisia afer Priesner and Hosny, as well as many other details regarding the
species and generic placement of other whiteflies. Since morphology is considered
the foremost basis for species separation by all systematists, one would assume that
the case for synonymy within the B. tabaci group of populations should be an easy
decision. However, this is not the case, as several important taxonomic problems
exist because, as a result of morphological studies of Bemisia species and others, it
appears that morphological characteristics of many whitefly species are very poorly
understood (Martin 2003).

Much has been discussed over the years concerning plasticity in the morphol-
ogy of whitefly pupae. Several authors have mentioned this observation, including
Husain and Trehan (1933) and Deshpande (1933). Russell (1948) showed morpho-
logical variation within species of the genus Trialeurodes based on the host plant,
and Mound (1963) conducted rearing experiments with B. fabaci showing that pupal
morphology varied with the character of the leaf surface. David (1987) summarized
these findings and added other examples, particularly in species occurring in India,
and Sundararaj and David (1992) discussed host-correlated variation in Dialeurodes
kirkaldyi (Kotinsky). In the same light, Mohanty and Basu (1986) suggested that
pupal morphological variations could be affected by temperature and humidity as
well. There is some evidence, based on B. afer-like forms from the Macaronesian
Islands, that host plants may affect species morphology in ways other than through
leaf hair topology.

With the advent of molecular based investigations into whitefly species rela-
tionships and phylogeny, it has come time to analyze some of the problems with
the current genus/species relationships within the Aleyrodidae. Due in part to this
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pupal plasticity, it appears that there is a lot of confusion, not only regarding species
limits, but generic levels of classification as well. Mound (1984) suggested that sev-
eral larger generic groups represent arbitrary units consisting of similar appearing
species rather than evolutionarily related forms, and further adds that many species
are ill defined and probably represent host-induced forms or localized strains. While
this problem occurs throughout the family, much work is being done currently on
the genus Bemisia and its apparent relatives and on other species and genera that
have at least a close similarity in pupal case morphology.

In research stemming from the introduction of the B biotype of B. fabaci into the
United States and the subsequence astronomical losses in agriculture in that coun-
try, it was shown by Neil and Bentz (1999) that morphological changes in the pupal
development of B. tabaci and Trialeurodes vaporariorum are influenced by the envi-
ronment surrounding the hatching first instar nymphs. If the surrounding leaf surface
of the host is smooth and clean, fabaci nymphs show little or no development of long
dorsal setae. However, if the leaf surface is hairy, if there are a lot of dirt particles,
or there are other instars or pupae and the as yet unsettled nymph bumps into these
objects, long dorsal setae of varying numbers probably will be produced. For T.
vaporariorum, long wax spine-like extrusions are produced by papilla-like dorsal
pores if the host has many leaf hairs, but the extrusions and papillae do not nec-
essarily form if the host leaf is smooth. The resulting differences in morphological
appearance of B. tabaci are considered to be the cause of the large amount of syn-
onymy of tabaci over the years. Russell (1957) published a list of these synonyms,
and this list was followed by a list in Mound and Halsey (1978) in their catalog
work.

With the introduction of the B biotype (Costa and Brown 1990, 1991; unpub-
lished data) into the United States, and its appearance in economically damaging
populations in Florida in 1986, taxonomists were aware that this whitefly was act-
ing differently from populations of B. fabaci that had occurred in that state prior
to the arrival of B, but that there appeared to be no discernable morphological dif-
ferences. It was not until later that work by Brown et al. (1992, 1995a, b, 2000),
Coats et al. (1994), Costa and Brown (1990, 1991), Costa et al. (1993), Perring
et al. (1992, 1993), and others, showed molecular differences (Gawel and Bartlett
1993), with the designation then of the A and B biotypes for those populations in
the USA (Brown et al. 1995a, b; based on Costa and Brown 1991, Costa et al.
1993). Later, numerous other biotypes were added to the list, with the Q bio-
type also causing considerable economic problems to agriculture (Dennhey et al.
2006).

After a major meeting of scientists in Dallas, Texas in 1990 to discuss control
methods for this new problem with fabaci, it was determined that a study should be
made into the morphology of fabaci and its apparent relatives and simultaneously
look at molecular aspects of fabaci and other closely related species. This study
would hopefully shed some light on the possible origins of this particular biotype,
and could determine if in fact more than one species was present as a complex.
Partial results in this study of the molecular nature of tabaci and other whiteflies
were published by Campbell et al. (1994, 1995), and will be discussed later. The
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morphological studies were also aimed at finding significant and reliable characters
for separating genera and species, and which characters might be a product of con-
vergence and not related to phylogenetic sequences, and thus not particularly useful
in determining whitefly hierarchy and generic placements.

Specimens of various species of Bemisia have been assembled and illustrated.
Collections of specimens with fabaci characteristics have been studied from all
over the globe, and many have been illustrated, although most of these illustrations
have yet to be published, as the study is still ongoing. Illustrations from published
descriptions of most known species of whiteflies around the world were studied to
determine whether other similar appearing genera might contain species that are
actually closely related to Bemisia or might even belong in the genus. Most of these
illustrations will soon be published in a refereed systematics journal.

Representative species of whiteflies that were considered to belong to the genus
Bemisia, as well as species similar in appearance to Bemisia, were studied mor-
phologically. This included the careful mapping of dorsal setae and pore groups as
well as other morphological structures that occur on pupal stages. These structures
were then illustrated for later comparison purposes. Specimens were gathered from
various collections, and included syntype specimens of B. tabaci and paratypes of
some other species. Recent collections of specimens for molecular testing were also
checked for the proper identification and illustrated if necessary. Adults were also
studied when available.

Problems in Whitefly Systematics

Early work by Sampson (1943, 1947) and Sampson and Drews (1956) included the
first family-wide keys to the genera of world whiteflies. Basically, these keys break
apart some major groupings of genera based on the important characters found in
the vasiform orifice or associated with it in the pupal stage. Important considera-
tions include whether or not the operculum nearly or completely covers the orifice,
whether the posterior end of the orifice is closed or open, and whether or not the lin-
gula extends posteriorly beyond the operculum and the end of the orifice (Fig. 1.1).
Also important is whether or not there is a dorsal furrow extending from the rear
of the orifice to the posterior body margin. Length of the orifice in relation to the
distance to the posterior margin might also have importance, as could the relative
lengths of the lingulae. In the genus Bemisia, the operculum does not fill the ori-
fice completely, the orifice is open posteriorly and the lingula is long enough to
extend beyond the operculum and sometimes beyond the posterior end of the orifice.
Some other species and genera outside of Bemisia also have these characteristics to
a degree, so separation of these can rely on other characters, or they can be open to
question as being part of the Bemisia generic group or not. Many of these species
have been studied morphologically and hopefully most will be studied molecularly
in the future.
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Fig. 1.1 Comparison of shapes of the vasiform orifice and lingula of: a. syntype specimen of
Bemisia tabaci, b. Bemisia tuberculata (Brazil), c. Aleyrodes spiraeoides, d. Pealius maskelli,
e. Pealius azaleae

It has become even more apparent that the systematics of whiteflies is in a bit of
disarray. Whitefly taxonomists are aware of problems in the placement of species in
a number of the world genera (Mound 1984) and this study and others are beginning
to emphasize this very strongly. A prime example of this is the species Pealius aza-
leae (Baker and Moles). It has a vasiform orifice that is open posteriorly, with the
lingula having two apical setae and a spatulate shape. These characters are in com-
plete opposition to the type species of the genus, Pealius maskelli (Bemis), which
has the posterior margin of the orifice closed like the lip of a bowl, with the lingula
blunt and covered with microsetae instead of having one set of long setae (Fig. 1.1).
The overall vasiform orifice characteristics of azaleae would then suggest that it
might possibly be a Bemisia, but definitely it belongs in some other genus than
Pealius. Hopefully more molecular work will help solve this placement dilemma.

While samples of maskelli have not been available for molecular testing, note the
position in Fig. 1.2 of another North American species, Pealius kelloggi (Bemis),
morphologically similar and thus probably congeneric with P. maskelli. The results
of cytochrome oxidase 1 analysis shown in the tree (Fig. 1.3) indicated that
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Fig. 1.2 Phylogenetical tree based on 18S ribosomal RNA gene (rDNA). Data simplified from
Campbell et al. (1994) and showing possible relationships of Bemisia tabaci to some other common
species of whiteflies

P. azaleae is basal to other Bemisia species tested at that time. However, see
also Fig. 1.4 where in another analysis, it is basal to both the B. tabaci and
B. afer-hancockii complexes.

That the molecular versus morphological approach to systematics of whiteflies
has been partially successful at least, is illustrated by the fact that species in the
genus Aleyrodes have very similar pupal morphology to the B. afer complex of
species (discussed below), but as seen in the Campbell tree (Fig. 1.2) is distinct
from Bemisia and not particularly related to it based on 18S ribosomal DNA (rDNA)
sequences. Species in the genus Aleyrodes, for example, meet the requirements of
the genus Bemisia and are very similar in appearance to the B. afer group of species
in respect to the shape and structure of the vasiform orifice and lingula, setal place-
ments, variable development of long dorsal setae, overall body shape and adult
structures. Aleyrodes species differ in pupal morphology from the afer complex
only in having relatively shorter lingulae in the vasiform orifice, and the 7th and
8th abdominal segments subequal in width on the midline ahead of the orifice. In
afer species, the lingulae are long and narrow, and the width of the 7th abdomi-
nal segment on the midline is much shorter than that of the 8th. The adults of most
Aleyrodes species are very similar to some afer complex adults in having completely
divided upper and lower compound eyes, but differ in being more sclerotized, hav-
ing some diffuse dark markings along the wing veins, and most importantly, having
the lengths of antennal segments 4 and 5 subequal. In the known adults of Bemisia
species, and for most other Aleyrodine species, antennal segment 4 is always much
shorter than segment 5. Apparently then, the only reliable morphological characters
that tend to separate the genus Aleyrodes from Bemisia are the widths of abdominal
segments 7 and 8 in the pupae, and the lengths of the 4th and 5th antennal segments
in the adults. Therefore, these particular characters represent valid generic level sep-
arations between the two genera. Without molecular data, this genus level concept
could not be proven either way.
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Fig. 1.3 A condensed and simplified tree based on the mitochondria cytochrome oxidase I
sequence (780 bases) molecular data showing inferred (ML, PAUP) phylogenetic relationships of
Bemisia tabaci populations with other related species [selected acronymns referred to are: Bemisia
centroamericana from Belize (sample courtesy J. Martin, UK); for B. tabaci ABA from Benin on
Asystasia (Bedford et al. 1994) and Sweet potato Uganda (UgSwPot) (courtesy J. Legg), GRE-
1889 pupae from the paratype collection at the British Museum or USDA-collection, Beltsville,
MDYJ; the other B. tabaci haplotypes/biotypes are well-known reference sequences, available in the
Genbank database; Bemisia spp undescribed from New Zealand (NZEAL); Lipaleyrodes emil-
iae Taiwan (LEP); Pealius azaleae (AZALCA) from Azalea, USA (orig Asia); Outgroups are:
Trialeurodes vaporariorum (TVAP) and T. variabilis (TVAR)
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Fig. 1.4 Phylogenetic tree
based on mtCO1 molecular
data showing possible
relationships of various
Bemisia after complex
populations collected in the
Macaronesian Islands. In
addition to above,
abbreviations are for B. afer
(BAFER from different hosts
(Euphorbia, Hypericum, or
Rubus spp., from the Canary
Islands, courtesy,

E. Hernandez) or locations
Spain, courtesy 1. Bedford,
UK or Uganda, courtesy

J. Legg, IITA, Tanzania);
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B. tuberculata (BTUB from
Brazil)
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Separation of Bemisia species from other genera based on morphology alone is
difficult. Adults, when known, are less useful even than pupae in most cases, nor are
they much use in separating species within Bemisia itself (although see comments
on the afer complex of species discussed below). Similar issues occur with many
other species of whiteflies, not only in Bemisia- and Pealius-like species, but many
other generic groups as well. In addition, many original descriptions are woefully
inadequate by modern standards, adults are known for only a very small percentage
of described species, and in many cases type material is not available or adequate

for further study.
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Morphological Studies: A Versus B Biotype

The first phase of Bemisia morphological studies involved the search for differ-
ences between the A and B biotypes. Careful study of the pupal cases of both
biotypes revealed no major differences, although it was noted that a submarginal
seta (ASMS4) occurred on almost all specimens collected from the New World
prior to 1980 (Fig. 1.5). However, this seta is very difficult to find on specimens with
long setal development and margins that are indented from proximity to leaf hairs
[see comments on the significance of this setal pair in Roselle et al. (1997)]. This

Fig. 1.5 Outline of left side
of a Bemisia tabaci complex
specimen showing positions
of normal anterior and
posterior submarginal setae
(ASMS, PSMS) as well as the
supernumerary setae

Anterior submarginal l\'\

setae (ASMS) 110 4. \v 1
#1 to 3 always present 2 \

#4 only on New World and
syntype specimens

Extra setae
occurringonly t 'S
on some Asian
populations

Posterior submarginal
setae (PSMS) 1to 5.
#1 to 5 always present

Bemisia sp.
West Malaysia
Genting Highlands
Fern Fronds
10/2/85
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ASMS4 setal arrangement included specimens from the United States and Central
and South America, including types of the possible synonym B. poinsettiae Hemple
from Brazil and the Jatropha biotype of B. tabaci from Puerto Rico (Bird 1957, Bird
and Maramorosch 1978). This setal position is absent in the B biotype except that a
setal base would occasionally be present on some specimens although a seta would
almost never appear to be present. The ASMS4 setal position is essentially absent
from specimens of all biotypes known from Europe and Africa except for its pres-
ence in the type specimens of tabaci from Greece. Among other things, this could
suggest that the original type population of tabaci may have been introduced into
Greece from the New World. However, work by Brown et al. (2004) using Bayesian
analysis and maximum likelihood analyses of mtCO1 sequences (see the position
of the haplotype “GRE” in Fig. 1.3) suggests that the original type specimens of
tabaci have affinities with populations from China, India, and Nepal and therefore
may have an originated in Asia, or that this locale represents a cross-roads (hybrid
zone?) for the Asian and Mediterranean haplotypes.

Johnson and Bowden (1973) and Mound (1983) suggested that both B. tabaci and
B. hancocki Corbett may have been transported across the Atlantic by man during
the seventeenth or eighteenth centuries, so there is no reason why New World popu-
lations couldn’t move the other direction, considering the amount of traffic between
Europe and Central and South America during those periods as well as from the
Orient. Multiple different scenarios can obviously be suggested here. Similarly, the
South American species B. tuberculata may be populations of hancocki (Mound
1983), a possible synonym of B. afer. In contrast, Anderson et al. (2001) suggest that
afer has only recently been identified from Peru; perhaps the recently discovered
specimens resulted from a recent introduction from Europe or Africa.

The significance of placement of this tiny ASMS4 seta in some tabaci popula-
tions that are otherwise indistinguishable from other populations around the World
is open to question. Because the setal positions in fabaci sensu strictu are variable
anyway, the presence of the ASMS4 seta may not have any significance at all, and
further study of Bemisia morphology has shown some interesting and often con-
fusing morphological plasticity. What this all means is that pupal morphological
plasticity is making it very difficult to determine just how many species of white-
flies there are in the genus Bemisia itself, in addition to whether there may or may
not be more than one species within the rabaci assemblage of populations.

Aside from the extra ASMS4 submarginal seta found in New World popula-
tions and the fabaci syntypes, European and African populations of tabaci always
have three pairs of submarginal setae on the cephalothorax (ASMS 1 to 3) and
five pairs on the abdomen, for a total of eight pairs. Several species of Bemisia
have been described from Africa including afer (Preisner and Hosny), combreticula
Bink-Moenen, hirta Bink-Moenen, and guieriae Bink-Moenen that have 14 pairs of
submarginal setae, as does Bemisia berbericola (Cockerell), known from the west-
ern United States. This number of submarginal setae is expressed in a number of
other genera as well. In afer at least, these setae may be elongate or short, and are
in addition to long or short dorsal setae. The 14 submarginal setae in these particu-
lar species suggest a primitive condition, and this is shown to be correct in part in
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molecular-based trees developed by Campbell et al. (1995) (see Fig. 1.2) and from
data adapted from Brown (Figs. 1.3 and 1.4). This then suggests that the loss of
some of the marginal setae in tabaci could be a more recent event in evolutionary
time. However, it appears that the genes necessary to control the missing setae are
still present, but may be lying dormant. Such is the case with the ASMS4 setae of
the A biotype, which apparently has the gene for setal expression at that location
turned on. It is interesting at this point that populations of fabaci have been col-
lected in Hong Kong and in Malaysia that have at least 11 pairs of submarginal
setae instead of eight, three more than any other Euro-African population studied
so far (Fig. 1.5). Unfortunately, these populations have not been molecularly char-
acterized, but it may be part of the more primitive, less derived Asian forms that
will be discussed here later. It is therefore apparent that, while the plasticity of the
morphology of fabaci pupal cases is affected by host plant substrates and other envi-
ronmental factors, there are also several subtle differences in morphology between
populations of tabaci that are likely gene-linked rather than environmentally
driven.

Another confusing characteristic found among tabaci relatives is the species
Bemisia formosana Takahashi. The species Bemisia graminus David and Winstone
was synonymized under tabaci by David and David (2001), but has been further
synonymized under formosana by Martin and Mound (2007). In specimens identi-
fied as either formosana or graminus there appear to be no differences in chaetotaxy
among pupae from other Euro-African tabaci biotypes including the B biotype. In
addition, an intact, un-emerged adult specimen inside one of the formosana pupae
studied here has the upper and lower compound eye connected by one ommatidium,
a character that is rarely found in other whitefly adults that is frequently used to
separate adult tabaci individuals from adults of other commonly encountered eco-
nomic species. Possibly these are the reasons for the synonymy under fabaci by
David and David (2001). However, specimens of both formosana and graminus are
so far found only on grasses, and in all cases the shape of the pupal cases differ
from those of tabaci only in that they are elongated, rather than having the typi-
cal oval shape of tabaci pupae. This pupal shape suggests a long and monophagus
association with grasses, and suggests further that either of these entities, synonyms
or not, are closely related to tabaci but are not the same species. It is common
among species within the Sternorrhyncha including aphids, scale insects, and other
whitefly species that are associated primarily with grasses, to have an elongated
shape. Some whitefly examples of the grass-feeding habit are members of the genera
Aleurocybotus and Vasdavidius, the species Aleurolobus barodensis (Maskell) and
the species Aleurocyperus humus Ko and Dubey, feeding on grass-like Cyperaceae.
Occasional access to grasses does not illicit the elongated shape, which is borne
out by specimens of the B biotype with pupae of the typical oval shape taken from
sorghum leaves in the Imperial Valley of California during a very heavy valley-wide
population explosion. It should be noted, however, that other species of whiteflies
may have elongated puparia that are not associated with grasses, such as Bemisia
giffardi, known from Citrus and many other plants, as well as Peraccius durantae
Lima and Racca-Filho on Verbenaceae and Dialeurolonga hoyti Mound on Coffea,
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to name a few. A tree adapted from unpublished work by Brown using mtCO1
molecular studies has shown that formosana at least is part of a clade of populations
near fabaci from Southern Asia and is less derived than all non-Asian populations
(Fig. 1.3).

Another close relative of tabaci, Bemisia capitata Regu and David, is also very
similar in pupal morphology. The oval pupal case is nearly identical to tabaci in
general outline, setation, and pore placements, but it differs in having elongated
dorsal setae that are capitate, or clubbed, on the ends. The pupae also tend to be more
tuberculate or rugose dorsally than does tabaci, especially on the dorsal midline and
in a subdorsal row in line with the dorsal setae. So far, nothing has been published
on the molecular aspects of this species, so its relationships to fabaci are not yet
understood, although it should prove to be very closely related.

The assemblages of the fabaci biotypes, plus the extremely similar Bemisia
species formosana, graminus and capitata, make up a natural grouping here called
the “tabaci complex.” But there is another assemblage of Bemisia species that forms
a logical group as well, here called the “afer complex.”

Bemisia afer was described from Egypt in 1934. Bemisia hancocki, which may be
a synonym of afer, was described from Uganda in 1936. These two species, and oth-
ers in this “afer complex,” differ from species in the fabaci complex in several ways.
The pupae of the afer complex species are generally bigger in overall size than those
in the tabaci complex, and they are more rounded in shape and do not taper grad-
ually posteriorly. Afer complex species have more submarginal setae than those of
the tabaci complex; the pore/porette (geminate pore) combinations are mostly non-
adjacent, usually with the porette part of the pair closer to the margins (pore/porette
combinations are always adjacent in tabaci related species, with no particular align-
ment with the margins); there are two pore/porette pairs on the first abdominal
segment in the afer complex, but only one pair in the tabaci complex, and the cau-
dal setae are very short compared with the longer setae of the tabaci complex. Like
tabaci, afer complex species exhibit variable length setae based on environmental
stimuli, but also show a very great development of variously shaped and environ-
mentally induced dorsal tubercules and rugosities that do not develop much in fabaci
related forms (Figs. 1.6, 1.7, 1.8, and 1.9). Species thought to belong to the afer
complex have the basic morphology, chaetotaxy, and vasiform orifice shape as those
illustrated for afer by Bink-Moenen (1983, pp. 96, 157-159). These species include
at least the following: alni Takahashi, antennata Gameel, berbericola (Cockerell),
citricola Gomez-Menor, combreticula Bink-Moenen, guieriae Bink-Moenen, lau-
racea Martin, Aguiar and Pita, leakii (Peal), medinae Gomez-Menor, moringae
David and Subramaniam, ovata (Goux), spiraeoides Mound and Halsey and tuber-
culata Bondar. Species in the genus Asterobemisia probably belong in this complex
as well.

As in the tabaci complex, species within the afer complex are a puzzle to the
whitefly taxonomist. Determining whether or not multiple species exist in this
group, and how many, will require further very careful study of the morphology
of both the pupae and adults, and will require intensive molecular studies as well.
For example, the two New World species, berbericola and tuberculata, appear to
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Fig. 1.6 Illustration of left
side of the puparium of
Bemisia hancocki showing
general appearance and
development of rugosities

Bemisia hancocki
= Bemisia. afer??
UGANDA: Teso Prov.
nr. Serere
ex. Cotton

have no significant morphological differences, at least in the pupae. Nor does there
appear to be any differences between these two and afer itself. And significantly
now, afer is considered established in South America (Anderson et al. 2001), the
former stronghold of fuberculata. Since afer has been recorded as an agricultural
problem in Peru, it will probably require molecular techniques to distinguish the
two if they are in fact different species.

Another example of the problem is the species guieriae. Bink-Moenen (1983)
described this species on the basis of a pair of submedian setae on each of the
thoracic segments. A careful study of other species in the complex, including afer,
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Fig. 1.7 Illustration of the
left side of the puparium of
Bemisia berbericola, showing
general form and the lack of
any elongated setae or
rugosities

Bemisia berbericola?
Specimen 92B #3
El Centro, California
1/14/91

Ex: rose
Weddle/Flock

shows that there are also setal pairs on the thorax, although usually smaller and in
more lateral positions, and some but usually not all may be elongated. It has been
shown that in fabaci, submarginal and sometimes dorsal setae will be in different
locations depending on whether the seta remains small or is elongated.

We have discussed the plasticity of whitefly pupal morphology that is affected
by host leaf surfaces, and possibly gene based population differences. There also
may be other host plant induced variables in addition to than those causal agents
already discussed. These occur in the afer complex of populations, and seem to
involve non-setal variations including rugosities and tuberculations on the dorsal
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Fig. 1.8 Illustration of the
left side of puparium of
Bemisia berbericola showing
development of elongated
setae and rugosities

Bemisia berbericola (Cockerell)
Avenal, Kings County, Calif.
11-6-80

ex Quercus sp.

Gilbert/ Dunnicliff colls.

™

surfaces of the pupae that appear to be host plant specific. This variation is espe-
cially apparent in populations of the afer complex occurring on the Macaronesian
Islands, particularly on the Canary and Madeira Islands. One of these populations,
on endemic Macaronesian lauraceous plant hosts including Ocotea foetens, Laurus
azorica and Persea indica, has been described by Martin et al. (1996) as Bemisia
lauracea. A unique feature of this whitefly is the raised, delimited submedian dorsal
area, which is associated with a glassy wax secretion. However, some specimens
from the same leaves do not show these raised submedian areas and are thought to
be another species, possibly B. medinae. That may be, but the discovery that the
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Fig. 1.9 Illustration of the
left side of puparium of
Bemisia guieriae showing
extensive enlargment of
dorsal setae and star-like
rugosities

Bemisin guierine Bink-Moenen
SUDAN: Kordofan

18-iv-81

ex: Guiera sencgalersis

. Martin coll.

division/non-division of the adult compound eyes in males and females of some
afer-like populations on those islands raises some questions, and adults of both of
these two populations on lauraceous hosts need to be studied in detail on the chance
that there are differentiating eye characteristics (see below). Careful collection of
adults and molecular study needs to be done in this case to resolve the species issue.
Some Macaronesian adult males associated with afer-like pupae have single omma-
tidium eye connections on at least the following hosts: Gesnouinia arborea, Clethra
arborea, Chamaespartium sp., and Hypericum grandifolium, although the female
eyes are divided.
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As with most whitefly species, adult whiteflies in the afer complex are not known
for all species or populations, or they may not be positively associated with the
pupae with which they were collected. Unlike tabaci populations, however, there
are differences among adults in some cases. A good example is that the adults of the
New World species Bemisia berbericola have the upper and lower eye completely
divided. Two afer-like (Bemisia tuberculata?) specimens from Guyana on Manihot
have unhatched females inside the pupae which have the upper and lower eye con-
nected by two ommatidia. In a similar case, an unhatched male from an afer-like
puparium from Hong Kong on Phyllanthus cochinchinensis has the upper and lower
eye connected by one ommatidium. On various hosts in the Macaronesian Islands
listed above, most of the populations there have the female upper and lower eye
separate, but in the males, the eyes are connected by one ommatidium, as in both
sexes of tabaci. But one population collected from Euphorbia has the upper and
lower eye completely divided in both sexes, which should indicate immediately that
two species occur there, even though there are no significant differences in pupal
morphology between the Euphorbia specimens and those from other hosts. This
is further borne out by molecular research carried out by Brown (Fig. 1.3). The
Euphorbia population appears to be ancestral to the other Macaronesian Bemisia
populations. Whether or not this population is indigenous to the islands or is an
introduction is unknown. Interestingly, the Euphorbia specimens align with New
World afer complex specimens (Fig. 1.4), indicating, as for several other cases, that
these taxa are still confounded and that additional molecular studies are needed.

A Central American species, Bemisia centroamericana Martin, seems to bridge
the gap between the fabaci and afer types of pupal shape. As in tabaci, the pupa is
more oval in shape, the enlarged dorsal setae are in the same relative positions, the
caudal setae are as long or longer than the vasiform orifice and the submarginal setae
are missing from the central areas of the body, but present on five abdominal seg-
ments and with three submarginal setae on the cephalothorax, and the pore/porette
combinations adjacent. However, unlike rabaci, there are two pairs of pore/porettes
on the first abdominal segment, the pore/porette combinations are aligned so that the
porettes are closest to the margin, not randomly aligned, and the large dorsal setae
are set atop long tubercles. Also, the adult upper and lower eyes are completely
divided, not connected by one ommatidium as with tabaci.

Molecularly B. centroamericana aligns with the afer complex in spite of the
similarities to fabaci (Fig. 1.3). Were it not for intermediate morphologies of this
species and of several other undescribed Southern Hemisphere species, there are
actually enough morphological differences between tabaci and afer complexes to
put them in separate genera. Molecular data would also seem to suggest that as a
possibility. There are a number of described species, either in the genus Bemisia,
or in the genera Asterobemisia and Neobemisia, that have the general shape and
appearance of afer pupae. The major difference between these three genera seems
to be that in some, the transverse molting suture of the pupa does not just end
laterally near the margin, but continues anteriorly and usually connects with the
suture from the opposite side at the midline near the front margin. This characteristic
appears to be variable also, however, just like the variability in dorsal rugosities and
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tuberculations that occurs so commonly in afer-like populations, and in fact some
species with this character are still included in Bemisia such as Bemisia shinanoensis
Kuwana. In recent work by Martin and Mound (2007), Neobemisia has been syn-
onymized under Asterobemisia, and the Bemisia species curvata Qureshi, salicaria
Danzig, silvatica Danzig, yanagicola Takahashi and the Neobemisia species oben-
bergeri Zahradnik, paveli Zahradnik and trifolii Danzig have now been placed in
Asterobemisia. Wherever they belong, there is still need for molecular data to better
determine the exact relationships between the species and the genera. The curved
molting suture character that separates Asterobemisia from Bemisia is not well
defined in some of the species such as silvatica and eoa (now equals shinanoensis),
and this character also occurs weakly in the species Bemisiella lespedezae Danzig,
which may belong in the genus Bemisia as well. Could the variable development
of this molting suture be affected by environment, since many of the Asterobemisia
species occur in colder Eurasian localities?

Besides species having typical tabaci or afer pupal characteristics as already
discussed, there are several other groups of species that are included in the genus
Bemisia, or if in other genera, probably should be included. Recent molecular work
has suggested that at least some species in the Asian genus Lipaleyrodes should
belong in the genus Bemisia. This genus contains nine species. Lipaleyrodes is
unique in that the pupae have small marginal clusters of round pore-like struc-
tures grouped segmentally along the margins that apparently produce fluffy white
wax. One, the species emiliae Chen and Ko, (Fig. 1.10) has been tested for mtCO1
enzyme and in a phylogenetic tree produced by Brown (adapted from published and
unpublished data) indicates that it may be a recent derivation of the older Asian
races of B. tabaci due to its central position in the tree between Asian forms and
those of Europe, Africa and the New World. An apparently undescribed species
recently introduced into New Zealand has many fabaci-like characteristics, but pro-
duces fluffy white wax on the dorsal disk, rather than around the submargins as
is the case with Lipaleyrodes species. While it has the tabaci-like characters of
adjacent pore/porette groups, a single pore/porette pair on the first abdominal seg-
ment and elongated caudal setae, it apparently has afer-like molecular affinities.
Yet another undescribed form is known from a single specimen from Gambiers
Island, in the eastern Samoan Island chain, collected in 1931. It also has tabaci pupal
characteristics, except for having two pairs of pore/porettes on the first abdominal
segment.

Two species of Bemisia, hirta Bink-Moenen and combreticula Bink-Moenen,
exhibit some tabaci-like pupal morphology, except that the submarginal setae are
clearly evident, much enlarged, and number from 11 to 14 pairs. Enlarged dorsal dis-
cal setae are also present in combreticula. They also have afer-like characteristics,
except that most of the pore/porette combinations are adjacent and not particularly
aligned with the margin (less so in hirta). It is not beyond reason to suspect that
these two species may be synonyms, the slight differences in the pupae possibly
being affected by environmental conditions. These two species are more interesting,
however, because of the enlarged submarginal setae and the fact that the lingula in
both species has a slight protuberance or bulge on either side just posterior to the
trailing edge of the operculum. These two characteristics are very similar to those of
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Fig. 1.10 Illustration of the
left side of puparium of

Lipaleyrodes emiliae showing Lipaleyrodes emiliae Chen & Ko
morphology similar to that of E“m\’gl?;lol.%lwm
Bemisia species ex. Emilia sonchifolia

C.C. Ko, coll.

Parabemisia myricae (Kuwana), which has 14 pairs of submarginal setae and trian-
gular protuberance on either side of the lingula. Molecular data may help determine
the exact nature of the morphological similarity between species in the two genera,
and whether or not these three species belong in Bemisia.

What All This Means

It is unfortunate that the work of Campbell et al. (1994, 1995) was not continued
due to project re-assignments. Fortunately similar work is currently being carried
out in Australia. Based on Campbell’s 18S rDNA sequences, however, a rough,
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molecular-based whitefly phylogeny is now available for some of the more common
or economic whitefly genera. Even though adding new genera to this phylogenetic
tree or using other gene sequences in other trees may alter the eventual position
of genera in the phylogeny, this data is beginning to shed light on some of the
basic relationships. As an example, follow the positions of Pealius azaleae and
Bemisia porteri in the trees in Figs. 1.3 and 1.4. The Aleurodicinae, for instance,
were considered by whitefly systematists to be more primitive than other white-
flies, and this is verified in the Campbell tree. Further, the genus Trialeurodes is
of moderate size and has been placed along with two others (Aleuroparadoxus and
Aleurotithius) in a separate tribe from other Aleurodine genera by Russell (1948).
The DNA sequence was determined for three species of Trialeurodes (Campbell
1994), although, unfortunately, none of the other genera in the tribe were tested,
nor were other Trialeurodines from Central and South America. However the phy-
logenetic tree indicates that the ancestral path for this group is closely-knit and
quite old, much more so than that of the other Aleyrodines tested except possi-
bly Bemisia. Most species in the genera Trialeurodes and Aleurotithius share the
palisade wax layer characteristic of the pupal case with the Aleurodicines such as
Aleurodicus. It would be interesting to know if this character was passed down from
the Aleurodicines as an ancestral trait or whether it is a matter of convergence.

The world distribution of Trialeurodes species is of interest here. The genus has
developed well in North America and the New World in general, with more than 35
species in the USA especially in California, and there are several as yet undescribed
species in the western USA However, there are a few Trialeurodes species in Africa,
Europe, Southeast Asia and more interestingly, in Australia. The occurrence of
many endemic whitefly species in Australia (Martin 1999) including Trialeurodes,
and whitefly distributions across the globe for that matter, indicates that whitefly
morphology was largely established, in place, and widespread prior to the begin-
nings of the formation of the present day continents, and that probably species
moved with the breakup of the Laurasian and Gondwonan landmasses. For a review
of continental drift and how the landmasses of South America, Africa, Australia,
Antarctica, New Guinea, Borneo, New Zealand and Madagascar are all interrelated,
see Schlinger (1974) and Gressitt (1974). Speciation has obviously occurred within
the genus Trialeurodes and the Trialeurodini after the present continent formation,
but the presence of papillae and/or lobed lingula occurs in all species across the
globe, and in Trialeurodes pupae at least, species morphological differences are
very slight.

In this light then, the Campbell phylogenetic tree indicates that the genus Bemisia
may be nearly as old as that of Trialeurodes and older than the other Aleurodine
genera studied so far. So basically, the morphological characteristics of B. tabaci
would then appear to have been in place prior to the movement of the continents, and
tabaci itself may well have been extant at that time. This scenario would then explain
why there are the various population differences between specimens collected from
Africa, South America, Asia and Australia. They have essentially been isolated,
except for more recent cross-introductions by man, basically by millions of years.
So in fabaci at least, the presence or absence of certain submarginal setae seem to
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suggest that these continental populations have taken on their own morphological
characteristics, however slight, as well as the molecular differences indicated in the
already cited work by Brown, DeBarro and others.

Are some or all of the various populations of fabaci around the world sepa-
rate species? That question may never be answered to everyone’s satisfaction. But
consider some of the scenarios. First, there are numerous accounts of tabaci popula-
tions (or biotypes) with crossbreeding incompatibilities of one level or another (see
De Barro et al. 2005, but also Caballero and Brown 2008). This is not unexpected
for instance, if in fact the New World A populations have been separated from the
African B populations for millions of years. Secondly, virus transmissions by these
two populations seem to be different since the B biotype apparently does not trans-
mit closteroviruses as well as the A biotype, probably for the same reasons (see Gill
1992). Thirdly, Kanmiya (2006) has found significant differences in the acoustic
male mating sounds between local populations of tabaci and the introduced B pop-
ulations in Japan. Whatever the situation is, the mtCO1 work by Brown (Fig. 1.3)
clearly indicates major groupings within the fabaci complex that align with current
continental placements, recent man-facilitated distributional changes of the B and
Q populations aside.

Following the description of the species Bemisia argentifolii by Bellows et al.
(1994), much discussion has taken place on the validity of this entity as a true
species. Publications by Rosell et al. (1997), Brown et al. (1995b) and De Barro et al.
(2005) have discussed the issue at length, with Brown and predecessors referring to
argentifolii and other populations as biotypes, and De Barro calling argentifolii a
race of tabaci, and further suggesting that the name argentifolii be dropped as a
synonym of fabaci. While that move for synonymy may be premature, it is none
the less probably necessary until a better understanding of whitefly morphology,
systematics and phylogeny can be accomplished, especially in light of all the other
biotypes (species?) of the tabaci complex that are now known, as well as the very
confusing afer complex. As mentioned, most of the subfamily Aleurodinae is in
serious need of in-depth study in order to properly characterize generic and species
placements.

Comments by authors mentioned above aside, other aspects of the inter-
relationships of these entities, be they biotypes, races or species, should be
mentioned. These aspects are not meant to resolve the issues either way, but to point
out that there are still many things to be learned, not only with the tabaci group as
a whole, but with other Bemisia species and other Aleyrodines. That fabaci is not
alone in causing confusion within the field of whitefly systematics is the main focus
of these discussions. One seemingly very essential aspect in all of this that until now
has not been discussed is the role of evolution and biogeography, and how it seems
to have affected the biology and morphology of these various entities.

As for the discussion of what the biotypes actually are, and if more than one
species is involved, consider first the generally accepted definition of a species.
The definition has been repeated in several similar wordings in many books and
publications over the years. But take for example a recent rendition of the mean-
ing of “species” from Gordh and Headrick (2001): (1) The primary biological unit,
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debatably an actual thing or a purely subjective concept; or (2) A static moment in
the continuum of life; an aggregation of individuals similar in appearance and struc-
ture, mating freely and producing young that themselves mate freely and bear fertile
offspring resembling each other and their parents, including all varieties and races.
Definition 1 above rather strongly sets the groundwork for all of this, i.e. “a purely
subjective concept.” Basically what is a species?

Based on the second definition, there are obvious mating incompatibilities
between the various geographically oriented populations. Perring et al. (1993) first
noted this problem between the A and B biotypes, although Caballero (2007) and
Caballero and Brown (2008) have managed to cross-breed three biotypes in the
laboratory by varying environmental conditions, and Duffus (presented at a UC
Extension symposium on Bemisia, (ca. 1991) and published on-line by Hsing-Yeh
et al. 1992) showed electrophoretic evidence for hybrids obtained by putting large
numbers of both biotypes together in the same cages. De Barro et al. (2005) have,
however, mentioned that there are examples of crossbreeding difficulties among rep-
resentatives of four major groupings (clades) examined by others thus far. Whatever
the reasons for some of the interbreeding barriers (see Brown Chapter 2), and in spite
of the fact that they may be overcome in the laboratory, there still are some deterrents
that exist, and whether they exist in the field is still yet to be determined. The point
is that similar morphologies aside, there are barriers to free mating within tabaci
populations, and molecular data seem to coincide with where these barriers were
actually found. The issues are further complicated by the discovery in some popula-
tions of tabaci that have inclusions of Wohlbachia and Cardinium spp. (Brown et al.
1998a, b; Caballero and Brown, 2008) and other symbionts that are known to affect
insect fertility through cytoplasmic incompatibility.

Conclusions

The question has been whether or not fabaci, argentifolii and any other of
these biotypes or haplotypes (variants) are actually separate species. They have
been placed in all sorts of categories including types, strains, races, populations,
biotypes and so on. And while biotypes have not been suggested so far, the same
can likewise be said for the many described species within the B. afer complex.
The answer is probably in the anthropomorphic concept of what a species really is.
Mating incompatibilities alone would suggest, apart from molecular evidence, that
this is a complex of cryptic species that have evolved over time in isolation without
the need to change morphologically. They are now being introduced into other areas
of the world where they are exerting economic influence while away from natu-
ral controls, and in some cases, apparently displacing other populations of endemic
forms, as witnessed by the disappearance of the A biotype from most areas of North
and Central America. In light of some of these studies, the apparent lack of differen-
tiating morphological characteristics should not necessarily be a deterrent to species
separation in whiteflies.
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From a taxonomist’s viewpoint, the B. tabaci complex conundrum merely points
out what we have already known about whitefly systematics as a whole but so far
cannot solve. It also has clearly defined, however, some of the problems for other
scientists to see and understand. Whether fabaci populations are separate species or
not, economic control of the various populations have required separate and indi-
vidual research into control measures for each, as if they were in fact separate.
Molecular research has aided in clarifying where to direct the search, and to suggest
where various controls need to be applied. Molecular research has also indicated
the probable site of origin of several of the “biotypes” which may eventually aid
in better implementation of natural controls. Traditional taxonomists have not been
able to provide these answers, so we need this help. Molecular techniques appear to
be solving some problems in whitefly phylogenies and most likely will solve more
if they are further studied in synchrony with more thorough morphological studies
of at least pupae and adults. This is indeed a fertile field for further research.

Literature Cited

Anderson PK, Martin JH, Hernandez P, Lagnaoui A. 2001. Bemisia afer sens. lat (Homoptera:
Aleyrodidae) outbreak in the Americas. Fla. Entomol. 84:316-317.

Bedford ID, Briddon RW, Brown JK, Rosell RC, Markham PG. 1994. Geminivirus transmis-
sion and biological characterization of Bemisia tabaci (Gennadius) biotypes from different
geographic regions. Ann. Appl. Biol. 125:311-325.

Bellows TS, Perring TM, Gill RJ, Headrick DH. 1994. Description of a species of Bemisia
(Homoptera: Aleyrodidae). Ann. Entomol. Soc. Am. 87:195-206.

Bink-Moenen RM. 1983. Revision of the African whiteflies (Aleyrodidae). Monografieén van de
Nederlandse Entomologishe Vereniging, Amsterdam 10:1-211.

Bird J. 1957. A whitefly-transmitted mosaic of Jatropha gossypifolia. Tech. Paper. P. R. Agric. Exp.
Stn. 22:1-35.

Bird J, Maramorosch K. 1978. Viruses and virus diseases associated with whiteflies. Adv. Virus
Res. 22:55-110.

Brown JK, Caballero R, Torres-Jerez 1. 1998a. First report of Wolbachia infection in Bemisia
tabaci (Genn.) and a possible case of cytoplasmic incompatibility as evidenced by
unidirectional mating between uninfected and infected whiteflies. In Proceedings of The
Whitefly-Geminivirus Workshop, Managua, Nicaragua, October 24-30, 1998. p. 217.

Brown JK, Coats S, Bedford ID, Markham PG, Bird J. 1992. Biotypic characterization of Bemisia
tabaci populations based on esterase profiles, DNA fingerprinting, virus transmission, and
bioassay to key host plant species. Phytopathology 82:1104.

Brown JK, Coats S, Bedford ID, Markham PG, Bird J, Frohlich DR. 1995a. Characterization
and distribution of esterase electromorphs in the whitefly, Bemisia tabaci (Genn.) (Homoptera:
Aleyrodidae). Biochem. Genet. 33:205-214.

Brown JK, French R, Rogan D, Caballero R, Bird J. 2004. Genetic variability and phylogeograph-
ical relationships of the Bemisia tabaci complex based on the mt cytochrome oxidase I gene.
In Proceedings 2nd European Whitefly Symposium, Cavtat, Croatia, October 5-9, 2004.

Brown JK, Frolich DR, Rosell RC. 1995b. The sweetpotato or silverleaf whiteflies: biotypes of
Bemisia tabaci or a species complex? Annu. Rev. Entomol. 40:511-534.

Brown JK, Perring TM, Cooper AD, Bedford ID, Markham PG. 2000. Genetic analysis of Bemisia
(Homoptera: Aleyrodidae) populations by isoelectric focusing electrophoresis. Biochem.
Genet. 38:13-25.

Brown JK, Torres-Jerez I, Caballero R, Brentt D. 1998b. First report of Wolbachia spp. in the
whitefly, Bemisia tabaci, and unidirectional production of female offspring due to apparent



28 R.J. Gill and J.K. Brown

cytoplasmic incompatibility. In Third International Symposium on Molecular Insect Science,
Snowbird, Utah, June 5-10, 1998.

Caballero R. 2007. Systematics of the Bemisia tabaci complex and the role of endosymbionts in
reproductive compatibility. Ph.D. dissertation, The University of Arizona, 107 pp.

Caballero R, Brown JK. 2008. Positive evidence for interbreeding and differential gene flow
between three well characterized biotypes of the Bemisia tabaci complex (Gennadius)
(Hemiptera: Aleyrodidae) excludes geographic and host barriers as isolating factors. J. Insect
Sci. 8:10-11.

Campbell BC, Steffen-Campbell JD, Gill RJ. 1994. Evolutionary origin of whiteflies (Hemiptera:
Sternorhyncha: Aleyrodidae) inferred from 18S rDNA sequences. Insect Mol. Biol. 3:73-88.

Campbell BC, Steffen-Campbell JD, Gill RJ. 1995. Origin and radiation of whiteflies: an initial
molecular phylogenetic assessment. In Bemisia 1995: Taxonomy, Biology, Damage, Control
and Management, ed. D Gerling, RT Mayer. Andover, Hants: Intercept Ltd.

Coats SA, Brown JK, Hendrix DL. 1994. Biochemical characterization of biotype-specific
esterases in the whitefly Bemisia tabaci (Genn.) (Homoptera: Aleyrodidae). Insect Biochem.
Mol. Biol. 24:723-728.

Costa HS, Brown JK. 1990. Variability in biological characteristics, isozyme patterns and virus
transmission among populations of Bemisia tabaci (Genn.) in Arizona. Phytopathology 80:888.

Costa HS, Brown JK. 1991. Variation in biological characteristics and in esterase patterns among
populations of Bemisia tabaci (Genn.) and the association of one population with silverleaf
symptom development. Entomol. Exp. Appl. 61:211-219.

Costa HS, Brown JK, Sivasupramaniam S, Bird J. 1993. Regional distribution, insecticide resis-
tance, and reciprocal crosses between the ‘A’ and ‘B’ biotypes of Bemisia tabaci. Insect Sci.
Appl. 14:127-138.

David BV. 1987. Biosystematics of Aleyrodidae (Homoptera: Insects). Proc. Indian Acad. Sci
(Anim. Sci.) 96:583-586.

David PMM, David BV. 2001. Revision of whiteflies (Aleyrodidae: Homoptera) infesting rice in
India. Entomon. Kariavattom 26(Special Issue):353-356.

De Barro PJ, Trueman JWH, Frolich DR. 2005. Bemisia argentifolii is a race of B. tabaci
(Hemiptera: Aleyrodidae): the molecular differentiation of B. fabaci populations around the
world. Bull. Entomol. Res. 95:193-203.

Dennehy TJ, DeGain BA, Harpold VS, Brown JK, Morin S, Fabrick JA, Byrne FJ, Nichols RL.
2006. New whitefly biotype with high levels of resistance to insecticides. The University of
Arizona — Cooperative Extension Report, Tucson, Arizona. 32pp.

Deshpande VG. 1933. On the anatomy of some British Aleurodidae. Trans. R. Entomol. Soc.
London 81:117-132.

Gawel NJ, Bartlett AC. 1993. Characterization of differences between whiteflies using RAPD-
PCR. Insect Mol. Biol. 2:33-38.

Gill RJ. 1992. A review of the sweetpotato whitefly in southern California. Pan-Pac. Entomol.
68:144-152.

Gordh G, Headrick D. 2001. A Dictionary of Entomology. Wallingford, Oxon: CABI Publishing,
1032pp.

Gressitt JL. 1974. Insect biogeography. Annu. Rev. Entomol. 19:293-321.

Hsing-Yeh L, Duffus JE, Cohen S. 1992. Work Group on Bemisia tabaci Newsletter No.
6. November, Tropical Whitefly IPM Project. www.tropicalwhiteflyipmproject.cgiar.org/
bemisianewsletter06.jsp

Husain MA, Trehan KN. 1933. Observations on the life-history, bionomics and control of the
whitefly of cotton (Bemisia gossypiperda M and L). Indian J. Agric. Sci. 3:701-753.

Johnson CG, Bowden J. 1973. Problems related to the transoceanic transport of insects, espe-
cially between the Amazon and Congo areas. In Tropical Forest Ecosystems in Africa and
South America, ed. BJ] Meggers, ES Ayensu, WD Duckworth, pp. 207-222. Washington, DC:
Smithsonian Institution.



1 Systematics of Bemisia and Bemisia Relatives 29

Kanmiya K. 2006. Mating behaviour and vibratory signals in whiteflies (Hemiptera: Aleyrodidae).
In Contemporary Topics in Entomology Series: Insect Sounds and Communication, ed.
S Drosopoulous, M Claridge, pp. 365-379. London: Taylor & Francis.

Martin JH. 1999. The whitefly fauna of Australia (Sterorrhyncha, Aleyrodidae), a taxonomic
account and identification guide. Technical Paper, CSIRO Entomology. Canberra 38:1-197.

Martin JH. 2003. Whiteflies (Hemiptera: Aleyrodidae) — their systematic history and the result-
ing problems of conventional taxonomy, with special reference to descriptions of Aleyrodes
proletella (Linnaeus, 1758) and Bemisia tabaci (Gennadius, 1889). Entomol. Gaz. 54:125-136.

Martin JH, Aguiar AMF, Pita MT. 1996. Aleyrodidae of Madeira — descriptions of three new
species and notes on a pan-Mediterranean species of Aleurotrachelus. J. Nat. Hist. 30:113-125.

Martin JH, Mound LA. 2007. An annotated check list of the world’s whiteflies (Insecta: Hemiptera:
Aleyrodidae). Zootaxa 1492:1-84.

Mohanty AK, Basu AN. 1986. Effects of host plants and seasonal factors on intraspecific variations
in pupal morphology of the whitefly vector Bemisia tabaci (Genn.) (Homoptera: Aleyrodidae).
J. Entomol. Res. 10:19-26.

Mound LA. 1963. Host correlated variation in Bemisia tabaci (Gennadius) (Homoptera:
Aleyrodidae). Proc. R. Entomol. Soc. Lond. A 38:171-180.

Mound LA. 1983. Biology and identity of whitefly vectors of plant pathogens. In Plant
Virus Epidemiology, ed. RT Plumb, JM Thresh, pp. 305-313. Oxford: Blackwell Scientific
Publications.

Mound LA. 1984. Zoogeographical distribution of whiteflies. Curr. Topics Vector Res. 2:185-197.

Mound LA, Halsey SH. 1978. Whitefly of the World. Chichester: British Museum (Natural
History)/John Wiley & Sons, 340pp.

Neil JW, Bentz J. 1999. Evidence for the stage inducing phenotypic plasticity in pupae of
the polyphagus whiteflies Trialeurodes vaporariorum and Bemisia argentifolii (Homoptera:
Aleyrodidae) and the raison d’ étre. Ann. Entomol. Soc. Am. 92:744.

Perring TM, Cooper A, Kazmer DJ. 1992. Identification of the poinsettia strain of Bemisia
tabaci (Homoptera: Aleyrodidae) on broccoli by electrophoresis. J. Econ. Entomol.
85:1278-1284.

Perring TM, Cooper A, Rodriguez RJ, Farrar CA, Bellows TS, Jr. 1993. Identification of whitefly
species by genomic and behavioral studies. Science 259:74-77.

Rosell RC, Bedford ID, Frolich DR, Gill RJ, Brown JK, Markham PG. 1997. Analysis of mor-
phological variation in distinct populations of Bemisia tabaci (Homoptera: Aleyrodidae). Ann.
Entomol. Soc. Am. 90:575-589.

Russell LM. 1948. The North American species of whiteflies of the genus Trialeurodes. Misc.
Publ. U.S. Dept. Agric. 635:1-85.

Russell LM. 1957. Synonyms of Bemisia tabaci (Gennadius) (Homoptera: Aleyrodidae). Bull.
Brooklyn Entomol. Soc. 52:122-123.

Sampson WW. 1943. A generic synopsis of the Hemipterous superfamily Aleyrodoidea. Entomol.
Americana 23:173-223.

Sampson WW. 1947. Additions and corrections to “a generic synopsis of the Aleyrodoidea”. Bull.
Brooklyn Entomol. Soc. 42:45-50.

Sampson WW, Drews EA. 1956. Keys to the genera of the Aleyrodinae and notes on certain genera.
(Homoptera: Aleyrodinae). Ann. Mag. Nat. Hist. 9:689-697.

Schlinger EI. 1974. Continental drift, Nothophagus, and some ecologically associated insects.
Annu. Rev. Entomol. 19:323-343.

Sundararaj R, David BV. 1992. Host correlated variation in Dialeurodes kirkaldyi (Kotinsky)
(Aleyrodidae: Homoptera: Insecta). Hexapoda 4:33-38.



Chapter 2
Phylogenetic Biology of the Bemisia tabaci
Sibling Species Group

Judith K. Brown

Introduction

Whiteflies are classified in the family Aleyrodidae (Sternorrhyncha: Hemiptera
[suborder Homoptera]) (Mound 1984; Mound and Halsey 1978). The closest rel-
atives to whiteflies are aphids, mealybugs, psyllids, and scales, which all feed
using piercing and sucking mouthparts (Martin 1987, 2003; Martin and Mound
2007). Reproductive modulation is one of the many examples of plasticity in the
Aleyrodidae, an ancient insect family. They are unique among most of their close
relatives in employing a haplodiploid sex determination system, in which fertil-
ized eggs yield females and males are produced from unfertilized eggs (Blackman
and Cahill 1998; Schrader 1920). Thus, all male offspring inherit only the maternal
genome, whereas female offspring inherit genes from both parents. The sex ratio is
modulated by increased production of females when males are abundant (see Byrne
et al. 1990).

Haplodiploid sex determination, combined with infection by bacteria such as
Wolbachia and Cardinium spp. that cause cytoplasmic incompatibility (CI), could
result in the demise of the germline, or at the least, a severely bottlenecked pop-
ulation due to increased inbreeding. CI in B. tabaci is expressed as a reduction in
the number of female offspring resulting from crosses between infected males and
uninfected females (or females infected with different bacterial strains) (Caballero
2007; Stouthamer et al. 1999). This process could decrease genetic diversity while
also reducing fitness and altering other traits which B. tabaci is widely known to
employ, presumably for adaptive advantage. How the interactions between the host
and its prokaryotic passengers influences genetic diversity and evolution in B. tabaci
is not well understood.

Whiteflies, like aphids and many other plant-feeding hemipterans, feed on
plant sap, which is deficient in certain essential amino acids. A hallmark of this
group is that they harbor species-specific mutualistic endosymbionts (referred to
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Fig. 2.1 Bacteriomes by SEM (left, color and black and white inset) containing the primary
endosymbionts (right) of the whitefly B. tabaci B biotype (Photo courtesy E Zchori-Fein and JK
Brown)

as “primary”) having a genome reduced in size compared to free-living counter-
parts that is housed in a specialized structure called a bacteriome. The bacteriome
(Fig. 2.1) is tightly associated with whitefly ovaries from which founder bacteria
migrate to the immature egg and are passed on to the offspring (Costa et al. 1996).
Based on studies of other homopterans (hemipterans), primary symbionts are less
complex in comparison to free-living bacteria (Douglas 1998; Thao and Baumann
2004a, b; Zchori-Fein and Brown 2002). These insect host-bacterial complexes have
evolved a mutualistic relationship in which each contributes to the survival of the
other. Tightly co-evolved associations have been corroborated for certain whitefly
species based on evidence for congruent evolution of both host and bacterial genes
(Campbell 1993; Clark et al. 1992; Zchori-Fein and Brown 2002). See Rosell et al.
(Chapter 5) for further discussion on endosymbionts.

The B. tabaci complex is a “cryptic species” in that its members exhibit a range of
genetic variation and are collectively considered a sibling species group, although
morphological characters in the pupal case (Fig. 2.2) useful for identification to
species lack variation sufficient for finer scale taxonomic purposes. This exter-
nal morphology for the species complex is thought to have remained static since
ancient times (Gill 1990; Martin 2003; Rosell et al. 1997). Variants of B. tabaci for
which biological (phenotypic) differences are recognized have most recently been
referred to as “biotypes”, and previously, as races (Bird 1957; Bird and Sanchez
1971; Bird and Maramorosch 1975, 1978). More than fifteen biotypes have been
characterized to varying degrees in biological and genetic terms, and a number of
additional variants are recognized but are incompletely studied. In fact, the majority
of biological variants that occur throughout the world probably remain unstudied.
The best studied phenotypic differences among B. tabaci biotypes include host-
specialization, host range of polyphagous haplotypes, dispersal behavior, mating
behavior (Fig. 2.3), reproductive compatibility, differential resistance to distinct
classes of insecticides, variable efficiency in the transmission of plant viruses, and
secondary endosymbiont composition.
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Fig. 2.2 Pupal case containing pre-eclosed adult and key morphological characters used for mor-
phological identification of whiteflies to genus and species. (Photo courtesy R Rosell, I Bedford,
and JK Brown; see Rosell et al. 1997)

Fig. 2.3 Adult male and female B. fabaci on a leaf with one pair mating (Courtesy M Hadjistylli)

Aside from certain basic knowledge about whitefly species included in higher-
level taxonomic studies, there have been far fewer studies of whiteflies at the
species level compared to homopterans that predominantly inhabit temperate zones
(Campbell et al. 1994; 1996; Gill 1990,1992; Neil and Bentz 1999). As a result, the
evolutionary origin or basal and derived taxa have not been ascertained, and so the
evolutionary history of B. tabaci is not yet understood. Relatively few molecular
markers are available for inferring the evolutionary history of B. tabaci. At present
only the 16S rRNA, the cytochrome oxidase I genes in the mitochondrial genome,
and the nuclear ribosomal intergenic spacer 1 (ITS1), a non-coding sequence, have
been explored.
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Microsatellite markers have been developed to study population structure
(Hadjistylli et al., Chapter 3), revealing broad geographic affiliations and levels of
substructure not yet revealed for the sibling group. A study of the Asian-Pacific
region revealed robust geographic structure accompanied by reduced or negligi-
ble gene flow, suggesting that as many as 10 major groupings (sibling species?)
could occur there (DeBarro et al. 2005). Mound (1993) postulated that B. tabaci
could follow one of two scenarios based on the duration that these whiteflies have
inhabited earth, i.e. at least 1.2 MY (Schlee 1970). Depending on extent of isola-
tion, B. tabaci would either be limited in its ecological and therefore geographical
distribution and would have low intraspecific genetic variability, or conversely,
it would have a broad distribution across variable ecological geographic bound-
aries, and wide genetic variation. As predicted by Mound, the latter scenario seems
to best explain the evolutionary history of B.tabaci and is supported by popula-
tion and molecular phyologenetic studies (see Hadjistylli et al. Chapter 3). Even
so0, more extensive population studies and new and more informative molecular
markers are needed to facilitate deeper phylogenetic predictions. Exciting times lie
ahead!

This chapter will review the present status of the phylogenetic biology of the
B. tabaci sibling species group (see Gill and Brown, Chapter 1), and highlight well
known examples of phenotypic variation and genetic diversity revealed by a limited
number of molecular markers. Although insufficient in the larger sense, molecular
studies have revealed the existence of many B. fabaci haplotypes that group phylo-
geographically with their extant origin. Furthermore, a bar coding system employing
the cytochrome oxidase I gene to identify haplotypes, coupled with definitive bio-
logical characteristics, can provide the necessary criteria to define a biotype. Thus,
at least some commonly occurring variants are distinguishable for the first time.

The Bemisia tabaci Sibling Species Group or Assemblage

Historical Underpinnings

The terms biotype, strain, or race have been used to differentiate morphologically
identical organisms that exhibit distinct phenotypic behaviors. For B. tabaci, vari-
ants have been distinguished based on host range (Abdullah et al. 2006; Attique
et al. 2003; Bayhan et al. 2006; Bedford et al. 1994; Burban et al. 1992; Bird 1957;
Bird and Brown 1998; Butler and Brown 1985; Carabali et al. 2005; Costa and
Brown 1990, 1991; Costa et al. 1991a, b; Costa and Russell 1975; Legg 1994, 1996;
Maruthi et al. 2001, 2002; Osmondi et al. 2005; Sseruwagi et al. 2006; Servin-
Villegas et al. 2006; Simon et al. 2003; Thompson 2003) life history traits (Bethke
et al. 1991; Costa et al. 1991b; Demichelis et al. 2005; Viscarret et al. 2003), and
other evidence for phenotypic variation, including differential virus transmission,
which influences the epidemiology of viral outbreaks and their control (Brown et al.
1995, 2004a; Brown and Bird 1996; Brown 2007; Legg et al. 2002, 2008).
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The term “host race” was first applied to distinguish between two variants of
B. tabaci by Bird (1957) who demonstrated monophagous feeding behavior in
B. tabaci associated with a polyphagous habit of another endemic population, the
“Sida race” (SIDA-PR) (after Sida cordifolia) (Bird and Brown 1998). The two
races also differed in having distinct virus-vector relationships owing primarily to
host range preference. This seminal study provided the first evidence for B. tabaci as
a key host range determinant of begomoviruses (see Bird and Maramorosch 1978).

The first major outbreak in the Americas of a then uncharacterized race or bio-
type of B. tabaci occurred in the summer of 1981 in the southwestern USA (Brown
1990; Brown and Nelson 1984, 1986; Butler et al. 1986; Gill 1992; Rosemeyer
et al. 1986), later becoming known as the Arizona “A” biotype (AZ-A) (Costa
and Brown 1990, 1991), which represented the local or endemic haplotype. The
A biotype reached unprecedented regional levels, resulting in widespread infection
by whitefly-transmitted viruses in cotton and vegetable crops (Brown 1990, 1994;
Brown and Bird 1992; Gill 1992; Gill and Brown Chapter 1). This outbreak has been
correlated with the possible development of insecticide resistance, based on known
exposure of endemic populations to insecticides used for primary cotton pest con-
trol. Mild winter temperatures together with residual insecticide resistance in the
local B. tabaci population may possibly have contributed to the population explo-
sion in southwestern USA desert cropping systems (Anthony et al. 1995; Coats et al.
1994; Costa et al. 1993; Morin et al. 2002).

The Invasion of the B Biotype

A second outbreak of B. tabaci in the USA occurred first in Florida during 1985—
1986 and was characterized by the unprecedented ability of B. tabaci to colonize
poinsettia plants, Euphorbia pulcherrima (Willd), a previously unreported species
for B. tabaci in Florida (Hamon and Salguero 1987). In 1988, B. tabaci was identi-
fied in Arizona on poinsettia (Byrne and Miller 1990), also a non-host of B. tabaci
endemic there (unpublished data). General esterase patterns were used to investi-
gate genetic polymorphism between the two populations (Figs. 2.4 and 2.5) making
it possible for the first time to differentiate the two haplotypes, referred to as
the “A” and “B” biotypes (Costa and Brown 1990, 1991). Thereafter, the use of
“biological type” instead of “race” became the accepted way to refer to pheno-
typically distinguishable B. tabaci. However, the intent of the term “biotype” did
not fundamentally change the evolving paradigm that phenotypic differences were
widespread in B. tabaci.

Follow on studies explored differences with respect to host range, fecundity, and
the induction of “silvering” symptoms in pumpkin (Cucurbita spp.) plants, a phe-
notype that had not been associated with New World B. tabaci and so was a useful
indicator for the B biotype (in the Tropical Americas) (Costa and Brown 1990;
1991). In Florida, a link had been made between B. tabaci infestations and silver-
ing of squash leaves (Yokomi et al. 1990), and similarly, with irregular ripening of
tomato fruit (Schuster et al. 1990), and elsewhere with stem whitening or blanching
of cole crops (Brown et al. 1991) among others. Genetic analysis (Costa et al. 1993)
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confirmed that B. tabaci in Florida and Arizona were identical, but that the “new-
comer” was not likely a native haplotype. The B biotype next invaded the Americas
south of the USA including the Caribbean region, and by 1990-1991 had displaced
the A biotype in the southwestern USA (Brown and Bird 1998; Brown et al. 1995a;
Costa et al. 1993). It is assumed that the endemic Florida B. tabaci was similarly
displaced, however, unfortunately no samples of B. fabaci from Florida have been
found from which DNA can be isolated, and so the original Florida haplotype has
not been compared to others genetically.

The novel silvering phenotype (Fig. 2.6) was used in the tropical Americas as a
reliable field “diagnostic” for the B biotype as it rapidly invaded the region. Since the
first report of silverleaf associated with the B biotype, two additional polyphagous
populations have been discovered that also induce silvering in Cucurbita species,
one from Uganda, referred to as non-B (Sseruwagi et al. 2005, 2006) and the
other from the Reunion Islands, designated the “MS” biotype (Delatte et al. 2005).
Phylogenetic analysis (COI) of the three population indicates that the B biotype
and the non-B/MS haplotypes occupy different sister clades within the major North
Africa-Mediterranean-Middle East clade (Delatte et al. 2005; Sseruwagi et al.
2005).

Taxonomic Conundrums

Genetic and behavioral studies led one group to propose that the B biotype dif-
fered sufficiently from the SW-USA endemic A biotype to warrant its recognition
as the distinct species, B. argentifolii (Bellows and Perring) (Bellows et al. 1994).
This was based on lack of evidence for gene flow between A and B biotypes, and
higher than expected (but possibly borderline) genetic differentiation (RAPDs and



2 Phylogenetic Biology of the Bemisia tabaci Sibling Species Group 37

ESTERASE PROFILES
BIOTYPES OF BEMISIA TABACI

Standaords

1982 1988 1991 1992 1991

Fig. 2.5 Esterase profiles (upper panel) and a map showing the origin of each haplotype
colony (lower panel), revealing the first greater-than-expected genetic polymorphisms in B. tabaci
(Courtesy, JK Brown, S Coats, HS Costa, and RC Rosell)
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Fig. 2.6 Silvering induced by B biotype feeding on the majority of Cucurbita species leaves,
including pumpkin, develop subsequent to the colonization of lower leaves by whitefly immatures
(and adults) (Costa and Brown 1990). Recent studies have shown that silvering-inducing haplo-
types also occur among Uganda non-B (Sseruwagi et al. 2005) and Reunion Island (Ms biotype)
(Delatte et al. 2005)

isozymes) (Bellows et al. 1994; Perring et al. 1993). The presence of a fourth instar
(Fig. 2.2) seta in position ASMS4 on the A biotype and its absence on B biotype
specimens was also cited. The differentiation values could possibly have been less
significant than initially interpreted, given non-equilibrium conditions. However,
further studies have provided convincing evidence for higher than expected genetic
diversity within this sibling species group. Presently a large (and expanding) number
of morphologically indistinguishable biotypes are recognized. However, separation
of a single variant from the complex does not seem useful or informative, unless
many more follow. One seemingly more manageable approach has been to con-
sider B. tabaci as a sibling species group (see Gill and Brown Chapter 1). Indeed
a number of species recognized in the genus Bemisia are difficult to separate from
one another or from B. tabaci using morphological differences, and so may eventu-
ally be grouped into a B. tabaci complex that contains the B. fabaci sibling species
assemblage of variants (see Gill and Brown Chapter 1). Examples that fall outside of
the major B. tabaci sibling species group and form a tight complex basal to B. tabaci
have been studied using molecular markers. This concept is supported by Mound’s
(1993) scenario of evolution in Bemisia characterized by high genetic diversity, and
population expansion with substantial barriers to gene flow.

From Concept to Working Definition

The whitefly B. tabaci (Gennadius 1889) is probably best understood as a sibling
species group, or an assemblage of biologically and genetically diverse variants
(biotypes or races) (Abdullahi et al. 2003; Berry et al. 2004; Bird and Maramorosch
1978; Brown 2000; Brown et al. 1995; Costa et al. 1991a, b; De Barro et al. 2005;
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Frohlich et al. 1999; Gawel and Bartlett 1993; Gill and Brown Chapter 1; Guirao
et al. 1997; Mound 1963; Perring 2001; Russell 1957; Zhang et al. 2005). This
system is generally adhered to, and interestingly, is underscored by the historical
taxonomic synonymization by Russell (1957) of numerous species and several gen-
era into B. tabaci. This synonymy was later challenged by Bellows et al. (1994)
and Perring et al. (1993) who proposed establishing separate species for the A
and B biotypes, although it is now clear that they represented only two of the
many variants that exist worldwide. Their proposal did not clarify the taxonomy
for B. tabaci as a whole, and so has not met with consensus among the scientific
community.

The working strategy for classifying B. tabaci is based on morphological and
molecular characters that group Bemisia into a sibling species group, or as close rel-
atives in the B. tabaci species complex (Gill and Brown Chapter 1). Currently, the
COI phylogeny supports at least seven major phylogeographic clades (Fig. 2.7a, b),
while the phylogenies based on the mitochondrial6S and the ribosomal intergenic
spacer 1 (ITS1), although not as well resolved, do reflect a phylogeography similar
to the COI tree (Berry et al. 2004; Boykin et al. 2007; De Barro et al. 2005; Frohlich
et al. 1999; Kirk et al. 2000; Sseruwagi et al. 2005, 2006; Ueda et al. 2009). The lat-
ter two markers differ primarily with respect to extent of genetic variation, with the
COI being more divergent than the others (Boykin et al. 2007; De Barro et al. 2000;
2005; Frohlich and Brown 1994; Frohlich et al. 1996, 1999). As may be expected,
different kinds of analyses are revealing different demarcations for sub- and sister-
clades (Boykin et al. 2007; De Barro et al. 2005; De la Rua et al. 2006), although
this could also be due to the sets of sequences employed.

Presently it is not possible to predict a single origin for the B. fabaci sibling
species because the markers explored to date are saturated (to much variation) and
do not allow the designation of a basal clade. For example the COI phylogeny often
predicts that New World B. fabaci are basal to the Asian clades, whereas, one ITS
phylogeny places the New World clade as sister to the North Africa-Mediterranean-
Middle East group (De Barro et al. 2000). However, another study did not support
this conclusion (Xingxia et al. 2003).

Abundant evidence underscores the existence of extensive differentiation for the
group as a whole (Brown and Idris 2005; Brown et al. 2000; Gawel and Barlett 1993;
Perring et al. 1993; Figs. 2.7a, b). A number of divergence estimates point to Africa
and/or a portion of Asia as likely geographical centers of population expansion and
diversification (Berry et al. 2004; Brown 2000; Brown and Idris 2005; Brown et al.
2004a; Boykin et al. 2007; De la Rua et al. 2006; Moya et al. 2001; Qui et al. 2007,
Sseruwagi et al. 2005).

At the present a haplotype “working cutoff” has not been established. Such a cut-
off to demarcate biotypes might feasibly range from ~1 to 3% based on comparisons
with a set of reference biotypes. However, it may be difficult to arrive at a consen-
sus in this sibling species group because within each major clade, a wide range of
inter-haplotype variation is evident. For example, divergence is relatively narrow
among the Western Hemisphere haplotypes at about 5-6%, a case in point being
the Jatropha and Sida biotypes that diverge at about 1.6% (COI). Consequently,
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establishing such a set criterion could lead to erroneous designations for closely
related haplotypes, which would not be supported by the criteria used to distinguish
biotypes.

Biological Criteria for B. tabaci Biotypes

A suite of phenotypic and genotypic criteria have been employed for biotype char-
acterization, and include: (1) esterase or isozyme profiling (Figs. 2.4 and 2.5; Brown
et al. 1995a, 2000; Costa and Brown 1990, 1991; Costa et al. 1993; Perring et al.
1993; Wool et al. 1989, 1993), (2) bar-coding (COI) (Figs. 2.7a, b), (3) life history
traits (Abdullah et al. 2006; Bethke et al. 1991; Bonato et al. 2007; Butler et al. 1983;
Costa and Brown 1991; Hussain and Trehan 1933; Viscarret et al. 2003; De Latte
et al. 2005), (4) host range and/or host preference (Abdullahi et al. 2003; Attique
et al. 2003; Brown and Butler 1985; Bayhan et al. 2006; Bedford et al. 1994; Bird
1957; Bird and Maramorosch 1978; Burban et al. 1992; Cock 1986; 1993; Costa
and Brown 1991; Costa and Russell 1975; Delatte et al. 2006; Demichelis et al.
2005; Gennadius 1889; Legg 1994; 1996; Lopez-Avila 1986; Mound and Halsey
1978; Osmondi et al. 2005; Russell 1957; Thompson 2003), (5) co-evolved virus-
vector interactions that contribute to different transmission competency (Brown
2007), (6) composition of endosymbionts (Baumann et al. 2000; Brown et al. 1998;
Caballero and Brown 2008; Caballero et al. 2001; Campbell 1993; Chiel et al. 2007;
Costa et al. 1995; Zchori-Fein and Brown 2002); (7) dispersal behavior (long dis-
tance, or not), (8) ability or inability to induce silverleaf symptoms in Cucurbita
spp. (Fig. 2.6) (Costa and Brown 1991; Delatte et al. 2005; Sserwuwagi et al. 2005),
(9) insecticide resistance (Abdullah et al. 2006; Anthony et al. 1995; Dittrich et al.
1990; Morin et al. 2002; see Castle et al. Chapter 16), and (10) discontinuous gene
flow (Bedford et al. 1994; Byrne et al. 1995; Caballero 2007; Caballero and Brown
2008; Caballero et al. 2001; Costa et al. 1993; De Barro and Hart 2000; Hadjistylli
2003; Kanmiya 2006; Liu et al. 2007; Perring et al. 1993; Perring and Symmes
2006; Pascual and Callejas 2004; Ronda et al. 2000).

Biotype Classification and Nomenclature

Multiple studies have revealed genetic and behavioral polymorphisms for B. tabaci
and despite recent improvements in standardization of nomenclature, some confu-
sion still persists. Some relief has been provided by the use of reference strains
that now serve as the basis for establishing the major clade system (Figs. 2.7a, b;
2.8). Herein, it is proposed that the anomalous alphabetical esterase-based designa-
tions be abandoned except for those already well established haplotypes (A-T). In
its place, a revised nomenclature system would group new haplotypes within their
respective major phylogeographic clade based on a reference suite of COI sequences
(Fig.2.7a,b and Fig. 2.8). The system would become the basis of a code that conveys
geographic affiliation as well as host species and other biological characteristics.
This relevant information would thus become the signature for a distinct haplotype,
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or when characterized with respect to a number of key biological characteristics, a
biotype signature.

The next level of demarcation would be based on affiliation of the COI haplo-
type with the closest sister clade, typically of local or nearby origin. For example,
the major North Africa-Mediterranean-Middle East clade contains three recognized
sister clades of haplotypes, most closely related to the B biotype, the B, Q, and MS
sister clades. The sub-Saharan haplotypes are many and incompletely accounted for,
but diversity is possibly greatest within these (at least) two major clades. Within the
Australasian/Pacific clade, there are at least two and possibly three major subgroups,
each containing sister clades that include haplotypes unique to Asia, Australia and
the Pacific Islands. In the Western Hemisphere there are at least three sister clades,
and perhaps more (Figs. 2.7a, b and 2.8). However, these haplotypes diverge min-
imally as indicated by the shortest branch lengths among all clades, suggesting
relatively recent expansion (Fig. 2.9). Recent studies suggest that haplotypes that
are closely related may or may not be reproductively isolated by geographical or
host restrictions. For example, reproductive isolation has been demonstrated among
several closely related members of the Q sister clade, even though nucleotide diver-
gence is rather minimal (<2%) (Hadjistylli 2003; Pascual 2006; Pascual and Call¢jas
2004; Ronda et al. 2000).

Associating a haplotype with an endemic geographic locale would make ori-
gins and possible introduced status clear, thereby reducing confusion about what is
meant by Q biotype, for example. In this example, the endemic Israel-Q (ISR-Q)
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Fig. 2.8 World map showing the seven major phylogeographic clades resolved in the mitochondria
cytochrome oxidase I phylogeny. This scheme defines at least two in sub-Saharan Africa: I and II,
one in the North Africa-Mediterranean-Middle East region: III, two in Austral-Asia: IV and V, and
two in the Tropical Americas, VI and VII. With the exploration of additional markers more and/or
possibly different haplotypes as well as new clades and/or sister clades may be recognized
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Fig. 2.9 Mismatch analysis (Rogers and Harpending 1992, using DnaSP) illustrating population
growth curves and the extent of population expansion for representative biotypes. The observed
data was compared to a step-wise model of growth, estimating three model parameters: Tau,
time of population expansion, expressed in units of mutational time, and the population sizes
before (Thetai), and following (Thetaf) expansion. Confidence intervals for those parameters were
obtained by comparing observed values with those resulting from coalescent simulations of 1,000
random samples. The distribution of expected pairwise differences between two sequences drawn
at random, given the derived values of Tau, Thetai, and Thetaf, was calculated and plotted along
with the observed values. Other population test statistics calculated were the raggedness index,
Tajima’s D, and Fs. Statistical significance estimates were also obtained by coalescent simulations
(Courtesy R French, University of Nebraska)

(Horowitz et al. 2003) would be differentiated from the Spanish-Q (SPAN-Q)
(Rosell et al. 1997) or the Turkish-Q [TURK-Q (analogous to the TC popula-
tion from cotton) (Bedford et al. 1994)]. A similar scenario holds for New World
haplotypes that are closely related to the AZ-A biotype, but are not precisely the
A biotype, which by historical definition it is endemic to the southwestern USA.
The A biotype does not exist in South America for example, unless it has been
introduced there, but its close relatives do, and they can thereby be demarcated to
reveal a sister group affiliation (A biotype clade) followed by the (local) endemism,
such as COLUM-A for Colombia. Other examples would be the Culiacan, Mexico
A-like relative (>1% nt identity) that would become Culiacan-A (CUL-A), and the
endemic B. tabaci from Panama would become A-Panama, etc. If more than one
haplotype exists in the same location, a number can be attached, such as PanamaAl,
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PanamaA?2, and a reference barcode would be deposited for each in the public
database to provide ready comparison.

At the next higher level of classification, in line with the suggestion of Gill
and Brown (Chapter 1), all B. tabaci-like Bemisia haplotypes or members of the
B. tabaci sibling species group would become a subclade of the B. tabaci species
complex that contains other B. tabaci-like whiteflies but are sufficiently divergent to
fall outside of the sibling species group. A higher order classification would involve
another species complex designation such as the B. afer-hancockii haplotypes, or
the B. afer complex. This or a similar system would groups the designated Bemisia
species and closest relatives into two major species complexes based on morpholog-
ical and molecular evidence. Additional studies are needed to completely validate
the proposed classification and take into account both biological phenotypes, gene
flow potential, and molecular and population genetics data sets.

Molecular Markers and Phylogeography

Mitochondrial Molecular Markers

The mitochondrial genome is maternally inherited in most organisms, and its coding
regions exhibit higher rates of evolution (mutation) compared to the nuclear genome
(Brown 1983). Two mitochondrial markers, the 16S and COI, have been examined
for their utility in inferring phylogenetic relationships within the B. fabaci sibling
species group. Of the two, the COI sequence (780 bases) has proven the most infor-
mative and so is now widely used in “barcoding” to facilitate identification (Brown
2000). The use of barcoding has facilitated phylogenetic analysis, and the rapid
identification of field specimens to the level of haplotype, and in one instance made
possible the immediate recognition the introduction of the Q biotype (Brown and
Dennehy 2006; Dennehy et al. 2006; see position of the Spanish Q in Fig. 2.7).

Two other molecular markers — the mt16S ribosomal DNA and, the nuclear
noncoding ITSI sequence — predict a similar but not identical phylogeography
for B. tabaci haplotypes (De Barro et al. 2000, 2005; Frohlich and Brown 1994;
Frohlich et al. 1999). The ITS region has been less satisfactory for bar coding
because the sequence is less variable. Nonetheless, these other two markers gen-
erally reveal similar phylogeographic groupings, with respect to those demarcated
in the COI phylogeny, irrespective of the algorithm, e.g. neighbor-joining, maxi-
mum likelihood, or Bayesian (Berry et al. 2004; Brown et al. 2004a; Boykin et al.
2007; De Barro et al. 2000; 2005; Frohlich et al. 1996, 1999; Sseruwagi et al. 2005,
2006; Viscarret et al. 2003). Only extant haplotypes known to be recent exotic
introductions, namely the B and Q biotypes, group outside the phylogeographic
boundaries demarcated by the mtCO1 and other molecular markers as would be
expected (Brown et al. 1995a, b; Costa et al. 1993; Dennhey et al. 2006; Perring
et al. 1993).
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Cytochrome Oxidase I

Although the functional basis for the unexpected degree of divergence within this
sibling species group is not understood, this gene sequence has proven highly valu-
able for classifying haplotypes of B. tabaci and close relatives worldwide. The
greater-than expected variation in this gene could reflect some aspects of direct
or indirect adaptability. Unfortunately, gene expression studies have not yet deter-
mined if certain relevant genes are differentially regulated and/or are determinants
of the behavioral plasticity observed within the complex. Likewise, over-estimation
of genetic variability owing to abundance of “numts” (nuclear mitochondrial DNA)
(Zhang and Hewitt 1996) is yet another possibility.

Phlogenetic Relationships Are Generally Congruent with Extant Geography

With the exception of recently introduced biotypes, members of the B. tabaci sibling
species group into seven major geographic clades based on COI sequence analysis:
five in the Eastern Hemisphere and two in the Western Hemisphere (Figs. 2.7a, b
and 2.8).

The major Eastern Hemisphere groups sort by region of extant origin and
include at least five major clades. In Africa, these are represented by the (i)
Mediterranean-North Africa-Middle Eastern group (MED-NA-ME) and at least
two sub-Saharan Africa (SSAF) groups that contains a large number of diver-
gent haplotypes (Berry et al. 2004; Brown 2000; Legg et al. 2002; Sseruwagi
et al. 2005, 2006; Figs. 2.7a, b and 2.8). The former group contains the well-
known B, Q, and MS biotypes and closest relatives, whereas the latter group
contains both polyphagous and cassava-associated haplotypes. Asia and adjacent
land masses are represented by the large Southeast Asian-Australian group (SA-
AUS), comprising two obvious sister groups (I, II) extant in China, Pakistan,
India and adjacent countries, a small Asian subgroup found only in China,
and a subpopulation known only from Australia. In contrast, B. tabaci in the
American Tropics form two clades comprising the Americas-Caribbean and
South America sister clades, albeit divergence (and genetic differentiation) among
these groups is less than for Eastern Hemisphere haplotypes (Figs. 2.7a, b, 2.8
and 2.9).

In the New World groups, certain haplotypes overlap with respect to regional
distribution, suggesting that there is some potential for gene flow between haplo-
types in certain regions. The ‘American Pacific haplotypes’ prevail throughout North
and Central America, whereas, the Caribbean haplotypes and close relatives are
mostly distributed in Central America, southern Mexico, and the Caribbean islands.
The haplotypes from Argentina and Bolivia in South America form a distinct
group from the northerly haplotypes and diverge by ~4—6% from their neighbor-
ing sister clades (Brown 2000; Viscarret et al. 2003). However, this estimate is
based on a small sample size, and so is not necessarily indicative of reproductive
isolation.
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Global Genetic Divergence

Among the major geographic clades, the Asia-Australia and sub-Saharan Africa
clades exhibit the greatest within-clade divergence, up to 20%, and 26% or more,
respectively (Fig. 2.8). Intermediate levels of divergence, up to ~14%, exists within
the major Mediterranean-North Africa-Middle East clade, whereas, strikingly less
than ~8% within-clade divergence is seen in the major Tropical Americas clade (see
Fig. 2.7a, b and 2.8 for examples). Nevertheless, within-population divergence is
less than between-population differences for all comparisons. Similar results were
obtained in a comparison of over 500 COI sequences representing haplotypes from
the major geographic regions, and are depicted for certain sister clades (Figs. 2.7a, b
and 2.8; Brown et al. 2004a).

An alternative means of illustrating pair-wise variation is through mismatch
analysis (Fig. 2.9). From this analysis, it is possible to discern real differences in
population size and histories, for example, founder events and genetic bottlenecks.
It is possible to deduce that the greatest variability exists in Sub-Sahara Africa, with
the second most in the Asia I subclade. Much less population expansion is evident in
the New World and also in Asia II, whereas, with the North Africa-Mediterranean-
Middle East populations expansion is moderate. Additional studies may reveal the
patterns of ancient migrations and founder events, as well as the relative time frames
of population expansions (and contractions) and extinctions. It is also interesting to
speculate whether additional B. tabaci have migrated out of Africa along the same
corridors as humans in conjunction with the movement of germplasm and its cul-
tivation. An intimate association with humans could feasibly have begun with the
advent of agriculture 10-14,000 years ago. Molecular clock analysis is now needed
to establish the basal taxa and to arrive at sound estimates of evolution for this sib-
ling species assemblage. The complete genome sequence will reveal a multitude
of molecular marker candidates that can then be analyzed using new, more pow-
erful phylogenetic and population genetics approaches (see Czosnek and Brown
Chapter 18).

Selection and Differentiation

Evaluation of conserved and variable sites in the 780 base COI sequence reveals
unusually high divergence at both the nucleotide and protein levels (Brown and Idris
2005). For example, alignment of the consensus amino acid sequence identified 26
polymorphic sites clustered at the C-terminus end of the protein. Whether there is a
functional explanation for this observation is not known.

The inter-population coefficient of genetic differentiation, GsT, was used to esti-
mate the extent of differentiation between haplotypes, irrespective of evolutionary
history. Results indicated an overall differentiation of 0.599 (SE = 0.015), or a rela-
tively high degree of genetic differentiation within the complex. Positive Darwinian
selection was demonstrated for 99 of 141 COI sequences, each representing a sin-
gle individual from worldwide collections (Brown and Idris 2005). The greatest
number of haplotypes exhibiting positive selection were those in the major clade
demarcating Asia I-Australia at 79%, compared to the second greatest for the major
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clade comprising Sub-Saharan Africa haplotypes, at 69%. This is not necessarily
in contrast to percent nucleotide comparisons that have predicted more extensive
divergence in Sub-Saharan Africa populations (Berry et al. 2004; Boykin et al. 2007;
Sseruwagi et al. 2005; 2006), a discrepancy that might be explained by the specific
data sets used in the various analyses. The third greatest differentiation occurred
for the Mediterranean-North Africa-Middle East clade at 60%, while the lowest fre-
quency is evident among haplotypes in the two American Tropics major clades in
the Western Hemisphere.

In summary, the greatest diversification for the B. tabaci sibling species group
based on a rather extensive, though incomplete, representation of haplotypes appears
to be either sub-Saharan Africa (Berry et al. 2004; Boykin et al. 2007; De la Rda
et al. 2006; Hsieh et al. 2006; Sseruwagi et al. 2005, 2006) or Asia (Brown and
Idris 2005; Qiu et al. 2007; Ueda et al. 2009). There is good evidence that genetic
variation is low in the Western Hemisphere, where both inter- and intra-population
divergence and differentiation estimates are very low (Boykin et al. 2007; Brown
and Idris 2005; Viscarret et al. 2003; Zhang et al. 2005; Hadjistylli et al. Chapter 3).
In some instances, mitochondria bar coding has been found to possibly overestimate
the number of species or extent of divergence if based on the inclusion of nuclear
pseudogenes (numts) that can be PCR-amplified with mitochondrial primers (Zhang
and Hewitt 1996). Therefore, validation of the gene source has become essential
(http://www.zen36595.zen.co.uk/avoidance.html).

Nuclear Markers

18S rRNA Gene

The A and B biotype vary by a single nucleotide at the level of the highly conserved
18S rRNA gene (Campbell 1993). The higher order taxonomic tree inferred from
the analysis did not separate the A and B biotypes and so is clearly not informative
at the level of the sibling species group. However, it does support the identification
of B. tabaci in relation to other taxa examined.

Non-coding Nuclear Sequences — Ribosomal ITS1

As mentioned above, non-coding, or intergenic “spacers”, in this case the ITS1
intron that links the ribosomal 18S-23S coding regions (exons), are often found
to be useful for reconstructing phylogenetic trees. The ITS1 has been employed
as a molecular marker (DeBarro et al. 2000) and major phylogeographic group-
ings do not vary discernibly with respect to the COI phylogeny, although branch
lengths differ. Nonetheless, an overall congruence between the two trees is clear.
A combined analysis of the ITS1 and COI nucleotide sequences demarcated the
same major groups, referred to as: (i) Asia + Bali +Australia, Sub-Saharan Africa,
Mediterranean-Asia Minor-Africa, and New World (Boykin et al. 2007; De Barro
et al. 2000, 2005), with Sub-Saharan Africa showing the greatest overall divergence,
as also is observed for the faster evolving mtCO1.
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Sodium Voltage Gated Channel Gene Intron

An intron (domain II, 4-6) (Khasdan et al. 2005; Morin et al. 2002) for the voltage-
gated sodium channel gene intron, also a nuclear non-coding sequence, has been
employed to study a relatively small set of haplotypes. Even so it has proven use-
ful for discerning certain geographical differences, namely in the demarcation of
eastern and western haplotypes from cassava in Africa, which diverge by ~7-8%
(Brown et al. 2004b; Legg et al. 2008). It has also been used to a small degree for
differentiation of haplotypes in Africa and India (Legg et al. 2008). This marker
also was used to discriminate the B biotype from the ISR-Q biotype in insecti-
cide resistance studies among laboratory populations (Alon et al. 2006). The “knock
down resistance” (KDR) or sodium voltage gated channel intron sequence currently
under exploration in several laboratories appears only somewhat less divergent than
the ITS-1 sequence when tested with representative haplotypes (mtCO1). It is pos-
sible that this non-coding region could advance the understanding of the overall
phylogeography, or at least provide another nuclear marker, albeit, non-coding, for
comparative purposes.

Some Biological Characteristics Used to Differentiate Biotypes

The hallmark of the B. fabaci sibling species group is extensive variation in
phenotypic characteristics, including host range, and other phenotypes that were
responsible for the earliest recognition of B. tabaci as a polymorphic and cryptic
complex (Bird 1957; Bird and Maramorosch 1978; Costa and Brown 1990, 1991;
Bedford et al. 1994; Berry et al. 2004; Burban et al. 1992; Costa and Russell 1975;
De Barro and Hart 2000; De Latte et al. 2006; Legg 1996; Maruthi et al. 2001).
Several of these criteria will be discussed in detail.

Host Range and Preference

Monophagous Biotypes

In Puerto Rico, the monophagous JAT-PR biotype was sympatric with the
polyphagous Sida race (Bird and Maramorosch 1978; Bird and Brown 1998; Brown
and Bird 1992, 1996). Establishment of the exotic B biotype with its broad host
range there during the late 1990s lead to rapid displacement of both endemic
biotypes (Bird and Brown 1998).

In contrast, the apparently monophagous cassava-restricted biotype associated
with the severe cassava mosaic disease outbreak caused by endemic viruses and a
new recombinant virus erupted in Uganda in ca. 1990 (Gibson et al. 1996; Harrison
et al. 1997; Legg 1996), and subsequently spread to over eight countries in east-
central Africa (Legg et al. 2002; Legg Chapter 7). In this instance, an exotic West
African haplotype is thought to have invaded east African cassava plantings, trans-
mitting one to three cassava-infecting viruses. The primary phenotype was more
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severe than previously encountered. Research uncovered a new, recombinant bego-
movirus, containing sequences from eastern and western cassava mosaic viruses.
The invader biotype as it became referred to, apparently is more fecund than east
African cassava populations, and also dispersed longer distances, resulting in the
rapid spread of the virus and vector southward in sub-Saharan Africa. The B. tabaci
involved in the post-epidemic was a hybrid between the two vector haplotypes, pro-
viding the first example for hybridization and viable offspring production in nature
(Brown et al. 2004b; Legg et al. 2008). This study also underscores the potential
for a host-restricted begomovirus-B. fabaci sibling species to emerge under optimal
conditions and with profound consequences.

Several biotypes are known from the Eastern and Western Hemispheres that
exhibit limitations in host range. The most common plant family with which they
are associated is the Euphorbiaceae, and many of these are thought to be nearly
monophagous. To rule out the importance of these specialists of euphorbiaceous
hosts as sources of begomoviruses that may emerge in crop species would be a
mistake, because many B. fabaci colonize Euphorbia species and at least six bego-
moviral species have been identified in such hosts that are of economic importance
(Brown and Bird 1996; Legg 1996; Maruthi et al. 2001, 2002).

Monophagy has been most often associated with colonizers of Euphorbiaceae,
including the JAT-PR, the vector of Jatropha mosaic virus (JMV) in Puerto Rico
and the Caribbean region, cassava in Africa and also in India (different haplotype
groups), among others. Although the JMV host range was thought possibly limited
because of its host-adapted monophagous vector, experimental transmission studies
with polyphagous B biotype revealed instead that the JMV host range was limited
by its monophagous vector. Consequently, upon establishment of the B biotype in
Puerto Rico, JMV was found infecting passion vine plants Passiflora spp. (Bird
and Brown 1996), confirming that the vector was responsible for JIMV host bot-
tlenecking. Based on sampling over time and molecular identification, the JAT-PR
biotype appears to have been displaced by the B biotype since it has not been found
on J. gossypifolia since 1994 (J Bird and JK Brown, unpublished data). In 2002,
a rare population of the Sida biotype was identified near Rio Piedras Puerto Rico
by Bird and Brown (see the SIDA-PR COI sequence), however more recent collec-
tions have not produced additional Sida haplotypes but have instead been of the B
biotype.

Polyphagous Biotypes

The best known Old World polyphagous biotypes are the B (B sister clade in the
North African-Mediterranean-Middle East clade) and other B relatives (MS/non-
UG sister clade), and the Spanish-Q (endemic in Spain) and Q-like (Q sister
clade) haplotypes, including SUD-Q, ISR-Q, among others. New World polyphgous
B. tabaci biotypes include AZ-A (USA-AZ and CA lowland deserts) and closely
related A-like haplotypes from Mexico and Central America (Tropical Americas
clade).
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Habitat

Most New World haplotypes that have been studied are found to be adapted to a
range of eudicots and occur in varied habitats spanning desert, Mediterranean, and
dry-subtropical and tropical niches. They are moderately fecund and disperse short
distances in search of food. In contrast, the B biotype prevails in dry, irrigated mono-
culture habitats and exhibits high fecundity, extreme polyphagy, and long-distance
dispersal, and in hot, dry habitats can outcompete at least some New World haplo-
types. The Q-like haplotypes appear to favor higher humidity than the B biotype, but
probably their adaptation to moderate temperature fluctuations is more important.
Analysis of the mtCO1 has revealed a possible origin for the B biotype in the eastern
African Sahel region that probably extends into the Middle East, including in Egypt,
Israel, Jordan, and Iran (Brown, unpublished data), underscoring their favored habi-
tat. These studies also reveal an overlap in geographic and host ranges for Q-like
and B-like haplotypes, there, although the natural range of the Q sister clade also
extends into Europe and Asia, where the B biotype is now invasive, not endemic
(Berry et al. 2004; Brown 2000; Brown et al. 2004a; Frohlich et al. 1999; Sseruwagi
et al. 2005). Also Q-like haplotypes are abundant in northern Africa particularly in
the Sahel region.

Host Range

The host range of the B biotype comprises a large number of eudicot genera and
species: totally 500-600 species for the sibling species group, collectively (Attique
et al. 2003; Bayhan et al. 2006; Cock 1986, 1993.). It seems likely that host range
plasticity accounts for an important adaptive trait, allowing for survival when pre-
ferred hosts are in short supply. This adaptive feature could favor upsurge of new,
more aggressive haplotypes, leading to emergence of previously unidentified bego-
movirus species in crops, given the close dependency of begomoviruses on their
whitefly vector for exposure to new hosts (Brown 2001).

The polyphagous A biotype and relatives have their origin in the southwestern
USA and northern Mexico where irrigated agriculture is practiced nearly year round.
In terms of crop species, it exhibits a preference for bean, cotton, cucurbits, and
composites. It also colonizes a large number of endemic and naturalized eudicots
(Butler and Brown 1985). In this environment, the introduced B biotype showed a
preference for Brassica spp., Solanaceae, composites, Cucurbitacae, Malvaceae and
the Euphorbiaceae, with a marked propensity for cotton, eggplant, squash, tomato,
and lantana.

In Puerto Rico, the Sida biotype host range included legumes, composites, and
species in the Malvaceae, but not cucurbits (Bird and Sanchez 1971; J Bird, personal
communication), as is known for A-like biotypes from the western USA Mexico,
and the Caribbean region, and generally did not prefer solanaceous or Brassica
species. However, pre-biotype B records of B. tabaci in the Florida Department
of Agriculture Division of Plant Industries Museum in Gainesville do include
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cruciferous hosts (P Stansly, personal communication), so perhaps its origin was
distinct from western USA haplotypes.

Dispersal Behavior

Overall, little is known about differences in dispersal behavior, with the exception
of the long distance flight reported for the B biotype noted immediately upon its
introduction into the Americas, where the endemic A biotype was known to move
only short distances between crops and native plant hosts. Also, only short dis-
tance flights were observed between understory plants in Puerto Rico where the
Sida and JAT-PR biotypes predominated until they were displaced by the B biotype
in ~1987-1988 (J Bird, personal communication). These polymorphic behaviors
could perhaps be explained as an adaptation to combat unreliable and seasonally
unavailable food sources brought about by desert weather and subsequently, agri-
cultural practices. Long distance flight behavior (and high fecundity) would seem to
lend itself to greater survivability in desert habitats where seasonal rainfall results
in sudden and prolific plant growth conducive to increased reproductive rates fol-
lowed by migration to locate additional food sources (Brown et al. 2004a; Brown
and Bird 1992). Such conditions are particularly documented in the Sudan, Uganda,
and other locales in the Sahel region of Africa.

Prior to the near-global invasion of the B biotype and reports of long-distance
flight behavior consistent for this biotype, little other information was widely avail-
able regarding this trait. However, such flight behavior has been reported, including
in cotton crops in Sudan where DDT was widely employed to control cotton pests
from the 1950s onward (Dittrich et al. 1990; V Dittrich, personal communication).
Based on what is now known about haplotype distribution in that part of Africa, the
population was probably a Q or B biotype relative. Indeed, insecticide resistance in
the SUD-Q R and S populations has been the subject of studies in the Rothamsted
laboratory in the UK, and these haplotypes originate from the same area afflicted by
aggressive B. tabaci populations described over 50 years ago.

A second example is more recently known from Israel, where silverleaf symp-
toms were first reported in squash plants (Be’eri and Kapuler 1963). This observa-
tion may refer to the introduction of the B biotype, possibly from Africa, having dis-
persed across the Red Sea (haplotype relatives are known in Uganda, Ethiopia, and
Eritrea) (unpublished data) into Israel and Jordan at about this time (AR Horowitz
and A Alabdallat, respectively, personal communication). Subsequently, increased
fecundity and long distance dispersal were noted in agricultural areas, including
heavy infestations in cotton, cucurbits, and tomato crops 1978-1980 (AR Horowitz,
personal communication).

An inventory of flight behavior for the B. tabaci complex has not been carried out
on a worldwide level but it would seem likely that this trait could go hand in hand
with other invasive traits, including extreme polyphagy and fecundity, and perhaps
insecticide resistance if detoxification of allelochemicals and insecticides is found to
be tightly linked. Indeed, one study described elevated free amino acids (concomi-
tant with decreased sugar concentration) and a modified oviposition in response
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to insecticides, with positive fitness affects in the B. tabaci observed in this study
(Abdullah et al. 2006).

Clearly, multiple factors could alter dispersal behavior although these need not
all be “hard-wired”. Perhaps it will be found that certain of these behaviors and
other adaptive responses are modulated by whitefly gene expression in response to
the changing environments in which B. fabaci must adapt and survive in the long
term.

Silvering Phenotype in Cucurbita spp. (and Other Hosts that Exhibit
Phytotoxic-Like Symptoms)

The phytotoxic-like disorder referred to as squash “silverleaf” associated with
B. tabaci was first described in Israel (Be’eri and Kapuler 1963), and later with
B. tabaci in Florida (Yokomi et al. 1990) and specifically with the non-native,
invasive B biotype by Costa and Brown (1990, 1991). As mentioned above, the
silverleaf-inducing MS-like haplotypes from Uganda (Sseruwagi et al. 2005) and
La Reunion Island (Delatte et al. 2005) are close relatives of B biotype in a third
distinct sister clade. The MS biotype from La Reunion is very closely related to the
“Uganda non-B haplotype”, that together form a unique sister clade to the B and Q
biotype sister clades, respectively. These three groups comprise the major North
African-Mediterranean-Middle East clade of the B. tabaci sibling species group
(Fig. 2.7a, b). Interestingly, the two most invasive haplotypes to have emerged in
recent years, the B and Q biotypes, are members of this major geographical clade.

Gene Flow and Reproductive Isolation

Evidence from Reciprocal Crosses Under Laboratory Conditions

The population genetics surrounding gene flow and mating in the B. fabaci sibling
species group are poorly understood. It has been suggested that haplotype-specific
behaviors influence not only gene flow within and between haplotypes, but also fit-
ness and the success of the resultant haplotype. Several studies have focused on
invasive traits in haplotypes that are particularly adapted to contemporary agricul-
tural environments (Perring et al. 1993; De Barro et al. 2006; Liu et al. 2007; see
also Naranjo et al. Chapter 6), but in many ways, these examples generalize and
over-state the potential for members of the B. tabaci to become invasive species.
Abundant evidence suggests the vast majority of B. fabaci haplotypes are relatively
unimportant or not important at all in agriculture, but instead inhabit primarily
uncultivated, endemic and naturalized species (Attique et al. 2003; Bayhan et al.
2006; Butler and Brown 1985; Bird and Maramorosch 1978; Delatte et al. 20006;
Mound 1963; Mound and Halsey 1978). However, an argument could be made
for convergent evolution of the common traits needed to adapt to both kinds of
non-static environments.
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Reproductive behaviors and factors that confer mating compatibility, and there-
fore patterns of gene flow, remain unsatisfactorily elucidated. This is due, in part,
to the relatively few studies that have been carried out, particularly in comparison
to the vast number of haplotypes that prevail. Even so, an overriding caveat to the
mating studies that have been carried out is that experimental conditions have been
highly variable. Improved experimental design and representative haplotypes for
such studies would go a long way to reduce experimental error and clarify discrep-
ancies presently apparent between different laboratories. Also new behavioral and
molecular tools that enable pedigree testing of parents and offspring (COI, KDR,
others) are available to facilitate quantitative assessment of key mating behaviors
and their outcomes (Walker and Perring 1994; Liu et al. 2007; Perring and Symmes
2006).

Logic would suggest that reproductive isolation would be expected to some
extent between haplotypes in a sibling species group. The worldwide distribution
in tropical and subtropical latitudes imposes geographical barriers to gene flow.
Host plant isolation could also result in behavioral or post-zygotic isolation in
sympatric haplotypes. Taken together with the extensive plasticity conjectured to
promote rapid adaptation to variable and even changing conditions, it seems likely
that a number of as yet unknown factors influence gene flow directly and indi-
rectly. Gene flow patterns may run the gamut from local to long distance. Further
host preferences/range barriers are expected to come into play in a sibling species
group exhibiting host range extremes from monophagous to polyphagous. Thus,
gene flow is likely to be straightforward and direct, or highly complex and indirect.
Factors involved in human-mediated movement of plants harboring B. fabaci further
increase the complexity. Thus, it is not possible to unequivocally state precise cut-
offs or to delineate or define the extent of gene flow, nor can the associated behaviors
that delimit gene flow be inferred by extrapolating solely from phylogeographic
inferences. Likewise, phylogeography can provide a guide, but does not provide
a substitute for carrying out sound biologically experiments (environmental con-
trol, backcrosses) that implement reliable technologies to assess and unravel mating
behaviors (monitoring, quantitative analysis) in relation to estimates of gene flow in
parents, offspring, and back cross populations (microsatellites, SNPs, others).

Specific Results and Trends

Several studies have been carried out for isolates of the B biotype and Q/Q-like
relatives, owing primarily to their status as agricultural pests that have developed
insecticide resistance or as an invasive haplotype whose movement was mediated
by human activity. However, haplotypes that attain pest or invasive status are minor
representatives of the group as a whole, so these results may or may not be rele-
vant to more benign haplotypes. A survey of the literature reveals that, in general,
two types of studies have been carried out: those involving allopatric or sympatric
haplotypes. In a few cases, monophagy and polyphagy have also been taken into
account.
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Sympatry and Sister Clades

Studies involving sympatric haplotypes in different sister clades of the major North
Africa-Mediterranean-Middle East have reported similar and contradictory results:
A single female offspring was produced from a cross between the invasive B biotype
and the SUD-Q, native to Sudan (Byrne et al. 1995; Bedford et al. 1994). SUD-Q
is a close relative to the Spanish Q, members of the same Q sister clade, whereas,
the B biotype is placed in a separate sister clade. Both are classified in the same
major clade (North Africa-Mediterranean-Middle East), which spans both sides of
the Mediterranean Sea to Europe, including Turkey, the Middle East, and the North
Africa-Sahel region.

e Ronda et al. (2000) reported minimal or no gene flow between biotype B and the
Spanish-Q biotype under laboratory conditions.

e In mixed B and Q field populations, hybridization was not detected based on
genetic analysis (Moya et al. 2001).

e In a study involving Spanish-Q x B crosses, a few female offspring were
produced in reciprocal crosses between the Spanish-Q x B (Hadjstylli 2003;
Fig. 2.3). Experiments were conducted to investigate the potential of the two bio-
types to interbreed and whether behavioral aspects of mating and courtship were
barriers to successful copulation, and thus, of interbreeding between biotypes.
One experimental result provided evidence for successful mating in recipro-
cal inter-biotype crosses. The progeny were viable and fertile, although the
hybridization rate was significantly lower than intra-biotype crosses (P<0.001).
A second observation was that inter-biotype pairs spent more time courting than
intra-biotype pairs, and copulation in inter-biotype pairs only occurred in rare
instances. In addition, the behavioral patterns were thought to account for unsuc-
cessful copulation in the inter-biotype pairs, leading to asymmetric mating, based
on observations that Q biotype males were more active and courted females
of either biotype more readily than did B biotype males. This suggested that
in sympatry, Q males could have a competitive advantage over the B biotype
males.

e Similarly, female offspring were not produced in ISR-Q x B biotype crosses. It
should be noted that the ISR-Q is a distinct and geographically isolated haplo-
type compared to the Spanish Q, and both group within the Q sister clade (AR
Horowitz and JK Brown unpublished data). Field interactions between mixed
biotypes that are members of distinct sister clades within the same major clade,
were examined using population genetics methods. The native MS and the intro-
duced B biotype exist sympatrically in La Reunion since the recent introduction
of the B there. Using microsatellite markers to study field population-host inter-
actions, the two biotypes were found to colonize a suite of unique plant species,
some of which they shared in common. No evidence of interbreeding between
MS and B biotypes (Delatte et al. 2006) was observed. The two biotypes are not
naturally sympatric, but they are about as closely related to one another as are the
B and Q-like biotypes.
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Allopatry

There are several studies of potential gene flow studies under allopatry. Pascual and
Callejas (2004) studied intraspecific and interspecific mating in mixed colonies of
the B biotype (Tenerife) and Q (Majorca). Whether the Majorca Q has been intro-
duced from mainland Spain or is indigenous to the island is not known. Based
on fecundity (number and density of eggs, instars; developmental rate; mortality)
and sex ratio, they predicted that B should displace Q biotype. They observed an
increase in population size of B biotype compared to Q in a single generation, from
50 to 79%, and a higher ratio of B to Q female offspring. Reproductive interference,
based on lower reproductive rate of the Q, or differential resource acquisition was
cited as a possible mechanism (Pascual 2006).

Female offspring were produced bi-directionally in reciprocal crosses of two
New World endemic populations, naturally isolated by host preference and also by
geography. These same biotypes when mated to the introduced, non-endemic B bio-
type yielded viable offspring unidirectionally. For example, AZ-A x JAT-PR were
bidirectional, whereas AZ-A or JAT-PR crosses were unidirectional.

In Australia the WAN and EAN haplotypes belong to the native Australian
(Asian-Australian clade) and occur in proximity to one another but are host isolated.
The B biotype groups with the North Africa-Mediterranean-Middle East clade and
are not naturally sympatric with either of them. The cross between the invasive B
biotype and WAN was marginally compatible, whereas the cross between B with
EAN produced no female offspring (De Barro and Hart 2000). Thus, at least some
gene flow may be possible between some members of these two major clades.

Host-restricted and geographically isolated cassava-haplotypes extant in India
and Africa respectively did not produce viable female offspring. Similarly, when the
Indian cassava type was mated to a sympatric, polyphagous (non-cassava specialist)
(Maruthi et al. 2001) haplotype no female offspring were produced (Maruthi et al.
2002). In this case it appeared that no gene flow occurred.

Qiu et al. (2007) studying phylogeography in relation to the host associations for
haplotypes from China and India showed that haplotypes associated with cassava or
other euphorbiaceous species were also found on other hosts. Thus, it is not entirely
certain which, if any haplotypes might be cassava-adapted in India. Some may be
strictly monophaous while others are polyphagous, as also is suspected for African
haplotypes (Sseruwagi et al. 2006). This strategy could ensure adaptability under
conditions when cassava is scarce.

Liu et al. (2007) reported studies with two allopatric haplotypes endemic to China
(ZHJ1, ZHJ2) and the B biotype, mated in all possible combinations. The Chinese
haplotypes, each from a different locale, exhibited mating compatibility. However,
in reciprocal crosses, ZHJ1, and ZHJ2 females copulated with B males, whereas, B
females rejected ZHJ1 and ZHJ2 males and copulated only with B males. Because
the two heterologous females mated frequently and longer with B males, homolo-
gous males are thought to have had fewer opportunities to approach their respective
females, which significantly reduced the number of native female offspring pro-
duced. These results were reported to reveal a new mechanism by which the
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B biotype imposes displacement through mating competition and corroborated a
similar pattern reported by Hadjistylli (2003) mentioned above, which predicted that
the Q biotype would displace the B biotype. In this scenario, it was the Q biotype
that out-competed the B for attention to homologous and heterologous females.

An example of allopatric populations that have produced hybrid offspring comes
from molecular evidence for hybridization between the Uganda 1 (east Africa
native) x putative west African Uganda 2. The latter is thought to be a recent intro-
duction that catalyzed the initiation of the severe cassava mosaic disease, which
involves several virulent begomoviruses (Legg et al. 2002, 2008). If so, this new hap-
lotype would be the first naturally occurring hybrid documented. The extreme fitness
(high fecundity) of this east-west hybrid is hypothesized to have been the driv-
ing force behind the severe cassava mosaic virus pandemic in eastern and Central
Africa, beginning in Uganda in 1990 and spreading to at least 8 countries as of 2008
(Legg et al. 2002, 2008; Legg Chapter 7; JK Brown and JP Legg, unpublished data).

Among New World haplotypes examined together and/or in crosses with the
B biotype, Costa et al. (1993) reported that several female offspring were pro-
duced in AZ-A x Arizona B (AZ-B) crosses, but were unable to corroborate this
result. Caballero (2007) carried out all possible reciprocal crosses of single pairs and
groups of 20 males and females of polyphagous AZ-A (Tropical Americas, native
to southwestern USA), the polyphagous AZ-B (North Africa-Mediterranean Middle
East clade), and the monophagous JAT-PR (Tropical America clade-Caribbean).
Maternal hosts were used for all crosses, either cotton or J. gossypifoli. Female off-
spring were produced in all but two combinations, AZ-BQ x AZ-Ad", and AZ-BQ x
JAT-PRJ'. In this case at least, the Old World haplotype (AZ-B) was reproductively
isolated from both New World biotypes, one polyphagous (AZ-A) and the other
monophagous (JAD-PR). The AZ-A and JAT-PR are infected with divergent CI
(cytoplasmic incompatibility)-causing bacteria Cardinium (Weeks et al. 2001) and
Wolbachia (Stouthammer et al. 1999), respectively. In contrast, no CI bacteria could
be detected in AZ-B, either by polymerase chain reaction or fluorescent hybridiza-
tion. This difference could feasibly explain the observed unidirectional production
of offspring from AZ-B crosses with either AZ-A or JAT-PR, given the expected
restricted gene flow due to post zygotic interference from CI bacteria (Brown et al.
1998; Caballero 2007; Caballero and Brown 2008; Caballero et al. 2001).

Endosymbionts of the B. tabaci Complex

Endosymbionts of B. fabaci are reviewed by Rosell et al. (Chapter 5) and briefly
summarized here because of their relevance to speciation. The earliest studies
on endosymbionts for B. tabaci were conducted prior to molecular tool develop-
ment. Costa et al. (1995) described three symbiont morphotypes associated with the
B. tabaci colonies maintained in the Arizona laboratory, AZ-A, AZ-B, and JAT-
PR. A pleomorphic morphotype and another referred to as coccoid type I were
observed in all three biotypes, but a third type, coccoid type II, was present in only
AZ-A and JAT-PR biotypes. The pleomorphic morphotype, later named Candidatus
Porteira aleyrodidarum (GenBank AY268082), has no visible cell wall and has been
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identified as the primary symbiont of B. fabaci, (Thao and Baumann 2004a, b).
It is most closely related to pseudomonads and not to E. coli, as are the primary
symbionts of aphids.

Secondary Symbionts

The two coccoid types were both characterized by Gram-negative cell walls and
inner and outer cell membranes. Both types of have been identified in 13 white-
fly species based initially on electron transmission studies (Costa et al. 1995) and
later on 16S rRNA or 165-23S rRNA sequence analysis, respectively. These are
considered to be secondary and important, but non-essential (Thao and Baumann
2004a, b). Secondary symbionts are associated with all well-studied homopterans,
and their specific biological role is not known. They may contribute to adaptation
and ecological fitness, and their diversity is greater than primary symbionts (Chiel
et al. 2007; Costa et al. 1995; Zchori-Fein and Brown 2002).

Molecular analysis of endosymbionts indicated that the AZ-A and AZ-B har-
bored a T-type symbiont, whereas, the “A-type symbiont” (Arsenophonus spp;
Enterobacteriaceae, Proteobacteria) was associated with the remaining 11 species
examined. The whitefly “T-type symbiont” (“Type I’ according to Costa et al.
1995) is most closely related to T-type symbionts of aphids and the wasp, Nasonia
vitripennis (Walker) (Thao and Baumann 2004a, b).

Coccoid type II morphologies (0.66-0.78 x 0.70-2.5 pm; cell wall ~30 nm)
were associated with the AZ-A and JAT-PR biotypes (Costa et al. 1995). The mor-
photype observed in the AZ-A biotype had a distinctive filament-like structure in
the cytoplasm that has recently has been identified in mites and dipteran parasitoids
as Cardinium, which causes cytoplasmic incompatibility (Weeks et al. 2001, 2003).
The coccoid type II bacteria was grouped in clusters in AZ-A ovarian tissues in
greater numbers than the coccoid type I, a feature that is consistent with transovar-
ial transmission typical of other sex-ratio distortion bacteria (Weeks and Breeuwer
2003; Stouthammer et al. 1999). In contrast, a coccoid type II symbiont was found
in JAT-PR whiteflies scattered in groups similar to what was observed for coccoid
type I is suspected to be Wolbachia (Stouthammer et al. 1999). This is consis-
tent with the unidirectional pattern of reproduction observed in JAT-PR x AZ-B
crosses.

In an independent study, a Chlamydia species was associated with field collection
of B. tabaci and also with the laboratory colonies: AZ-A, AZ-B, and JAT-PR, based
on PCR amplification of the 16S rRNA gene (Zchori-Fein and Brown 2002). These
results support the hypothesis that secondary symbionts have infected B. tabaci mul-
tiple times, some being horizontally transmitted (Douglas 1998; Thao and Baumann
2004a, b).

Wolbachia and Cardinium Infection

Wolbachia and Cardinium can cause reproductive abnormalities, including sex-
linked mortality in arthropods. Both of these kinds of organisms have been identified
in B. tabaci using molecular approaches (Brown et al. 1998; Caballero 2007,
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Caballero and Brown 2008; Weeks and Breeuwer 2003; Weeks et al. 2001, 2003;
Zchori-Fein et al. 2001), which support conclusions of Costa et al. (1995) based on
electron microscopy examination of the identical colonies used for mating studies
(Caballero 2007).

In another example, Wolbachia influenced sex ratio by re-directing developmen-
tal programs, sometimes causing female mortality (i.e. CI) (Stouthamer et al. 1999).
Cl is thought to manifest as unidirectional incompatibility by creating a post-zygotic
barrier in which uninfected females do not produce female offspring. However,
when a mixed infection occurs, infected females may produce female progeny, as
observed in B. tabaci doubly infected with Cardinium and Wolbachia (Caballero
2007).

In summary a diverse suite of prokaryotes is associated with the B. tabaci
sibling species group. It is well known in other arthropods that endosymbionts influ-
ence adaptation, fitness, survivability, sex ratio, and even reproductive isolation. A
metagenomic analysis of diverse biotype-endosymbiont complexes in B. tabaci and
other species would address this interesting hypothesis.

Conclusions

The crossing studies reported here represent experiments conducted under different
conditions with different haplotypes that are of agricultural importance, a small sub-
set of haplotypes that may or may not be representative of the larger overall species.
Nevertheless, the available results suggest a trend in which sympatric haplotypes
were more likely than allopatric haplotypes to exhibit reproductive isolation. In
other sibling species scenarios, gene flow can occur by direct transfer between com-
patible haplotypes, or indirectly between selectively compatible genotypes. Taken
together, these results suggest that, as with other sibling species, gene flow within
the B. tabaci group occurs between some but not all members and thus may be
incomplete. Although speculative, this hypothesis is testable using strategic field
collections and informative populations markers.

Other haplotypes that could be studied to test an allopatric-sympatric bar-
rier hypotheses, are: (1) members of the B-like and Q-like sister clades, e.g.
sympatric in North Africa and the Middle East; (2) the Q clade including the
Spanish-Q and related haplotypes: TC (Turkey), SUD-Q, ISR-Q, and Tenerife-Q,
all polyphagous haplotypes native to the Mediterranean region but not sympatric;
(3) the polyphagous MS and non-B haplotypes comprising the same sister clade but
not sympatric; (4) B- and Q-like haplotypes in Egypt, Israel, Jordan, Uganda, and
Sudan that are sympatric (Berry et al. 2004; Brown, unpublished data; Delatte et al.
2005, 2006; Sserwuwagi et al. 2005); (5) Q-like haplotypes sympatric or allopatric
with the S bioype (Spain and sub-Saharan Africa), (6) T haplotypes (Demichelis
et al. 2005) that occur in the Mediterranean islands and Italy that are not sympatric
(Berry et al. 2004; Demichelis et al. 2005; Simon et al. 2003); (7) two New World
haplotypes that are geographically and host isolated, one being a desert dweller
while the other is tropical (A, Jat); (6) EAN and WAN that are native to Australia and
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isolated from all other haplotypes; and (7) ZHJ1 and ZHJ2, sympatric haplotypes
endemic to China (Liu et al. 2007).

Widespread discontinuous gene flow in B. tabaci could explain why barriers
exist between some, but not all, populations. Gill and Brown (Chapter 1) suggest
that B. tabaci probably inhabited the earth before the most recent continental rear-
rangements occurred. If so, continuous gene flow may have once been common
and possible. Following continental drift that achieved our extant configuration,
climate change, and habitat adaptation, gene flow has been interrupted between
certain haplotypes. Even so, catastrophic geologic and weather/climate events and
human activities have fostered whitefly movement in various ways sufficient to bring
together divergent haplotypes that have enabled periodic gene flow between hap-
lotypes in the absence of reproductive barriers that either did not develop during
isolation were subsequently shed. There is evidence that supports different mecha-
nisms of reproductive isolation that could result in discontinuous gene flow within
this sibling species assemblage.

Well-known biotypes of B. tabaci are now readily distinguished using bar cod-
ing and the extensive COI reference database. The most informative approach
utilizes PCR amplification and DNA sequencing of the 780 base pair COI frag-
ment that provides immediate identification upon comparative sequence analysis, or
reveals a previously unstudied haplotype. Even so, morphological analysis iden-
tification remains the most common method for identifying B. tabaci in many
laboratories.

A major impediment to advancing the biotype concept is the shortage of biologi-
cal data available for the growing number of well-defined genetic variants. There is
a need for 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. New and expanded population
genetics tools are needed to further resolve key questions regarding gene flow and
reproduction in the B. tabaci sibling species group. Microsatellite analysis of lesser-
known haplotypes, and additional sister-, sub-, and major-clades is essential. With
expanded microsatellite sets, it will become possible to employ high throughput
SNPs and other new approaches to investigate population-level questions at more
informative levels.

The B. tabaci sibling species group holds enough mysteries to fuel scientific
inquiry for many years to come. Determining the whitefly genome and tran-
scriptomes for representative biotypes will soon be possible, and at a fraction
of yesterdays costs. The availability of the proteome will make it possible to
link genotypic with phenotypic traits and reveal gene expression patterns that
may underpin biotype formation and other important processes that contribute
to behavioral plasticity in B. tabaci. Identifying proteins conserved in arthro-
pods as a group and also in cross-kingdom interactions will pinpoint genes
involved in adaptive processes ranging from reproductive isolation to phenotypic
plasticity, as well as the basis for morphological recalcitrance, and the cellu-
lar basis of virus-vector specificity, collectively under diverse and challenging
environments.
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Chapter 3

Tools and Recent Progress in Studying Gene
Flow and Population Genetics of the Bemisia
tabaci Sibling Species Group

Margarita Hadjistylli, Judith K. Brown, and George K. Roderick

Introduction

The use of molecular markers in the Bemisia tabaci complex has been a definitive
step in identifying the enormous genetic diversity hidden behind the morphological
likeness among its members (see Gill and Brown, Chapter 1), and in determin-
ing interrelationships. The presence of biologically-based biotypes in B. tabaci was
first realized in the 1950s by Bird (Bird 1957; Bird and Maramorosch 1978), who
found that morphologically indistinguishable populations of the whitefly differed
substantially in biological and ecological traits, including host range, adaptability
to different hosts, and plant virus-transmission efficiencies. Later studies used eco-
logical and biological experiments to examine mating compatibilities as well as
differences among distinct populations in phytotoxic induction, insecticide resis-
tance, and behavior (Brown et al. 1995b). The use of molecular markers, starting in
the late 1980s with allozymes, was an attempt to assess variability at the molecu-
lar level and provide a tool to distinguish among biological and ecological variants.
Allozymes were used for more than 10 years in B. tabaci studies for identification
of certain variants in a region, and also served as the basis for biotype characteri-
zation and nomenclature which is still largely in use today. Interest in the B. fabaci
system grew following the first major outbreak of the invasive B biotype in the
southwestern United States in 1991, and the subsequent displacement of the indige-
nous A biotype (Brown et al. 1995b). The worldwide expansion in range of biotype
B in the years that followed, accompanied by significant economic consequences in
the agricultural sector, prompted an international effort involving intensive studies
aimed at understanding genetic variability and possible correlations with host use
and/or geographic origins.

While the use of allozymes revealed significant polymorphism within B. fabaci,
rapid technological advancements in the field of molecular genetics allowed the
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exploitation of new, neutral multilocus molecular markers. A wealth of literature
continues to be produced by research laboratories worldwide using molecular tools
to examine differences among biotypes in biological and ecological traits including
host use, virus transmission efficiency, insecticide resistance, breeding incompatibil-
ity, endosymbiont composition, and finally, geographical distribution. Most of these
studies have only been able to make associations between these characteristics and
genetic variants leading to general conclusions about the genetic and geographic
structure of biotypes.

The use of molecular markers in B. tabaci has not only revealed important bio-
logical information, but also has practical applications. In pest management for
example, it is useful to identify specific biotypes that are associated with eco-
nomically important traits, including invasiveness, ability to disperse, insecticide
resistance, higher potential for plant damage and transmission of plant viruses.
For example, specific molecular markers were developed to identify the invasive
B biotype and track its spread into new regions. This ability to determine early the
presence of a biotype possibly carrying resistance alleles in a new region has allowed
timely adjustments in management practices in the USA and elsewhere. Molecular
markers have also been used to identify and track natural enemies of B. tabaci in
its native range, making use of correlations between the biogeographic lineages,
and pinpointing the most likely geographic locale to scour for natural enemies that
co-evolved with their whitefly host (Kirk et al. 2000).

More complex issues can also be addressed with the use of genetic markers cou-
pled with appropriate analyses. For example, one can ask questions concerning the
colonization history of a biotype in an area, e.g., when was a biotype introduced
in an area, where did it come from, and what route did it follow? One can also
address the demographic history, including the founding effective population size,
the extent of a genetic bottleneck associated with the founding event, and the pattern
of subsequent population growth. A final, and often neglected point is that different
genetic markers may originate from different parts of the genome, and as such, may
have distinct properties that will affect suitability for certain studies. The choice
of markers should therefore depend on the question one is seeking to answer, the
objectives of the study, the extent of genetic polymorphism required to address the
specific questions, and the statistical approaches available for the application of each
technique (Parker et al. 1998).

This review aims to provide a historical perspective on use of the types of multi-
locus molecular markers that are available to study population genetics of organisms
in general. At the same time, we highlight studies of the B. fabaci sibling species
group, which therein illustrates the paucity of available population genetics data
from which profound or definitive conclusions can be drawn. The use of allozymes
to categorize biotypes based on esterase bands is summarized, as well as the use of
markers and microsatellite allele frequencies to detect fine scale population differen-
tiation. We distinguish between markers based on protein variation, DNA sequence
variation and frequency variation through the polymerase chain reaction (PCR). For
each, we provide an overview of the marker system, outline advantages and limita-
tions, and provide a review of the applications (Table 3.1). We conclude by noting
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considerations for the selection of molecular markers and prospects for future
studies of the B. tabaci sibling species group, or complex.

Protein Markers

Enzyme Electrophoresis

Allozymes are biochemical variants of an enzyme encoded by different alleles at
the same locus, whereas the term isozyme refers to variants of an enzyme encoded
by different loci (Lowe et al. 2004). Thus, the use of allozymes as markers relies on
obtaining different allelic variants for the same enzyme when screening individuals
from one or more populations. Detection of allozyme variation was introduced in
the 1960s and represents the first use of true molecular markers (Schlétterer 2004).
Enzyme electrophoresis is based on the fact that non-denatured proteins with dif-
ferent net charges have differential mobility when moving through a gel to which
an electrical current is applied (Avise 2004). If an enzyme marker is polymorphic,
meaning it has different variants in the same or different individuals, then the data
produced are visible in the gel as different bands, representing different alleles.
Thus, differences in the overall banding pattern obtained for different populations
indicate that there is some degree of genetic differentiation between the populations,
at least for that particular locus. In most cases, heterozygous individuals will be
distinguished from homozygotes as having two bands (alleles) for a specific locus.

Uses, Assumptions, and Limitations

The first studies that utilized allozyme markers were undertaken by Harris (1966) to
quantify variation in populations of humans and by Johnson and colleagues (1966)
and Hubby and Lewontin (1966) to assess variation in natural Drosophila popu-
lations. Since then, allozymes have been used in many systems to examine and
analyze the degree of genetic differentiation, inbreeding, genetic drift, and gene flow
between populations (migration/hybridization) (Hoy 2003), as well as to provide
evidence for polyploidy and introgression between species (Lowe et al. 2004).
Development of an array of methods of data analysis and interpretation for
allozymes, together with the large availability of protocols (Lowe et al. 2004), facil-
itated their use in studies of insects and other organisms. Also, the ease and low
cost of application for large numbers of samples allowed their extensive use across
laboratories and for different study systems. Although a large number of allozymes
proved not to be polymorphic for some species, their initial use provided much more
information about intraspecific variation than earlier genetic markers which relied
on phenotypic Mendelian traits such as flower or fruit color (Parker et al. 1998).
The amount of polymorphism that can be revealed using allozymes is limited,
as they only allow detection of variation at the protein level, i.e., only what DNA
encodes for, not variation in DNA itself (Schlotterer 2004). For example, mutations
occurring in introns or synonymous substitutions in DNA sequences that code for
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the same amino acid and thus not reflected at the protein level cannot be scored
with allozymes (Behura 2006). As a result, much of the polymorphism observed at
the DNA level goes undetected with allozymes, leading to underestimation of true
genetic variation. Furthermore, because allozymes are proteins encoded by genomic
DNA, some of the observed polymorphism may not be neutral and thus could have
been exposed to selective processes, potentially obscuring analysis and data inter-
pretation. For example Karl and Avise (1992) showed that balancing selection acting
upon enzyme loci rendered them poor markers for estimation of genetic variation
in oysters and provided misleading evidence for gene flow whereas mitochondrial
DNA and nuclear RFLPs showed high degrees of genetic structure and population
subdivision.

Limitations during practical application may also be an issue with allozyme anal-
ysis, as it requires high quality samples that must be kept alive or deeply frozen
until use. In addition some bands generated with allozyme analysis may not follow
Mendelian inheritance (Roderick 1996), confounding data scoring and interpreta-
tion. Finally, enzyme markers provide little genealogical information, and as such
they have limited applications for systematics and phylogenetic studies (Buth 1984).

Applications of Allozyme Analysis to Bemisia tabaci

The use of allozymes was the first attempt towards resolving genetic diversity
among whitefly species. The first study was conducted by Prabhaker et al. (1987),
who exploited variation in nonspecific esterases (enzymes that hydrolyze esters) to
differentiate three whitefly species. Subsequent studies were carried out in the late
1980s — early 1990s to look for polymorphism within B. tabaci. Wool et al. (1989)
used general esterases and a-Glycerophosphate dehydrogenase isozymes to assess
polymorphism in populations from Colombia and Israel and showed that esterases
were variable between the two B. fabaci populations.

The earliest detailed study of B. tabaci variants using general esterases was
undertaken by Costa and Brown (1991), who identified the distinct “B” band and
proposed the A and B biotype nomenclature. In this study, esterase variation was
assessed in native polyacrylamide gels (PAGE) using a- and B-naphthyl acetate as
substrates. The two B esterase bands, unique to a population derived from imported
poinsettia plants (named the B type for the unique pattern in lane B), migrated
faster than two major bands associated with a colony of B. fabaci from Arizona
in the USA reared on cotton or pumpkin (later named the A type for the unique
pattern in lane A). Importantly, the B type electromorph was associated with the
squash silverleaf (SSL) phenotype in Curcubita spp. (Costa and Brown 1991), thus
providing a second distinguishing trait used to separate B type from non-B type
whiteflies. The SSL induction was later shown also to be associated with a variant
of B. tabaci from Yemen (YC), which was characterized as having the two distinc-
tive B type bands, plus one additional faster migrating band (Bedford et al. 1994). In
further pursuit of the origin of the B biotype, additional possible correlations were
sought. The SSL phenotype was found associated with a population of B. tabaci
in Uganda (Sseruwagi et al. 2005) and another from the Indian Ocean islands



3 Tools and Recent Progress in Studying Gene Flow and Population Genetics 75

(Byrne et al. 1995); both haplotypes are members of sister clades to that housing the
B biotype but all are members of the major N. Africa-Mediterranean-Middle East
major clade (Berry et al. 2004; Delatte et al. 2005; Sseruwagi et al. 2005, 2006).
Although esterase profiles were not examined for either population, these results
have revealed that the SSL phenotype is not strictly linked with the B biotype, but
most likely, is a trait associated with it and some of its closest relatives (Brown 2007,
Delatte et al. 2005; Sseruwagi et al. 2005).

Allozyme markers were also employed to test for host specificity of populations
with different allozyme patterns. Burban et al. (1992) used isozyme electrophore-
sis in an attempt to identify host-associated differences among sympatric B. tabaci
populations in the Ivory Coast of West Africa. The study revealed two different
esterase profiles that corresponded to the host range of two B. tabaci biotypes,
the polyphagous okra and monophagous cassava biotypes. In another study in
Colombia, however, Wool et al. (1991) showed that esterase profiles were not cor-
related with specific host-plant species, but differed between geographic locations.
Furthermore, in a study from Israel, esterase profiles failed to show correlation with
host plant or geographical location (Wool et al. 1993), suggesting that, in general,
esterases were useful markers for detecting variants based on banding patterns but
not for determining host plant associations.

The presence of the poinsettia strain or “B” biotype in California, USA, which
was suspected since 1990 (Costa and Brown 1990), was confirmed by Perring et al.
(1992) with the use of isoelectric focusing (IEF), a technique that is based on
the separation of molecules by their differing electric charges moving through a
changing pH gradient. In this study, allelic variation in 18 loci encompassing 14
enzymes was assessed in whitefly populations from poinsettia, cotton, and broc-
coli. Perring et al. (1992) identified 6 loci that were polymorphic, with the cotton
strain (A biotype, Western Hemisphere) expressing unique alleles, in contrast to
the poinsettia and broccoli isolates of the B biotype (Eastern Hemisphere) that
were identical in presence/absence of alleles and in induction of SSL symptoms
in squash. This degree of divergence, together with evidence for reproductive iso-
lation, was considered sufficient to warrant the description of the B biotype as a
separate Bemisia species (see section below). However, subsequent examination of
additional haplotypes representing different extant geographical origins revealed a
far more complex scenario, with evidence for a range of differentiation across the
complex (Brown et al. 2000). Using the above criteria, together with evidence for
reproductive isolation, many species would require recognition even though biolog-
ical data are unavailable for most taxa investigated using molecular and population
biology approaches.

Protein Polymorphisms

General esterases were the first B. tabaci proteins explored in the search for genetic
(biochemical) polymorphisms, providing corroborative support for observed pheno-
typic variation. The use of general esterases (allozymes), combined with biological
and morphological studies facilitated the discovery that the A and B biotypes were
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genetically and phenotypically different. These results established the A and B bio-
type nomenclature as noted above. Additional polymorphic patterns were assigned
alphabetical designations. Protein polymorphisms were supported by differences in
host range and fecundity, and evidence that the poinsettia type induced phytotoxic
silvering symptoms in the leaves of pumpkin, whereas, the Arizona cotton colony
did not. The esterase polymorphisms were useful for revealing genetic differences
between the two biologically distinct populations, thereafter, referred to as the A
(endemic isolate) and B (poinsettia isolate) biotypes.

Allozyme frequencies were used by Perring et al. (1993) along with data from
behavioral and crossing experiments to characterize the recently introduced (to
North America) B biotype (common name, silverleaf whitefly) as a new species.
Bellows et al. (1994) described the species as Bemisia argentifolii Bellows &
Perring, distinct from B. tabaci based on mating incompatibilities, morphological,
and behavioral differences, along with evidence for differential migration distances
of allozymes for three enzymatic systems. Although now it is generally accepted
that B. tabaci represents a sibling species complex (Brown et al. 1995a, b), with the
silverleaf whitefly or biotype B (Costa and Brown 1990, 1991) falling somewhere
within a continuum, rather than as a separate species, these latter data together with
distinctive esterase profiles (Brown et al. 1995a; Costa et al. 1993) provided the first
insights into the unexpected extent of genetic diversity present within B. tabaci.

Studies that followed confirmed the extensive variation at the protein level among
distinct B. tabaci populations, and esterase electromorphs were used to categorize
variants into biotypes given alphabetical designations following Costa and Brown
(1991). In addition, the use of the variable esterase patterns was expanded to include
studies that investigated the biogeographic distribution of B. fabaci variants. For
example, in a survey over the Americas and the Caribbean basin, Costa et al (1993)
found the A biotype in Northern Mexico and Southwestern USA, and the B biotype
predominating in distribution and present throughout most of the Caribbean basin,
the USA, and Brazil. They also found, however, that Costa Rican and Nicaraguan
populations of B. tabaci exhibited distinct esterase patterns, namely C and D type,
respectively. In another study, Brown et al. (1995a) examined esterase profiles for
over 40 populations of B. tabaci and found 12 non-A or non-B electromorphs, rep-
resenting unique populations from Central America, Africa, Middle East, and India.
The same study confirmed the widespread distribution and abundance of the B-
type, and concluded that given the extreme amount of genetic diversity, B. tabaci
was likely a species complex.

Extensive monitoring studies made it possible to identify and characterize more
polymorphic variants based on distinctive esterase banding patters, and also to doc-
ument the extensive genetic differentiation within B. tabaci. Brown et al. (2000)
analyzed 21 populations in the Bemisia genus using isoelectric focusing elec-
trophoresis, and found that 9 of these populations exhibited polymorphism in
allozyme loci. They further analyzed these populations using 10 enzymes and were
able to cluster these into 3 main groups: Western Hemisphere A- type variants, B-
type variants and a single population from Benin, West Africa. The genetic distances
(measures of the degree of dissimilarity between groups of individuals) among these
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variants ranged between 0.03 and 0.52. Based on Nei’s (1976) genetic distance, the
values calculated in this study were suggestive of species level boundaries, again
suggesting that B. fabaci possibly represents a complex with more than one species
(Brown et al. 2000). The limited availability of multiple informative markers has
hindered progress greatly in advancing our thinking about the status of B. tabaci as
a sibling species complex or a suite of separate species, or some of both. For exam-
ple, a single informative nuclear marker (ITS-23S) and two mitochondrial markers
(16SRNA, COI) have been explored in an attempt to advance one hypothesis or the
other (see Brown (Chapter 2) for coverage of these molecular markers). Hopefully
the necessary studies will be carried out in the next 5 or more years.

Esterases as Markers

With the discovery of the invasive and highly damaging B biotype, and its associated
esterase pattern (Costa and Brown 1991), the use of esterase electrophoresis proved
to be a very useful and powerful tool in detecting and tracking the worldwide spread
of the B type via trade of plant material, particularly poinsettias. Hence, the first
surveys of this kind documented the presence of the B biotype in the United States
(Costa and Brown 1991; Perring et al. 1992), in the Caribbean Basin and Brazil
(Costa et al. 1993) in the Middle East, Central America, Northern Europe (Byrne
and Devonshire 1993), in Australia (Gunning et al. 1995), in Africa, India, and many
other locations throughout the world (Brown et al. 1995a).

Beyond their use as markers for characterizing and identifying biotype variants,
esterases were also used to detect the presence of hybrids in the field or in the lab
from crossing experiments, and provide evidence for interbreeding between some
biotypes (Byrne et al. 1995; Caballero 2007; Gunning et al. 1997). This use of
esterases relies on the fact that hybrids between biotypes will likely be heterozygotes
and express allozyme bands from both parental biotypes, assuming of course that the
enzymes under consideration follow Mendelian inheritance. Polymorphic esterases
were also used to confirm that B. tabaci has a haplodiploid sex-determination sys-
tem; that is, males are haploid, produced by unmated females and females are
diploid, produced by mated females (Byrne and Devonshire 1996).

Insecticide resistant B. fabaci populations/biotypes have been shown to exhibit
characteristically high esterase activity. However, the use of such markers may
not be appropriate in monitoring or surveying populations with a recent history of
exposure to certain insecticides and even more in studying genetic structure of popu-
lations because local insecticide regimes may affect selection at these allozyme loci.

Despite the limitations of esterases as markers, the ease and low cost of appli-
cation of the esterase electrophoresis technique as well as its reliability in biotype
determination has prompted continued use of the approach by some laboratories
in subsequent years (Horowitz et al. 2003), especially for the purposes of simply
detecting the presence of specific biotypes in an area (e.g., B and Q). However, as
the interest in researching further the genetic variation within B. tabaci increased,
several groups have focused their efforts on the use of DNA based markers that
allow for finer resolution of genetic polymorphisms compared to allozymes.
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DNA-Level Markers

RFLP Analysis

Restriction fragment length polymorphisms (RFLPs) reveal polymorphisms in DNA
fragments of different size due to the absence or presence of restriction enzyme sites
(Mitton 1994). Changes in the patterns of restriction fragments can occur from base
pair substitutions, or insertions or deletions (indels) in the restriction site, allow-
ing assessment of DNA variation (Schlotterer 2004). The technique works by using
restriction endonucleases, enzymes that cut the DNA strand in vitro at a specific
nucleotide sequence 4-5 nucleotides in length. Restriction fragments can be sepa-
rated by electrophoresis in agarose or acrylamide gels and detected by Southern blot
hybridization (Botstein et al. 1980). Detecting the target sequences with Southern
blotting requires binding to probes, which may be available from studies of related
species or developed after cloning and sequencing species specific-DNA (Hoy
2003). Alternatively, if the target is small DNA fragments, RFLP variation can
be visualized directly in the agarose gel by staining with ethidium bromide after
electrophoresis (Parker et al. 1998).

Uses, Assumptions, and Limitations

RFLPs were initially used for constructing a genetic linkage map of the human
genome (Botstein et al. 1980). They were the first molecular markers that inves-
tigated within species variability at the DNA level and their advantages over
allozymes, such as the ability to detect silent changes in protein sequences, or
selectively neutral, non-coding polymorphisms (Karl and Avise 1992; Schlotterer
2004) were quickly appreciated. Thus, their use was subsequently extended
in studies of population differentiation, hybridization, introgression, gene flow,
autopolypoloidy and allopolyploidy, and for phylogeographic and phylogenetic
inferences using animal mitochondrial and ribosomal DNA (Avise 2004; Lowe et al.
2004).

One of the major advantages of RFLP markers is that they are codominant (Lowe
et al. 2004) meaning that homologous alleles can be detected in an electrophoretic
gel, allowing the identification of both heterozygous and homozygous individuals.
Codominant markers are preferred over dominant markers for population genetics,
not only because they allow estimation of allele frequencies but also because they
increase the analytical power of the study with more alleles available for analysis in
a given sample size (Lynch and Milligan 1994). Another advantage of RFLPs is that
they can generate ordered data, i.e., the ancestral states mutate into derived states
and the evolutionary direction can be identified (Lowe et al. 2004). Thus, they have
a phylogenetic signal, allowing inferences on genealogies to be made. In addition,
RFLP analysis allows a large amount of variation to be assessed in polymorphic loci
and also provides highly repeatable results.

Since the RFLP technique was first developed before the invention of polymerase
chain reaction (PCR), the first applications of RFLP markers relied on Southern
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blot hybridization, which is a time consuming, laborious, and expensive technique
(Parker et al. 1998). Using a PCR step in RFLP analysis however eliminates some
of its disadvantages (Karl and Avise 1992). Arbitrary PCR primers can be used
to amplify random DNA sequences; from these, allele-specific PCR primers can
be designed and used for amplification of the particular locus in other individuals.
Subsequently, the product can be digested with restriction enzymes, and the frag-
ments can then be separated on an electrophoretic gel and stained to visualize and
identify the RFLPs (Hoy 2003). A modification of the RFLP technique, for exam-
ple, is cleaved amplified polymorphic sequences (CAPS), which relies on restriction
digestion of PCR-amplified DNA fragments (Lowe et al. 2004; Schlotterer 2004).
In RFLP-PCR, no labeled probes are required, and it is faster, easier and less expen-
sive than non PCR-amplified RFLP. However, it can only analyze DNA of very small
specimens and is still relatively laborious as it requires constructing a genomic DNA
library and DNA sequencing.

Applications of RFLP Analysis to Bemisia tabaci

Despite their wide application for population genetics and phylogenetics in other
organisms, RFLPs were not adequately explored as markers in studies of B. tabaci.
This may be due to the extended use of allozymes and subsequently RAPDs by
researchers, especially among collaborating laboratories that used similar protocols,
which made their application more approachable. In addition, the need for designing
allele-specific PCR primers from already studied sequences limits the feasibility of
this approach.

Abdullahi et al. (2004) analyzed RFLPs of the ribosomal DNA internal tran-
scribed spacer regions of B. tabaci in order to assess the genetic differentia-
tion between cassava and non-cassava populations in Africa. They found that
monophagous cassava-associated populations were genetically distinct from the
polyphagous non-cassava populations as they clearly clustered in separate groups.
Even though there was a significant subdivision of groups within the cassava cluster,
these did not show any geographically associated structure. The results of this study
are in agreement with previous studies that used other molecular techniques, e.g.,
allozymes (Burban et al. 1992), RAPDs and ribosomal DNA sequences (Abdullahi
et al. 2003) to discriminate cassava from non-cassava populations. They authors
suggest however that PCR-RFLP is a more reliable and cost-effective technique,
especially when compared to RAPDs which failed to provide consistent patterns
and tended to overestimate genetic differences between populations. Thus, for the
purposes of routine identification and monitoring the spread of biotypes, particularly
the B biotype, the use of the internal transcribed spacer RFLP markers is probably
a much more practical approach than RAPDs or DNA sequencing (Abdullahi et al.
2004).

The utility of RFLP markers for quick identification of B. tabaci biotypes was
also demonstrated recently by Bosco et al. (2006) in a survey of populations in
the Mediterranean basin. The authors used a restriction enzyme to digest the PCR
amplified cytochrome oxidase I mitochondrial gene and were able to successfully
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identify five biotypes from samples in the Mediterranean region. From these, bio-
types B and Q were already known to be widespread in the area, whereas M, S, and
T biotypes were considered to have a more restricted geographical and host-plant
range. This approach provided clearly distinct and reproducible RFLP patterns for
each biotype, demonstrating its potential for precise identification of the studied
biotypes (Bosco et al. 2006).

Although novel and more informative molecular markers are being introduced
that may be more appropriate for population genetics and phylogenetics studies in
B. tabaci, RFLPs still have promise as a rapid and inexpensive means of monitoring
for known biotypes at a regional scale.

DNA-Level, PCR-Based Markers

The invention of the polymerase chain reaction (PCR) in 1983 (Mullis et al. 1986;
Saiki et al. 1988) revolutionized the field of molecular biology and amongst other
advances it allowed the exploration of DNA-based markers for studies of molec-
ular population genetics and systematics. PCR allows the selective amplification
of a very small DNA fragment using specific primers that anneal to the regions
flanking the locus of interest. The production of multiple copies of the genomic
region under study in vitro allows analysis of numerous individuals without the
need for cloning or isolating large amounts of pure genomic DNA (Schlétterer
2004). Thus, PCR enables studies with genetic markers to be undertaken quickly
and at relatively low costs by almost any molecular laboratory. As a result, after the
arrival of PCR molecular markers used for population studies largely shifted from
protein based (allozymes) to DNA based (e.g., randomly amplified polymorphic
DNAs, microsatellites, amplified fragment length polymorphisms, single nucleotide
polymorphisms, and DNA sequencing) (Schlotterer 2004).

RAPD Analysis

RAPD (Random amplification of polymorphic DNA) markers were initially used
by Williams et al. (1990) and Welsh and McClelland (1990) for the construction of
genetic maps for different species, plant and animal breeding studies, intra-specific
level identification (e.g., strains, varieties), epidemiology studies, as well as DNA
fingerprinting and population genetics. The acronym RAPD stands for randomly
amplified polymorphic DNA and the approach involves the use of short PCR arbi-
trary primers to amplify random DNA sequences in the genome (Avise 2004). The
resulting PCR products represent polymorphic DNA segments that can be separated
and visualized in an appropriate electrophoretic gel. Polymorphisms in RAPDs arise
from single base substitutions, insertions, or deletions in primer recognition sites
that result in a change in the pattern of amplified DNA segments (Williams et al.
1990).
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Uses, Assumptions, and Limitations

Beyond their initial uses, RAPDs found applications in many organisms for studies
of genetic diversity, systematics, and to investigate hybridization and introgression
(Harris 1999). In a review paper, Hadrys et al. (1992) discuss the applications of
RAPDs in molecular ecology and emphasize their usefulness for the determina-
tion of taxonomic identity, analysis of interspecific gene flow and hybrid speciation,
paternity and kinship studies and analysis of mixed genome samples (e.g., sperm
competition). In insect systems in particular, RAPDs have been used to study
gene flow and genetic differentiation among insect biotypes or races. For exam-
ple, Edwards and Hoy (1993) used RAPDs to analyze genetic variation in two
Hymenopteran parasitoids, and were able to detect greater polymorphism than when
using allozyme analysis. In another study, Black et al. (1992) were able to detect
high genetic variation in RAPDs among biotypes, populations and color morphs
of four aphid species that exhibited very little allozyme variability. The authors
suggested that the method would be particularly successful for rapid species diag-
nostics, especially in groups where adult or larval characters are poor for species
identification. Clearly, the ability to amplify small, potentially polymorphic DNA
segments through PCR, made RAPD analysis a much more powerful tool for
studying intraspecific variation compared to allozyme analysis.

The RAPD method was initially widely adopted because of technical advantages,
such as low cost of application and technical simplicity. In addition, it is a fast
method that allows multiple variable loci to be analyzed at once. The main advan-
tage, however, is that it does not require any prior knowledge of the sequence of the
target organism and a universal set of primers can be used for genomic analysis in a
wide variety of species (Welsh and McClelland 1990; Williams et al. 1990).

RAPDs, however, have also been severely criticized and their drawbacks lim-
ited their extended application as new markers were explored. Their main limitation
is that, like amplified fragment length polymorphisms (AFLPs), they segregate as
dominant markers so they are scored as present or absent in a gel, thus making it
impossible to distinguish between homozygote and heterozygote individuals (Black
et al. 1992; Harris 1999). Thus the estimation of genetic diversity and the way it is
partitioned can only be determined indirectly (Harris 1999). Another severe draw-
back, not shared by AFLPs, is that RAPDs can be unreliable and very difficult to
reproduce or even provide comparable results among different laboratories that use
different reaction conditions, different types of Tag polymerase or even different
thermal cycling machines (Black 1993; Jones et al. 1997; Schierwater and Ender
1993). Hadrys et al. (1992) also discuss the limitation of co-migration of bands with
similar size or the formation of fragments from non-specific priming. In addition,
like RFLPs and AFLPs, RAPDs provide much lower resolution than microsatel-
lites which target short tandem repeats in the DNA sequence, so they cannot give
as much insight into within-population genetic diversity. Finally, their interpretation
relies on the assumption that DNA fragments (alleles) from different individuals
that have the same position on a gel are identical due to common descent (homolo-
gous) and not the result of size homoplasy (similarity in size because of convergent
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mutations) (Black 1993; Harris 1999). Beyond the issues regarding the interpre-
tation of data produced by RAPDs, there may be difficulties in publishing results
obtained from these markers. For example, due to the problems of reproducibility,
dominance, and homology, the journal Molecular Ecology rarely accepts for peer
review papers based on RAPDs for population genetic studies, and encourages the
use of other markers, that do not suffer from these limitations.

As a result of the issues discussed above, despite the early promise of RAPDs as
a quick, easy and reliable technique, the problems of reproducibility limited their
extended use in systematics, phylogeographic and phylogenetics studies (Harris
1999), especially in molecular systematics above the intraspecific level (Black
1993). Their popularity in later years was surpassed by the extensive application
of microsatellites which are also highly polymorphic but are codominant, allowing
the identification of homozygotes and heterozygotes, and therefore more genetically
informative (Avise 2004).

Applications of RAPD Analysis to Bemisia tabaci

RAPD markers were used extensively for the identification and analysis of genetic
diversity in biotypes of B. tabaci. Their application was particularly focused in stud-
ies of biotype B whose spread over the continents in the past two decades required
extensive monitoring for the application of more efficient control measures. The
first study in this direction was undertaken by Gawel and Bartlett (1993), who
were able to distinguish between the A and B biotype based on genetic differences
revealed by 20 RAPD markers. The authors concluded that, based on their RAPD
data, the degree of similarity between the two biotypes is similar to that between
other whitefly species, even genera. However, they suggested that RAPDs are prob-
ably of limited value for taxonomic determination of biotypes without the use of
additional genetic, morphological, and physiological data. Since RAPDs were the
first DNA-based markers used in B. tabaci, this study was also the first to demon-
strate the advantages of DNA-based markers over allozymes — the ability to analyze
dead specimens preserved for years in alcohol and the flexibility of using a small
amount of material of any whitefly stage.

Perring et al. (1993) used RAPDs to detect variation in A and B biotypes, and
showed that populations of either biotype shared 80-100% genetic similarity in
bands whereas between them similarity was only 10%. The authors used these data
along with differences in allozyme frequencies, and behavioral and mating experi-
ments to propose that the B biotype should be re-classified as a new species, which
was later named Bemisia argentifolii (Bellows et al. 1994). This extreme genetic
differentiation among worldwide populations as shown in RAPD and other molec-
ular markers was the basis for suggesting that B. tabaci is a group or complex of
species, (instead of a sibling species group) (Brown et al. 1995a; Perring 2001) of
which biotype B is a member rather than a different species.

Most studies that followed used RAPDs similarly to allozymes, that is, as a
means of detecting the presence of biotypes in an area, or the distribution of bio-
types within and between populations in different geographic regions, host plants,
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and in indoor versus outdoor cultivations. De Barro and Driver (1997), for example,
used RAPDs to compare B biotype populations from Australia, the Cook Islands,
Israel, the Netherlands, New Caledonia, and the USA, and showed that they had
similar banding patterns but differed from other native biotypes in Australia. They
also confirmed the flexibility of the technique to utilize alcohol preserved mate-
rial and analyze all stages of the whitefly. In a subsequent survey of populations
from Australia and 18 Pacific island countries, De Barro et al. (1998) showed
that biotypes of B. tabaci were present and widespread in each country surveyed.
Analysis of RAPD profiles of these samples revealed the presence of three dis-
tinct biotypes in these regions. The first was the widespread B biotype and was
found in islands with strong links with France or the USA, suggesting introduc-
tion through the plant trade. The authors also detected a type with unique RAPD
bands which was widely distributed in 13 countries and was termed the Nauru
biotype, and a third biotype, termed Australasian, which is most probably native
to the region as it was reported previously from Australia (De Barro and Driver
1997).

In a study in the Iberian Peninsula, Guirao et al. (1997) used both esterases and
RAPDs, along with physiological examinations of silverleaf induction to character-
ize Spanish populations of B. tabaci. This study demonstrated that two genetically
distinct populations existed in Spain and the Canary Islands, the already known
B biotype and a new variant with unique RAPD and esterase patterns, referred to
by others as the Q biotype (Rosell et al. 1997). This was the first use of the Q
biotype designation in the Mediterranean region, corresponding to endemic hap-
lotypes from Spain and Sudan populations that were previously detected (referred
to in Kirk et al. 2000). A cluster analysis based on RAPD band sharing sorted the
sampled populations into four groups. The first included only the A biotype from
Arizona, the second included the Spanish Q type, the third included populations of
the B biotype, similar by 90% from eight different countries, and the fourth included
populations from Pakistan, India, and Turkey. Genetic similarity estimates (% of
RAPD bands shared) used in this study showed that the new genetic type found
in Spain was closer to B biotype than to any other non-B type, but only shared
55% of bands observed. An interesting conclusion in this study was that the new
biotype had not been displaced as a result of competitive interaction with the B bio-
type as was the case in the USA with the A biotype (Guirao et al. 1997). Some
have speculated that the Q biotype and its closest relatives are endemic in the North
African-Mediterranean-Middle East, and that the Q biotype in Spain competitively
displaced the exotic B biotype there with the intervention of neonicotinoid insecti-
cides. This was the inverse to the permanent displacement of the endemic A biotype
in the Southwestern USA by the introduced B biotype, which was susceptible to
locally applied insecticides including pyrethroids, to which the B biotype harbored
inherent resistance (Coats et al. 1994; Costa et al. 1993). The widespread displace-
ment of indigenous biotypes by the invasive B has been documented worldwide. For
example a recent study showed competitive displacement of indigenous biotypes in
Australia and China by biotype B, both in the field and in laboratory settings (Liu
et al. 2007).
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In a more detailed analysis of B. tabaci populations from the Iberian Peninsula,
Moya et al. (2001) were able to identify six genetically distinct clusters consisting
of either biotype Q, or B, or a mixture of the two. In contrast to previous studies
that used RAPDs to estimate genetic relationships among haplotypes, Moya et al.
(2001) used analysis of molecular variance (AMOVA) of RAPD data to investigate
the genetic differentiation among populations. They found that genetic variance is
partitioned more between biotypes than among populations within the same bio-
type, suggesting that gene flow is restricted between the two biotypes even in mixed
field populations. This means that the two biotypes are genetically isolated under
the existing ecological conditions in the area, which confirms previous studies of
the B and Q biotypes. In addition, populations of the Q biotype were shown to be
more genetically polymorphic than populations of B which suggested that the Q is
more ancestral, existing long before the introduction of B in the region (Moya et al.
2001). The hypothesis that biotype Q and its variants are possibly the indigenous
Mediterranean genetic type is also supported by studies showing its predominance in
fields in Italy, in contrast to B biotype which is widespread in greenhouses, possibly
introduced through the plant trade (Demichelis et al. 2000).

Similar to the Mediterranean studies, Lima et al. (2000) used RAPD markers
to survey B. tabaci populations and identify the distribution of biotypes in Brazil.
They showed that B biotype was well established and distributed across 20 Brazilian
states in the northeast, east and midwest of the country. In contrast to the Spanish
surveys, Lima et al. found that B was the dominant genetic type in Brazil, but also
coexisted in some areas with BR, a native Brazilian, non-B biotype with distinctive
RAPD patterns. In a subsequent study of Brazilian populations, Lima et al. (2002)
used analysis of molecular variance of RAPD data and demonstrated that there is a
significant genetic differentiation between B and the Brazilian biotype (BR). The B
biotype was found to predominate over the A or the BR biotype throughout Brazil,
even in regions or hosts where BR was dominant before. It also exhibited consid-
erable genetic variability despite its relatively recent introduction into Brazil in the
early 1990s, perhaps due to multiple founder events or because of the differential
selection regimes caused by variable insecticide applications across different crops
(Lima et al. 2002).

In a study of B. tabaci in association with the cassava mosaic disease (CMVD) in
East Africa, Maruthi et al. (2002) used 10 RAPD markers along with mating and life
history studies to test whether a new biotype was responsible for the spreading of the
severe pandemic across East Africa. In a comparison of populations between pan-
demic and non-pandemic zones, the authors found no difference in RAPD patterns
or life history traits, and no mating incompatibilities, suggesting that the CMVD
pandemic in East Africa may not be associated with a new genetically distinct B.
tabaci biotype. In this study, the RAPD variability data that grouped pandemic and
non-pandemic colonies in a single cluster were confirmed by mating and life his-
tory tests. However, the results of this study contradicted those of Legg et al. (2002)
who collected samples across several years and in transects across the spreading epi-
demic zone. This revealed the presence of both a western and eastern type African
haplotype, suggesting that a mixture of two distinct B. tabaci haplotypes was
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associated with the epidemic of CMVD in Uganda. The subsequent reversion to the
east African haplotype resulted in the hypothesis that the invasive population may
represent a unidirectional hybrid between the eastern and western haplotypes, based
on mitochondrial DNA phylogenetic data (Sseruwagi et al. 2004). The contradictory
findings may be due to the limited power of RAPDs to discriminate phylogenetic lin-
eages compared to mtDNA. Even so, the lack of association of a distinct genotype
with the CMVD epidemic was subsequently supported by assays that showed no
difference in transmission efficiencies among sampled populations (Maruthi et al.
2002). Conversely, assays performed with field populations collected early in the
outbreak and maintained in colonies used in the transmission experiments may not
necessarily have represented collections from the field assessed by mtCO1 analysis
as the dynamic epidemic continued to unfold. Indeed, the mtCO1 was not assessed
for the lab colonies (Maruthi et al. 2001), nor were transmission studies performed
with the field haplotypes identified later in the epidemic zone, and so it has not been
possible to explain the differing results. Further studies employing typed colonies
and possibly new markers, together with transmission experiments will be neces-
sary to elucidate the genetic status of cassava-associated populations in relation to
the spreading pandemic (see Legg Chapter 7).

Similarly to studies initiated by Burban et al. (1992), who looked for associations
between distinct biotypes (based on allozyme patterns) and host range, Abdullahi
et al. (2003) analyzed RAPD data using AMOVA and showed that samples col-
lected from cassava and non-cassava populations represent two genetically isolated
groups, supporting the hypothesis of a distinct cassava specific lineage in Africa.
This finding was also in agreement with ribosomal DNA data, although RAPDs
exhibited a greater ability to differentiate geographically distinct populations. More
importantly, these results were supported by physiological experiments showing
that cassava populations were monophagous and restricted to cassava, whereas
populations from other hosts were polyphagous but could not colonize cassava.
These results suggest that host specialization in this case may drive isolation, lead-
ing to genetically differentiated populations. More extensive studies of cassava
populations based on mitochondrial cytochrome oxidase I (mtCO1) sequence anal-
yses supported the hypothesis of host-specificity but also revealed a high variation
within cassava populations in Sub-Saharan Africa, with a strong phylogeographic
basis (Berry et al. 2004). However, it is clear that more studies are needed, especially
focusing on comparisons with non-cassava populations in the continent in order to
provide an overall picture of host association within B. tabaci. Furthermore, to sup-
port the hypothesis of host-specificity, it will be critical to ensure that individuals
collected from the host actually colonize and breed on that host. Indeed, one recent
study in Uganda addressed this issue by sampling pupae from leaves of cassava and
non-cassava hosts (Sseruwagi et al. 2006). In this study, phylogenetic analysis of
mtCO1 indicated that, while cassava is only colonized by the cassava B. tabaci
(Ugl genotype), this type is also capable of colonizing other non-cassava plant
species suggesting that it is not monophagous but can possibly survive on other hosts
when cassava is not available. This work highlights the importance of the sampling
procedures used for such studies, but also illustrates that more molecular markers
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and new analyses could be explored to identify host-associated genotypes on the
continent (see also Chapter 7).

In another study from south India, Rekha et al. (2005) analyzed RAPD diversity
in B. tabaci populations and identified two indigenous genotypic clusters, a southern
and a northern cluster, as well as a third group represented by the B biotype. These
results point to a geographic, rather than host-associated, structuring of populations,
perhaps related to distinct cropping regimes and climatic conditions prevailing in
the two areas. The unique RAPD banding patterns of the B biotype made it possible
to identify its distribution in the region, which has been rapidly expanding since it
was first reported in India in 1999 (Banks et al. 2001; Rekha et al. 2005). Additional
phylogenetic analysis using mtCO1 sequences revealed the presence of three dis-
tinct genotypes that are possibly indigenous to India but were also found in other
Asian countries from which reference samples were used. These indigenous types
were found in higher frequencies in areas where the B type is considered to have
invaded recently, but were probably excluded in regions where B has been present
for at least 2 years and where it now represents the dominant type (Rekha et al.
2005).

Along the same lines, Delatte et al. (2005) identified a biotype indigenous to the
South-West Indian Ocean islands based on distinct RAPD bands and sequencing of
the mt(CO1) gene. This new biotype, Ms, occurs along with B on the islands and,
although considered to have lower fecundity and restricted host range, is also capa-
ble of inducing silverleaf symptoms in Cucurbita sp. and acquiring and transmitting
TYLCV (Delatte et al. 2005). Subsequent studies with microsatellites (Delatte et al.
2006) showed that, although Ms is the common biotype in weeds across the island,
the invasive B biotype has spread in vegetable plantations, possibly interbreeding at
some parts with the Ms biotype.

Besides their use in population genetics, RAPDs found wide application as mark-
ers for quick detection of a biotype in a region. For example, in Israel, the Q
biotype was first identified by RAPD and esterase profiles and was found in sym-
patry with the B biotype in three crops, although the Q biotype predominated in
numbers (Horowitz et al. 2003). The authors suggested that the dynamic distri-
bution of biotypes could have been a result of the differential inherent levels of
resistance exhibited by the two biotypes. In a survey of B. fabaci biotypes across
Italy, Simon et al. (2003) detected biotypes B and Q (which was almost identi-
cal to the Spanish Q) using RAPDs, squash silverleaf assays, and esterases. More
importantly, they were able to identify a genetically distinct population, namely bio-
type T, which unlike B and Q is geographically isolated, monophagous, restricted
to Euphorbia characias at high altitudes and possibly endemic to the island of
Sicily. In a survey of B. tabaci from crop fields and weeds in Florida, RAPD pat-
terns showed only the presence of biotype B, suggesting that native biotypes have
been displaced from the agricultural ecosystems in the area (McKenzie et al. 2004).
Khasdan et al. (2005) further demonstrated the usefulness of RAPDs as diagnostic
markers by developing a new protocol for distinguishing between B and Q bio-
types based on two techniques: SCAR (sequence characterized amplified regions),
which requires sequencing of RAPD fragments and designing sequence specific
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PCR primers, and CAPS (cleaved amplified polymorphic sequences), which uses
restriction endonucleases to further cleave the RAPD amplified DNA fragments and
reveal polymorphisms.

Despite the limitations of RAPD markers, they were used extensively for almost
15 years in population genetics studies and molecular identification in B. fabaci.
The use of RAPDs provided insights into the genetic structure of biotypes across
the world. More importantly, RAPDs revealed aspects of the dynamic distribution
and rapid spreading of the invasive B biotype in several regions in relation to indige-
nous biotypes which were generally less competitive and less damaging than the B
biotype. The use of RAPDs in the future will no doubt decline as they are replaced
by new, more informative markers, such as microsatellites, DNA sequencing, single
nucleotide polymorphisms (SNPs) and expressed sequence tags (ESTs) that allow
for high throughput genotyping in large scale population genetics studies (Behura
2006). Due to the ease and low cost of application however, it is possible that RAPDs
will continue to be used in studies of detection and monitoring for the presence of a
biotype in a region.

AFLP Analysis

The analysis of amplified fragment length polymorphisms (AFLPs) was developed
as a technique for DNA fingerprinting in 1995 (Vos et al. 1995). The AFLP protocol
involves three steps. First, genomic DNA is digested with restriction enzymes and
oligonucleotide double stranded adapters are ligated to the ends of the restriction
fragments. Subsequently, the fragments are selectively amplified with PCR primers
that are complementary to the adaptor and the restriction site fragments. Finally,
the amplified fragments are separated through gel electrophoresis and visualized or
scored in an automated sequencing machine. Polymorphisms in AFLPs are scored
as differences in the lengths of the amplified sequences which may be caused by
base substitutions within or near the restriction sites or by insertions or deletions
of sequences (Avise 2004). The AFLP technique has elements of both RFLP and
RAPD analysis, and as such it is regarded as a clever combination of steps from the
two older marker systems (Bensch and Akesson 2005).

Uses, Assumptions, and Limitations

AFLP markers have been used for molecular characterization of closely related
species or strains, for population and conservation genetics, fingerprinting, and
parentage analysis (Mueller and Wolfenbarger 1999). These authors also found
application in the construction of genetic linkage maps in insects and other organ-
isms with unexplored genomes (e.g., Parsons and Shaw 2002). The AFLP technique
combines the ease of RAPDs and the reliability of RFLPs (Behura 2006). One major
advantage is that they do not require previous knowledge of primer sequences in the
target species (Schlotterer 2004), thus there is no need to obtain or design species-
specific primers for the analysis. In addition, with AFLPs, a large number of marker
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loci drawn from the entire genome (typically 50-100 fragments per reaction), are
selectively amplified and can be analyzed at once (Vos et al. 1995). Although some
of these characteristics are shared by other markers, AFLPs are more time and cost-
efficient, and provide higher resolution of genetic variability when compared to
allozymes, RFLPs and RAPDs (Mueller and Wolfenbarger 1999). The higher reli-
ability and reproducibility of AFLPs compared to RAPDs can be attributed to the
fact that they are amplified by primers of longer sequence with precise annealing to
their target sequence, rather than by short, arbitrary primers (Lowe et al. 2004).

The application of the AFLP protocol may be restricted by the need for high
technical laboratory skills and thus may not be approachable to less experienced
researchers. Another issue that emerges from studies with AFLPs is the need for
large amounts of high quality DNA (Lowe et al. 2004), which may restrict the num-
ber and variety of samples that can be analyzed in a study. AFLPs also suffer from
data interpretation problems, such as size homoplasy, an issue also discussed with
RAPDs above, or uncertain locus/allele designations (Harris 1999).

The major drawback of AFLPs for population studies is that, like RAPDs, AFLPs
are dominant markers and so PCR amplification reveals only the presence or absence
of bands, making the technique less suitable for studies that require analysis of
allelic diversity or heterozygosity (Mueller and Wolfenbarger 1999). There have
been cases, however, where codominant AFLPs were detected, possibly due to
insertions/deletions of repeats in microsatellites often present in AFLP fragments,
producing multiple variable alleles for the same locus (Wong et al. 2001). If this
is the case, with the vast number of fragments generated it would be impossible to
determine whether alleles in different individuals belong to the same AFLP locus.
Because dominance is assumed in AFLP analysis, the production of codominant
AFLPs may compromise their use in population genetics studies as the estimation
of parameters such as allele frequencies and heterozygosity will be biased (Wong
et al. 2001). For example, Yan et al. (1999) showed that average heterozygosity
and population differentiation (Fst) in populations of the yellow fever mosquito
in Trinidad were underestimated when AFLP markers were used compared to data
obtained from RFLP markers. Nevertheless, for large data sets with the vast number
of markers typically scored in ALFP analysis, the frequency of codominant bands
may be minimal, thus reducing the resulting bias (Parsons and Shaw 2002). In addi-
tion, it is possible to detect codominance in AFLP data following several procedures
that have been developed for this purpose (Jansen et al. 2001).

Despite their high promise as molecular markers for population genetics, phy-
logenetics and quantitative trait loci (QTL) mapping (Mueller and Wolfenbarger
1999), AFLPs are largely underrepresented in animal studies in these fields. On
the contrary, the method has been widely adopted and applied in studies of plants,
bacteria, and fungi (Bensch and Akesson 2005). In the limited number of animal
studies, AFLPs were shown to be powerful in delineating genetic relationships
among cryptic sympatric species (Parsons and Shaw 2002). Their use in phyloge-
netic and phylogeographic studies on the other hand, may be limited by the fact
that they are not ordered markers, i.e., they do not carry genealogical information,
and thus their use for such purposes is controversial (Robinson and Harris 1999).
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Bensch and Akesson (2005) strongly advocated for the advantages of ALFPs and
suggested that the drawback of dominance can be overcome by employing more
AFLP loci; they also urged their further exploitation in studies of genetic diversity
and population structure in animals.

Applications of AFLP Analysis to in Bemisia tabaci

Similar to other animal systems, AFLPs are also poorly represented in the B. tabaci
literature. Although from a theoretical perspective it seems that these markers could
provide further insights into the genetic diversity within the B. tabaci sibling species
group, there are only a few published studies in the literature on AFLP analysis of
B. tabaci populations. In one such study, Cervera et al. (2000) analyzed the genetic
diversity of nine biotypes, two field populations of B. tabaci (from cowpea and
cassava in Africa), and two field populations of two other Bemisia species, B. med-
inae and B. afer. Based on the AFLP profiles, the nine esterase types (Brown et al.
1995a; Costa et al. 1993) (A, B, H, K, M, Q, S, Pakistan I, and Pakistan II) were
grouped together and separately from the other two Bemisia species. This suggests
that all genetic types (erroneously referred to as biotypes) studied are more closely
related to each other than to any of the two other species, which is consistent with
morphological differentiation and in agreement with the existing literature. A fur-
ther grouping within B. tabaci separated the nine esterase types into four clusters:
a Near East and Indian subcontinent cluster (H, K, M biotypes), a cluster with bio-
types B, Q, and a Nigerian cowpea population, a third group consisting only of New
World A biotype, and finally a cluster with the S biotype and a Nigerian cassava
population. The results from the AFLP analysis were in agreement with previous
studies based on RAPDs and provided similar resolution of genetic differentiation,
although; AFLPs offered better quality and reproducibility (Cervera et al. 2000).
These findings have been further supported by mitochondrial sequence analysis
(Berry et al. 2004; Qiu et al. 2007).

In a recent study of B. tabaci in China, Zhang et al. (2005) used both AFLP data
and mtCO1 sequences to assess genetic diversity in geographically discrete popula-
tions. The AFLP analysis indicated that at least four genetically distinct groups of
B. tabaci are present in China, and their genetic isolation is most likely being main-
tained by geographic barriers. The use of mtDNA sequences allowed the assignment
of the two groups to known mtCO1 clades — the first represented by the widespread
B biotype and the second by Q biotype populations from Spain and Israel. The third
and fourth groups were assigned to a non-B/Q clade as they were significantly dif-
ferentiated from either biotype. The populations belonging to B biotype were the
most widespread throughout the country, while the Q type was reported for the first
time from China and was found to be much more restricted in range (Zhang et al.
2005).

With the growing use in the literature of new molecular markers for population
level genetic studies, we expect that research on B. tabaci will also shift towards new
approaches, especially as more information on the whitefly genome becomes avail-
able. However, traditional markers that are reliable and cost-effective, like AFLPs,
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still will have a place in small scale studies and may reveal new and useful informa-
tion on population differentiation from previously unexplored parts of the B. tabaci
genome.

Microsatellite Analysis

Microsatellites are tandem repeats of usually 1-6 nucleotide bases that are ran-
domly distributed throughout the eukaryotic nuclear genome, and are also known
as simple sequence repeats (SSR), variable number tandem repeats (VNTR), and
short tandem repeats (STR) (Selkoe and Toonen 2006). The high degree of poly-
morphism of microsatellites in natural populations was first appreciated in the late
1980s (Tautz 1989) and they have since become particularly attractive as mark-
ers for population genetics studies (Ellegren 2004). Their high popularity relies
partly on their Mendelian inheritance and codominance, meaning that, in contrast
to RAPD’s and AFLP’s, heterozygotes can be distinguished from homozygotes in
the electrophoretic gel (Lowe et al. 2004). In addition, their high degree of poly-
morphism allows for fine resolution for intra-population level studies in contrast to
other markers discussed here.

The high degree of polymorphism among microsatellites reflects the great vari-
ability in repeat length, commonly between 5 and 40, a result of high rates of
mutation. The most common types of microsatellites used in molecular genet-
ics studies are dinucleotide, trinucleotide, and tetranucleotide repeats (Selkoe and
Toonen 2006). Microsatellites are thought to gain and lose repeat units typically
through polymerase slippage, an error during DNA replication which results in
an increase or decrease in the number of repeats (Levinson and Gutman 1987;
Schldtterer and Tautz 1992), leading to the formation of different alleles. The
mutation rate of microsatellites has been estimated at between 107 and 1072 per
generation (Schlotterer 2000), although it may vary among different loci, espe-
cially between di- and tetra-nucleotides (Weber and Wong 1993). The flanking
regions, DNA sequences adjacent to either side of the microsatellite locus, are
generally conserved across individuals of the same species or between closely
related species, and thus can serve as primers for polymerase chain reaction (PCR)
amplification of the microsatellite locus in con-generic species (Selkoe and Toonen
2006). The assumption is that any mutations will likely occur at the microsatellite
locus as insertions or deletions of a repeat and not at the more conserved flank-
ing region (Schlotterer 2001; Schlétterer and Pemberton 1994; Weber and Wong
1993).

Microsatellite data are obtained following amplification in a PCR with species-
specific primers, and subsequent genotyping and allele scoring in an automated
DNA sequencer. Microsatellite analysis is based on a locus of known size, and sub-
sequent alleles are characterized by the number of repeats that differ from the known
locus. Thus, depending on the questions being asked, the type of data generated can
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be raw alleles for parentage analysis or allele frequencies per locus and estimates
of heterozygosity for population studies. Statistical analysis of microsatellite data
can be performed using maximum likelihood, Bayesian, or coalescent methods in
a variety of software freely available on the internet (Excoffier and Heckel 2006;
Luikart and England 1999).

Uses, Assumptions, and Limitations

Microsatellites have been used extensively in the past decade to test for inbreeding,
parentage and relatedness, to examine genetic diversity and demographic patterns,
as well as to investigate population differentiation in many insect systems (e.g.,
Endersby et al. 2005; Kim and Sappington 2006). Contrary to allozymes, sev-
eral thousand potentially polymorphic markers are available with microsatellites
(Schlétterer 2000) and their fast rate of evolution compared to mitochondrial genes
or other nuclear loci makes them more suitable for resolving the genetic diver-
sity among closely related, recently founded populations (Davies et al. 1999).
The relatively large number of microsatellites usually available allows multi-locus
analyses, providing much more information and statistical power at a fine scale.
However, the use of microsatellite DNA in population genetics requires knowledge
and understanding of the mutation processes they undergo and their rate of evolu-
tion (Schlotterer 2000). Additionally, there are other issues and limitations that need
to be considered before using microsatellite markers, some of which are discussed
here:

(a) Size homoplasy. Microsatellite analysis methods assume that alleles identical
in size have identical genealogical history, or common descent, although this
may not hold true because of size convergence as discussed earlier for RAPDs
and AFLPs. When mutation rates are high, homoplasy can inflate estimates of
gene flow and give misleading inferences of population structure (Viard et al.
1998). However, Estoup et al. (2002) suggest that high polymorphism often
compensates for the homoplasious evolution of microsatellites, although it may
still be an issue in studies of large populations and at loci with high mutation
rates.

(b) Complex pattern of mutation. Mutation rates may be complex and may vary
considerably among loci, complicating the use of models (e.g., infinite allele
model, stepwise mutational model) to infer statistics of population differentia-
tion based on estimates of allele frequencies such as Fst and Rst (Selkoe and
Toonen 2006).

(c) Neutrality and selection. Most methods used to analyze microsatellite data
assume a neutral rate of evolution, i.e., that the locus used as a marker is not
under selection and evolves at a more or less constant rate. Although microsatel-
lites are generally considered selectively neutral markers, this assumption
is sometimes questionable (Zhang and Hewitt 2003) as microsatellites have
been detected in loci under selection or linked to such loci (Schlbtterer and
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Pemberton 1994). Thus, before using microsatellites in population studies, it is
recommended that researchers use tests of neutrality, for example the Ewens-
Watterson test that compares the distribution of allele frequencies at each
locus for deviations from an expected distribution under neutrality (Selkoe and
Toonen 2006).

Scoring errors. Genotyping errors or mistyping during allele scoring in
microsatellite analysis may obstruct data interpretation and bias the conclusions
of the study. DeWoody et al. (2006) review three common scoring errors that
may occur during microsatellite analysis: stuttering, large allele dropout, and
presence of null alleles, and discuss implications and potential ways to circum-
vent these problems. Null alleles represent the most problematic scoring error
and also the best studied (Callen et al. 1993; Dakin and Avise 2004; Pemberton
et al. 1995). These are alleles that fail to amplify in a PCR reaction due to
a mutation in the primer-binding region of a microsatellite locus, leading to
either no amplification at all in homozygous individuals or amplification of only
one allele in heterozygotes (Dakin and Avise 2004). Presence of null alleles
could result in the mistyping of heterozygotes as homozygotes in the analy-
sis, and consequently in heterozygote deficiency, leading to underestimation
of genetic diversity and population structure. Several approaches are available
to test for null alleles (Dakin and Avise 2004). For example, deviations from
Hardy-Weinberg equilibrium in some loci but not in others might suggest the
presence of null alleles. Additionally, testing for suspected null alleles could be
done by directly sequencing PCR products. New analytical methods are better
at dealing with null alleles (e.g., Geneland, Guillot et al. 2008).

Limited use for genealogical studies. Microsatellites, like most of the other
markers discussed here, produce mostly unordered data which means that
they do not contain much ancestral information because of the multiple allele
states often present. Thus, unlike nuclear or mitochondrial DNA sequence data,
microsatellite data will not be very useful for phylogenetic inferences (Zhang
and Hewitt 2003), although it has been demonstrated that phylogenetic infer-
ence is possible in some cases (Schlotterer 2001 for a review; Wilson and
Balding 1998).

Mendelian inheritance. Although microsatellites have generally been consid-
ered to be markers with Mendelian inheritance (Jarne and Lagoda 1996), some
researchers have questioned this assumption (e.g., Dobrowolski et al. 2002;
Smith et al. 2000) and suggest that evaluation of microsatellite loci for this
property in parent-offspring pairs should be done before using microsatellites
in analyses (Smith et al. 2000).

Applications of Microsatellite Analysis in Bemisia tabaci

Microsatellites have been used as molecular markers for almost 20 years
(Schlstterer 2004), although their application to studies of B. fabaci populations
was only recently explored. Microsatellite loci were first isolated in B. tabaci in
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2003 by two independent groups (De Barro et al. 2003; Tsagkarakou and Roditakis
2003), and more recently by Dalmon et al. (2008), Delatte et al. (2006), Gauthier
et al. (2008), Schwartz et al. (unpubl. data), and Tsagkarakou et al. (2007). Studies
undertaken so far using microsatellites have examined the structure of B. tabaci
populations at a regional scale.

With the use of 15 microsatellite loci, De Barro (2005) showed that B. tabaci
in the Asia-Pacific region consists of six genetically distinct populations — more
than previously revealed by mitochondrial (De Barro et al. 2005) and ribosomal
(De Barro et al. 2000) DNA markers — with little or no gene flow between them.
This study also demonstrated the presence of strong geographic structure possibly
maintained by physical barriers and/or competitive interactions, leading to allopatric
divergence in most populations. However, De Barro (2005) did not find evidence
for strong host-plant associated structure, suggesting that the polyphagous nature of
B. tabaci is common among most populations, preventing host-based structuring of
genotypes.

Delatte et al. (2006) used a set of eight microsatellite loci to examine the distri-
bution of the invasive biotype B in the island of La Réunion and its interactions with
the indigenous Ms biotype. They demonstrated that the invasive biotype has spread
throughout the island, overlapping in range with the indigenous biotype. However,
segregation into different hosts, with the invasive B occupying mostly vegetable
crops and the indigenous Ms colonizing weeds, determines relative distribution in
distinct parts of the island. The examination of shared alleles among populations
indicated the presence of a cluster that could represent a hybrid population, a result
of asymmetrical and locus specific introgression of Ms alleles into B genotypes,
possibly from a unidirectional cross between B females and Ms males. In addition,
despite the estimated recent invasion of the B biotype, the putative hybrid population
exhibited considerable genetic variation and levels of geographic structure similar
to the local biotype, suggesting that multiple introductions may have contributed to
invasion of the island.

More recently, Tsagkarakou et al. (2007) used six microsatellite loci and mtCO1
DNA sequences to study the genetic polymorphism of B. tabaci populations from
Greece. Although analysis of mtCO1 sequences failed to differentiate the popula-
tions into discrete clusters, the use of microsatellite loci provided better resolution
of the genetic structure, even at this small geographic scale, and differentiated the
samples into at least two distinct genetic populations. It was also possible to use
two polymorphic microsatellite loci to discriminate Q from B biotype on the basis
of shared and unique alleles detected in reference populations and accordingly to
characterize the Greek samples as belonging only to the Q biotype.

A more recent study examined the microsatellite variation of biotypes B and Q
in the Mediterranean region by examining a number of populations from different
areas (Simon et al. 2007). This study looked specifically for signatures of recent
bottleneck events — sudden reductions in population size — and was able to detect
such genetic signatures in Iberian Q, Canarian Q and Egyptian B populations. In
addition, they tested for genetic differentiation between pairs of populations and
inferred close relationships among Q biotype populations from Israel, the Iberian
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Peninsula and Italy, and likewise between B biotype populations from Egypt and
Israel. However, the origins of the Mediterranean populations were not resolved.

Finally, another study looked at the genetic structure of 22 B. tabaci popu-
lations sampled from vegetable and ornamental glasshouses in southern France
(Dalmon et al. 2008). This study tested the hypothesis that the enclosed envi-
ronment and patchy distribution of glasshouses in combination with the limited
outdoor survival of whiteflies in the winter would promote genetic differentiation
among populations. Using seven microsatellite loci and mtCO1 sequences, two
genetic groups were detected, corresponding to B and Q-like biotypes. While the Q
group was predominant across the sampled areas, the B type group showed limited
distribution. The authors suggested that extreme temperature tolerance and insec-
ticide resistance might have favored Q over B in glasshouses in southern France.
Within the Q group, the microsatellite analysis indicated limited genetic differ-
entiation among glasshouse populations, suggesting a recent colonization event
and dispersal over large distances likely facilitated by movement of plant mate-
rial between glasshouses. As the authors discuss, high genetic similarity among
localities resulting from human trade is also evident at a worldwide scale, with
individuals on different continents exhibiting 100% nucleotide identity of mtCO1
sequences.

Although not fully explored in B. tabaci, the high degree of polymorphism dis-
played by microsatellites makes them promising for studies measuring gene flow,
identifying genetic structure and inferring past demographic histories of popula-
tions. Future studies employing microsatellites likely will focus on associating
populations with disease epidemics, investigating host-associated structure, and
untangling complex population histories.

Additional Considerations and Future Directions

To date, research using multilocus molecular markers in the B. fabaci complex
system has targeted identifying the current distribution of biotypes, patterns of
gene flow and population structure, host-associations, and surveys for the pres-
ence or evidence of introductions of specific biotypes in a region. Information about
genetic differentiation among populations/biotypes can be obtained by calculating
“summary statistics” such as the fixation index Fst Although such analyses are
informative for presenting a current perspective, they do not distinguish among his-
tories that could have produced that level of genetic differentiation, i.e., between
contemporary and historical gene flow (Lowe et al. 2004). Genetic data obtained
from molecular markers, particularly DNA sequences (see Brown, Chapter 2) and
microsatellites, can reveal genealogical information and answer questions pertain-
ing to the evolutionary history of biotypes. One can ask for example: how long ago
did biotypes in the B. fabaci complex diverge from one another? How large was the
population that diverged to give rise to a new biotype? Was the population constant
in size throughout its history or did it fluctuate as a result of bottlenecks, founder
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events, or expansions? Have some biotypes continued to exchange migrant white-
flies at some times in their history or did they become completely geographically
isolated following the classical model of allopatric diversification? All these ques-
tions are important to understanding how biotypes and species diverge and evolve,
especially while maintaining cryptic and often overlapping morphologies. In the
case of B. tabaci, these questions can also help us understand the long-term histo-
ries of invasive “pest” biotypes and how past demographic processes (e.g., selection,
gene flow, fluctuations in population size) have shaped their current high genetic
diversity, ability to adapt to extreme conditions and range expansions.

Employing methods and programs that are based on the theory of the coales-
cent can help approach questions in population biology (Marjoram and Tavaré
2006). The coalescent refers to the process by which, looking backward in time,
the genealogies of two alleles merge at a common ancestor. Thus, according to this
approach, the descent of any given sample of alleles can be traced back in history,
with a coalescent event occurring at every node of common ancestry. By developing
a model for the time intervals between each coalescent event for a given sample of
genes, the ancestral history can be inferred. Any historical changes in population
size affects the probability distribution of the coalescent times, with stable, expo-
nentially expanding or declining population sizes leaving distinct signatures on the
pattern of coalescence (Hartle and Clark 2007). Demographic histories of popula-
tions can be inferred using this approach from samples of gene sequences or alleles
obtained from extant populations (Emerson et al. 2001), and interesting scenarios
about the evolution of the species/organism under consideration can be hypothe-
sized. The B. tabaci complex of biotic and genetic variants — the most well studied
of which have been named as biotypes — are quite likely at the point of divergence
into distinct species, representing an excellent model for answering such theoretical
questions that can nevertheless serve as a basis for addressing more applied issues,
such as understanding the biology and spread of invasive organisms.

The use of molecular markers in ecological genetics has other, often neglected,
considerations, the most important being the natural history of a chosen molecu-
lar marker. Different markers have different rates of mutation, with nuclear DNA
typically evolving slower than mitochondrial or ribosomal DNA. In addition, the
mtDNA does not undergo recombination and is only inherited through the mother,
therefore only the maternal lineage is traced in mtDNA analysis. As a consequence,
the effective population size of mtDNA is smaller than nuclear DNA because fewer
copies of mtDNA are passed to each generation. These issues may have implications
for phylogenetic studies, as the inferred genealogical histories will only reflect the
history of the mtDNA locus without necessarily corresponding to the species histo-
ries (Ballard and Whitlock 2004). To provide an overall and non-biased perspective
of population and species histories, a set of multiple non-linked markers from both
the nuclear and mitochondrial genome must be investigated. Complementing mark-
ers from these two different genomes having different natural histories can also
help detect past hybridization events between biotypes by testing for discrepancies
between the generated nuclear and mitochondrial phylogenies (Lowe et al. 2004).
Moreover, use of microsatellite loci can add significant information because they
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are examined as multilocus markers and a good number of polymorphic loci are
already available in the literature for B. tabaci (Dalmon et al. 2008; De Barro
et al. 2003; Delatte et al. 2006; Gauthier et al. 2008; Schwartz et al. unpubl.
data; Tsagkarakou and Roditakis 2003; Tsagkarakou et al. 2007). Even though
microsatellites are nuclear DNA, they evolve faster than mtDNA owing to the
frequent error of polymerase slippage during replication. Although not as appro-
priate for phylogenetic inference as other DNA markers, microsatellites have been
used successfully to infer population demographic histories, and their high polymor-
phism allows for analysis at a finer scale. These observations illustrate that selection
of a marker must be evaluated upon the natural history of the marker and the type
of question being asked, whether the focus is short-term or long-term estimations of
population parameters.

As more of the B. tabaci genome becomes available, more recently developed
markers can also be employed for future studies in this system. Single nucleotide
polymorphisms (SNPs) for example have been widely used in human population
genetics (Hartle and Clark 2007) because of their high abundance in the genome
and the ability to use them in high-throughput analysis. Recent technological
advances in the sequencing methods, e.g., pyrosequencing, 454-sequencing tech-
nology (Ellegren 2008), can also enhance future molecular genetic studies in the
B. tabaci system and help our understanding of biotype diversification.

Conclusions

Since the first appreciation of the high genetic polymorphism within the B. tabaci
sibling species group in the mid-1980s, a wealth of literature has been produced,
with studies focusing on a range of molecular markers, from allozymes, to RFLP,
RAPD, AFLP, and more recently to microsatellites. These studies addressed ques-
tions ranging from host associations and geographic structure of biotypes, to mating
compatibilities between biotypes, providing a worldwide perspective of these topics.
Our knowledge of biotype biology and ecology has been complemented with genetic
information through the use of molecular markers that allowed us to appreciate the
unique nature of the B. tabaci sibling species group — a complex of cryptic variants
that exhibit genetic variation comparative to species level in other organisms, while
having maintaining indistinguishable morphologies.

In this chapter, our aim was to provide a historical overview of studies that
employed multilocus markers to answer these questions, by focusing on the main
findings of each study, while also providing some background information about
the markers used. We also consider possible future studies that can help enhance
our knowledge, not only of the current status and distribution of biotypes, but also
of the long-term history that contributed to the evolution of the present biotype vari-
ants. With these thoughts, we hope that future research will focus on the B. tabaci
sibling species group as a model system with which to address broad evolutionary
questions.
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Section II
Biology and Ecology of Bemisia tabaci

Steven E. Naranjo and James P. Legg

Introduction

Bemisia tabaci (Gennadius) was first described as a pest of tobacco nearly 120
years ago in Greece, and since that time has become one of the most important
pests of world agriculture. The insect is capable of inflicting damage to plants in
multiple ways. High populations may remove sufficient phloem sap to reduce plant
vigor, and secretion of honeydew and resulting sooty mold can reduce the qual-
ity and marketability of harvested products. Feeding by even a few insects may
induce debilitating plant disorders or the transmission of numerous plant viruses. B.
tabaci exhibits considerable genetic and biological variability and is consequently
considered by many to be a species complex. The B. tabaci species complex is
cosmopolitan in distribution, with natural populations occurring within tropical and
subtropical latitudes on every continent but Antarctica. Commercial plant trade has
brought the pest to temperate zones where it has found a home in greenhouses
throughout Asia, Europe and North America.

The most recent, large-scale review on the biology, ecology, epidemiology and
pest management of B. fabaci was based on a workshop held in 1994 and pub-
lished in 1996 (Gerling and Mayer 1996). Basu (1995) also published a general text
on multiple aspects of B. tabaci biology and management. Most recently, Naranjo
and Ellsworth (2001) published a special journal issue that updated efforts in pest
management tactics and their integration into working systems. By early 2009, over
9,000 citations — from the late 1800s on — had been reported on B. tabaci with over
300 new papers published each year since 1996 (Naranjo et al. 2009). Advances are
being made in many areas, from basic biology and population dynamics, to com-
plex interactions with other organisms, to development and implementation of pest
management tactics and systems.

This section focuses on broad areas of the biology and ecology of B. fabaci,
fundamental and instrumental areas of investigation that underlie and facilitate
research in systematics and phylogeny, virus-vector interactions and epidemiol-
ogy, and integrated pest management. Given the breadth of this topic, we cannot

Steven E. Naranjo and James P. Legg (Section Editors)



106 Section II  Biology and Ecology of Bemisia tabaci

hope to provide a complete review of all activity in this area. Our approach here
was to offer three comprehensive chapters that focus on particular aspects of the
biology and ecology of B. tabaci, with primary emphasis on research advances made
in the past 10—15 years. Some historical literature is also included to set the stage
for current advances and to provide the means for re-evaluating and re-interpreting
our understanding of this important and complex pest insect.

Walker, Perring and Freeman (Chapter 4) update and synthesize current think-
ing on the life history and functional anatomy of B. tabaci including the mechanics
and behavior of feeding and mating. For such a small and seemingly non-descript
insect that spends much of its life on leaf surfaces, high power microscopy has
highlighted the incredible and intricate details in all life stages and their inti-
mate connection to the host plant. The text is supplemented with a series of
scanning electron microscope images and line drawings that detail morpholog-
ical elements of each developmental stage, and that also highlight the insect’s
interaction with both the plant surface and the phloem tissue upon which they
feed and through which they transmit viruses. Modern tools have lead to new
descriptions of anatomy and a better understanding of their functional biology
and behavior. Despite advances in this area, there remain differences of interpre-
tation in the organization and function of certain portions of the alimentary canal
and these views are discussed. This chapter further reviews our current under-
standing about courtship and mating behavior of B. tabaci as well as competitive
interactions among biotypes that may have implications for biotype spread and
displacement.

One of the hallmarks of B. fabaci biology is its close association with symbiotic
organisms that permit the insect to thrive on the dilute nutrient stream provided by
plant phloem. In the second chapter of this section, Rosell, Blackmer, Czonek, and
Inbar (Chapter 5) review and synthesize recent studies of the complex interactions of
B. tabaci with primary and secondary endosymbiotic bacteria, the critical role and
interaction of these symbionts in begomovirus transmission, as well as the intra-and
interspecific relationships among B. fabaci, other herbivores and their host plants.
Comprehension of these complex interactions is in its infancy, and much is yet to be
learned. Fascinating in their own right, these rich and unusual relationships open up
important new avenues of research aimed at developing novel tactics and strategies
for pest management based on interfering with or manipulating symbiotic and other
biological and ecological relationships.

Another hallmark of B. tabaci is its amazing ability to reproduce and spread
within multiple ecosystems, often leading to population outbreaks that severely
impact agricultural and horticultural production. In this section’s final chapter,
Naranjo, Castle, De Barro and Liu (Chapter 6) focus on advances in our understand-
ing of several broad but interrelated categories within population ecology including
sampling (measuring population size), demography (growth and survival of pop-
ulations), and dispersal (mechanisms for dealing with and exploiting ephemeral
environments). The authors also discuss and synthesize our more fundamental
understanding of the interaction of population ecology and the environment with
regards to the pervasive invasion capacity of certain biotypes, and the ability of
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the insect to precipitate population outbreaks. The role of and advances in popu-
lation modeling are also discussed. Researchers continue to study life history in
the laboratory and to develop sampling methods for newly affected crops. Field-
based life table studies have recently been completed on a number of host plants,
the results of which are helping us to better understand and exploit population pro-
cesses for better management. The invasion and rapid spread of B. fabaci into new
regions of the world continues unabated while recent research is helping to explain
the mechanisms behind these patterns.

Like any area of investigation, the more we learn the more questions arise and
challenge our current understanding. As the scale of the B. tabaci research effort
continues to grow, it becomes essential that the scientists involved have a broad
understanding of the fundamental biology and ecology of this insect pest. We hope
that these reviews will contribute to this process, not only by increasing our cur-
rent knowledge, but also by helping to focus and refine the questions we continue
to ask about this pest and its multiple relationships with other organisms and the
environment. Ultimately, progress in these activities is essential if we are to provide
more efficient and environmentally sound management strategies to deal with this
cosmopolitan pest.
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Chapter 4
Life History, Functional Anatomy, Feeding
and Mating Behavior

Gregory P. Walker, Thomas M. Perring, and Thomas P. Freeman

Introduction

This chapter covers three diverse topics: whitefly anatomy, feeding behavior, and
courtship and mating. In previous volumes of the Bemisia series (Gerling 1990;
Gerling and Mayer 1996), Gill (1990) reviewed whitefly anatomy from a systemat-
ics/taxonomic perspective and Harris et al. (1996a) covered the internal anatomy of
whiteflies, specifically the alimentary canal, salivary glands, and ovaries. We avoid
overlap with these earlier reviews by covering whitefly anatomy from a structure-
function perspective and discussing internal anatomy only briefly, although the
alimentary canal required more detail to correct a previous misinterpretation and
incorporate new information from more recent studies. Feeding and courtship
behavior are reviewed here for the first time.

Morphology of Life Stages

Life history and development stages appear to be virtually uniform throughout the
Aleyrodidae. The four nymphal instars are sessile except for the early first instar.
Nymphs have a reduced body design while adults retain the well-developed anatom-
ical features characteristic of most hemipteran insects. The transition between
immature and adult morphology requires a dramatic metamorphosis in the latter
part of the fourth nymphal instar.

Egg Stage

Whitefly eggs have a pedicel that is an extension of the egg chorion. During ovipo-
sition, the female inserts the pedicel into the plant, and secures it with a glue-like
secretion that keeps the egg anchored in place (Buckner et al. 2002). For Bemisia,
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Fig. 4.1 Bemisia egg stage. (a) Eggs in situ with pedicels inserted in leaf (SEM) (b) egg pedicel
in epidermal cell (freeze fracture and SEM) (c¢) close-up of egg pedicel showing fibrous structure
(SEM, Fig. 4.7 from Buckner et al. 2002, Archives of Insect Biochemistry and Physiology 49: 22—
33; reprinted with permission of John Wiley & Sons, Inc.) (d) light micrograph of egg revealing
bacteriome (B) at the pedicel (P) end of the egg

the egg pedicel is usually inserted into an epidermal cell (Fig. 4.1b) with the glue
securing it in place, whereas most other whiteflies studied insert the egg pedicel into
stomata (Paulson and Beardsley 1985). Securing the egg to the plant insures imme-
diate contact of the newly hatched nymph with its host. In addition, the apex of the
pedicel, which has a porous fibrous structure (Fig. 4.1c), absorbs water and possibly
solutes from the leaf. Water absorption from the leaf is essential for egg develop-
ment; approximately half of the water content of mature whitefly eggs is obtained
from the leaf (Byrne et al. 1990; Castafi€¢ and Savé 1993, Buckner et al. 2002).

A large bacteriome (formally mycetome) in each whitefly egg contains symbi-
otic bacteria received through transovariole transmission from the mother (Weber
1935; Tremblay 1959; Costa et al. 1996). In Bemisia, a single bacteriocyte enters
the base of each egg (Tremblay 1959; Costa et al. 1996). In the mature egg, the
bacteriome is a large, conspicuous, yellow sphere at the base of the egg above the
pedicel (Fig. 4.1d). Symbionts are discussed in Chapter 5 by Rosell et al.

Whitefly eggs have a distinct longitudinal eclosion line that splits open dur-
ing hatching, allowing the newborn nymph to emerge (Fig. 4.2a). The empty egg
chorion remains attached to the leaf, providing a convenient record of the starting
number of eggs in a cohort for life table studies.

Nymphal Stage

Whitefly nymphs settle permanently in one spot on a leaf and obtain all their nutri-
tional needs for development over four instars from the phloem tissue within reach
of their stylets. They have a highly reduced morphology in keeping with this sessile
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Fig. 4.2 First instar (SEM). (a) Hatching from egg (b) first instar crawler on leaf surface (Fig. 4.12
from Freeman et al. 2001; reprinted courtesy of the Entomological Society of America) (c) first
instar on surface of cotton leaf showing differences in epidermal topography over small veins and
in intervenal areas

feeding habit. All instars are oval in shape and flattened dorso-ventrally (Figs. 4.2b,
c and 4.3a, b). Height increases within each nymphal instar, while length and width
remaining constant until the molt (Gelman et al. 2002). Thus, length and width pro-
vide reliable criteria to distinguish among instars, although the size of a given instar
can vary among host plants (Bethke et al. 1991; Gelman and Gerling 2003).

The early first instar or “crawler” has well-developed legs and, after hatching, it
wanders over the leaf surface in search of a suitable settling site (Fig. 4.2b). Once a
site is found, the nymph inserts its stylets and usually remains at that site for the rest
of its nymphal development. However, sometimes crawlers withdraw their stylets
from the initial site, presumably after determining it to be unacceptable, move to a
new site, and re-insert their stylets (GPW unpublished data). The remaining instars
have reduced legs and are incapable of movement.

Crawler movement on the leaf surface does not appear to be random although
the cues used to determine site acceptability are largely unknown. On cotton, first
instars spend 80% of their wandering time over minor veins (the preferred feeding
site — Cohen et al. 1996b, c; Jiang and Walker 2007) even though the area over minor
veins accounts for less than 25% of the leaf surface area (Cohen et al. 1996a). Cohen
et al. (1996a) suggested that crawlers need to settle near a minor vein on a cotton
leaf to access it with their stylets. However, based on measurements of stylet length,
Freeman et al. (2001) concluded that first instar stylets were capable of reaching
phloem from virtually any point on the leaf surface of cotton and hibiscus. Walker
(unpublished data) also noted the same on alfalfa. Nonetheless, the probability of
actually locating a vascular bundle with the stylets may be greater if the probe is ini-
tiated closer to a vein. Surface topography could provide the necessary cues because
epidermal cells are often elongate over the veins versus more-or-less isodiametric
over intervenal areas (Fig. 4.2c, Cohen et al. 1996a).
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Fig. 4.3 Bemisia nymphs (SEM). (a) Third instar, dorsal habitus (b) fourth instar, ventral habitus
(c) fourth instar legs (d) first instar, ventral habitus (e) first instar legs (f) first instar tarsus/pretarsus

The dispersal ability of whitefly crawlers has been considered limited (van
Lenteren and Noldus 1990) based on studies showing that crawlers generally set-
tle very close to the egg from which they hatched (e.g., Price and Taborsky 1992).
However, if that leaf is unsuitable, some crawlers may successfully move to a more
suitable leaf on the plant or even move to a different plant whose leaves are touch-
ing (Summers et al. 1996). Nevertheless, the great majority of those attempting to
relocate perish, even under ideal conditions in the laboratory (Summers et al. 1996).
Thus, host and leaf selection is largely controlled by the ovipositing female rather
than the crawler.

Estimates of the duration of the crawler stage vary widely. Cohen et al. (1996a)
stated that crawlers must locate a settling site in 3—5 h or die (presumably at 25°C).
Price and Taborsky (1992) found that most crawlers settled within 3 h of egg hatch
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at 24 £ 2°C, although some were still moving after 2 days. Summers et al. (1996)
observed survival of unsettled crawlers up to 5 days at 12-18°C. Ambient tem-
perature and humidity undoubtedly affect how long a crawler can survive without
settling and feeding.

Gill (1990) and Byrne and Bellows (1991) stated that whitefly crawlers appear to
have 3-segmented legs, presumably based on examination of slide-mounted spec-
imens. However, our scanning electron micrographs, and those of Domenichini
(1981), clearly show that the legs of the mobile first instar are relatively well-
developed with a distinctly articulated coxa, trochanter, femur, fused tibia/tarsus,
and pretarsus (Fig. 4.3d, e). The pretarsus consists of an elongate seta and a bladder-
shaped structure on a short stalk (Fig. 4.3f). The legs of the sessile second through
fourth instars are short, stubby, and fleshy without distinct segmentation, and bear
an adhesive disc at the apex (Fig. 4.3c). Although non-functional for walking, they
appear to play an important role in gripping the leaf surface during molting. A good
grip is probably important to prevent the nymph from falling off the leaf during the
molt (Bemisia nymphs usually occur on the abaxial (lower) leaf surface), and may
also be needed for leverage when the stylets are inserted. Antennae of first instars
are 3 segmented and are relatively long, extending beyond the margin of the head.
They bear a number of sensory organs presumably to provide needed input for site
selection (Fig. 4.4a, c, e-g). Although as yet unstudied, these sensory structures
probably include both mechano-and chemosensory sensillae as in the adults. The
rudimentary antennae of second through fourth instars are short, 1 segmented, and
have few sensory organs (Fig. 4.4b, d).

The lateral margin of the first instar bears many setae that are absent in later
instars (Figs. 4.3d and 4.4a). These setae are presumably mechanosensory, and have
been hypothesized to detect plant trichomes while the crawler wanders over the leaf
surface in search of a settling site. Detection of plant trichomes by the wandering
crawler affects development of the dorsal setae which may be longer in later instars
on plants with trichomes and shorter or absent on glabrous plants (Azab et al. 1969;
Neal and Bentz 1999; Guershon and Gerling 2001). This phenotypic response to the
host plant may represent a form of crypsis (Neal and Bentz 1999).

The “eyes” of the nymphal stage consist of two small spots that lack a cuticular
cornea and have an underdeveloped retina (Gelman et al. 2002). They later develop
into the compound eyes of the adult, but in the nymph they presumably function as
simple light detectors.

Nymphal mouthparts are visible externally only as a short rostrum with sensory
structures at the apex that, if homologous to the sensillae of the adults, include both
mechano- and chemosensors (Fig. 4.5) (Domenichini 1981). Mouthparts of nymphs
and adults will be described in more detail later.

The anus is located dorsally and posteriorly in a depression referred to as the
“vasiform orifice” (Fig. 4.6). The anus opens between the bases of two structures,
an anterior “operculum” and a posterior “lingua.” The latter serves to catapult drops
of sticky honeydew away from the body helping the nymph to avoid entrapment in
its own sticky excrement.
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Fig. 4.4 Antennae of Bemisia nymphs (SEM). (a) Anterior of first instar showing relative size of
antenna (b) anterior of later nymphal stage showing relative size of antenna (c) overview of first
instar antenna (d) overview of later nymphal stage antenna (e) close-up of sensillae at base of first
instar antenna (f) close-up of sensillae in mid region of first instar antenna (g) close-up of sensillae
at apex of first instar antenna

“Pupal” Stage

The dramatic metamorphosis to adult morphology takes place during the “pupal
stage” which is the latter part of the fourth nymphal instar (Gelman et al. 2002).
Unlike the Holometabola, the pupal stage is not a separate instar; hence, the quo-
tation marks around “pupal” for this developmental stage in whiteflies. The first
externally observable feature in the fourth instar that signals this metamorphosis is
the enlargement of the eyes from small red pinpoints to larger diffuse red oval spots,
and finally to conspicuous red eye spots giving rise to the term “red-eyed nymph”
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Fig. 4.5 Nymphal rostrum (SEM). (a) Rostrum with stylets protruding; large sclerite behind the
stylets is the clypeus (b) close up of sensory structures on rostrum (¢ and d) views of the rostrum
showing where the stylet bundle can be gripped at the apex of the rostrum (black arrow) and at the
base of the rostrum (white arrow). Numbers 1 and 2 indicate the first and second labial segments

(Gelman et al. 2002). At 26°C, in little more than 24 h after the eye spots start to
enlarge, the simple nymphal eye transforms to a complex bipartite adult compound
eye. At the same time, wings develop from simple bilayers of tissue to highly folded
and invaginated wing buds that, if unfolded, would be approximately the size of the
adult wings (Gelman et al. 2002). Some time during the red-eyed nymph stage,
the fourth instar stops feeding and withdraws its stylets from the plant (Lei et al.
1996a, b; Costa et al. 1999). Close to the time of adult eclosion, the fourth instar
cuticle is mostly transparent, and the pharate adult becomes visible underneath.

Adult

In contrast to the highly reduced anatomy of the nymphal stage, adult whiteflies
have all the typical anatomical features of adult insects in the Sternorrhyncha.
Head

The compound eyes have a relatively small number of ommatidia which means that
visual acuity is rather poor. Each compound eye is divided into a distinct upper eye
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Fig. 4.6 Vasiform orifice. (a) Vasiform orifice of adult (SEM) (b) vasiform orifice of
nymph (SEM) (c) line drawing of adult vasiform orifice of greenhouse whitefly (redrawn
from Weber 1935; printed with permission from E. Schweizerbart’sche Verlagsbuchhandlung
(http://www.schweizerbart.de))

and lower eye, which in Bemisia are connected by a single ommatidium (Fig. 4.7a).
When whitefly adults are in a dispersal behavioral mode, they are attracted to UV
wavelengths of light, which causes them to fly upward toward the open sky (Mound
1962; Coombe 1982; Blackmer and Byrne 1993a, b). In contrast, when they are
in a host-finding behavioral mode, they are attracted to yellow-green wavelengths
of light that stimulates them to alight on vegetation (Mound 1962; Moericke et al.
1966; MacDowall 1972; Vaishampayan et al. 1975; Coombe 1982; Blackmer and
Byrne 1993a, b). The division of the compound eyes into upper and lower halves
may have a functional significance by enabling a differential response to UV and
yellow-green wavelengths of light. Indeed, electroretinograms of greenhouse white-
fly (Trialeurodes vaporariorum [Westwood]) have demonstrated that the relative
efficiency of detecting UV versus yellow-green wavelengths is greater for the upper
than for the lower compound eye (Mellor et al. 1997). In addition to compound eyes,
there is a pair of ocelli just above them (Fig. 4.7).

As in most whiteflies, the antennae of adult Bemisia are 7-segmented and pos-
sess several different kinds of sensillae (studied in detail by Mellor and Anderson
1995a, b) (Fig. 4.8). The basal antennal segments, scape and pedicel, each bear
a single campaniform sensillum that probably serves as a proprioceptor to detect
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Fig. 4.7 Adult head (SEM). (a) Lateral view (b) anterior view

Fig. 4.8 Adult antennae (SEM). (a) Overview. (b) Close up of sensillae on apical segment; note
apical tactile chaetae sensillum, a coeloconic sensillum and a basiconic sensillum. (¢) Close-up of
sensillae on segment 3; note two a coeloconic sensillae and a basiconic sensillum

antennal movements. The apical 5 segments, the flagellum, lack campaniform sen-
sillae. Internally, scolopidial sensillae, which also function as proprioceptors, occur
in the flagellum as well as in the scape and pedicel. Tactile chaetae sensillae (a.k.a.
trichoid sensillae) occur on the pedicel and are concentrated on its ventral side. The
7th segment also bears a large tactile chaetae sensillum at the apex (Fig. 4.8b). There
are no additional external mechanoreceptors on the flagellum.

In addition to the mechanosensory sensillae, antennae of Bemisia bear a single
basiconic sensillum and two apical coeloconic sensillae on the third antennal seg-
ment, a single coeloconic sensillum at the apex of the fifth antennal segment, a single
basiconic sensillum and a peg with digitate tips near the apex of the sixth antennal



118 G.P. Walker et al.

segment, and a basiconic and coeloconic sensillum near the apex of the seventh
antennal segment (Fig. 4.8). Basiconic sensillae, also referred to as sensory cones in
the literature, are relatively large, elongate pegs that lay more-or-less parallel to the
longitudinal axis of the antennae and are olfactory in function. Coeloconic sensillae,
also referred to as lachneat, rhinaria, and primary sensillae in the literature, consist
of a short, longitudinally grooved peg set centrally in the floor of a circular depres-
sion and also appear to be olfactory in function. Inwardly oriented non-sensory hairs
extend from the rim of the depression and surround the peg. There is a single small
peg with digitate tips on the antenna that is on the sixth antennal segment close
to the base of the basiconic sensillum. Its function is uncertain, but comparison to
sensillae of other insects suggests that it is a thermo-hygroreceptor.
Mouthparts will be discussed below.

Thorax

Adult whitefly legs are well developed and typical of most insects (Fig. 4.9): coxae
and trochanters short, femora and tibiae long, tarsi short and segmented (2-segments
in all whiteflies), and pretarsi short. The trochanter and base of the femur each have
a field of campaniform sensillae that probably are involved in proprioception and/or
detection of stress on the legs (Domenichini 1981) (Fig. 4.9a).

Fig. 4.9 Adult legs (SEM). (a) Campaniform sensillae (black arrowheads) on the trochanter
(right) and base of the femur (leff) (b) metatibial brush (black arrowhead) and comb (white
arrowhead) (c) pretarsus and apex of second tarsal segment
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Whiteflies contact the substrate only with their pretarsi; the tarsal segments are
elevated above the substrate. The pretarsus bears a pair of claws used for gripping
the substrate, which is typical of most insects (Fig. 4.9¢). The pretarsus also has an
arolium, referred to as the paronychium in some literature, which is not as sclero-
tized as the claws and has microsetae on its ventral surface. It is believed to be an
adhesive structure for gripping smooth substrates that the claws cannot penetrate.
The apex of the last tarsal segment has a long medial seta that is about the same
length as the pretarsus and extends between the two pretarsal claws (Fig. 4.9c). This
is probably a mechanosensory sensillum that provides feedback on contact with the
substrate.

The front wings are larger than the hind wings and venation is highly reduced.
Forewing venation consists of a fused costa-subcosta on the anterior margin of the
wing and a radial vein. The hind wing has only a short radial vein.

Abdomen

The abdomen consists of nine conspicuous segments, and a highly reduced tenth
segment. The ninth segment is the posterior-most, and the reduced tenth segment
lies dorsally on it (Weber 1935). The tenth segment surrounds the vasiform orifice
which is similar in structure and function to the nymphal vasiform orifice described
previously (Fig. 4.6).

The female ovipositor consists of three sclerotized appendages (gonapophyses)
that fit tightly together and taper to a sharp point at their apex (Fig. 4.10). The
three gonapophyses consist of a pair from the eighth abdominal segment and a sin-
gle gonapophysis, a fused pair, from the ninth segment (Weber 1935). The three
gonapophyses are joined together by longitudinal tongue-and-groove articulations
and enclose a channel through which the egg travels after leaving the genital open-
ing (Fig. 4.10c, d). The single gonapophysis of the ninth segment encloses a duct
from the colleterial gland that produces adhesive that anchors the egg pedicel in the
leaf (Fig. 4.10c, d) (Weber 1935).

The ovipositor is folded upward at rest (Fig. 4.10a, d). Egg laying is initiated by
extending the ovipositor posteriorly, bending the abdomen ventrally, and forcing the
ovipositor into the plant tissue (Fig. 4.10d). The right and left paired gonapophyses
then alternately protract and retract, sawing a hole in the leaf epidermis with their
distal serrations. The egg then travels, pedicel end first, down the oviduct, guided
between the gonapophyses which presumably separate to allow its passage. The
pedicel is inserted in the hole and anchored in place by the adhesive that is secreted
through the duct in the unpaired gonapophysis. The entire process takes place in less
than a minute (Walker and Perring 1994).

The male genitalia extend posteriorly from the ninth abdominal segment and
consist of a pair of tong-like parameres, or “claspers,” and a single penis (Fig. 4.11).
The claspers are used to grasp the female ovipositor during copulation (Weber 1931,
1935) (Fig. 4.11c). The distal ends of their medial surfaces bear “teeth” that grip the
apex of the ovipositor.
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Fig. 4.10 Ovipositor and oviposition (a) ovipositor, lateral, almost completely retracted (SEM)
(b) ovipositor, dorsal, retracted position (SEM) (c¢) line drawings of greenhouse whitefly ovipos-
itor (d) internal genital structures and oviposition; left, ovipositor retracted; center and right,
ovipositor extended; (c¢) and (d) redrawn from Weber (1935); printed with permission from E.
Schweizerbart’sche Verlagsbuchhandlung (http://www.schweizerbart.de)

Whiteflies cover their body with tiny wax particles produced by large wax plates
located on the ventral side of the abdomen; Bemisia and all other members of their
subfamily (Aleyrodinae) have two pair of wax plates on females and four pair on
males (Fig. 4.12). Hundreds of sclerotized pores in each plate connect to wax glands
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Fig. 4.11 Male genitalia, (a) lateral (SEM) (b) dorsal (SEM) (c) copulation in greenhouse
whitefly; redrawn from Weber (1931)

underneath. Wax extrudes as filaments with a characteristic curled shape determined
by the form of the pore (Fig. 4.12¢). The hind tibiae rub over the wax plates, break-
ing off pieces of filament, and then apply the broken particles to the abdomen and
wings. Tibial combs on the hind legs (Fig. 4.9b) facilitate this process. The front and
middle legs are then used to distribute wax particles from the abdomen and wings to
other parts of the body. Most of the body of adult whiteflies is densely covered by
very short microtrichia that are slightly bulbous or bent at their apices. The shape
and density of the microtrichia make them effective at holding the curled wax parti-
cles in place (Fig. 4.12d). Waxing behavior and chemical composition of the wax is
described in detail by Byrne and Hadley (1988). The white wax gives whiteflies their
common name although the body itself is actually yellow. The wax particles have
been hypothesized to slow down water loss and desiccation, repel sticky honeydew,
reflect away harmful UV radiation, deter fungal pathogen attack as well as perform
other hypothetical functions, none of which have been tested experimentally (Pope
1983; Byrne and Hadley 1988).

Molting

Molting is triggered by 20-hydroxyecdysone, same as in other insects (Gelman et al.
2005). Prior to molting, the nymph withdraws its stylets from the plant (Lei et al.
1996a, b; Freeman et al. 2001). For molts from one nymphal stadium to the next,
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Fig. 4.12 Wax plates and wax particles (SEM). (a) Ventral surface of male abdomen showing
four wax plates (b) close-up of wax plate (c¢) close-up of wax plate showing a portion where wax
particles have been removed and a portion where they are still present (d) portion of body covered
with dense microtrichia which have knobbed or slightly bent apices and serve to hold the wax
particles on the body

the ecdysial suture, which splits open to allow the newly molted insect to escape
its old exuvium, is a transverse seam at the anterior end of the body where the dor-
sum meets the venter (Fig. 4.13a, b). Contractions of the body push the exuvium
posteriorly where it eventually falls off. In the fourth instar, the ecdysial suture is
dorsal and T-shaped (Fig. 4.13c, d). The transverse portion of the T coincides with
the junction of the metanotum and first abdominal tergum and the longitudinal por-
tion of the T extends anteriorly from this along the dorsal midline. During the molt,
the T-shaped ecdysial suture splits open and the adult emerges head-first. The fourth
instar exuvium generally remains attached to the leaf, especially in the absence of
wind and rain (i.e., greenhouse conditions), another convenient feature for life table
studies.

Feeding Apparatus and Feeding

Mouthpart Morphology

Adults

Mandibles and maxillae are elongated into stylets. Each stylet is individually mus-
cled at its base in the head; thus the stylets can protract and retract independently of
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Fig. 4.13 Molting (SEM). (a and b) Nymphs in process of a molt. (¢) Adult emerging from pupal
case. (d) Pupal exuvium showing T-shaped ecdysial suture

each other (Weber 1935). The four stylets extend ventrally from their bases before
joining together into a stylet bundle prior to emerging from the ventral extremity of
the head between the epipharynx and hypopharynx. The maxillary and mandibular
stylets are approximately the same length, about 217 pm (Freeman et al. 2001). The
two maxillae are interlocked by two parallel longitudinal seams that extend almost
their entire length and function very much like the seams of a zip-lock plastic bag
(Fig. 4.14a). These seams keep the two maxillae tightly joined together while still
allowing the two maxillae to slide forward and back relative to each other during
penetration of the plant tissue. The conjoined maxillae enclose the food canal and
salivary canal (Fig. 4.14a). The food canal is about 3 times wider in diameter (0.657
4+ 0.09 wm; mean + SE) than the salivary canal (0.215 £ 0.03 pwm) (Rosell et al.
1995), a ninefold cross sectional area difference. Both canals are separate and par-
allel from the base of the conjoined maxillae to about 0.5 wm from the apex where
they join together into a single canal that extends to an opening at the tip (Fig. 4.14¢)
(Rosell et al. 1995). All food and saliva enter and leave through this apical
opening.

The mandibular stylets are external to and tightly appressed against the inner
maxillary stylets, which they partially enclose (Fig. 4.14a). Most of the contact
between the stylet bundle and plant tissue is with the mandibular stylets; small
barb-like ridges at the apex of the mandibular stylets are believed to aid the piercing
process, and to anchor the stylets into the plant tissue during feeding (Fig. 4.14b)
(Rosell et al. 1995; Hunter et al. 1996). The mandibular stylets contain a pair
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Fig. 4.14 Stylets. (a) Cross section of stylet bundle; Md, mandibular stylet; Mx, maxillary stylet;
FC, food canal; SC, salivary canal; arrowheads, mandibular dendrites (modified from Rosell et al.
1995; in the original, the mandible on the right was displaced and in this modification was put
back in its correct position relative to the stylet bundle; also delineation between the two maxillary
stylets is enhanced in this modification) (TEM). (b) Apex of stylet bundle showing serrated ridges
on mandibular stylets (SEM) (c) apex of conjoined maxillary stylets showing where the food and
salivary canals converge (arrow) (SEM) (from Rosell et al. 1995)

of mechanosensory dendrites (Forbes 1972; Rosell et al. 1995) (Fig. 4.14a) that
probably provide the insect with information on stylet movement (Wensler 1974;
Tjallingii 1978; Backus and McLean 1982). Whitefly maxillary stylets lack these
internal dendrites (Forbes 1972; Rosell et al. 1995) (Fig. 4.14a). The stylets do
not have chemosensory sensilla contrary to some earlier literature (e.g., Forbes
1972).

The labium is an elongate tube comprised of four linearly arranged segments
(Figs. 4.7 and 4.15). A deep longitudinal furrow called the labial groove extends
on the anterior side from the base of the second segment to the apex of the fourth.
The margins of the furrow press tightly against each other near the outer surface so
that the labial groove appears shallow in external view. However, the groove widens
deeper beneath the surface and forms a longitudinal lumen that extends the full
length of the groove. At rest, the stylet bundle resides in this lumen. During feed-
ing, the stylet bundle emerges from the opening of the labial groove at the apex of
the labium (Fig. 4.15a, d). The apex of the labium bears seven pairs of sensillae,
four of which are mechanosensory, and three of which are either chemosen-
sory or combined chemo- and mechanosensory (Fig. 4.15d) (Walker and Gordh
1989).

The labrum is a small appendage at the distal end of the clypeus. The stylet
bundle emerges from the head behind the base of the labrum and then enters the
labial groove. The labrum appears to play a role in keeping the base of the stylet
bundle in the labial groove (Fig. 4.15¢) (Freeman et al. 2001).
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Fig. 4.15 Adult labium
(SEM). (a) Labium at
initiation of stylet
penetration; stylet bundle
almost completely enclosed
by extended labium. (b)
Labium retracted into the
head during deep stylet
penetration (stylets broken off
during specimen preparation);
a and b are Figs. 4.9 and 4.10
from Freeman et al. (2001)
(reprinted courtesy of the
Entomological Society of
America); numbers indicate
labial segment; black
arrowheads indicate where
the stylets emerge from the
head enter the labial groove.
(c) Stylet bundle entering
labial groove just below the
ventral-most extremity of the
labrum. (d) Apex of labium
showing apical sensillae and
the stylet bundle emerging

Nymphs

The stylet bundle of nymphs is presumed to be essentially the same as in the adult.
The major anatomical differences between adult and nymphal mouthparts occur in
the labium and crumena. The labium of nymphs is two-segmented, very short, and
is not nearly long enough to house the entire length of the stylet bundle (Fig. 4.5).
Prior to entering the labial groove, the stylet bundle first enters the crumena, which
in whitefly nymphs is a pouch-like invagination that extends internally from the base
of the labium. The stylet bundle forms a loop within the crumena and exits the same
opening that it entered. It then extends into the labial groove (Weber 1934; Freeman
et al. 2001, Fig. 4.16). Stylet length increases with each nymphal instar (Pollard
1955) and was estimated at 114, 135, 142 and 159 wm for the four nymphal instars
(Freeman et al. 2001). However, these measurements are likely underestimates as
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Fig. 4.16 Cleared specimen of Bemisia first instar nymph showing the stylet bundle (arrowhead)
looped into the crumena (light microscopy)

they did not account for any portion of the stylet bundle that may still have been
within the crumena.

Mechanics of Stylet Penetration

Adults

Stylet penetration is initiated by extending the labium more-or-less perpendicu-
larly to the body and pressing the apex of the labium against the plant surface.
Contractions of the mandibular and maxillary protractor muscles advance the stylet
bundle past the apex of the labium and into plant tissue (Fig. 4.15a, d). Contractions
of these muscles advance the stylets only very short distances. Consequently, stylet
penetration is an incremental process achieved by repeated cycles of contraction and
relaxation of the protractor muscles (Bradley et al. 1962). To counter the mechani-
cal resistance against penetration in the plant tissue, the head pushes downward as
the protractor muscles contract. This downward push probably supplies much of the
penetration force (Freeman et al. 2001). Since the stylet bases are in the head, in
order for the stylets to penetrate deeper into the plant, the head pushes downward,
closer to the plant surface. As it does so, the entry point of the stylets in the labial
groove (at the ventral apex of the head where the labrum contacts the labial groove)
slides down the labial groove toward the plant surface. Prior to plant penetration,
the entry point of the stylet bundle in the labial groove is near the base of the sec-
ond labial segment. At maximal length of stylet penetration, the entry point of the
stylets in the labial groove moves downward almost to the apex of the fourth labial
segment (Fig. 4.15b) so that virtually the entire length of the stylet bundle is inserted
in the plant tissue. The length of stylet penetration in the plant at any time during
stylet penetration is equal to the distance that the labrum (i.e., the entry point of
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the stylet bundle in the labial groove) slides down the labial groove (Freeman et al.
2001). This can be measured by making a video recording of the labium at high
magnification and measuring the distance that the labrum moves down the labium.
A simple calculation is needed to compensate for the labium not being perfectly
perpendicular to the optical axis of the camera (Jiang and Walker 2001).

As the head pushes the stylet bundle down the labial groove, the labium itself
retracts. Labial retraction occurs primarily by the first labial segment invaginat-
ing into itself longitudinally and by the second labial segment being pulled upward
into the invaginated first segment (Fig. 4.15b). The third and fourth labial segments
undergo little or no change in dimensions during stylet penetration. The labium
probably plays an important mechanical role by enclosing the portion of the stylet
bundle between the head and the plant surface and thus preventing the stylet bundle
from buckling as the protractor muscles and the downward push of the head force
the stylets into the plant tissue.

The stylets can be retracted in a similar incremental process by the mandibular
and maxillary retractor muscles. In addition, the stylet bundle also can be pulled
out of the plant by extension of the labium. Extension of labium pushes the head
away from the plant surface, pulling the stylet bundle out of the plant. At full labial
extension, the stylets once again become completely enclosed in the labial groove
and the entry point of the stylets in the labial groove has slid back up to the second
labial segment.

Extension of the labium is caused by muscles operating on the crumena. The
crumena, which in the nymphal stage is a pouch-like invagination housing the
coiled stylets, transforms in the adult stage into a stiff rod-like invagination (i.e.,
an apodeme) that extends dorsally from the inner wall of the labium up into the pro-
thorax (Fig. 4.17a). Retraction of the labium during stylet advancement forces the
crumena upward into the prothorax, stretching the crumena protractor muscles that
extend from the dorsal head of the crumena down to the base of the hypopharynx.
When these muscles contract, the crumena is pulled downward causing the labium
to extend (Weber 1935). Retraction of the stylets by this mechanism can be very
rapid (< 1 s) and may be particularly important for quick escape when the whitefly
has its stylets deep in the plant tissue.

During stylet penetration in whiteflies and aphids, the mandibular stylets lead
the way ahead of the maxillary stylets; therefore, most of the penetration force is
provided by the mandibular stylets (Bradley et al. 1962). Aphid maxillary stylets
advance after the mandibular stylets advance; as a result, the apex of the max-
illary stylets is slightly behind the apices of the mandibular stylets during stylet
penetration. The same is presumably true for whiteflies (Rosell et al. 1995).

The stylet bundle of whiteflies is quite flexible and weaves its way between and
around cells on its route to the phloem (Pollard 1955; Walker 1985; Walker and
Perring 1994, Fig. 4.18). The steering mechanism directing stylet movement has
not yet been described for whiteflies but is likely to be similar to other homopterans
(Miles 1968). Mandibular stylets typically curve inward at their apex (Fig. 4.19),
a feature that holds true for whiteflies (Rosell et al. 1995). If the two mandibular
stylets advance simultaneously or advance alternately for very short distances, the
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Fig. 4.18 Light micrograph
of adult Bemisia stylets
weaving through tissue of a
lima bean leaf from the leaf
surface to the phloem

Fig. 4.19 Diagrammatic illustration of how a piercing-sucking insect can control direction of
stylet movement. (a) Starting position prior to turning right. (b) Left mandibular stylet advances
and its natural curvature forces it to the right. (¢ and d) Maxillary stylets follow the curved path
cut by the left mandibular stylet. (e) Right mandibular stylet advances; the tendency of the right
mandibular stylet to curve left is blocked by the left mandibular stylet and maxillary stylets, so the
right mandibular stylet follows the path already established by these other stylets. Modified from
Miles (1968); printed with permission from Annual Reviews

tendency to curve inward by one mandible is countered by the tendency of the
opposite mandible to curve inward, and the resulting movement is straight ahead.
However, if one mandible advances by itself for a considerable distance, it will cut
a path that curves inward, and when the opposite mandible advances, it will follow
this path of least resistance (Fig. 4.19). This mechanism allows the mandibles to
turn either right or left relative to their sagittal axis. By rotating the stylet bundle,
thus changing the orientation of its sagittal axis, the stylets can be turned in essen-
tially any direction. During stylet penetration, whiteflies frequently rotate their body
around the penetration point on the leaf surface, which would presumably rotate the
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axis of the stylets. There are also multiple protractor and retractor muscles that insert
on the base of each stylet; consequently, differential contraction of these muscles on
the same stylet might induce a torque that could twist the stylet’s axis although this
has yet to be confirmed.

Nymphs

In nymphs, the stylet bundle forms a loop in the crumena; consequently, any force
generated by contraction of the mandibular and maxillary protractor muscles would
be absorbed by the loop rather than be directly translated to the apex of the stylets
forcing them into the plant. Thus, nymphs most likely employ a different mech-
anism of stylet penetration than adults. Although we are unaware of any studies
specifically on whitefly nymphs, Heriot (1934) examined stylet penetration in sev-
eral scale insects that also have a very short labium and long stylets looped in a
crumena. The stylet bundle of scale insects passes through two vice-like structures,
one at the base and one at the apex of the short labium. The basal vise grips the
stylet bundle and then protracts, forcing the stylet bundle forward. The apical vice
is pressed close to the plant surface, and provides a tight fitting collar around the
stylet bundle but does not fit so tight as to prevent stylet protraction. The short
distance between the two vices prevents the stylet bundle from buckling when the
basal vice protracts. Once the basal vice completes its protraction, it releases its grip
on the stylet bundle, retracts, and once again grips the stylet bundle and protracts,
repeating the process over and over. The labium of whitefly nymphs also appears to
have two vice-like structures (Fig. 4.5¢, d), making it likely that a similar method of
stylet advancement is used.

Precibarium and Cibarial Pump

The structures of the cibarial pump, precibarium, and precibarial valve have been
studied primarily in adult whiteflies and this section refers to adults. These same
structures in nymphs are probably more-or-less similar to adults (Weber 1934).
Proximal to their emergence from the head, the stylets diverge from their tight
interlocked appression to each other and no longer enclose the food canal. At this
point, the epipharynx and hypopharynx press tightly against each other, enclosing a
channel whose lumen is continuous with the maxillary food canal distally, and with
the pharynx basally (Fig. 4.17). The proximal part of this channel is the cibarium
(referred to as the pharynx by Weber 1935) and forms the sucking pump; the distal
part is the precibarium (Hunter et al. 1996), also referred to as the hypocibarium
(Harris et al. 1996b), which connects the maxillary food canal to the cibarial pump.
The posterior wall of the cibarial pump is the hypopharynx and is shaped as a
longitudinal trough with its concave surface facing anteriorly (Harris et al. 1996b;
Hunter et al. 1996). The anterior wall of the pump is the epipharynx, which is oppo-
site the concave surface of the hypopharyngeal wall, and abuts against it when at
rest. The cibarial dilator muscles originate on the inner surface of the postclypeus,
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and insert in a longitudinal apodeme on the anterior side of the epipharyngeal wall
(Harris et al. 1996b; Hunter et al. 1996) (Fig. 4.17). Contraction of the dilator
muscles pulls the epipharyngeal wall away from the hypopharyngeal wall, creat-
ing suction to draw food up through the maxillary food canal and precibarium.
When the cibarial dilator muscles relax, the epipharyngeal wall snaps back into
the hypopharyngeal trough, forcing fluid out of the pump.

A valve (termed precibarial by Hunter et al. 1996, and cibarial by Harris et al.
1996b) at the proximal end of the precibarium regulates the direction of fluid flow
as the cibarial dilator muscles cycle between contraction and relaxation. The valve
consists of a thickening of the epipharyngeal wall that is opposite a shallow depres-
sion in the hypopharyngeal wall (Fig. 4.17). The precibarial valve muscle originates
on the inner surface of the postclypeus and inserts in the epipharyngeal wall of the
valve. Similar to the cibarial dilator muscles, contraction of the precibarial valve
muscle pulls the epipharyngeal wall of the precibarial valve away from the depres-
sion in the hypopharyngeal wall, opening the valve. When the muscle relaxes, the
epipharyngeal wall snaps back into the depression on the hypopharyngeal wall,
closing the valve. The precibarial valve muscles and cibarial dilator muscles cycle
between contraction and relaxation in synchrony, so when the cibarial dilator mus-
cles contract, creating suction, the precibarial valve muscles also contract, opening
the valve and allowing food to be sucked up from the food canal into the cibar-
ium. When the cibarial dilator muscles relax, forcing food out of the cibarium, the
precibarial valve muscle also relaxes, closing the valve, so that the food cannot
escape back into the food canal but instead is forced up into the pharynx.

The precibarium has 10 chemosensory sensilla in contact with its lumen, and the
cibarium has eight (Hunter et al. 1996). They serve a gustatory function and are
the primary taste organs of the whitefly. Because the stylets have no chemosensory
sensillae, plant sap has to be imbibed at least as far up as the precibarial sensillae
before any assessment of its chemistry can be made.

Saliva

Salivation plays a major role in the feeding behavior of whiteflies. The salivary
glands of whiteflies as well as all other Sternorrhyncha, Auchenorrhyncha, and
many Heteroptera, are highly specialized and produce two distinct kinds of saliva:
sheath saliva and watery saliva.

Salivary Glands

The salivary glands of whiteflies have been examined in detail only for the adult
stage (Weber 1935; Harris et al. 1996b; Ghanim et al. 2001). Bemisia adults have
two pairs of salivary glands; the principle and accessory salivary glands. The prin-
ciple glands are larger (Harris et al. 1996b) and are comprised of at least 13 cells
which vary in their ultrastructure and staining, suggesting cellular specialization for
production of different salivary components (Ghanim et al. 2001). The accessory
glands are simpler in structure and consist of 4 cells, all similar in appearance. In
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aphids, the principle glands appear to be largely responsible for producing sheath
saliva, while the accessory glands appear to be largely responsible for producing
watery saliva (Tjallingii 2006). The division of labor between the principle glands
and accessory gland has not been examined in whiteflies. Cicero and Brown (2008)
found a Bemisia-transmitted Begomovirus, Squash leaf curl virus, in the primary
salivary gland of Bemisia but not in the accessory salivary gland, thus implicat-
ing the primary salivary gland in inoculation of this virus. Medina et al. (2006)
found another Bemisia-transmitted Begomovirus, Tomato yellow leaf curl Sardinia
virus, in the principle salivary glands, but they did not mention anything about the
accessory glands. In contrast, aphid-transmitted luteoviruses are inoculated via the
accessory salivary glands (Gildow and Rochow 1980; Shukle and Quiroz 1994;
Gray and Gildow 2003).

The ducts from the principle and accessory gland on the same side fuse to form a
lateral salivary duct. Further downstream, the two lateral salivary ducts fuse to form
a single afferent salivary duct. This duct empties into the salivary pump, which is
located posterior to the cibarial pump, and pumps saliva into the salivary canal of
the maxillae (Fig. 4.17) (Harris et al. 1996b).

Sheath Saliva

As the stylet bundle advances through the plant tissue, sheath saliva is secreted from
its apex. Secretion is incremental and in synchrony with advancement of the stylet
bundle. A small volume of sheath saliva is secreted and quickly gels, enclosing the
apex of the stylet bundle. The stylets then advance a few microns, pushing their way
through the gelled sheath saliva, and the process is repeated as the stylets advance.
Each increment forms a bead of sheath saliva that adheres to the previously produced
bead so that the entire length of the stylet bundle, from the leaf surface to its terminal
end, is enclosed in a continuous sheath of gelled saliva with a beaded appearance
(Fig. 4.20a, b). The portion of the salivary sheath on the plant surface, at the point of
initial penetration, is referred to as a salivary flange (Fig. 4.20a, c). Salivary sheaths
remain in the plant after the stylets are withdrawn and are easily stained, providing
a convenient record of everywhere that the whitefly probed with its stylets (McLean
and Kinsey 1967; Walker 1985; Backus et al. 1988; Cohen et al. 1996b, c).

Production of a salivary sheath by hemipterans has been known for a very long
time (Biisgen 1891), but its function(s) remain speculative. Hypothesized functions
include: (1) keeping the two mandibular stylets and conjoined maxillary stylets in
a cohesive stylet bundle; (2) providing a relatively frictionless sheath to facilitate
advancement and retraction of the stylet bundle through the plant tissue; (3) sealing
the puncture where the tips of the stylets penetrate a phloem sieve element to pre-
vent loss of turgor pressure in the sieve element (see “Feeding Behavior” below for
importance of preventing loss of turgor pressure in sieve elements); (4) providing a
relatively inert barrier between the moving stylets and the plant tissue to minimize
plant wounding responses.

The chemistry of the salivary sheath of several other hemipterans has been exam-
ined including aphids which are likely to be similar to whiteflies in this regard (Miles
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labium
salivary flange

Fig. 4.20 (a) Diagrammatic illustration of stylet penetration and sheath saliva into an artificial
diet covered by a Parafilm® membrane (from Miles 1968; reprinted with permission from Annual
Reviews) (b) branching salivary sheath clearly showing the beaded nature of the salivary sheath
that reflects its incremental secretion (SEM) (¢) apex of Bemisia labium slightly pulled back from
leaf surface where the stylets are penetrating; black arrowhead: stylet bundle; white arrowhead:
salivary flange (SEM) (Fig. 4.2 from Freeman et al. 2001; reprinted courtesy of the Entomological
Society of America) (d) Bemisia salivary sheaths in passing between tightly packed palisade mes-
ophyll (SEM) (e) Bemisia salivary sheaths passing through spongy mesophyll with its abundant air
spaces (SEM) (d and e from Cohen et al. 1998)

1972, 1999). Sheath saliva is mainly protein and contains about 10% phospholipid
and probably some conjugated carbohydrate. In addition to the physical structure
formed by sheath saliva, enzymatic activity, specifically phenoloxidase and peroxi-
dase, has also been reported in the salivary sheath of some aphid species (Miles and
Peng 1989; Urbanska et al. 1998; Cherqui and Tjallingii 2000).

Watery Saliva

Watery saliva contains salivary enzymes and metabolites and does not gel upon
secretion into the plant. In aphids, watery saliva appears to be secreted intermit-
tently during stylet penetration through intercellular space. It has been hypothesized
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that watery saliva injected during stylet penetration is quickly sucked back up into
the food canal, carrying soluble components from the plant up to the precibarial taste
organs (see above), presumably providing the insect with chemosensory information
regarding host plant suitability as well as possible cues to help locate the phloem
sieve elements (Miles 1999). Bemisia appears to acquire chemosensory cues from
intercellular space during stylet penetration (Isaacs et al. 1999), but whether they
acquire this information in the same manner as hypothesized for aphids is unknown.
Alternatively, it is possible that the apical labial chemoreceptors (present in white-
flies, absent in aphids) that are pressed into the salivary flange during feeding may
detect internal plant chemicals that diffuse through the salivary sheath up to the
salivary flange.

Both aphids and adult whiteflies inject large amounts of watery saliva into
phloem sieve elements, which is how circulative plant viruses are inoculated (Prado
and Tjallingii 1994; Nault 1997; Jiang et al. 2000). Ingestion of phloem sap by
aphids and adult whiteflies is always preceded by injection of watery saliva into the
sieve element (Tjallingii 1994, 1995, 2006; Wilkinson and Douglas 1998; Jiang et al.
1999), and once ingestion is initiated, it can be periodically interrupted by bouts of
salivation into the sieve element (van Helden and Tjallingii 1993; Tjallingii 1994,
2006; Wilkinson and Douglas 1998; Sauge et al. 1998). In addition, secretion of
watery saliva occurs simultaneously with ingestion in aphids (Tjallingii 2006) and
probably also in whiteflies. However, saliva secreted during ingestion is believed to
be caught up in the stream of sap flowing up the common canal where the food and
salivary canals join near the apex of the maxillaec and consequently the saliva gets
ingested without having entered the sieve element (Tjallingii 2006). Potential roles
for watery saliva are discussed below under “Feeding Behavior.”

Salivary Components

In the earliest study on whitefly saliva, Butler (1938) found evidence of amy-
lase and invertase in the saliva of the cabbage whitefly, Aleurodes brassicae using
oxidation-reduction reactions; however, such assays may produce false positives due
to the general oxidative properties of hemipteran saliva (Miles 1999). More recently,
Cohen and Hendrix (1994) detected a-amylase in B. tabaci in their assay of whole
body homogenates, but provided no evidence for a salivary origin. Nonetheless, they
argued that amylase is a salivary component injected into the plant while feeding.
They also used the presence of amylase to hypothesize that whiteflies were faculta-
tive mesophyll feeders (a view they have since refuted — Cohen et al. 1996b, ¢) under
the false assumption that phloem sieve elements lack starch. However, phloem sieve
elements do contain starch plastids (Evert 1990; Eleftheriou 1990). Therefore, even
if amylase does occur in saliva, it could still interact with sieve elements.

Cohen and Hendrix (1993) cite unpublished data indicating the presence of pecti-
nase in whole-body homogenates of Bemisia. While again presence of an enzyme
in whole body homogenates does not necessarily imply its presence in saliva, pectin
is an insoluble polysaccharide found primarily in plants, not animals; therefore, it
seems likely that if whiteflies produce a pectinase, it would have to be injected into
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the plant via the saliva in order to have an effect. Furthermore, pectinases have been
detected in the saliva of many, although not all, aphid species that have been exam-
ined (Adams and McAllan 1958; McAllan and Adams 1961; Campbell and Dreyer
1985; Miles 1999; Cherqui and Tjallingii 2000). Pectinases have been hypothesized
to aid stylet penetration through the pectin-rich middle lamella that serves as the
intercellular cement between adjacent cell walls in plant tissue (McAllan and Adams
1961; Campbell and Dreyer 1985), although this hypothesis has been challenged
(Tjallingii and Hogen Esch 1993). To date, the only enzyme definitively proven to
be a component of whitefly saliva is alkaline phosphatase that was detected in adult
Bemisia principal and accessory salivary glands (especially the former) as well as
in saliva secreted into an artificial medium (Funk 2001). However, its function is
unknown.

Many of the additional components mentioned in a thorough review of aphid
saliva (Miles 1999) may also occur in whitefly saliva, although confirmation is still
lacking. Salivary interactions with the host plant play a critical role in the specialized
feeding mechanism of hemipterans, and in many cases, probably determine host
plant susceptibility/resistance (Miles 1999). The paucity of information on whitefly
salivary components demonstrates the great need for future research in this area.

Feeding Behavior

All whiteflies studied are obligate phloem-feeders (Byrne and Bellows 1991; Cohen
et al. 1996b, c). Bemisia feeds primarily on phloem in minor veins, which they
usually access from the abaxial leaf surface (Cohen et al. 1996b, c; Jiang and
Walker 2007). Phloem is the plant’s primary transport system for photosynthates,
and phloem sap generally has high concentrations of sugars (Raven 1983; Girousse
et al. 1991; van Helden and Tjallingii 1994), usually sucrose or raffinose, or sugar
alcohols (Ziegler 1975). Amino acids and other organic molecules are also trans-
ported primarily in the phloem, usually in much lower concentrations than sugars
(Ziegler 1975; Girousse et al. 1991; van Helden and Tjallingii 1994; Calatayud et al.
1996).

Phloem is a tissue comprised of several cell types and phloem sieve elements
are the highly specialized cells through which phloem sap is transported. Whiteflies
ingest sap specifically from sieve elements. Sieve elements are elongate and anasto-
mose end-to-end with cytoplasmic continuity that allows sap to flow from one sieve
element to the next. Collectively, the interconnected sieve elements comprise the
sieve tubes, which are the conduits for long-distance transport of nutrients from one
part of the plant to another. Consequently, whiteflies tap into a pipeline with a con-
tinuous flow of nutrients, and as the whitefly extracts the sap from a sieve element,
the sap is continually replaced. As a result, whitefly larvae can complete an entire
nymphal instar feeding from a single sieve element (Lei et al. 1996b).

Sieve elements have a very high turgor pressure (0.2-1 MPa — Kingsolver and
Daniel 1995) due to their high sugar concentration. When the stylets pierce a sieve
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element, the turgor pressure forces the sap up into the food canal, even without
sucking. The precibarial valve, described previously, may play an important role in
regulating the flow of sap from the sieve element to the insect. Too much flow could
cause the sieve element to lose turgor pressure, triggering a sealing mechanism that
would isolate the affected sieve elements and cut off its connection to the transport
pipeline (Knoblauch and van Bel 1998).

Adult whiteflies also ingest sap from the plant’s other transport system: xylem
(Janssen et al. 1989; Lei et al. 1997, 2001; Jiang et al. 1999). Xylem sap is very
dilute and usually low in organic nutrients (Raven 1983). Nonetheless, many insects
that feed on phloem sap also occasionally ingest xylem sap. In aphids, this behavior
is believed to occur primarily when the insects are dehydrated and has been referred
to as “drinking” (Spiller et al. 1990). Adult whiteflies are not known to engage in
significant ingestion of any plant cells other than phloem sieve elements and xylem
tracheary elements. In the few studies on whitefly nymphs, only ingestion from
phloem sap has been reported and, in contrast to adults, no ingestion of xylem sap
has been detected (Lei et al. 1996a, b; Jiang and Walker 2003, 2007).

To initiate feeding, an adult whitefly first lowers its labium and usually rubs the
apex of the labium over the leaf surface. It then presses the apex against the leaf
surface, secretes a small amount of sheath saliva (the salivary flange), and begins
to insert its stylets as described previously. Stylet penetration usually is initiated
in the anticlinal grooves between adjacent epidermal cells (Freeman et al. 2001).
Mechanosensory sensillae at the apex of the labium are probably involved in locat-
ing these grooves (Nault and Gyrisco 1966). The apex of the labium also bears
chemosensory sensillae (Walker and Gordh 1989); however, whether or not they
play a role in providing gustatory information from the leaf surface is unknown.

The stylet pathway from the leaf surface to the phloem and xylem is primarily
intercellular (Capoor 1949; Pollard 1955; Walker 1985; Janssen et al. 1989; Walker
and Perring 1994; Lei et al. 1996a, b; Jiang et al. 1999; Jiang and Walker 2003).
The stylets are remarkably flexible and weave their way around and between cells
from the plant surface to their target: a phloem sieve element (Fig. 4.18), or a xylem
tracheary element, if the insect is dehydrated. Intercellular space is occupied by cell
walls, by a pectin-rich middle lamella between adjacent cell walls, and by air spaces;
the latter especially common in the spongy mesophyll. In aphids, there are three
variations of intercellular penetration: through the middle lamella between adja-
cent cell walls, between adjacent parallel cellulose lamellae within cell walls, and
between the cell wall and the plasmalemma (cell membrane). The latter is referred
to as intramural penetration because it occurs on the inner side of the cell wall but
external to the cell (Spiller et al. 1985; Kimmins 1986; Tjallingii and Hogen Esch
1993). Scanning electron microscopy (SEM) of fractured leaf sections indicates that
in mesophyll, whitefly stylet penetration between adjacent cell walls and through
intercellular air spaces is very common (Fig. 4.20d, e, Cohen et al. 1998). In tightly
appressed tissues, transmission electron microscopy (TEM) is required to distin-
guish among the three variations of intercellular penetration. The only available
TEM image of Bemisia stylets through tightly appressed tissue shows a stylet path
apparently through the middle lamella in a cotton leaf (Fig. 4.21), but how frequent
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Fig. 4.21 Transmission
electron micrograph showing
an adult Bemisia salivary
sheath apparently in the
middle lamella of phloem
tissue in a cotton leaf,
pushing the two adjacent cell
walls apart; black
arrowheads: cell walls; white
arrowheads: middle lamella;
asterisk: salivary sheath
which is hollow because
stylet bundle was pulled out
prior to sectioning (TPF
unpublished)

this mode of penetration is compared to other modes of intercellular penetration in
tightly packed tissue remains unknown.

Although the stylet pathway to the phloem is primarily intercellular, plant cells
are periodically punctured along the way. This phenomenon has been best studied in
aphids, which like whiteflies, also penetrate the plant in mostly an intercellular route
on their way to the phloem (Tjallingii 1985, 2006; Tjallingii and Hogen Esch 1993).
Aphid stylets frequently make deviations from their intercellular route to make brief
(usually <10 s) intracellular punctures with their maxillary stylet tips (Tjallingii
1985, 1995; Kimmins and Tjallingii 1985; Tjallingii and Gabrys 1999). Upon with-
drawal of the stylet tips, the cell plasmalemma spontaneously seals over the puncture
site and the punctured cell seems little affected (Tjallingii and Hogen Esch 1993).
During these brief intracellular punctures, aphids secrete a small amount of watery
saliva into the cell and then suck up a small volume of cell sap, presumably for
sensory evaluation by the precibarial chemosensillae (Martin et al. 1997; Powell
2005). It is during brief intracellular punctures, especially those near the beginning
of a stylet penetration, that non-persistent viruses are transmitted by aphid vectors
(Lopez-Abella et al. 1988; Powell 1991; Powell et al. 1995; Perez et al. 1996; Collar
et al. 1997; Martin et al. 1997).

In contrast to aphids, intracellular punctures by whiteflies are much less frequent,
and generally occur only after the stylets have penetrated deep into the leaf tis-
sue (Janssen et al. 1989; Lei et al. 1998; Jiang et al. 1999; Johnson and Walker
1999). Furthermore, salivation and ingestion behavior during intracellular punctures
has not been detected in whiteflies. The difference in the frequency and behaviors
occurring during these intracellular punctures may explain why the great majority
of vectors of non-persistently transmitted plant viruses are aphids and not whiteflies
(Nault 1997).

There are conflicting reports regarding the mode of penetration through the epi-
dermis at the onset of stylet penetration. Scanning electron micrographs indicate that
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in most cases, the stylet bundle passes directly through the epidermal cells rather
than between epidermal cells (Cohen et al. 1998; Freeman et al. 2001) whereas
electrical penetration graph (EPG) studies do not detect intracellular penetration
through the epidermis (Janssen et al. 1989; Lei et al. 1998; Jiang et al. 1999;
Johnson and Walker 1999). Several reasons might account for this discrepancy. The
cell membrane (plasmalemma) does not show up in these SEM images; therefore,
if the stylets penetrate through the epidermis along the inner surface of the cell
wall without puncturing the plasmalemma (i.e., intramural penetration), the path-
way would appear to be intracellular in SEM images. However, in at least some of
the SEM images, the stylets penetrate away from the cell wall’s inner surface, which
would make intramural penetration unlikely in these specific cases. Alternatively,
the discrepancy between the SEM and EPG studies could be because EPGs detect
intracellular penetrations by recording the cell membrane electrical potential which
is a property of living cells. If penetration through epidermal cells causes rapid
cell death, then the membrane electrical potential would rapidly deteriorate and
intracellular penetration might not be detected. This explanation implies that the
interaction between stylets and epidermal cells is different from other cells which
survive penetration. Although there is conflicting evidence regarding the mode of
penetration through the epidermis, all studies, SEM and EPG, are in agreement that
once past the epidermis, the pathway is primarily intercellular until the sieve element
is penetrated.

Penetrating the leaf and locating a sieve element is a time-consuming and often
unsuccessful process. After landing on a leaf, a whitefly usually makes many stylet
penetrations before successfully locating a sieve element (Lei et al. 1997, 2001;
Jiang et al. 1999, 2001). Salivary sheaths often have many branches indicating
probes in multiple directions before the insect successfully locates a sieve element
or gives up and withdraws its stylets (Walker 1985; Cohen et al. 1998; Freeman
et al. 2001) (e.g., Fig. 4.20b). The average time interval from the beginning of a
successful probe to the initiation of phloem phase (sieve element salivation and
ingestion) varies from 16 to 42 min in various whitefly/plant species combinations
(Table 4.1). Considering that many unsuccessful probes usually precede the first
successful probe, it may take an hour or more after landing on a leaf before the
whitefly adult begins ingesting phloem sap. Only one study reports the time required
for a successful probe by a whitefly nymph (7. vaporariorum) to reach the phloem,
and it was much longer (average of 74 min) than the adult takes on the same plant
(Table 4.1, Lei et al. 1996b).

TEM studies of sieve element penetration by aphids indicate that the mandibular
stylets and salivary sheath stop at the outer surface of the cell wall and only the tips
of the maxillary stylets penetrate the sieve element (Evert et al. 1973; Kimmins and
Tjallingii 1985; Tjallingii and Hogen Esch 1993). Although TEM studies of sieve
element penetration by whiteflies are lacking, TEM data are available for whitefly
penetration of a xylem cell, and similar to sieve element penetration by aphids, the
mandibular stylets and salivary sheath stopped at the cell wall and only the tips of
the maxillary stylets penetrated the cell (Janssen et al. 1989).



4 Life History, Functional Anatomy, Feeding and Mating Behavior

139

Table 4.1 Time from the beginning of a probe required for whiteflies to attain phloem phase

Time to reach phloem

Whitefly
species/strain Plant Phase within a probe Reference
Adult whiteflies
Bemisia argentifolii Lima bean 15.6 & 8.3 min Walker and
(mean + SD) Perring (1994)
Bemisia tabaci Tomato 18.3 = 12.9 min Jiang et al. (1999)
(strain B) (mean + SD)
Bemisia tabaci Tomato 23.7 + 14.9 min Jiang et al. (1999)
(strain Q) (mean £ SD)
Bemisia tabaci Tomato (with Mi 39.0 & 25.8 min Jiang et al. (2001)
(strain B) resistance) (mean £ SD)
Bemisia tabaci Tomato (without Mi 21.2 £ 10.7 min Jiang et al. (2001)
(strain B) resistance) (mean 4 SD)
Parabemisia myricae Lemon and rough 24.1 £ 17.7 min Walker and
lemon (mean & SD) Perring (1994)

Trialeurodes Cucumber 19.7 £ 12.9 and 24.8 Lei et al. (1997)
vaporariorum =+ 18.6 min (mean
4+ SD of two
different
experimental
treatments)
Trialeurodes Cucumber 34.9 + 23.3 min Lei et al. (1998)
vaporariorum (mean £ SD)
(strain T)
Trialeurodes Cucumber 41.9 4 28.8 min Lei et al. (1998)
vaporariorum (mean £ SD)
(strain C)
Trialeurodes Cucumber 34.5 min (mean) Lei et al. (2001)
vaporariorum
Trialeurodes Tomato 23.2 + 17.9 min Lei et al. (1998)
vaporariorum (mean + SD)
(strain T)
Trialeurodes Tomato 16.1 £ 13.4 min Lei et al. (1998)
vaporariorum (mean + SD)
(strain C)
Trialeurodes Tomato (susceptible 23.2 &+ 17.8 min Lei et al. (1999)
vaporariorum variety) (mean + SD)
(strain T)
Trialeurodes Tomato (resistant 178 = 7.4 and 21.4 Lei et al. (1999)
vaporariorum variety) 4+ 24.0 min (mean
(strain T) + SD of two
different resistant
cultivars)
Trialeurodes Tomato 27.2 min (mean) Lei et al. (2001)
vaporariorum
Trialeurodes Sweet pepper 19.3 £ 21.2 min Lei et al. (1999)
vaporariorum (mean £ SD)

(strain T)
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Table 4.1 (continued)

Time to reach phloem

Whitefly

species/strain Plant Phase within a probe Reference

Trialeurodes Sweet pepper 25.8 min (mean) Lei et al. (2001)
vaporariorum

Trialeurodes Gerbera 25.6 min (mean) Lei et al. (2001)

vaporariorum

Whitefly nymphs
Trialeurodes Cucumber 74.2 min (mean, Lei et al. (1996b)
vaporariorum n=7)

After penetration of a sieve element, watery saliva is secreted into the sieve ele-
ment for a period of up to several minutes before the onset of ingestion (Jiang et al.
1999, 2000, 2001). Similar behavior occurs in aphids where it has been studied in
more detail (Tjallingii 1994, 1995, 2006; Wilkinson and Douglas 1998). The func-
tion of this salivation has been hypothesized to “condition the sieve element” for
ingestion; specifically to prevent, or reverse, the sealing response by the penetrated
sieve element (Tjallingii 2006; Will et al. 2007).

Sieve elements are very sensitive to perturbations and respond to even minor
injury by sealing their connections to adjacent sieve elements (Eschrich 1975;
Knoblauch and van Bel 1998). Such a response would cut off the aphid or whitefly’s
access to the phloem sap pipeline. Plants have redundant systems to seal damaged
sieve elements and thus avoid “bleeding to death” every time damage occurs. The
two most common systems are callose synthesis which closes off the sieve pores
that connect one sieve element to another and P-protein which undergoes an almost
instantaneous change in structural state in response to damage, and the change
causes it to clog the sieve pores (Eschrich 1975). Phloem-feeding insects such as
whiteflies and aphids have to avoid triggering these plant responses or reverse them
if they occur, and salivation into the sieve element seems the most likely way that
this occurs. This hypothesis recently has gained experimental support, where the
saliva of the aphid Megoura viciae Buckton was shown in vitro to be able to change
the structural state of P-protein from a sieve-plate clogging state to a non-clogging
state (Will et al. 2007). Secretion of watery saliva into the sieve element occurs
not only prior to the onset of ingestion, but periodically ingestion is interrupted
by bouts of salivation (Sauge et al. 1998; Tjallingii 2006). Again the function has
been hypothesized to be interference with the sieve elements’ sealing mechanisms.
P-protein coagulation would be a problem not only if it occurred in the sieve ele-
ments, but also would be problematic for the insect if it coagulated in the stylet
food canal during ingestion. Prevention of coagulation in the food canal has been
hypothesized as the function of watery saliva that is secreted during ingestion and
is immediately caught up in the inward flow of sap without ever entering the sieve
element (Tjallingii 2006).
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Salivation into sieve elements, as detected by electrical penetration graphs
(EPGs), has been confirmed only for adult whiteflies (Jiang et al. 2000). Whitefly
nymphs produce EPG patterns similar to those associated with phloem salivation
in adults (Lei et al. 19964, b; Jiang and Walker 2003) but definitive experiments to
verify association of these nymphal EPG patterns with salivation have not yet been
conducted. However, assuming the likelihood that these nymphal EPG patterns also
indicate salivation, then whitefly nymphs continually cycle between ingestion and
salivation in the sieve elements. Cycles lengthen in progressive instars with bouts of
ingestion averaging 26, 30, and 54 min and salivation averaging 13, 17 and 25 min
for instars 1-3, respectively (Jiang and Walker 2003). Nymphs of greenhouse white-
fly can apparently remain feeding from the same sieve element, alternating between
ingestion and presumed salivation, for an entire instar without ever withdrawing
their stylets (Lei et al. 1996a, b). While adult whiteflies always precede phloem sap
ingestion with salivation (Jiang et al. 1999), nymphs often begin ingestion almost as
soon as the sieve element in penetrated (Lei et al. 1996a, b; Jiang and Walker 2003).

Alimentary Canal

Phloem sap is the plant’s main vehicle for transport of organic nutrients; however,
the balance of those nutrients is far from optimal for animal nutrition. There usually
is a great excess of sugar and water in addition to relatively low concentrations of
other required nutrients such as amino acids (Raven 1983). This creates at least three
major problems: (1) absorption of nutrients in low concentration is problematic; (2)
the nitrogen/carbon balance is suboptimal for nutrition; and (3) the high concentra-
tion of sugar creates a strong osmotic gradient that potentially could dehydrate the
insect. Consequently, a diet of phloem sap requires significant modification of the
gut. In most phloem feeding insects, including whiteflies, part of the gut is modified
to form a “filter chamber.” The filter chamber differs among different phloem-
feeders (Goodchild 1966) suggesting multiple independent origins. However, the
principle of its operation is generally similar. The midgut forms a loop, and its ante-
rior end, near the foregut/midgut junction, is in close contact with its posterior end,
near the midgut/hindgut junction. The tissues in this area of contact form the filter
chamber, which shunts excess water and/or sugar directly to the hindgut where it
is rapidly excreted. The remaining ingested material continues passage through the
midgut where it can be absorbed.

The whitefly gut is very complex anatomically and descriptions of its structure,
function, and homology in the literature are not always consistent. However, there
is agreement that: (1) the pharynx and esophagus form a long narrow tube con-
necting the cibarial pump to the filter chamber; (2) the proximal end of the midgut
is dilated and then the midgut narrows into a long tube that forms a loop so that
the distal end of the tube-like portion of the midgut attaches to the dilated proxi-
mal end of the midgut (the first part of the tube that extends away from the dilated
proximal end of the midgut is referred to as the descending midgut/ventriculus and
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esophagus

a— gastric caecum

filter chamber
anterior dilation of midgut

descending midgut

ascending midgut hindgut

J —a— ANUS

Fig. 4.22 Overview of the gross anatomy of the whitefly alimentary canal based on consensus in
the literature. The esophagus enters the filter chamber. The filter chamber adheres to the proximal
end of the midgut, which is dilated at this point (Ghanim et al. 2001 refer to the dilated proximal
end of the midgut as the “connecting chamber”). How the filter chamber connects to this dilation
and to the esophagus are major points of contention in the literature. Distally, the midgut narrows,
becoming what is referred to as the descending midgut, and extends away from the dilated proximal
end of the midgut. The midgut then loops forward, becoming the ascending midgut, and its distal
end enters the filter chamber. The hindgut emerges from the filter chamber and extends to the anus.
The lumina of the gastric caecae and descending midgut are continuous with the dilated proximal
end of the midgut; however, how the dilated proximal end of the midgut, the distal end of the
ascending midgut, the basal end of the hindgut, and distal end of the esophagus are all interconnect
in the filter chamber is a point of contention between the two published transmission electron
microscopy studies (Cicero et al. 1995; Ghanim et al. 2001) (see text and Fig. 4.23)

the second part which loops back and attaches at its distal end to the dilated prox-
imal end of the midgut is referred to as the ascending midgut/ventriculus); (3) the
filter chamber is located at the point of contact between the dilated proximal end
of the midgut and distal end of the ascending midgut; (4) the hindgut extends from
the filter chamber to the anus; and, (5) the gut has two large blind-end diverticu-
lae (Fig. 4.22). Weber (1935) considered the diverticulae to be Malpighian tubules,
although he did point out that the cells of the diverticulae and midgut were identical.
Like Weber, Tremblay (1959) and Harris et al. (1996a, b) used light microscopy to
examine the whitefly gut and followed Weber’s interpretation that the diverticulae
were Malpighian tubules. However, the more detailed studies of Cicero et al. (1995)
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and Ghanim et al. (2001) using electron microscopy concluded that the divertic-
ulae are gastric caecae which anatomically are part of the midgut; thus, Weber’s
statement that the diverticulae cells are identical to midgut cells seems like a pre-
monition, despite his misinterpretation of the diverticulae as Malpighian tubules.
Distinction between gastric caecae and Malpighian tubules is critical to interpret-
ing the direction of flow through the midgut since gastric caecae are located at the
anterior end of the midgut, and Malpighian tubules are located at the posterior end
at the midgut-hindgut junction. Thus, the designation of which part of the midgut
loop is the descending midgut and ascending midgut is reversed in Harris et al.
(19964, b); correspondingly, the conventional direction of flow through the midgut
(from proximal end to distal end) is the opposite of what was described.

The filter chamber itself is complex, and details of its structure and function
require transmission electron microscopy (TEM). There are only two TEM studies
on the whitefly filter chamber (Cicero et al. 1995; Ghanim et al. 2001). These two
studies are in agreement on several aspects of the whitefly gut but also have some
very significant differences.

Both studies agree that the filter chamber is convoluted and is located in the
region where the distal end of the ascending midgut attaches to the dilated proximal
end of the midgut. Both studies also agree that the filter chamber is a tube within
the midgut lumen and that the filter chamber lumen mostly (Cicero et al. 1995) or
completely (Ghanim et al. 2001) enveloped by two layers of cells (Fig. 4.23). The
inner cell layer faces the lumen of the filter chamber and its apical surface facing
the lumen has a brush border. The outer cell layer is comprised entirely (Cicero
et al. 1995) or mostly (Ghanim et al. 2001) of modified midgut epithelium, which
has a brush border on its apical surface, which faces midgut lumen in which the
filter chamber is enclosed. Thus, the apical brush border surfaces of these two cell
layers face opposite directions; the inner cell layer toward the filter chamber lumen
and the outer cell layer toward the surrounding midgut lumen. These two cell layers
interface on their basal surfaces, which are highly infolded and interdigitate with
each other, thus increasing the surface area of their contact. This suggests movement
of materials that do not freely pass through cell membranes (e.g., sugar) and require
specialized ports in the membranes. Cicero et al. (1995) consider the inner lumen of
the filter chamber to be the Malpighian lumen while Ghanim et al. (2001) consider
it to be the ileum (hindgut) lumen. However, both studies show a lack of cuticular
lining of this lumen, which is more consistent with a Malpighian interpretation than
with an ileum interpretation. Both studies describe Malpighian cells or “Malpighian-
like cells” in the filter chamber, but Cicero et al. (1995) consider almost all the cells
of the inner cell layer to be Malpighian cells whereas Ghanim et al. (2001) place
Malpighian-like cells interspersed among the modified midgut cells in the outer cell
layer (Fig. 4.23).

Both studies indicate that the distal end of the esophagus is in close proxim-
ity to the filter chamber, but they are in significant disagreement regarding how
it interfaces with the filter chamber (Fig. 4.23). Cicero et al. (1995) found a very
intimate connection between the esophagus and filter chamber where the basal sur-
face of some of the esophageal epithelial cells bordered part of the lumen of the
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filter chamber (Fig. 4.23a). Thus, in the model of Cicero et al. (1995), the lumen
of the filter chamber is mostly enclosed by a double cell layer, as described previ-
ously, but in places, esophageal epithelial cells interrupt the double cell layer and
border the lumen of the filter chamber on one side and the esophageal lumen on
the opposite side. These cells lack a brush border facing either lumen. Cicero et al.
(1995) could not find a connection between the esophageal lumen and any of the
other lumina (midgut, hindgut or Malpighian) despite specifically looking for such
a connection, and concluded that the esophagus terminated in a blind end within
the filter chamber (Fig. 4.23a). Thus in their model, ingested sap must cross these
specialized esophageal epithelium cells from the esophageal lumen to the lumen of
the filter chamber. While Ghanim et al. (2001) also describe a close contact between
the distal end of the esophagus and filter chamber (Fig. 4.23b), they did not detect
specialized esophageal epithelium cells bordering both the esophageal lumen and
lumen of the filter chamber as reported by Cicero et al. (1995). An even more sig-
nificant difference between the two studies is that Ghanim et al. (2001) indicate that
the esophagus is not blind-ended, but rather it opens into the dilated proximal end of
the midgut, which they refer to as the “connecting chamber” (Fig. 4.23b). They refer
this as the connecting chamber because in their model, the lumina of the esophagus,
basal end of the descending midgut, distal end of the ascending midgut and the gas-
tric caecae all connect together in this chamber forming what they refer to as “the
continuous lumen” of all these organs (Fig. 4.23b). In Ghanim et al.’s model, the
filter chamber and the distal end of the esophagus are embedded in the connecting
chamber at the point where the distal end of the ascending midgut opens into the
connecting chamber. While the esophagus opens into the connecting chamber, the
Iumen of the filter chamber does not (Fig. 4.23b).

In Ghanim et al.’s interpretation of whitefly gut anatomy, the lumen of the fil-
ter chamber is blind-ended basally and continuous with the hindgut distally (in fact
they consider the filter chamber to be the ileum region of the hindgut) (Fig. 4.23b).
In summary, the path of ingested sap in the model of Ghanim et al. (2001) is as
follows: Ingested sap enters the connecting chamber via the esophagus and is cir-
culated through the continuous lumen by peristalsis and contractions of the gastric
caecae. Sap flows over the filter chamber as it leaves the esophagus and as it circu-
lates through the continuous lumen. As sap flows over the filter chamber, materials
such as water and sugar are selectively transported through the double cell layer
of the filter chamber and into its lumen (the ileum according to Ghanim et al.).
These materials then proceed through the remainder of the hindgut to the anus for
excretion.

Cicero et al.’s interpretation of whitefly gut anatomy differs in five very signifi-
cant ways (Fig. 4.23): (1) As already noted, Cicero et al. believe that the esophagus
terminates blind-ended; (2) The lumen of the filter chamber (Malpighian lumen
according to Cicero et al.) is completely closed at both ends; (3) The midgut lumen
is continuous with the hindgut lumen at the distal end of the ascending midgut; (4)
Although the midgut forms a loop and its distal end attaches to its proximal end,
the lumina do not reconnect at this point; (5) At this point where the distal end
of the ascending midgut contacts the dilated proximal end of the midgut, there is
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a breach in the wall of the ascending midgut and some of the epithelial cells of
the proximal end of the midgut tightly adhere to the basal surface of some of the
Malpighian cells in the filter chamber (Fig. 4.23a); however, despite this breach
and the tight contact between epithelial cells of the proximal end of the midgut
and the Malpighian cells that enclose the Malpighian lumen, the Malpighian lumen
and midgut lumina remain isolated from each other. Cicero et al. refer to this point
of contact as the “gateway” and is a point where ingested materials can be trans-
ported between the proximal end of the midgut lumen and the Malpighian lumen
by passing through these two cell layers. As noted previously, the dilated proxi-
mal end of the midgut is what Ghanim et al. refer to as the connecting chamber
although according to Cicero et al., this is not a “connecting chamber” because the
lumina of the proximal end of the midgut and distal end of the ascending midgut
do not reconnect here. Cicero et al. propose two models of how the filter cham-
ber might function. Their first model hypothesizes that the muscular sheath which
surrounds the entire gut is differentiated as sphincters at two locations; one sphinc-
ter around the ascending midgut at the point where the filter chamber is located
and a second sphincter near the midgut/hindgut junction slightly distal to the fil-
ter chamber (Fig. 4.24). These two sphincters are proposed to contract alternately.
When the posterior sphincter closes and the anterior sphincter opens, sap entering
the filter chamber via the esophagus is prevented from going to the hindgut and
is thus diverted into the midgut (Fig. 4.24b). After the midgut is filled, sphincter
contraction reverses: the posterior sphincter opens and the anterior sphincter closes.
Then water in the midgut moves through the gateway into the filter chamber and out
the distal end of the filter chamber into the hindgut (Fig. 4.24c). In their alternative
model, ingested sap enters the filter chamber via the esophagus and from there water

PN N
)

Fig. 4.24 One model of function of the whitefly filter chamber proposed by Cicero et al. (1995).
(a) Overview of filter chamber region with anatomical components labeled. Ingested sap enters
the filter chamber (shaded gray) from the esophagus; direction of sap movement out of the fil-
ter chamber is controlled by two sphincters. (b) Sphincter (small arrows) closes entry to the
hindgut so that ingested sap leaving the filter chamber (large arrow) is diverted to the midgut.
(c) Sphincter surrounding the midgut in the region of the filter chamber closes, squeezing off the
ascending midgut lumen and closing the connection between midgut and hindgut lumina; water
and excess sugar (large arrow) from the anterior dilation of the midgut then filter through the
gateway, into the Malpighian lumen, and into the hindgut for excretion. ADMG, anterior dilation
of the midgut, AMG, ascending midgut; ES, esophagus; GC, gastric caecum; HG, hindgut; ML,
Malpighian lumen (solid black). From Cicero et al. (1995)
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is shunted to the hindgut in one direction and solutes in the other direction to the
anterior midgut via the gateway.

In conclusion, the differences in the interpretations of the whitefly gut by
Cicero et al. (1995) and Ghanim et al. (2001) are very significant, thus leaving an
understanding of the structure and function of the whitefly gut an open question.
Consequently, additional studies are needed before unambiguous conclusions can
be made.

Courtship and Mating

Limited research has been reported on whitefly mating behavior. However, it is clear
that whiteflies participate in a series of complex and elaborate behaviors in select-
ing, courting, and copulating with the opposite sex of their own species or biotype.
Our present knowledge comes primarily from studies on the greenhouse whitefly,
T. vaporariorum (Las 1979; Ahman and Ekbom 1981; Li and Maschwitz 1985;
Kanmiya 1996, 2006) and research conducted on B. fabaci, biotype A, (Li et al.
1989), biotype B (= Bemisia argentifolii) (Perring and Symmes 2006), a biotype
native to China referred as ZHJ1 (Zang and Liu 2007) and interactions between
biotypes B and ZHJ1 (Liu et al. 2007). Perring and Symmes (2006) observed
that duration of antennal drumming, synchronous abdominal undulations, and body
angle between males and females during copulation of biotype B were similar to
biotype A and to T. vaporariorum. In contrast, other behaviors were unique to the
various whiteflies. For example, B. tabaci biotype B did not exhibit body pushing
behavior, B. tabaci biotype A used 2 wings to cover the female abdomen while
the other whiteflies used 4 wings, and the antennal drumming position was unique
for T. vaporariorum. The functionality of many of these behaviors is unknown.
However, Kanmiya (2006) presented evidence of distinct courtship vibratory sig-
nals that differ among whitefly species and among B. tabaci biotypes. He noted
that these signals were clearly linked to abdominal undulations in 7. vaporario-
rum and suggested that other behaviors like antennal drumming, body pushing, and
wing flicks also may be involved in auditory communication between males and
females.

In this section we cover specific mating behaviors that have been identified for
B. tabaci biotypes A, B, and ZHJ1, present comparative data on time allotted to
these behaviors, discuss the mating cascade hypothesis and its relationship with
mate selection, and conclude with studies on mating interactions between biotype B
and non-B biotypes that favor the successful invasion of biotype B.

Specific Mating Behaviors of Three Bemisia tabaci Biotypes

Male Searching and Initial Contact Between Sexes

Bemisia tabaci males and females exhibit a number of precise and complex behav-
iors that begin with searching. Typically only males actively search for females
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(Perring and Symmes 2006; Zang and Liu 2007) although Li et al. (1989) reported
that a few biotype A females approached males. Zang and Liu (2007) noted that
males of biotypes B and ZHJ1 actively move around the leaves until they encounter
a female, designating this as “searching time.” Li et al. (1989) reported a similar
behavior for biotype A males with more detail. They also described males as more
active than females, moving randomly over the leaf until they came within 2-3 mm
of the females. The male then encircled the female before placing his fore-tarsi on
the edge of her wing, or touching her with his antennae. Perring and Symmes (2006)
reported that only 19% of biotype B males initiated contact with their tarsi, while
68% initiated contact with their antennae, the remaining 13% were unclear. The
behavior suggests that receptors on the male antennae or fore-tarsi receive cues to
initiate courtship.

Parallel Positioning

In their study of biotype A, Li et al. 1989 reported that, following initial contact,
the male positioned himself parallel to the female provided no other males inter-
fered (Fig. 4.25a). The average time from female detection to parallel positioning
was <1 min. This begins what Zang and Liu (2007) refer to as “courting time” in
biotype ZHJ1. Perring and Symmes (2006) noted that once a biotype B male made
initial contact with a female, 91% maintained contact with their antennae, tarsi, or
both, while quickly moving into parallel orientation. On a few occasions, biotype A
females refused the male by flapping her wings, pushing him away with her legs, or
flying away (Li et al. 1989).

Antennal Drumming

The next behavior described after parallel positioning is antennal drumming. Li et al.
(1989) reported that both sexes raised the antennae, holding them forward and out to
the side at a 45° angle to the longitudinal axis of the body. The male then drummed

Fig. 4.25 Aspects of whitefly mating behavior. (a) Bemisia tabaci biotype B male (upper) and
female whitefly in the early phase of parallel positioning, the first step in the courtship cascade.
(b) Male (lower) and female B. tabaci, biotype B in copulation. (¢) Two B. tabaci biotype B males
courting a single female (middle). Notice the aggressive wing behavior of the male on the right
against the male on the left
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the medial section of the female flagellum with the middle segments of his own
antennae. Perring and Symmes (2006) found similar behavior in biotype B, further
clarifying that the antennae closest to the opposite sex were used for drumming.
They also noted that males sometimes drummed the head, thorax, or nearest foreleg
of the female.

Male Abdominal Undulation

This behavior consisted of males raising and lowering the abdomen in a vertical
plane, apparently contacting the leaf surface with each undulation. This behavior
occurred in synchrony with the up and down movement of antennal drumming, and
increased in frequency as biotype A whiteflies continued to court (Li et al. 1989).
In contrast, biotype B males did not begin abdominal undulations until antennal
drumming ceased (Perring and Symmes 2006). Occasionally, biotype B females
also undulated their abdomens, but this was not reported for biotype A. Kanmiya
(1996) reported that the male abdominal movements produced vibrations that were
transmitted to the females through the leaf substrate suggesting that these acoustic
signals are part of the specific mate recognition system of whiteflies.

Body Pushing

Li et al. (1989) reported that about 15% of courting biotype A males increased the
frequency of their antennal drumming, while pushing the females with the sides
of their bodies in preparation for copulation. The result of this behavior was that
the couple moved in a circular fashion, pivoting around the female mouthparts that
were inserted in the leaf. This behavior was not observed in biotype B (Perring and
Symmes 2006).

Male Positioning

The males raise their wings and move their abdomen under the female abdomen in
preparation for copulation, his wings covering hers. Li et al. (1989) reported that
only the pair of wings adjacent to the biotype A female were used, but Perring and
Symmes (2006) clearly indicated that biotype B males used all 4 of wings as does
biotype ZHJ1, although the pair of wings furthest from the female often times did
not cover her body (Zang and Liu 2007).

Copulation

The male claspers open and the aedeagus protrudes in attempts to clasp the female
terminalia (Li et al. 1989) If she accepts, the claspers grab onto the ovipositor and
the terminal flap covering the female’s gonopore is pulled open by the claspers. The
male abdomen along with the aedeagus bend upward at a 90° angle prior to insertion
into the gonopore. Zang and Liu (2007) reported that biotype ZHJ1 males vibrated
their wings at a high frequency during copulation.
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Post-copulation

The female terminated copulation by prying the male free with her middle and hind
legs (Liet al. 1989). They observed biotype A males resting for 1-2 min and females
for 2-5 min. Perring and Symmes (2006) observed biotype B pairs remaining par-
allel for variable lengths of time after copulation (5-18,000 s) while feeding and
self-grooming.

Male Interference

Aggressive interruption of courting pairs by individual males has been observed
“sometimes” (Li et al. 1989) for biotype A or infrequently (17 of 132 courtships) for
biotype B (Perring and Symmes 2006). The intruding male most often approached
the female from the opposite side of the courting male (Fig. 4.25¢). Sometimes,
however, the intruding male would approach from the same side as the court-
ing male. The intruding male quickly took up a parallel position spending little
time touching the courting whiteflies with his antennae. The original courting male
responded by flicking his wings, covering the female with his wings and touching
the intruding male with his wings (Perring and Symmes 2006). The three whiteflies
remained in courtship, with periodic wing flicking by both males. In 8 out of the 17
cases, the female left the two males; in 6 cases, the intruding male replaced the orig-
inal male; and in the other 3 cases, the first male succeeded in maintaining contact
with the female. However, none of these interrupted courtships resulted in mating
(Perring and Symmes 2006).

The Mating Behavior Cascade and Mate Discrimination

Successful copulation is seldom the outcome of courtship by B. tabaci. Perring and
Symmes (2006) reported that only 16 out of 132 (12%) biotype B pairs that ini-
tiated courtship actually copulated. Li et al. (1989) reported a success rate of just
7.7% for biotype A. These low success rates are consistent with complex mating
behaviors and indicate a high degree of discrimination. Complex courtship behav-
iors aid in the recognition of mates belonging to the appropriate gender and species.
Matthews and Matthews (1978) discussed insect courtship as a “ratchet mecha-
nism,” which progresses in a sequential fashion, each step leading to the next in
a precise order to achieve successful copulation. This mechanism prevents mating
if the defined sequence of courtship behaviors is not followed and thus can lead
to reproductive isolation, (Butlin 1995). Of the successful biotype B matings, most
(81.3%) went directly from pre-courtship, through the various stages of courtship,
and into copulation, without reverting back to previous stages during the courtship
sequence. For these whitefly pairs, the sending and receiving of positive mating cues
occurred from the early phases of courtship through mating. For the other whitefly
pairs, positive mating interactions declined as courtship progressed. Most (94%) of
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the biotype B pairs that reached antennal drumming advanced to the next behav-
ior, usually to abdominal undulation (Perring and Symmes 2006). However, only
46% moved onto male positioning of which 18% finally copulated. The final tally
from abdominal undulation to copulation was 6%. Zang and Liu (2007) also found
that courtships of biotype ZHJ1 frequently ended during the abdominal undulation
phase. Similarly, only 23% of biotype A pairs advanced from male positioning to
copulation (Li et al. 1989). The increased failure rate suggests increasing discrimi-
nation in signals between sexes at successive steps along the cascade (Perring and
Symmes 2006).

Auditory signals are likely to be important for advancement through the mating
cascade. Vibrational sounds produced by 7. vaporariorum are correlated to spe-
cific male behaviors, such as antennal drumming, abdominal undulations, and wing
flicking of competing males (Kanmiya 1996). He described these signals as “charac-
teristic temporal patterns having chirps composed of a train of pulses” with unique
frequency and sound amplitude characteristics. A later study showed that female
T. vaporariorum and both sexes of B. tabaci, biotypes A and B also produce
such signals (Kanmiya 2006). Acoustic signals are exchanged between females
and males, and the rate of female response increases at the pair progresses toward
copulation (Fig. 4.26).

Various studies have reported that males and females of reproductively incompat-
ible B. tabaci biotypes, or even species, will invest time courting each other (Costa
etal. 1993; Perring et al. 1993; Bedford et al. 1994; DeBarro and Hart 2000; Maruthi
et al. 2004; Pascual 2006; Liu et al. 2007). The similarity of courtship behavior
among the different B. tabaci biotypes likely contributes to this unproductive court-
ing. On the other hand, behavioral differences between biotypes may be caused by
critical junctions in the sending and receiving of signals between sexes of different
biotypes or species. Kanmiya (2006) clearly demonstrated extreme differences in
the acoustic signals produced by biotype A and biotype B (Fig. 4.26) concluding
that the two are different biological species.

Bemisia tabaci

Fig. 4.26 Oscillograms of vibratory signals produced by whiteflies during courtship by Bemisia
tabaci and Bemisia argentifolii (= B. tabaci biotype B) Male and female responses are labeled.
Upper square waves indicate a 1 Hz. oscillation. From Kanmiya (2006)



152 G.P. Walker et al.
Mating Behavior and Competitive Advantage of Biotype B

As scientists have gained a more complete understanding of whitefly mating behav-
ior, and studied interactions between B. fabaci biotypes, a clearer picture has
emerged of how these behaviors have contributed to the displacement of native
non-B biotypes by the B biotype (see Naranjo et al. Chapter 6). Displacement of
indigenous biotypes by biotype B has occurred multiple times. For example, in the
early 1990s, biotype B displaced the A biotype in the southwestern United States
(Liu et al. 1992; Brown et al. 1995; Perring 1996); recent surveys in the eastern
United States shows the displacement of biotype A by biotype B in that region as
well (McKenzie et al. 2004). Area-wide displacement of an indigenous Australian
biotype (AN), and an indigenous biotype in China (ZHJ1), was clearly presented
in Liu et al. (2007). In addition, Rekha et al. (2005) reported that three indigenous
biotypes in India have been displaced by biotype B.

Perring (1996) noted several features of the interactions between biotypes A and
B that may have contributed to displacement of biotype A in the USA. One of the
most interesting observations was that biotype B males courted biotype A females
longer than biotype A males courted their own females. In an environment domi-
nated by biotype B individuals, the greater “persistence” of biotype B males would
result in competition for biotype A female resources and thus, fewer successful bio-
type A matings. Likewise, biotype B developed higher densities than biotype Q in
mixed culture (Pascual and Callejas 2004). Subsequent studies determined that bio-
type B males spent more time in courtship with biotype Q females than biotype Q
males spent in courtship with their own females. However, biotype B males spent
more time courting their own females than biotype Q males spent courting biotype
B females (Pascual 2006). This situation would result in fewer biotype Q female
offspring when the two biotypes were sympatric as a result of the haploid-diploid
sex determination mechanism of whiteflies.

More recent controlled experiments have demonstrated interference between bio-
types favoring biotype B. Zang and Liu (2007) found that reproductive success
(% temale offspring) of a single biotype B female increased from 0.44 to 0.74 when
the number of males mating with her was increased from one to two. However, the
same experiment with biotype ZHJ1 increased female progeny only slightly from
0.45 to 0.49. In mixed biotype experiments (Liu et al. 2007), adding an extra bio-
type ZHJ1 male to courting biotype B whiteflies had no impact on the number of B
copulations or proportion of female offspring, whereas adding an extra B male to a
courting ZHJ1 couple significantly decreased the number of copulation events and
reduced the number of female offspring.

Conclusions

Summarizing the work presented clearly indicates that mating interactions afford a
distinct advantage for biotype B when it is introduced into new geographic areas
where non-B biotypes exist. Reitz and Trumble (2002) would categorize this under
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“reproductive interference” because one species competes with the other for mates.
In our case, the unique biology of biotype B males appears to provide an advan-
tage in the competition for females of other biotypes. The mating behavior signals
these males receive from, and perhaps send to females are unique among biotypes
that have been studied to date. It would be interesting to conduct detailed mat-
ing behavior studies and determine the outcomes of those mating interactions with
representative whiteflies in the 12 major genetic groups that have recently been pro-
posed for the B. tabaci species complex (Boykin et al. 2007). This work would be an
important contribution to the basic biological database that will become important
as whitefly researchers continue to study the relationships among distinct groups.
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Chapter 5
Mutualistic and Dependent Relationships
with Other Organisms

Rosemarie C. Rosell, Jacquelyn L. Blackmer, Henryk Czosnek,
and Moshe Inbar

Introduction

Whiteflies in general — and Bemisia tabaci (Gennadius) in particular — are involved
in complex interactions with the host plant, various microorganisms and arthro-
pods (herbivores and natural enemies). These relationships are not only important
to the ecology and evolution of B. fabaci but are also essential to understanding and
developing innovative control strategies. Thus, we have included in this chapter a
discussion of symbiotic relationships, the functional roles of microbial symbionts
in whiteflies, the role of endosymbionts in begomovirus transmission, and the intra-
and interspecific relationships that occur between whiteflies, other herbivores, and
their host plants. Much new information has been generated since the previous
Bemisia books (Gerling 1990; Gerling and Mayer 1996); thus, we have focused
this work on new findings and the potential they hold for developing new control
tactics.

Symbiotic Relationships

Much has changed since Hooke’s (1665) observations of the symbiotic organ in
the human louse, and the initial findings of Blochmann (1884, 1888) and Sulc
(1909) on symbiotic associations in cockroaches and cicadids, respectively. The
term “symbiosis” was originally defined as the intimate “living together” of two
distinct species (De Bary 1879). These interactions have since been classified
as mutualistic (beneficial), parasitic (harmful) or commensal (neutral). However,
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distinguishing types of symbioses can be difficult due to the complex and chang-
ing interactions between the symbiont and the host. Regardless of their nature,
symbiotic relationships are now known to be major drivers of diversity and evo-
lutionary novelty (Moran and Telang 1998; O’Neill et al. 1997; Hunter et al. 2003;
Wernegreen et al. 2003).

Microbial symbionts have been shown to be extremely widespread in nature and
particularly prevalent in arthropods. Endosymbiosis refers to the intimate cohab-
itation of two partners, where the one is taken up into the body of the other more
highly organized partner. These associations between insect hosts and bacteria range
from obligate mutualism to reproductive parasitism (Buchner 1965; Ishikawa 2003;
O’Neill et al. 1997; Wernegreen et al. 2003). These partnerships may be obligate
for the host, the symbiont, both or neither. In fact, it is rarely clearly defined as to
how beneficial a mutualism is to both partners in the relationship. Even though the
advantage to the insect host is easily discerned (usually nutritional), the benefit to
the microbe is not as apparent.

Reduction or elimination of the endosymbiotic organisms from insects by antibi-
otic therapy, heat, or lysozyme treatments results in reduced insect growth, death,
or lack of reproduction (Mittler 1971; Sinha and Peterson 1972; Costa et al. 1993b,
1997). Recent studies have shown a positive relationship between elimination of
some bacteria and development and surviorship (Ruan et al. 2006). However, it
has been suggested that genetic changes in insect symbiotic organisms may play
a functional role in the development of insect biotypes, which may result in pes-
ticide resistance or in the ability of an insect biotype to utilize a new host species
(Nardon and Grenier 1991; Campbell 1989, 1993; Nardon and Nardon 1998). Other
symbiotic relationships have been shown to be protective in that the symbionts or
symbiont-associated bacteriophages produce protective toxins (Moran et al. 2005a).

Bacteriocyte Associated Endosymbionts

A central tenet put forth by Buchner (1965) is that symbiosis in animals is driven
by the nutritional needs of the host and is therefore common in insects that feed
on restrictive diets. This hypothesis has been supported over the years; some of
the most remarkable symbiotic systems are found in the Hemiptera, especially in
the Auchenorrhyncha and Sternorrhyncha suborders (see review Baumann 2005).
Whiteflies, members of the Sternorrhyncha that feed exclusively on phloem sap,
harbor bacterial endosymbionts within specialized insect cells, which aggregate
in the abdominal cavity to form a specialized organ (Costa et al. 1993b, 1995;
Szklarzewicz and Moskal 2001; Zchori-Fein and Brown 2002; Thao and Baumann
2004a). The insect cells (referred to as mycetocytes in literature before 2000) are
now called bacteriocytes. Similiarly, the organs, or bacteriomes, which house those
bacteriocytes, were previously referred to as mycetomes.

Most of what we know comes from studies on various aphid and sharpshooter
species; considerably less is known about the endosymbionts of their close relatives,
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the whiteflies. Consequently, some of what is presented here relies heavily on the
findings for aphids and sharpshooters, which may or may not be analogous to what
is occurring in whiteflies.

Types of Endosymbiotic Relationships

The bacteria found within insects are divided into two general types. Primary
endosymbionts (P-endosymbionts) are defined as being present in all host species
individuals, vertically transmitted and essential for the survival of the host (Koch
1967; Houk and Griffiths 1980; Baumann et al. 1995, 1997; Baumann 2005). In
addition, phylogenetic trees based on P-endosymbiont and host genes are congruent
in most insects; thus these relationships appear to be the result of a single ancient
infection of a direct ancestor followed by co-speciation of the insect host (Baumann
et al. 1993; Baumann et al. 1997; Moran and Baumann 2000; Moran et al. 2005b).
Most insect P-endosymbionts have been shown to have static, reduced genomes
(Moran 1996; Wernegreen et al. 2000; Moran and Mira 2001; Moran et al. 2003; van
Ham et al. 2004), which has led to the hypothesis that these associations appear to be
a domestication of the endosymbiont by the host and probably applies to all ancient
endosymbiotic associations (Baumann 2005). It has been proposed for aphids that
this genome reduction resulted from large deletions and chromosomal rearrange-
ments, which occurred early in the establishment of the endosymbiotic relationship
(Moran and Mira 2001; Silva et al. 2001).

P-endosymbionts, and a number of secondary symbionts, are housed in the bac-
teriocytes, clustered together to form the bacteriome (reviewed in Baumann 2005).
The obligate relationship between the insect host and P-endosymbiont is so intimate
that it appears that one cannot survive without the other. Survival is perpetuated
by the transfer of the P-endosymbionts to subsequent generations through vertical
transmission from mother to offspring (Buchner 1965; Hinde 1971, Costa et al.
1996; Wilkinson et al. 2003).

The P-endosymbionts of many insects belong to the y subdivision of the
Proteobacteria; however, the primary endosymbionts of whiteflies evolved from a
lineage distinct from other Hemiptera including those of aphids (Clark et al. 1992;
Campbell 1993; Costa et al. 1993b; von Dohlen and Moran 1995; Lerat et al.
2003). The primary endosymbionts are Buchnera aphidicola (Munson et al. 1991)
in aphids and Candidatus Portiera aleyrodidarum (Thao and Baumann 2004a) in
whiteflies. It has been hypothesized that the pleomorphic bacteria that lack cell
walls and are present in whitefly bacteriocytes are the P-endosymbionts (Thao and
Baumann 2004a; Costa et al. 1993b, 1995). The P-endosymbiont phylogeny of
whiteflies has been reconstructed based on either 16S rDNA or 16S-23S rDNA;
results support separation of P-endosymbionts into two subfamilies as well as con-
gruency between the whitefly host and the endosymbionts (Thao and Baumann
2004a; Rosell, Frohlich and DeBarro unpublished). However, phlyogenetic analy-
ses of the P-endosymbionts (16S rDNA) of many closely related B. tabaci biotypes
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(based on mtCO1 DNA) did not show a strict congruence, leading Zchori-Fein
and Brown (2002) to hypothesize that different B. tabaci biotypes may have dif-
ferent complements of P-endosymbionts. More analyses are needed to clarify these
points.

In most Hemiptera, these P-endosymbionts are absolutely essential to the sur-
vival of the insect; it has been shown that one of their major roles is the provisioning
of essential amino acids that are unbalanced or in short supply in their phloem-sap
diet (Buchner 1965; Lai et al. 1994; Liadouze et al. 1995; Sasaki and Ishikawa 1995;
Moran et al. 2005b; Douglas 2006). Similarly, a related type of association has been
identified in the glassy-winged sharpshooter (Homalodisca coagulata, now vitripen-
nis, see Takiya et al. 2006). Two bacteria, Bacteriodetes species, Sulcia muelleri,
and the y-proteobacteria, Baumannia cicadellinicola, appear to be co-evolving
with the sharpshooter. These endosymbionts occupy the same bacteriome, have
the same characteristics as P-endosymbionts and, thus, are classified as co-primary
endosymbionts. They are both required for host survival, vertically transmitted, and
appear to be phylogenetically convergent with their host (Takiya et al. 2006). Using
DNA sequencing, Wu et al. (2006) have shown that there is functional dependency
between the two unrelated bacterial species, in that S. muelleri provides the essential
amino acids needed by the sharpshooter, while B. cicadellinicola is responsible for
the biosynthesis of vitamins and cofactors lacking in the host.

Insects house other morphologically diverse bacteria that do not appear to per-
form essential regulatory functions in insects. These are designated as secondary
endosymbionts (S-endosymbionts) if located in the bacteriome, or as secondary
symbionts (S-symbionts) if the location is unknown (Baumann 2005). Most phylo-
genetic trees show no similarity between S-endosymbiont and host genes; therefore,
these prokaryotes have probably been acquired more recently and/or acquired by
horizontal transmission (O’Neill et al. 1993; Fukatsu and Nikoh 2000; Fukatsu et al.
2000; Thao et al. 2003; Thao and Baumann 2004b; Baumann 2005). These associa-
tions are less fixed than those between the host and P-endosymbionts. They may act
as “portals for the import of new genes that affect the host ecology” and thus have
a more dynamic genome content and subject the host to greater evolutionary forces
(Moran 2005; Moran and Degnan 2006).

In an examination of the ultrastructure of the bacteriocytes and bacteriomes of
B. tabaci and Trialeurodes vaporariorum, Costa et al. (1993b) described two
morphologically distinct types of microorganisms. The predominant type was pleo-
morphic (designated P, later determined to be the primary symbiont) and similar in
both species of whiteflies. Coccoid microorganisms were also described (designated
C, later determined to be secondary endosymbionts), which were morphologically
distinct in the two whitefly species. It was later determined that all B. tabaci from
various locations contained P-endosymbionts (Costa et al. 1995). However, the
number of secondary symbionts differed with biotype (see also Chiel et al. 2007);
the B-biotype from Florida, Arizona, and Hawaii, USA had one additional type of
microorganism, while the A-biotype from Arizona and Mexico, and the Jatropha
population from Puerto Rico, contained two additional morphological types. More
recent molecular studies with 20 populations of B. tabaci from a variety of hosts
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from around the world, representing potentially different biotypes, indicated that
all populations contained P-endosymbionts, 13 contained secondary symbionts, and
seven harbored Wolbachia, an organism that alters reproduction in its host (Zchori-
Fein and Brown 2002). The primary endosymbionts of whiteflies, like aphids, are
vertically transmitted through bacteriocyte inclusions into the oocyte (Costa et al.
1996); however, unlike most other organisms, intact bacteriocytes of whiteflies
migrate into the ovaries (Szklarzewicz and Moskal 2001). This is an elaborate
mechanism suggestive of a long and important evolutionary history.

Secondary symbionts, on the other hand, are not found in all individuals in a
population, or for that matter, in all populations. These associations evolved much
later, and while most are transmitted vertically from mother to offspring, others are
transmitted horizontally between species (Sandstrom et al. 2001; Russell et al. 2003;
Russell and Moran 2005; Gottlieb et al. 2006).

Based on phylogenetic analysis of eubacterial 16S rDNA sequences, B. tabaci
houses several secondary symbionts (Table 5.1). Structurally, most of these species
are believed to be coccoid organisms, with inner and outer cell membranes charac-
teristic of Gram-negative bacteria (Costa et al. 1995). It is as yet unclear which of
these genetic identities match the organisms observed within whitefly bacteriomes.
This diverse microflora based on phylogenic sequence analysis is consistent with
similar analyses from other homopterans (Moran and Telang 1998; Dobson et al.
1999; Zchori-Fein et al. 2001; Baumann 2005). This evidence suggests that there
are detectable differences between endosymbiont populations in B. tabaci biotypes
(see Section IV; Chiel et al. 2007), and warrants further study of additional popula-
tions to determine the variability among and between populations and other whitefly
species.

Table 5.1 Symbionts identified in Bemisia tabaci

Type Scientific name Classification References
Primary Candidatus Portiera  y-proteobacteria ~ Thao and Baumann (2004a)
aleyrodidarum
Secondary  Candidatus y-proteobacteria  Moran et al. (2005a); Chiel
Hamiltonella et al. (2007)
defensa
Arsenophonus y-proteobacteria  Thao and Baumann (2004b);

Zchori-Fein et al. (2004); Chiel
et al. (2007)

Candidatus Bacteriodetes Baumann et al. (2004); Zchori-Fein
Cardinium hertigii et al. (2004); Chiel et al. (2007)

Candidatus Fritschea ~ Chlamydiales Zchori-Fein and Brown (2002);
bemisiae Thao et al. (2003); Weeks et al.

(2003); Everett et al. (2005)
Rickettsia bellii-like a-proteobacteria  Gottlieb et al. (2006); Chiel
et al. (2007)
Wolbachia spp. a-proteobacteria  Zchori-Fein and Brown (2002);
Nirgianaki et al. (2003); Li et al.
(2007); Chiel et al. (2007)
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Endoymbionts’ Role in Nutrient Provisioning
Provisioning in Aphids

Experiments with artificially-reared aphids gave rise to the idea that symbionts
supplied nutrients to the insect host (Campbell 1989). Aphids with intact primary
endosymbionts could be reared on diets lacking the ten ‘rat’ essential amino acids
(Dadd 1985), but aphids that had their symbionts selectively removed with antibi-
otics did not survive on diets lacking essential amino acids. For insects that feed
on phloem, the quantity and quality of nitrogen is often deficient. Not all essential
amino acids are present in the phloem, and the ratio of essential:non-essential amino
acids (E:NE) is skewed in favor of the latter (1:4—1:20). The ratio of E:NE amino
acids in the insect is approximately 1:1, suggesting a mechanism of homeostasis
where non-essential amino acids are converted to essential amino acids (Liadouze
et al. 1995; Douglas 2006). Insects lack the ability to synthesize ten of the 20 com-
mon amino acids, and if just one of these essential amino acids is lacking, the
growth and fecundity of the animal will be negatively impacted and their offspring
will generally be sterile (Houk and Griffiths 1980). There is now considerable evi-
dence based on nutritional, physiological, and genomic studies that the shortfalls
and imbalances in phloem amino acids are compensated for in aphids by Buchnera
(Buchner 1965; Baumann et al. 1995; Liadouze et al. 1995; Douglas 1998, 2006;
Moran and Telang 1998; Bernays and Klein 2002; Moran et al. 2003; Moran and
Degnan 2006).

Additional roles for symbionts in aphids have been proposed, including the
production of lipids, such as sterols (see Campbell 1989). In some coleopter-
ans, yeast-like symbionts have taken up this role (Nasir and Noda 2003), but in
homopterans, sterol-producing yeasts have only been reported in a few families
(Noda and Mittler 1983; Noda and Koizumi 2003). However, the Gram negative
bacteria that are found in aphids and whiteflies are not capable of synthesizing
sterols (Campbell 1989), and plant sterols have been found in the honeydew of
some species of aphids, making it doubtful that the known symbionts of aphids
and whiteflies are involved in sterol production. Although there is much less empir-
ical evidence, the symbionts are believed to provide other dietary components and
cofactors, including pigments, antibiotics, and some or all of the B-complex vita-
mins (Houk and Griffiths 1980; Campbell 1989; Nakabachi and Ishikawa 1999).
There are contradictory findings on these additional contributions from symbionts
(Campbell and Nes 1983; Walters et al. 1994; Douglas 1998), but the increasing use
of recombinant DNA techniques will hopefully resolve many of the questions that
remain on the biochemical roles of insect symbionts.

Provisioning in Whiteflies

Aside from the host plant, nutrient provisioning in whiteflies appears to be carried
out primarily by its P-endosymbiont, Candidatus Portiera aleyrodidarum. However,
no suitable artificial diet has been developed for rearing whiteflies through multiple
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generations (Blackmer et al. 2002), so speculations on the function of symbionts
have been drawn from indirect methods (e.g., use of antibiotics to reduce or elimi-
nate symbionts). The difficulty in working with whiteflies is reflected in the paucity
of literature (relative to the aphid literature) on whitefly-symbiont interactions; how-
ever, given the fact that whiteflies are mostly sessile during their immature stage,
and consequently unable to relocate if the nutritional status of the plant declines, it
seems likely that their symbionts will play an even more important role than those
found in aphids.

Costa et al. (1993a, 1997) were the first to provide evidence that endosymbiotic
bacteria in whiteflies are involved in growth and development in a manner sim-
ilar to other homopterans. When the antibiotics oxytetracycline hydrochloride or
rifampicin were supplied to females via their food, oviposition was reduced, growth
and development of offspring was negatively impacted, bacteriome size decreased
and percent emergence to the adult stage was reduced when compared to the off-
spring of untreated females. Further clarification of the role of the P-endosymbionts
in whiteflies will require the development of an adequate artificial diet, or novel
techniques for quantitatively reducing P-endosymbiont numbers.

The Role of Secondary Symbionts in Whitefly Biology

Numerous secondary microorganisms have now been identified in aphids and white-
flies, and they appear to be more closely related to one another than are their
respective P-endosymbionts (Darby et al. 2001; Gottlieb et al. 2006). The diversity
of S-symbionts in whiteflies is most probably as important as aphid S-symbionts in
shaping the ecology and evolution of whiteflies. While these facultative symbionts
are not essential to the survival of the insect, some of them apparently participate in
supplying the host with nutrients under certain conditions (Koga et al. 2003; Gottlieb
et al. 2006; Douglas et al. 2006; Wilkinson et al. 2007), or otherwise assist the insect
in exploiting novel host plants, thus potentially leading to new biotypes or host races
(Tsuchida et al. 2004). There is some indication that these secondary symbionts
may biosynthesize and supply enzymes for host-plant adaptation (Campbell and
Dreyer 1985; Dreyer and Campbell 1987; Campbell 1989) and may directly or indi-
rectly be associated with the induction of toxic disorders such as squash silverleaf
(Costa et al. 1993a). Other S-symbionts are involved in heat tolerance (Montllor
et al. 2002), dispersal and mating (Leonardo and Mondor 2006), virus protection
and persistence (Morin et al. 2000, see below) and in resistance to parasitoid or fun-
gal attack (Oliver et al. 2003, 2005; Ferrari et al. 2004; Scarborough et al. 2005).
In some cases, negative fitness effects have been reported, which vary depending on
environmental and/or host-plant species or host-plant quality (O’Neill et al. 1997;
Sakurai et al. 2005; Oliver et al. 2006; Wilkinson et al. 2007).

The potential role of these S-symbionts may be easier to discern in whiteflies
than is the definitive role of the P-endosymbionts because it is possible to use selec-
tive antibiotics to rid the whiteflies of their S-symbionts while leaving the primaries
intact. In addition, due to their facultative nature, S-symbiont-free whitefly colonies
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can be maintained. Ruan et al. (2006) used three antibiotics, tetracycline, ampicillin
trihydrate, and rifampicin to selectively kill S-symbionts in two B. tabaci biotypes
(B and non B ZHJ-1). The B-biotype was known to harbor Hamiltonella defensa,
while the non B-biotype harbored Arsenophonus and Wolbachia (Ruan and Liu
2005). The use of tetracycline or ampicillin on B-biotype adults accelerated devel-
opment and increased survival of their offspring, while treatment with rifampicin
retarded development but not survival of offspring. In the non B-biotype (ZHJ-1)
whitefly, treatment of adults with tetracycline or ampicillin also accelerated devel-
opment but did not increase survival of offspring, while treatment with rifampicin
retarded development and survival of offspring. Their findings illustrate that removal
of the S-symbionts can have both beneficial and detrimental effects.

Most of the roles of these various symbionts remain to be determined. It will
be extremely challenging to unravel their specific function and how interactions
between and among the various symbionts are influenced by the dynamics of the
host, host plant, and environmental conditions. The increased use of recombinant
DNA techniques for identifying types and biochemistry of symbionts will provide
much more reliable information (Baumann et al. 2004), and the recently completed
whitefly genome project (Leshkowitz et al. 2006) will provide an important tool for
the identification of genes involved in the life-history of B. fabaci and the function
of their symbionts.

Potential for Symbiont Manipulation and Pest Management

Very early on, when it was realized how dependent insects were on their symbionts,
the use of symbionticides was attempted. Behrenz and Technau (1959), in an effort
to control the common furniture beetle, Anobium punctatum Deg., infused wood
with the antibacterial agent, sulfonamide, to eliminate the symbionts from the beetle
larvae. The technique worked, although symbiont resistance to antibiotics (Brooks
and Richards 1955a, b) made this technique untenable in the long run. Costa et al.
(1997) suggested the use of transgenic plants that produce antibacterial proteins, but
this will require a thorough understanding of the potential for the bacteria to develop
resistance in this setting.

Alternatively, it may be possible to manipulate the host plant and indirectly
influence symbiont numbers. It has been known for a long time that the lack of
manganese or the addition of certain fatty acids in the diet influences the transmis-
sion of symbionts to the offspring (Brooks 1960, 1962); however, the technology
for accomplishing this was unavailable until recently. Furthermore, fluctuations in
nutrient levels — specifically nitrogen — are known to influence symbiont numbers.
Wilkinson et al. (2007) found that aphid P-endosymbiont numbers increased with
higher levels of nitrogen in the host plant. On the other hand, on low nutrient
regimes, P-endosymbiont numbers decreased while the numbers of the facultative
S-symbiont, Serratia symbiotica, increased. This S-symbiont has been shown to
reduce parasitism by the aphid parasitoid, Aphidius ervi by 22% (Oliver et al. 2003).
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Another S-symbiont, H. defensa, was found to reduce parasitism in aphids by 42%.
As previously stated, H. defensa has been found in B. tabaci, and it is closely related
to the aphid symbiont based on a 16S rRNA gene-based phylogeny (Moran et al.
2005a). Whether it also confers resistance to whitefly parasitoids is yet to be deter-
mined. However, if there is a similar relationship in whiteflies, it might be feasible to
manipulate plant nitrogen levels, and simultaneously control selective S-symbionts
numbers, making the whitefly more susceptible to its natural enemies.

Perhaps one of the most promising potential control strategies involves the use of
facultative/parasitic symbionts, especially Wolbachia (Zabalou et al. 2004). These
microorganisms infect a wide range of arthropods, manipulating host reproduction
in a number of ways, including cytoplasmic incompatibility, parthenogenesis, male
killing and feminization (Stouthamer et al. 1999; O’Neill et al. 1997). Depending
on the detection mechanism employed, natural infection levels of Wolbachia in B.
tabaci populations range from approximately 33% to more than 80% (Zchori-Fein
and Brown 2002; Nirgianaki et al. 2003; Li et al. 2007). How and/or if Wolbachia
manipulate reproductive isolation in B. tabaci has not been explored. However,
Chiel et al. (2007) have shown that Wolbachia (and Arsenophonus, also associated
with reproductive phenotypes) were found in most Israeli Q biotype populations,
but absent in the all B biotype populations tested. Thus, these microorganisms may
contribute to biotype isolation or even speciation (Chiel et al. 2007). It has been
proposed that Wolbachia could be used as a tool to spread a particular genotype, as
a vector for specific genes, as a tool to control insects similar to the sterile insect
technique, and as a means to directly suppress populations (Sinkins et al. 1997;
Bourtzis and O’Neill 1998; Zabalou et al. 2004). The presence of Wolbachia in
such a high percentage of whitefly populations indicates that it would probably be a
good candidate for many of these techniques.

Role of Whitefly Endosymbionts in Virus Transmission

Begomovirus GroEL-Relationships

Begomoviruses (family Geminiviridae) are small plant viruses infecting many
important agricultural crops and ornamentals worldwide. They are characterized by
a 22 x 38 nm geminate particle encapsidating circular single-stranded DNA genome
molecules ~2,700-2,800 nucleotides in length (see recent review by Rojas et al.
2005). Begomoviruses are transmitted in a circulative manner by their vector, the
whitefly B. tabaci (Rosell et al. 1999; Ghanim et al. 2001a). Virus particles ingested
through the stylets enter the esophagus and filter chamber, cross the gut into the
haemolymph, reach the salivary glands and are excreted with the saliva during feed-
ing (Harris et al. 1996; Rosell et al. 1999; Ghanim et al. 2001a, b). The passage from
the gut into the salivary system is particularly perilous because the haemolymph is
an open system that contains numerous enzymes and cells (Crossley 1975; Brehélin
1982).
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Whitefly endosymbionts can play a central role in the safe transit of plant
viruses in the haemolymph. The role of chaperonins, protein complexes that aid
in protein folding and are synthesized by insect endosymbiotic bacteria, was
first demonstrated in aphids. Interaction between Potato leafroll virus (PLRV)
and a Buchnera endosymbiotic ~63 kDa GroEL-like chaperonin from Myzus
persicae, a member of the chaperonin-60 family (Gupta 1995), was shown to
be essential for virus transmission (van der Heuvel et al. 1994). Disturbing the
GroEL-PLRYV interaction in vivo impaired virus survival, and thereby, virus trans-
mission. Similarly, the survival of begomoviruses in the haemolymph of B. tabaci
has been shown to depend on the interaction of a GroEL homologue produced
by the whitefly P. aleyrodidarum endosymbiotic bacteria and the virions (Morin
et al. 1999).

Whitefly and aphid GroEL proteins share high homology in their amino acid
sequence. GroEL is present in the haemolymph of B. tabaci as a native 14-mer unit,
each subunit having a mass of 63 kDa (Filichkin et al. 1997; Morin et al. 1999).
Interaction between whitefly endosymbiotic GroEL and begomoviruses has been
studied for the Tomato yellow leaf curl virus (TYLCV). TYLCV particles displayed
affinity for the B. fabaci endosymbiont GroEL homologue in a virus overlay assay.
Moreover, the TYLCYV coat protein (CP) and B. fabaci GroEL interacted physically
in the yeast two-hybrid system (Morin et al. 2000). Interestingly, B. tabaci GroEL
interacted as well with the CP of the non-transmissible Abutilon mosaic bego-
movirus (AbMYV), indicating that the amino acid residues at position 124, 149 and
174, which prevented AbMV from crossing into the insect haemolymph (Hohnle
et al. 2001), did not prevent binding to GroEL.

The similar involvement of a GroEL in the transmission of luteoviruses by aphids
and of begomoviruses by whiteflies suggests a conserved mechanism underlying
circulative transmission of viruses by their insect vector. Knowing that the relative
frequency of the different types of microorganism within whitefly bacteriocytes dif-
fers significantly between biotypes (Costa et al. 1995; Chiel et al. 2007), will be
of great interest to determine whether the micro-fauna of whiteflies affects their
competence to transmit begomoviruses (Fares et al. 2005; Pascual 2006; Jiu et al.
2006).

Use of B. tabaci Endosymbiotic GroEL in Diagnostic Tests

The ability of endosymbiotic GroEL to bind circulative plant viruses was exploited
to devise a tool for trapping and identifying plant viruses in vitro (Akad et al.
2004). Because of the scarcity of native GroEL, the gene from B. tabaci P. aleyrodi-
darum (GenBank accession number AF130421), was cloned and expressed in E. coli
cells.

The technique was first developed for diagnosis of TYLCV. PCR tubes coated
with GroEL were incubated with cleared sap of leaves from infected plants. A
PCR mixture containing TYLCV-specific primers was added and TYLCV DNA
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was amplified demonstrating that this virus was efficiently trapped by GroEL. The
exquisite power of the GroEL-based tests was demonstrated by detecting TYLCV
in a single whitefly. The same procedure has been successfully used to detect sev-
eral other whitefly-transmitted geminiviruses, such as AbMV and African cassava
mosaic virus (ACMV) (Akad et al. 2004). The spectrum of plant viruses tested
was extended to circulative and non-circulative viruses, which lead Akad et al.
(2004) to predict the characteristics of the viruses that have the capacity to inter-
act with GroEL. These characteristics include a globular (or geminate) shape, a CP
with a high positive charge, a high percentage of arginine, and a high isoelectric
point.

Transgenic Plants Expressing the GroEL Confer Broad-Range
Virus Resistance

Since whitefly GroEL binds to viruses from different taxonomic families, Akad et al.
(2004) exploited this phenomenon to generate transgenic tomato plants expressing
the whitefly GroEL under the control of a phloem-specific promoter (Truernit and
Sauer 1995). They expected that once inoculated by their vector, phloem-limited
circulative viruses would be trapped in the plant phloem. As a result, proper inva-
sion of phloem-associated cells and long distance movement could be significantly
inhibited, rendering the plants resistant to the virus.

This approach was first attempted by infecting GroEL-expressing transgenic
tomato plants with TYLCV (Akad et al. 2007). Homozygous plants expressing the
GroEL gene showed no or mild symptoms upon whitefly-mediated TYLCV inocu-
lation and yielded fruit, while the non-transgenic plants were symptomatic, stunted
and did not yield. Using the GroEL virus trapping and detection test described
above, Akad et al. (2007) could identify GroEL-TYLCV complexes in the sap of
infected transgenic tomato plants.

Recently, this work was extended to generate transgenic Nicotiana benthamiana
plants expressing the whitefly GroEL (Edelbaum and Czosnek unpublished data).
It was expected that, once inoculated, viruses that are able to bind to GroEL in in
vitro tests (as described above) would be trapped by GroEL expressed in transgenic
N. benthamiana, thus rendering the plants tolerant to the virus. GroEL-expressing
transgenic N. benthamiana plants were inoculated with two viruses binding GroEL
(TYLCV and Cucumber mosaic virus [CMV]) and two viruses that do not bind
GroEL (Tobacco mosaic virus [TMV] and Grapevine virus A [GVA]) in vitro. As
predicted, the GroEL-expressing plants were tolerant to TYLCV and CMV (mild
or no symptoms) but not to TMV and GVA (fully symptomatic). The amount of
TYLCV and CMYV (but not of GVA and TMV) in the inoculated transgenic plants
was reduced by three orders of magnitude compared to inoculated non-transgenic
plants. Virus-GroEL complexes were detected in TYLCV- and CM V-inoculated
transgenic N. benthamiana, but not in plants inoculated with TMV- and GVA (data
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Table 5.2 Viruses and their properties used in GroEL-expressing transgenic N. benthamiana
plants and summarized data from inoculated plants

Tobacco Grapevine Cucumber Tomato yellow
mosaic virus virus A mosaic virus leaf curl virus
Viruses and properties
Genus family Tobamovirus Vitivirus Cucumovirus Begomovirus
Not assigned Flexiviridae Bromoviridae Geminiviridae
Shape Filamentous Filamentous Globular Geminate
Coat protein: 4.8 8.4 10.3 10.4
Pi charge -2.0 1.7 12.2 22.7
Symptoms Death within Stunting, Stunting, Stunting, leaf
on N. ben- 1 week mottling curly leaves curling,
thamiana yellowing
Virion binding No No Yes Yes
to GroEL in
vitro
Virus-inoculated GroEL-expressing N. benthamiana
Inoculation Mechanical Mechanical Mechanical Whitefly and
method with purified with sap of with sap of agroinfection
virions infected infected
tobacco melon
Symptoms Death within Stunting, Mild Symptomless
1 week mottling symptoms
and recovery
GroEL-virion None None Detected Detected
complexes
in sap

summarized in Table 5.2). Hence, tolerance or susceptibility to viruses could be pre-
dicted following a simple in vitro GroEL-virus binding assay. Plants expressing the
chaperonin were tolerant to viruses that bound GroEL in vitro.

Intra- and Interspecific Interactions with Herbivores

Importance of Intra- and Interspecific Interactions
in B. tabaci Biology

The extreme polyphagy of B. tabaci creates the opportunity to form dependent
interactions with numerous herbivorous arthropods on a variety of plant species
and habitats. One would expect that the wide distribution of B. fabaci and its
severe effects on the plant would yield extensive information on intra-and inter-
specific interactions with conspecifics and other herbivores. However, because most
research on B. tabaci has centered primarily on pest management, information on
such interactions is rather limited.
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Herbivorous insects may interact directly or indirectly via the host plant (Ohgushi
2005). The interactions between (and among) whiteflies and other herbivores are
normally plant-mediated due to the sessile development of immatures and their
phloem-feeding behavior, which cause minimal physical damage to the plant tissue
(Inbar and Gerling 2008). The importance of the plant as a mediator is enhanced by
the ability of B. tabaci to induce fundamental changes in the infested plant includ-
ing reducing photosynthesis, depleting plant reserves and inducing physiological
disorders. They cause additional damage through honeydew excretion and trans-
mission of viral diseases (Brown and Czosnek 2002; Buntin et al. 1993; Inbar and
Gerling 2008; Gerling 1990). B. tabaci also triggers induced defense responses in
the plant, some of which are highly specific (Mayer et al. 1996; van de Ven et al.
2000). Here we describe the main evidence on intra- and interspecific interactions
(with herbivores) in which B. tabaci is involved.

Positive Interactions of Bemisia feeding

Phloem feeders act as sinks for assimilates that may compete with natural plant sink
organs (e.g. fruits). Aggregations of phloem feeders can strengthen their ability to
draw assimilates and improve their nutrition by altering the level and composition
of amino acids in the sap. Whiteflies may benefit from such aggregation as long as
density does not lead to competition. Such positive interactions (facilitation) among
B. tabaci were demonstrated on Cucumis melo (Blackmer and Byrne 1999). They
showed that during the plant’s vegetative growth, B. tabaci aggregations elevated
the total concentrations of free amino acids and altered their composition. Such
modifications, however, diminished once the plant shifted to the reproductive stage
(Blackmer and Byrne 1999). De Barro et al. (2006) describe increased fecundity
when B. tabaci B and AN biotypes fed on the same plants. The mechanism in this
case remains unclear. Facilitation has also been reported with non-phloem feeding
insects. It has been suggested that damage by Heliothis larvae to cotton increased
vegetative growth and availability of young leaves, which are more suitable for the
development of B. tabaci (Baumgirtner et al. 1986).

Because plant viruses may modify the suitability of plants, whiteflies may influ-
ence each other (and potentially other herbivores) via their transmission (Colvin
et al. 2006; Costa et al. 1991; McKenzie et al. 2002). Virus-mediated intra-specific
facilitation appears to be species-(virus and plant) specific. For example, although
leaves of begomovirus-infected plants had higher amino acid levels compared with
healthy controls, the levels were not strictly associated with higher B. tabaci perfor-
mance (Costa et al. 1991). Clear positive effects of viruses on B. tabaci performance
have been reported in other studies (Colvin et al. 2006; Mayer et al. 2002; McKenzie
2002; McKenzie et al. 2002). Both direct effects of the viruses on the whiteflies and
plant-mediated effects may be involved. At least on cassava, facilitation is related to
the higher free amino acid concentrations in the phloem in the virus-infected plants
(Colvin et al. 2006). Jiu et al. (2007) speculates that mutualism between viruses and
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the B. tabaci B biotype may be one of the factors that promote its host utilization
and spread.

Competition Among Whiteflies

We expect that competition will be important in agroecosystems, where plant qual-
ity declines especially during outbreaks of B. tabaci. Nevertheless, the nature of
intra- and interspecific competition has been rarely evaluated. Studies that exam-
ined speciation and spread of several biotypes of B. tabaci revealed that intraspecific
competition plays a major role in whitefly biology and evolution (Brown et al. 1995;
De Barro 2005; De Barro et al. 2006; Jiu et al. 2007; Perring 1996).

Bemisia tabaci B biotype invaded China while suppressing the indigenous bio-
types (Jiu et al. 2007). In the laboratory, the B biotype completely displaced non-B
biotypes in only a few generations, depending on the plant species (Zang et al.
2006). Several mechanisms may promote the competitive superiority of the B bio-
type. Its overall performance on several host plants was much higher than those
of the native biotypes (Zang et al. 2006). The B biotype interferes with, and may
actually block courtship and mating of other biotypes (Zang and Liu 2007; see also
Perring 1996; De Barro and Hart 2000). Additionally, Liu et al. (2007) showed that
asymmetric mating interactions coupled with facilitation (B biotype females pro-
ducing more female offspring in the presence of indigenous males) were essential
in the successful invasion of B biotype whiteflies into China (see Naranjo et al.
Chapter 6). Biotype-specific mutualism with plant viruses (see above) is probably
also involved (Jiu et al. 2007).

Bemisia tabaci B and Q biotypes are common in several Mediterranean coun-
tries. Under laboratory conditions, the Q is displaced by the B biotype (Pascual
and Callejas 2004) often in a single generation (Pascual 2006). Mating interfer-
ence, female reproductive capacity, and better host utilization are probably involved.
Under specific circumstances in the field, however, the B is displaced by the Q
biotype because the latter is more resistant to certain insecticides (Horowitz et al.
2005, Pascual 2006). Interestingly, Chiel et al. (2007) recently found that these bio-
types differ in the symbionts that they harbor. The secondary symbiont Hamiltonella
was detected in (all) B biotype individuals whereas Wolbachia and Arsenophonus
were detected only in Q. The role of these symbionts in biotype performance and
competitive abilities is yet to be demonstrated.

The polyphagous whiteflies B. tabaci and T. vaporariorum may share the same
host plant in greenhouses. However, they tend to be spatially separated by occu-
pying different leaves (Tsueda and Tsuchida 1998). On poinsettia and green beans
the two species did not coexist on the same leaf for more than two generations
(ca. 2 months) (Liu et al. 1994). B. tabaci was more dominant on poinsettia, and
T. vaporariorum prevailed on green bean. Although the mechanism of competition
between these two genera of whiteflies was not examined, it has been suggested
that species dominancy is related to reciprocal impacts on feeding and ovipositional
preference and immature performance (Liu et al. 1994).
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Competition Between Whiteflies and Other Herbivores

Bemisia tabaci often share the same plants with other herbivores (e.g., Hare and
Elle 2002; Inbar et al. 1999a). Unlike competition among whiteflies, interspecific
competition between whiteflies and other herbivores has been largely overlooked.
Circumstantial field surveys suggest that such competition might be common. For
example, increased leathopper populations on cotton were associated with lower
B. tabaci densities (Patil 1996; see also Rao and Reddy 1994). When feeding on
collard leaves previously infested with B. fabaci, 1st instar larvae of the cabbage
looper, Trichoplusia ni, tended to feed on the adaxial (whitefly-free) side of the
leaf. Consequently, larval developmental duration was prolonged and their rela-
tive growth rate and survival were reduced (Inbar et al. 1999b). Interestingly, late
instar caterpillars consume immature whiteflies while chewing the leaf (Inbar et al.
1999b). B. tabaci negatively affected the preference and performance of the leafmin-
ers Liriomyza trifolii and L. sativae (Diptera: Agromyzidae) (Inbar et al. 1999b;
Zhang et al. 2005). The negative effects of B. tabaci on the leafminers persisted
even when both insects developed on different leaves of the same plant. Thus,
B. tabaci may affect other herbivores via induced systemic resistance mechanisms
in the shared host (Inbar et al. 1999a) to which they appear to be less sensitive
(see also Inbar et al. 2001). On the other hand, Agrawal et al. (2000) found that
induced resistance in cotton seedlings to spider mite (Tetranychus turkestani) feed-
ing reduced B. tabaci densities. The reciprocal effects of whiteflies on mites were
not tested. The interactions between mites and B. tabaci are even more complex
because some have established phoretic associations (Fan and Petitt 1998; Soroker
et al. 2003). The mites use whiteflies as a vehicle to passively disperse between
plants and habitats.

Conclusions

The symbiotic relationships of whiteflies and microbes are as diverse as those found
in other Hemiptera. These ancient associations have been shown to be important
in a variety of ecological and evolutionary processes in whiteflies. Thus, symbi-
otic relationships between whiteflies and bacterial species have taken on preeminent
importance in this time of increased whitefly resistance to insecticides. New infor-
mation concerning the diversity of S-symbionts, the variations in associations with
different B. tabaci biotypes and the relationship between symbiont products, such
as GroEL, and begomoviruses have shown the potential for manipulation and/or
control of whiteflies using molecular mechanisms to generate transgenic plants or
modified symbionts.

Intensive research on the B. fabaci-virus association and the spread of white-
fly biotypes clearly demonstrate the important role of intraspecific interactions,
which may facilitate development via improved plant suitability. Population den-
sities and consequently economic damage as well as biotype spread may be largely
dependent on such inter-biotype dynamics. Competition between biotypes may lead
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to displacement and eventually may accelerate speciation in B. fabaci. Although
intraspecific interactions are obviously intense, interspecific interactions may affect
B. tabaci and other pests that feed on the same plant. Further research is needed
to evaluate the magnitude and direction of competition. Extending our knowledge
of the role of the host plant in such interactions (Inbar and Gerling 2008) will
shed light on the mechanisms contributing to the ecological success of B. tabaci.
Understanding the complex webs that link Bemisia, host plants, microorganisms,
other herbivores and natural enemies should provide better tools for efficient and
sustainable pest management strategies.
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Chapter 6
Population Dynamics, Demography, Dispersal
and Spread of Bemisia tabaci

Steven E. Naranjo, Steven J. Castle, Paul J. De Barro, and Shu-Sheng Liu

Introduction

Understanding the population-level processes of any pest insect is central to
predicting temporal and spatial changes in abundance and occurrence, as well as
in developing effective pest management strategies, whether on single crops on
individual farms or multiple crops within agricultural landscapes. Four compo-
nents drive population dynamics in the time-space continuum: birth rates, death
rates, immigration rates, and emigration rates. This deceptively simple fact becomes
immensely complex, however, when one considers all the interacting biotic and abi-
otic factors that influence each of these key population rates. The challenge becomes
even greater for a broadly polyphagous and non-diapausing pest like Bemisia tabaci
that can thrive and reproduce on multiple host plants over the entire year in areas it
inhabits (Mound and Halsey 1978; Watson et al. 1992; Naranjo et al. 2004).

A wide variety of methods can be used to study the population ecology and
dynamics of an organism, many of which have been employed for the study of
B. tabaci. These methods include observation and survey, experimental manipula-
tion of biotic and abiotic factors, life tables, mark-recapture, simulation models,
and more recently, molecular ecology methods. Several reviews have summarized
past research in the area (Butler et al. 1986; Baumgirtner and Yano 1990; Byrne
and Blackmer 1996; Riley et al. 1996; Drost et al. 1998; Henneberry and Castle
2001). In addition to the increasing impact of B. fabaci over a much greater geo-
graphic range — and greater diversity of crops — the breadth and depth of scientific
literature regarding this pest has expanded, with nearly 7,000 non-abstract citations
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reported since the late 1800s, and roughly 310 new papers published each year since
1996 (Naranjo et al. 2007). The most recent large-scale review of the bionomics
and management of this pest was based on a workshop held in 1994 (Gerling and
Mayer 1996). It was followed by a more focused review of pest management issues
in 2001 (Naranjo and Ellsworth 2001). Excluding articles on insecticide efficacy
testing, there have been nearly 800 papers published since 1996 focusing attention
on population level processes. It would be untenable to summarize all of this liter-
ature. Instead, this review will focus on advances within several broad categories
of population ecology: sampling, demography, dispersal, invasion and spread, as
well as population outbreak and modeling, which largely derive from these more
basic fields of study. Focus will be placed primarily on advances made in the past
10-12 years, but we will also re-evaluate and re-interpret some historical research in
the field with the intent of clarifying and expanding our understanding of complex
factors governing the abundance and spread of B. tabaci.

Sampling Populations

In order to effectively study population level processes in agroecosystems — whether
in the open field or protected enclosures such as greenhouses — it is first necessary
to have the proper tools and techniques for reliably assessing population density.
Several reviews have summarized efforts, up to approximately 1996, on crops such
as cotton, cassava, peanut, cantaloupe, tomato, and various ornamentals and veg-
etables (Butler et al. 1986; Ohnesorge and Rapp 1986; Parrella et al. 1989; Ekbom
and Rumei 1990; Naranjo 1996). Historically, cotton has been the focus of exten-
sive sampling research, and well-defined methods and plans have been developed
for both research and pest management application (reviewed in Naranjo 1996).
Recent effort has focused on a number of other crops including tomato (Miranda
et al. 1998; Arno et al. 2006; Gusmao et al. 2005, 2006), cantaloupe (Gould and
Naranjo 1999; Lin et al. 2006), cucumber, watermelon and muskmelon (de Moura
et al. 2003; Shen et al. 2005a), grapes (Haji et al. 2001), peppers (Fernandez
et al. 2002; Lacasa-Plasencia et al. 2004), sesame (Laurentin and Pereira 2002),
common bean (Pereira et al. 2004a, b), eggplant (Shen et al. 2005a) and gerbera
(Yao and Zheng 2007). Cotton also continues to be a focus of sampling research
(e.g., Ahmad and Aslam 2002; Atakan and Canhilal 2004; Gencsoylu 2007; Karut
and Kazak 2007). As in the past, much of the research is centered on comparing
and contrasting various methods and techniques for measuring relative density —
e.g., on-plant counts, beat trays, sticky traps — describing the within and between
plant distributions of various whitefly stages, selection of appropriate sample units
and sampling techniques, and development of sampling plans, including sequential
and binomial sampling plans. Researchers also continue to evaluate the use of var-
ious kinds of sticky traps and non-sticky traps (e.g. Chu et al. 1998) as a means
of monitoring general population trends despite research demonstrating the poor
and inconsistent predictive power of these methods for estimating densities in the
crop itself (see Naranjo et al. 1995). This lack of correlation between trap catches
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and field populations also has been demonstrated recently for parasitoids attacking
B. tabaci (Hoelmer and Simmons 2008). Such trapping methods will continue to
play a role in larger scale monitoring of pest incidence, but probably not in the
estimation of density in either research or pest management application.

Almost without exception, the focus of sampling research with B. tabaci has been
on developing relative sampling methods and plans. These methods continue to play
an important role in pest management by providing consistent and reliable means
for measuring pest density as well as in determining the need for control, and for
comparative experimental studies. However, they are not adequate for detailed pop-
ulation studies or studies across different crops and host plants. For this application
absolute — number per unit area — methods are generally required. The continued
focus on relative methods is not surprising, given the large number of host plants
that B. tabaci infests and the high population densities with which it occurs on
many hosts. The techniques, and associated cost of methods, for estimating abso-
lute density are prohibitive for many systems. Nonetheless, the increasing focus on
a landscape level perspective encompassing multiple crops in a region creates an
urgent need for developing absolute methods that will permit population density
to be compared and analyzed within this broader spatial context. For the sessile
immature stages, this will invariably involve counting insects on the whole plant,
or on portions of the plant that can be reliably related to whole plant density
(e.g., Ohnesorge and Rapp 1986; Abisgold and Fishpool 1990; Naranjo and Flint
1994). For mobile adults, leaf counts can be related to whole-plant counts (Naranjo
and Flint 1995). Vacuum devices can also be used to remove a large fraction of the
population on the whole plant if plants are small and distinct enough (Gerling and
Horowitz 1984). Crops with more complex and prostrate canopy structures — such
as cantaloupes — and those with complex canopy architecture — e.g., ornamental
lantana — represent a greater challenge.

Some progress has been made in automating insect counting that could reduce
effort, and increase accuracy, in both relative and absolute sampling. For exam-
ple, research initiated in the early 1990s attempted to automate counting whitefly
nymphs on leaves with digital video and image processing (Carruthers 1993). The
method showed promise, but was not pursued further because of technical and fund-
ing issues. More recently, Bauch and Rath (2005) developed a prototype system
to automate the collection and counting of adult whiteflies using mechanical aspi-
rators and digital image analysis. The system may have promise for greenhouse
application.

Demography

Demography is defined as the study of birth and death rates and how they affect
population age structure and rates of change in population size (Ricklefs 1979).
Movement is also an important feature in determining population size, but that topic
will be discussed in more detail in the next section. B. tabaci has six developmental
stages: egg, four nymphal instars, and the adult. All are intimately connected to
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the surface of their host plant and all but the adult stage and brief, early 1st instar
crawler are functionally immobile (see Walker et al. Chapter 4 for more detail).

Life History Studies

Numerous studies have examined multiple life history traits of B. fabaci on many
host plants under a variety of environmental conditions in the laboratory, green-
house and field (Table 6.1). One or more life history parameters have been measured
in total on 51 different crops or other host plants. Under highly favorable condi-
tions, generation times can be on the order of several weeks, resulting in upwards
of 12 generations or more per year in tropical and subtropical areas of the world
(Butler et al. 1986). In addition, adult females can produce hundreds of eggs within
their 2-3 weeks lifespan (Drost et al. 1998; Henneberry and Castle 2001). In gen-
eral, fecundity has been vastly underestimated in existing laboratory studies due
to various methodological factors. Fecundity of well over 500 progeny per female
has been demonstrated for B. tabaci feeding on cantaloupe, a favored host plant
(Castle unpublished data). Overall, high fecundity and rapid development underlie
the capacity of B. tabaci to build huge population densities over short periods of
time; it also accounts, in part, for the insect’s notorious pest status (see Population
Outbreaks below).

Sex Ratio

Sex ratio variation in B. tabaci populations has been observed in different studies
spanning many decades, yet little is understood about the governing mechanisms
or effects on population growth. Arrhenotokous sex determination often yields
biased sex ratios favoring one or the other sex, depending on a range of conditions
(Krainacker and Carey 1990; Wrensch 1993). Too few field studies of B. tabaci sex
ratios have been conducted to determine a general pattern. In Israel, Horowitz and
Gerling (1992) found that female:male ratios of 3:1 early season (May-June) shifted
to parity by mid September, and then late season became male-biased. A similar
pattern was reported for B. tabaci on tobacco in India (Pruthi and Samuel 1942),
other reports have indicated male-biased ratios (Trehan 1944; Khalifa and El Khidir
1964).

Skewed sex ratios arise through various mechanisms affecting either the relative
birth or death rates of the sexes. For example, early biological studies of B. tabaci
indicated that life spans are longer for females (Avidov 1956; Khalifa and El Khidir
1964; Azab et al. 1971). The sex ratio of emerging adults is therefore of potentially
greater interest in terms of revealing variation among populations. Differences in
developmental success between the sexes are insufficient to skew sex ratios because
the quality of resources available to developing cohorts of nymphs should be similar.
As with other polyphagous pests, such as spider mites (Wrensch and Young 1983),
it is unlikely that differential mortality — at either the beginning or end of the life
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cycle — can alone account for the degree of female-bias often observed in sex ratios
of B. tabaci. There is also the possibility that inseminated female whiteflies control
fertilization of eggs much as it is thought to occur in arrhenotokous Hymenoptera
(King 1993; Nadel and Luck 1985). However, Li et al. (1989) showed that both
sexes mate multiple times; Liu et al. (2007) also found that multiple matings were
required to sustain female progeny production in both biotype B and the indigenous
Chinese ZHJ1. This represents a departure from parasitic Hymenoptera and suggests
that differences between B. fabaci and the better-studied Hymenoptera need to be
explored.

Life Tables

Several recent laboratory studies have estimated such basic demographic param-
eters as generation time, net reproductive rate, and intrinsic rates of increase
(e.g., Tsai and Wang 1996, Chen et al. 2003a; Xu et al. 2003; Samih 2005; Kakimoto
et al. 2007). All point to the known potential for extremely rapid population growth.
However, the general usefulness of these measures in understanding and predicting
field population dynamics is limited because they measure reproduction, develop-
ment, and survival under ideal circumstances. Although it is possible to accurately
measure birth processes, such as development and reproduction, under controlled
conditions in a laboratory, greenhouse, or even a semi-field setting, it is impossible
to meaningfully measure death processes in a similar manner due to the large num-
ber of both biological and ecological factors affecting survival. Consequently, the
only way to accurately measure survival is through life tables or other manipula-
tive approaches in the insect’s actual habitat. Relatively few such studies have been
attempted.

Life tables typically emphasize the characterization and measurement of mor-
tality components affecting populations (Carey 1993). Although multiple and
overlapping generations of B. fabaci pose significant problems, the sessile nature
of immature stages provides an avenue for developing robust, cohort-specific life
tables (Naranjo and Ellsworth 2005). To date, field-based life tables have been
developed for B.tabaci on cotton (Horowitz et al. 1984, Naranjo and Ellsworth
2005; Naranjo et al. 2004; Naranjo, Ellsworth and Cafias unpublished data; Karut
and Naranjo 2009), cassava (Asiimwe et al. 2007), soybean (de Albergaria et al.
2003), cucumber (Shen et al. 2005b), cantaloupe, broccoli, alfalfa, ornamental
lantana, and various annual weeds (Naranjo et al. 2004; Naranjo, Ellsworth and
Canas unpublished data). Hoddle and van Driesche (1996) developed life tables for
B. tabaci on poinsettias, but these were done in experimental greenhouses to
assess the impact of augmentative biological control with parasitoids. Two gen-
eral approaches were used in these studies, both of which were time consum-
ing. One approach established artificial cohorts on plants, started with adults in
leaf bags. This method was followed by repeated samplings to assess mortal-
ity over time and use of mathematical techniques to estimate stage survivorship
(e.g. Horowitz et al. 1984). A second approach was based on natural cohorts
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in field populations, also followed by repeated observations to determine death
rate. However, this method also allowed the cause of death for each life stage
to be determined, thus providing quantification of mortality factors as well
(e.g. Naranjo and Ellsworth 2005).

Most life table studies document high levels of preimaginal mortality in B. tabaci
populations on a number of host plants (Fig. 6.1). Mean estimates have exceeded
93% with the exception of soybean in Brazil, spring cantaloupes in Arizona, USA,
and cucumber in China. However, generational mortality closer to 99% would
probably be necessary to control or regulate populations in most systems, given
the insect’s reproductive capacity (Naranjo and Ellsworth 2005). Field-based life
table studies to estimate adult mortality or fecundity in the field are lacking for
all crops.

Multiple mortality factors affecting immature stages of B.fabaci have been
identified. They include such natural enemies as predators, parasitoids and fungi,
inviability of eggs, dislodgement from the plant surface due to weather events and
predators, and physiological and other unknown agents (Fig. 6.1a). Collectively,
natural enemies inflict high levels of mortality on B. tabaci on all host plants that
have been examined with the exception of winter-planted broccoli in Arizona, USA
where desiccation takes the greatest toll (Naranjo et al. 2004). Predation has been
found to be a key factor in Arizona cotton, cantaloupes, annual weeds, alfalfa, and
ornamental lantana (Naranjo and Ellsworth 2005; Naranjo, Ellsworth and Cafas
unpublished data). However, parasitism by aphelinids was shown to be the key factor
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Fig. 6.1 (a) Summary of partial, field-based life table studies of immature (eggs and nymphs).
B. tabaci on various host plants. Results are based on mean contributions of various mortality
agents over multiple generations. Numbers above the bars denote mean generational mortality.
Studies on cotton in Turkey did not report egg inviability, and this mortality is partially reflected in
“other”. Studies on cucumber in China did not report dislodgement, but it is assumed that estimates
of predation include dislodgement. (b) Summary of partial, field-based life table studies of imma-
ture (eggs and nymphs) B. tabaci on various host plants. Results are based on mean mortalities
within each developmental stage over multiple generations. Numbers above the bars denote mean
generational mortality. Studies on cucumber in China partitioned mortality by eggs, small nymphs
(N1 + N2), and large nymphs (N3 + N4). See text for study citations
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in Turkish cotton (Karut and Naranjo 2009) and cassava in Uganda (Asiimwe et al.
2007). Dislodgement from the plant surface can also provide significant mortality.
Naranjo and Ellsworth (2005) determined that high winds and blowing dust were
a major cause of death for most life stages, while rainfall contributed to the dis-
lodgement of eggs and young nymphs. Chewing predators, such as beetles, caused
most dislodgement of larger nymphs. Anecdotal observations of the negative impact
of weather on B. tabaci population dynamics have been noted by early workers
(e.g. Khalifa and El Khidir 1964; Avidov and Harpaz 1969).

In general, mortality rates are highest during the fourth nymphal stadium fol-
lowed by the egg stage (Fig. 6.1b). These are the longest stages of the immature
life cycle, so it is not surprising that they sustain the highest death rates. However,
mortality appeared to be more evenly distributed among the five immature life
stages on soybean in Brazil and spring cantaloupes, and winter broccoli in the USA
(Fig. 6.1Db).

While life tables provide critical information on the causes and rates of mor-
tality affecting populations, additional data, such as immigration and emigration
rates, are needed to fully understand the factors regulating population growth.
Density-dependence of mortality factors is another important facet but is extremely
difficult to assess, in part because of the spatial scale over which it might occur.
For this reason, life table studies of B. fabaci have not attempted to asses density-
dependence except for Naranjo and Ellsworth (2005) who failed to demonstrate
it at the plant level for any of the mortality factors they examined in their life
tables.

Failure to identify density-dependence does not preclude its existence (Bellows
et al. 1992), nor would density dependence necessarily regulate a population below
economic threshold. Still, we know that certain factors can suppress populations for
extended periods while not necessarily regulating them within defined boundaries.
For example, several studies have documented resurgence of B. tabaci populations
following the use of broad-spectrum insecticides (e.g. Abdelrahman and Munir
1989; Devine et al. 1998) suggesting that natural enemies are capable of suppress-
ing B. tabaci populations under some circumstances. The role of density-dependent
action by natural enemies in these outcomes is unknown. In general, historical evi-
dence suggests a central role of insecticide overuse in the promotion of B. tabaci
as a pest (Eveleens 1983), but a re-appraisal of the data suggests other govern-
ing factors (Castle 1999, also see Population Outbreaks below). A significant role
of natural enemies — primarily predators — is also suggested by suppression of
B. tabaci over long periods following the use of selective insecticides to quell pop-
ulation growth initiated by immigration into early season Arizona cotton (Ellsworth
and Martinez-Carrillo 2001; Naranjo 2001; Naranjo and Ellsworth 2009). Although
density-dependent action of mortality agents cannot be ruled out in these instances,
patterns of population change in B. tabaci suggest a strong influence of seasonal host
related factors (e.g., crop senescence) in controlling growth and movement of popu-
lations in both individual fields and within the broader landscape (see discussion of
seasonality below).
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Dispersal, Migration and Seasonality

B. tabaci is a multivoltine insect that has no diapause or quiescent stage. As a
result, populations are sustained through the continual exploitation of multiple host
resources, both wild and cultivated, over the annual cycle. Dispersal is therefore an
integral component of the ecology of B. fabaci that enables host finding and colo-
nization in a constantly shifting environment. Dispersal is also a critical mechanism
enabling B. tabaci to vector plant viruses, distribute insecticide resistance genes, and
escape natural enemies.

Measuring Movement and Flight Behavior

The ability of B. tabaci to disperse has been noted from the time it was first recog-
nized as a pest. Early literature is replete with observational and anecdotal evidence
of the displacement and dispersion of populations from one host plant to another
and the capture of adults on traps removed from crop areas (e.g., Husain and Trehan
1933; Khalifa and El Khidir 1964; Costa 1975; Naresh and Nene 1980; Gerling and
Horowitz 1984; Stansly 1996). However, more carefully controlled experimental
studies have occurred only in the past several decades. Investigations of dispersal
by B. tabaci have been conducted in laboratory and field settings in order to address
specific questions about flight duration (Blackmer and Byrne 1993a; Blackmer et al.
1995a), distances travelled (Byrne et al. 1996; Isaacs and Byrne 1998), exogenous
cues (Blackmer and Byrne 1993b; Isaacs and Byrne 1998), and endogenous cues
(Blackmer et al. 1995a, b) that govern flight — or its cessation — as well as individual
variation in flight behavior (Blackmer and Byrne 1993a; Blackmer et al. 1995a).
Insight gained from decades of aphid flight and migration studies have shown vari-
ous strategies of dispersal in terms of migratory vs. foraging flight (Kennedy 1985).
This prompted similar interests in B. tabaci with studies on wing morphology sug-
gesting the presence of multiple flight morphs (Byrne and Houck 1990). A follow-up
study failed to confirm significant differences in wing morphology, but did identify
differences in flight behavior with respect to duration of flight in different propor-
tions of the population (Blackmer et al. 1995a). Further investigation using a vertical
flight chamber demonstrated individual differences in response times to vegetative
cues presented at intervals within the flight chamber. Whiteflies responding within
5 min (76%) were considered trivial flyers, those flying >15 min (6%) were consid-
ered migratory, and the remaining 16% were grouped intermediate (Blackmer and
Byrne 1995a). The inclusion of an intermediate group fits well in the context of the
assertion by Dingle (1996) that flight distance from a source is more appropriately
considered as a continuum of responses rather than simply binary sensu Kennedy
(1985).

Mark and recapture studies have demonstrated a strong directional component to
dispersal by B. tabaci. Whiteflies marked the evening before with DayGlo®) dust
were consistently trapped the following day as far as 2.7 km from the source field
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in Yuma, AZ, USA (Byrne et al. 1996). Whether individuals trapped at this dis-
tance represented foraging or migratory flyers was uncertain, but the regularity in
which at least some individuals attained the 2.7 km distance prompted the sugges-
tion that migrating whiteflies were capable of exceeding this distance (Isaacs and
Byrne 1998). The conclusion was supported by Cohen et al. (1988) who found that
whiteflies marked on the weed Cynanchum acutum were subsequently recaptured
6 days later on traps near tomato fields some 7 km away. In another field study,
a series of traps was positioned at four heights from ground level up to 7.2 m at
six equidistant locations out to 100 m from the source field. A gradual decline in
numbers of whiteflies caught with increasing distance out to 100 m was observed
for both males and females. Less than 5% of marked whiteflies were caught at the
7.2 m height, indicating steep ascending flights by a small number of individuals.
A significant relationship between egg load and trap height but not trap distance
was observed, indicating a modest trade-off between flight dispersal and oogene-
sis as suggested by Blackmer et al. (1995a) and substantiated by Isaacs and Byrne
(1998).

It has been suggested that short-range flights are of greater importance to weak
flyers, such as aphids and whiteflies, than longer distance migratory flights (Loxdale
et al. 1993). Although B. tabaci may be a weak flyer, it is nonetheless highly adapt-
able at moving considerable distances within its environment. Large swarms of
flying B. tabaci in Brazil were noted in small towns several kilometers from soy-
bean fields where they originated, prompting Costa (1975) to suggest that B. tabaci
moves farther than is generally recognized. During the early to mid 1990s, it was
not unusual to see huge numbers of adults within the Phoenix, Arizona metropolitan
area, during the later summer and early fall, many kilometers removed from poten-
tial cotton source fields (SEN, SJC per. obs.). In regions — such as the irrigated desert
valleys of the southwestern United States where high populations of B. tabaci have
developed — the authors observed large numbers of whiteflies moving at heights of
1-3 m above the ground. Dispersal flights are most conspicuous during the first few
hours of daylight on summer days before temperatures reach prohibitive levels.

Movement across the landscape to new reproductive hosts is dependent on stay-
ing aloft long enough to be carried by prevailing breezes; it is not uncommon to
observe whiteflies in deep grass, or on other non-reproductive hosts during the
intense heat of mid-day and late afternoon, before embarking on subsequent short-
range flights in search of suitable hosts. Other dispersers have been observed in
deep crevices in the ground of recently irrigated fallow fields — gaining shelter from
sun and heat — but without any food source. A small-bodied insect like B. tabaci is
unlikely to have sufficient body fat or water reserves to survive in the desert heat
without deriving water and nutrition from its temporary host. Soluble carbohydrates
in phloem are metabolized into sorbitol at rapid rates providing protection during
high temperature exposures (Wolfe et al. 1998; Salvucci 2000). In addition to this
physiological mechanism, the behavioral adaptability of dispersing B. tabaci to find
shelter and derive sustenance allows incremental movements to be made by extend-
ing the range that can be covered — foraging flight — and increasing the probability
of host finding. Experiments to measure survival rates during dispersal have not
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been attempted because of the difficulty of simulating natural conditions, leaving
unknown how long an adult B. tabaci can survive using temporary hosts, or how
many short-range flights it can make before finding a permanent host or expiring.
These observations point to the fact that the dispersal process is complicated by
many biological and ecological facets, increasing the challenge of understanding
and predicting movement by this insect even further.

Although several models have been developed to study spatial dynamics (see
below), and predict the redistribution of B. tabaci in the landscape based on sim-
ple rules or diffusion processes (Wilhoit et al. 1994; Brewster et al. 1997), no
studies have directly measured rate of emigration and immigration. As a con-
sequence, our full understanding of B. tabaci population dynamics is limited to
anecdotal observations, indirect experiments, and inferences drawn from untested
models. Von Arx et al. (1983a) were the first to show the quantitative importance
of movement to the population dynamics of B. rabaci. Their simulation model for
the Sudanesse cotton system was based on temperature-dependent insect dynamics
and a physiologically-based plant model. Immigration and emigration were fitted
by simulation experiments to adjust for the result that within-field birth and death
rates alone would have projected population densities several orders of magnitude
greater than field populations by season’s end (p. 357, Fig. 11). A similar approach
was used by Naranjo and Ellsworth (2005) when they input their field estimates of
generational death rates in a simulation model based on temperature-dependent birth
rates (DeGrandi-Hoffman and Naranjo 1996) to project the quantitative contribution
of immigration near the beginning of the season and emigration near season’s end
in Arizona cotton (Fig. 6.2). Although neither study provides mechanistically-based
estimates of immigration and emigration rates, both demonstrate the critical impor-
tance of these population processes and highlight the need for more detailed research
specifically addressing the measurement of these key rates and their relationship to
both biotic and abiotic factors.
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Fig. 6.2 Comparison of simulated and actual population densities for B. tabaci on cotton in central
Arizona, USA. Simulations are based on a temperature-dependent, stage-structured model that was
initiated with actual insect densities (eggs, nymphs, and adults) and observed rates of immature
mortality at the establishment of each of four cohorts. These discrepancies during early and late
season reflect the important contribution of immigration and emigration. Modified from Naranjo
and Ellsworth (2005) with permission from Blackwell Publishing
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Seasonality and Metapopulations

The complex processes outlined above — plus other facets of the insect’s biology —
underlie the seasonal host usage pattern and regional metapopulation dynamics of
B. tabaci within the landscape (Fig. 6.3). Details vary from region to region depend-
ing on host plant composition and descriptions are limited to relatively few systems
in the world and derived from surveys of crop and uncultivated hosts. Watson et al.
(1992) described a typical seasonal pattern for the indigenous Biotype A of B. tabaci
based on survey data from the Yuma Valley of Arizona in the late 1980s. Whitefly
populations were at their lowest level in late winter, subsisting primarily on a vari-
ety of weeds. They moved onto cantaloupe and then cotton in spring and continued
building to high levels in cotton during the summer and early fall. Early winter
found them in vegetables like broccoli, cauliflower, and lettuce, after which they
were left with only weeds in which to begin the cycle anew. These survey studies
also pointed to the importance of distance between potential hosts, as well as the
role of wind, in shaping seasonal patterns of occurrence. For example, Watson et al.
(1992) showed a negative relationship between densities of B. tabaci on lettuce in
the late fall with increasing distance from cotton source crops. They also showed
the definitive role of wind with down-wind sink crops being disproportionately
infested.

Similar patterns were described for B. tabaci infesting cotton in central Arizona
(Butler and Henneberry 1984), the Central Valley of California (Godfrey et al.
1995), Israel (Gerling 1984), southern Florida (Stansly 1996) and southern India
(Murugan and Uthamasamy 2001) even though the particular spring, summer, fall,
and winter host plants can vary. Perennial hosts such as alfalfa and landscape orna-
mentals also play a role in several of these systems, even though their contribution is
less well understood (Yee et al. 1997; Naranjo et al. 2004). There is a clear connec-
tion between quickly growing populations of B. fabaci on spring cantaloupe and the
subsequent invasion of cotton in central Arizona (Kelly-Johnson et al. 1995; Naranjo
and Ellsworth 2005); this pattern is exacerbated by the low level of natural mortal-
ity of B. tabaci on cantaloupe during this portion of the season (Naranjo et al. 2004,
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Fig. 6.3 Example of the seasonal cycle and metapopulation dynamics of B. fabaci in an Arizona,
USA cropping landscape. The line graph denotes the relative population size of the insect which
is very low during winter months and reaches a peak during the summer on crops such as cotton
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see Fig. 6.1). A similar pattern has been suggested by Legaspi et al. (1997) for cot-
ton grown in the Lower Rio Grande Valley of Texas. Ozgiir et al. (1989) describes
a slightly different seasonal pattern for B. tabaci infesting cotton in the Cukurova
plain of Turkey. Here they found that the wild perennial shrub Cistus spp., which
grows in the foothills adjacent to the plains, hosts populations of B. fabaci during
the winter which then acts as a direct source for cotton and other vegetable crops in
the plains. Their patterns show that spring vegetables are not a necessary bridge to
cotton as they appear to be in other regions. There is a negative relationship between
distance to Cistus spp. stands and B. tabaci infestations in spring crops in the plains,
but not between spring vegetables and cotton. A variation on the theme was seen
in south Florida, where declining whitefly populations are hosted by weeds during
the wet summer fallow period (Stansly 1996). Populations then build up during fall
in fruiting vegetables — especially tomato — although declining temperatures slow
growth rates. The jump to overlapping spring vegetables initiates rapidly growing
populations which, when good post harvest sanitation is practiced, have only the
surrounding weeds for hosts after termination of the crop. Overall, these seasonal
cycles are critical to the continued persistence of B. tabaci in agricultural landscapes
and hold many clues for effective population management.

Much of metapopulation theory and application has focused on understanding the
dynamics of relatively rare species that occupy fragmented habitats (e.g., Marquet
2002; Hanski 2004). However, some attention has been directed to control of mobile
pests, and therefore may have relevance to B. tabaci. Levins (1969) used simple
models to demonstrate that a control action applied synchronously to sub popula-
tions would lead to the greatest reduction in metapopulation size, mainly as a result
of eliminating refuges that permit persistence of local populations. Such a phe-
nomenon may explain the success of a whitefly management program introduced
for Arizona cotton in 1996 (Ellsworth and Martinez-Carrillo 2001; Naranjo and
Ellsworth 2009) based on sampling, economic thresholds, effective insecticides, and
grower education. The program resulted in the relatively synchronous suppression
of pest populations in individual fields over a wide area and an overall lowering of
B. tabaci metapopulation density. A similar result was seen in south Florida, merely
but encouraging growers to remove crop residues after harvest in late spring, thereby
denying whitefly populations favorable hosts during summer (Stansly and Schuster
1990; Stansly 1996).

More complex metapopulation models have also included the role of natural ene-
mies. For instance, Ives and Settle (1997) showed that natural enemies and rates
of movement, by both the pest and natural enemies, can influence the degree to
which synchronous or asynchronous control might produce the lowest metapopula-
tion densities. Although we are beginning to understand the role and contribution of
natural enemies to B. tabaci dynamics (Naranjo and Ellsworth 2005; also see Arné
et al. Chapter 15) our knowledge of natural enemy movement is even more rudimen-
tary than that of the pest itself. Overall, expanded research at the metapopulation
scale would be greatly beneficial to the development of more robust, sustainable,
and predictable management systems for B. tabaci.
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Invasion and Spread

B. tabaci has a well-deserved reputation for being invasive, mostly because biotype
B has spread — over the past 20 or so years — from its origins in the Middle East—Asia
Minor region to at least 50 countries in Africa, the Americas, Asia, Australia and
Europe via the trade in ornamentals (Cheek and Macdonald 1994; Dalton 2006).
The Q biotype has also begun to invade from its origin in countries bordering the
Mediterranean Basin to at least 10 countries in Africa, the Americas, Asia and
Europe (Genbank, Zhang et al. 2005; Dalton 2006; Ian Scott personal communi-
cation; De Barro P unpublished data) again via the trade in ornamental species. The
invasive ability and damage potential of the B biotype has earned it a place as one
of the world’s top 100 insidious species (http://www.issg.org) of global agriculture.
The focus here will be on the underlying processes of invasion and establishment
(Table 6.2).

In most instances, the history of invasion by B. tabaci has been poorly docu-
mented. Unfortunately, this is a typical characteristic of biological invasions (Reitz
2007). In the USA, for example, the displacement of the indigenous A biotype by B
biotype was essentially over by the time it was detected (Hamon and Salguero 1987,

Table 6.2 Summary and example citations of mechanisms identified as contributing to invasion

Factors influencing

competitive displacement Genetic groups References

Differential female fecundity =~ Mediterranean/Asia Minor/Africa (B)  Pascual and Callejas

Differential insecticide
resistance

Differential resource
utilization

Courting and mating
interference

Increased frequency
of copulation

Indirect effects
of begomovirus infection
in the host plant

vs Mediterranean (Q)
Mediterranean/Asia Minor/Africa (B)
vs Mediterranean (Q)

Mediterranean/Asia Minor/Africa (B)
vs Mediterranean (Q),
Mediterranean/Asia Minor/Africa
(B) vs Australia (AN)

Mediterranean/Asia Minor/Africa (B)
vs Mediterranean (Q),
Mediterranean/Asia Minor/Africa
(B) vs New World (A),
Mediterranean/Asia Minor/Africa
(B) vs Australian (AN),
Mediterranean/Asia Minor/Africa
(B) vs Asia Il (ZHJ1)

Mediterranean/Asia Minor/Africa (B)
vs Asia II (ZHJ1),
Mediterranean/Asia Minor/Africa
(B) vs Australia (AN)

Mediterranean/Asia Minor/Africa (B)
vs Asia Il (ZHJ1)

(2004)

Horowitz et al. (2003,
2005); Pascual and
Callejas (2004);
Pascual (2006)

Pascual and Callejas
(2004); De Barro
et al. (2006)

Pascual and Callejas
(2004); Perring et al.
(1994); De Barro
and Hart (2000); Liu
et al. (2007)

Liu et al. (2007)

Jiu et al. (2007)
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Perring 1996). Establishment and displacement by B biotype was better monitored
in the later invasions of Australia and China (Liu et al. 2007), presumably because
to be forewarned is to be forearmed, in this case with the tools and knowledge to
support a monitoring program.

B biotype was first detected in Australia in 1994 (Gunning et al. 1995).
Quarantine trace-back and records of insecticide control failures suggested that
entry occurred no earlier than mid-1993 and that spread was again facilitated by
the ornamental trade industry (De Barro 1995). Analysis of field collections sug-
gested that displacement of the indigenous population by B biotype was complete
in 3—4 years in northern Queensland and 4-5 years in southern Queensland and
New South Wales (Fig. 6.4). Climex modeling (Sutherst et al. 1999; Sutherst and
De Barro unpublished data) and observation indicated displacement was complete
in 1945 generations (Fig. 6.4). However, in Katherine (Northern Territory), B bio-
type cycles between occasional establishment during the dry winter months and
local extinction during the wet summer. Biotype B also failed to establish in road-
side vegetation (primarily Euphorbia cyathophora) around Bargara, a coastal town
near Bundaberg, Queensland. Mowing patterns and differential utilization of young
and old foliage between the native species and invasive biotypes were cited as pos-
sible contributing factors (De Barro PJ and Liu SS unpublished data). In Zhejiang,
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Fig. 6.4 Map of north eastern Australia detailing the process of displacement of the indigenous
Australian B. tabaci by the invasive B biotype and the number of generations and length of time
between incursion and full displacement. Map based on Liu et al. (2007)
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China, the earliest invasions by biotype B occurred in locations with the most fre-
quent transport of ornamentals. Displacement of the indigenous ZHJ1 biotype in
these areas was complete by 2005.

The Invasion Process

The allopatric phylogeographical structure of B. tabaci (Boykin et al. 2007) raises
two questions in regard to invasion capacity: (1) how has this pattern persisted for
most groups, and (2) why have the sibling biotypes B and Q shown such a remark-
able capacity to spread? Although geographic barriers may explain some allopatry,
the global distribution of B. tabaci types does not generally correspond to obvious
climatic regions. It would therefore appear that abiotic factors are unlikely to explain
the observed patterns. Furthermore, the apparent failure of many genetic groups to
invade and establish in neighboring regions suggests that the capacity for B. rabaci
to invade is uncommon. The failure of biotype B to establish permanently in south-
ern Spain (Simon et al. 1999) may indicate the difficulty of invading a neighboring
territory because the populations have evolved the necessary characters to compete
in response to interaction along the border (Kniskern and Rausher 2001). In con-
trast, species transplanted into a new geographic space may exhibit novel traits that
confer a selective advantage against the indigenous population (Cox 2004). For this
reason, invasive organisms often thrive at the expense of indigenous, closely related
organisms occupying the same niche (Odum 1971). Therefore, detailed assessments
of behavioral mechanisms may be necessary to gain insight into the causes of animal
invasions (Holway and Suarez 1999).

Mating Interactions

Li et al. (1989) showed for the first time that single males were capable of interrupt-
ing courtship. Perring et al. (1994) and Perring and Symmes (2006) later reported
that biotype B males actively interfered with the courting and mating of biotype A
females. This behavior is often found in the incompletely isolated mate recognition
system of two closely related species (Butlin 1995). Lack of discrimination during
courting and mating is one factor contributing to competitive displacement through
reproductive interference (Reitz and Trumble 2002).

While mating interference is a normal mate competition mechanism within
B. tabaci, it appears that there is considerable variability in the intensity of the
interactions when compared across different genetic groups. This variability
sets up the potential for asymmetry in genetic group interactions. Asymmetrical
mating interference has been identified as yet another mechanism for competitive
displacement (Reitz and Trumble 2002). A number of studies have also observed
mating interactions of this nature (Perring et al. 1994; Mabbett 2004; Pascual 2006;
Perring and Symmes 2006; Ruan et al. 2007; Zang and Liu 2007; also see Walker
et al. Chapter 4).
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In a comprehensive study that combined long-term field monitoring of the
invasion process, population experiments under caged conditions, and detailed
behavioral observations in both China and Australia, Liu et al. (2007) showed
that rapid invasion and displacement by biotype B were associated with significant
changes in the sex ratio of both the indigenous and alien populations. Populations of
biotype B, on cotton alone in Zhejiang, had female ratios of 60—70% compared with
50-60% for the indigenous ZHJ1. During displacement, however, female ratios in
biotype B increased to 70-85% while those in ZHJ1 declined to 35-45%. Similar
patterns were observed between biotype B and the Australian AN biotype. Follow-
up cage studies showed that significant changes in sex ratios leading to rapid
displacement of indigenous biotypes occurred when mixed cohorts of ~10% of
the B biotype and 90% indigenous biotype were reared continuously for multiple
generations on equally suitable host plants.

It was observed through video recording (Ruan et al. 2007; Liu et al. 2007)
that individuals of biotype B and an indigenous biotype placed on the same leaf
exhibited intensive mating interactions which lead to very different consequences
for each (Fig. 6.5). A biotype B pair increased frequency of courtships and copula-
tions when second male of either B or an indigenous biotype was added. However,
the indigenous male interfered little with the B couple, whereas a supplementary B
biotype male interrupted 16-28% of the courtships leading to a significant reduction
of copulation events, even though the indigenous couple did increase their activity
somewhat. These changes in copulation events resulted in corresponding changes
in the sex ratio of the progeny while the numbers of progeny produced remained
unchanged. Critical to this interaction was the fact that biotype B responded inde-
pendently of whether males were all biotype B, or a mix of biotype B and indigenous
individuals. Therefore, both indigenous males and invader males helped to promote
copulation among the invaders and consequently increased the invaders’ competitive
capacity. In contrast, indigenous females did not respond to increased numbers of
adult males and copulation was more frequently interrupted by biotype B males.

Skewed sex ratios resulting from asymmetric mating interactions have an obvi-
ous impact on the numerical changes of the invader and indigenous populations.
Given this mechanism, even a small number of biotype B in a new location may
succeed by rapidly producing female progeny and interfering with the mating of
indigenous individuals, leading to rapid population growth of the invader population
while driving the indigenous population to local extinction.

Host Plant Effects

Differential female fecundity is another mechanism contributing to competitive dis-
placement; in addition, it is linked to differential resource acquisition allowing one
species to have higher growth rates and greater survivorship (Reitz and Trumble
2002). Host plant range, and high variability in reproductive potential as a function
of host plant (see Table 6.1) play a role in invasion and displacement. The capability
of the B biotype to utilize a much wider range of crops and ornamental hosts than
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Fig. 6.5 Behavioral elements that caused changes in events of copulation in the B biotype (a, ¢) or
the ZHJ1 biotype (b) or AN biotype (d) when a pair of @ xJ" of a given biotype was supplemented
with one Q of the B or the ZHJ1/AN biotype. The individual entire columns present the mean total
number of courtship events per B male (a, ¢) or per ZHJ1/AN male (b, d) with the female in each
of the treatments. Different letters above the bars indicate significant difference. Figures based on
data from Liu et al. (2007); n=14-30 per treatment

the indigenous biotype A of North America contributed to the rapid invasion that
took place there from the mid-1980s onward. The novel infestation on poinsettias
and other ornamental crops in Florida by B. tabaci was soon followed by squash
silverleaf symptoms and other plant growth disorders diagnostic of the B biotype
(Hamon and Salguero 1987; Yokomi et al. 1990). Within 5 years, novel infestations
on broccoli, cauliflower, cantaloupe, alfalfa and even citrus to a limited extent, were
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noted in the Imperial Valley of California (Perring et al. 1991). Complete displace-
ment of the indigenous A biotype by the B biotype occurred in this region within
a short time period. In China also, biotype B showed a much greater capacity to
use host plants in 5 different families, compared to the indigenous ZHJ1 that could
complete development on cotton and squash, but not on tobacco, cabbage, or kidney
bean (Zang et al. 2005a).

Host plant can also contribute to displacement rate. For example, Zang et al.
(2005b) found that displacement took six generations on cotton but only two on
squash starting with equal numbers of biotype B and the indigenous biotype ZHJ1.
Similarly, De Barro et al. (2006) showed that the minimum number of invaders
relative to indigenous individuals required for establishment was lower with cot-
ton — a host more suited to the invader, than with E. cyathophora — a host well
suited to both biotypes B and indigenous AN biotypes. There are many exam-
ples of biotype B tending to outperform its competitors on the same host plant
(e.g., Bethke et al. 1991; Costa and Brown 1991; Bedford et al. 1994; Nombela
et al. 2001; Pascual and Callejas 2004; Zang et al. 2006). These examples demon-
strate that differential host acceptability can influence the capacity for the invader
to either interfere or not within a landscape consisting of patches of suitable and
unsuitable hosts. Thus, the mosaic of host patches may favor the invader or enable
it to escape interference, permitting more ready establishment.

Insecticide Resistance

The role of insecticides in influencing the invasion and persistence of different
genetic groups of B.tabaci has been considered largely in regard to the interac-
tion between the biotypes B and Q, and to a lesser extent, biotypes B and A. Costa
et al. (1993) and Coats et al. (1994) both suggested that the capacity of biotype B
to invade the USA was linked to its higher level of insecticide resistance relative to
the indigenous genetic group. Horowitz et al. (2003, 2005) found that higher levels
of resistance to pyriproxyfen and neonicotinoids in biotype Q were associated with
the greater abundance of biotype Q relative to B in Israel. Similarly, the apparent
disappearance of invading biotype B in southern Spain in favor of the indigenous
biotype Q (Guirao et al. 1997; Cervera et al. 2000) has been linked to resistance of
the latter to pyriproxyfen and neonicotinoids (Nauen et al. 2002; Rauch and Nauen
2003; Pascual 2006). However, whether insecticides actually influence invasion on
a regional scale is difficult to determine. Our understanding of the genetic struc-
ture of B. tabaci, and biotypes B and Q specifically, began only after the widespread
use of pyriproxyfen and neonicotinoids in the region surrounding the Mediterranean
Basin, so it is not known what the regional genetic structures were prior to the use
of these pesticides. The considerable genetic differences between biotypes B and Q
likely evolved well before agriculture, so insecticide resistance cannot have driven
these evolutionary relationships, although it may contribute to local dominance of
one over the other.
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Whitefly-Begomovirus Interactions

An additional factor that can aid invasion and displacement is the acceleration of
population increase by the invader through mutualism with begomoviruses (Costa
et al. 1991; McKenzie 2002; Zhang et al. 2000; Jiu et al. 2007). Costa et al.
(1991) observed that the B biotype showed greater egg-to-adult survival on pump-
kin infected with the watermelon curly mottle strain of Squash leaf curl virus
compared with uninfected plants. Zhang et al. (2000) used modeling techniques
to investigate increased vector fecundity, as well as vector density for B.tabaci
feeding on cassava infected with Cassava mosaic virus, speculating that the inter-
action between virus and vector accelerated the spread of the vector and therefore
the virus. Similarly, the B biotype laid more eggs on tomato plants infected with
Tomato mottle virus than they did on uninfected plants (McKenzie 2002). Jiu et al.
(2007) showed that invasive B biotype increased its fecundity and longevity 12- and
6-fold, respectively, when feeding on plants infected with Tobacco curly shoot
virus, and 18- and 7-fold, respectively, when feeding on Tomato yellow leaf curl
China virus-infected plants compared with healthy plants. In contrast, Rubinstein
and Czosnek (1997) found that B. tabaci viruliferous with Tomato yellow leaf curl
virus had reduced adult longevity and fecundity, suggesting that the whitefly-virus
interaction may not always benefit the insect. Still further, biotype ZHJ1 performed
similarly on both healthy and virus-infected plants. Both viruses have become
widespread in south China following the invasion and establishment of the B
biotype.

Future Invasion Threats

The mechanisms identified by Liu et al. (2007) provide a construct within which to
consider the process of invasions that lead to competitive displacement, and addi-
tionally a framework for speculating on future potential invasion within the B. tabaci
complex. The accumulated evidence suggests that biotypes B and Q possess similar
capacities to invade. One can pose the question, given their close genetic origins, as
to whether this capacity to invade is shared by other close relatives, i.e., the Indian
Ocean and Sub-Saharan Africa silverleafing genetic groups (Boykin et al. 2007). If
so, then consideration should be given to the access these two genetic groups may
have via the ornamental nursery plant invasion pathway, a route that has proven an
effective means of invasion and spread.

Population Outbreaks

The dispersion of B. tabaci around the globe offers the opportunity to examine pat-
terns of infestation in regions that vary in management practices, climates, and
cropping systems. While many regions in the world have been impacted by severe
infestations of B. fabaci in the past few decades, they represent only the latest in
a series of worldwide outbreaks dating back to the 1920s. While locations where
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epidemic populations occur usually command attention, it should not be overlooked
that relatively benign, endemic populations are more common. Even in regions
experiencing chronic outbreaks — such as the Imperial Valley of California — there
are times that populations remain below levels requiring control despite the avail-
ability of suitable host crops. This suggests complexity in population processes
beyond simple mismanagement issues. Overall, observations — historical and mod-
ern, epidemic and endemic — need to be examined collectively to better comprehend
the principal factors determining the size and notoriety of B. tabaci populations.

The term “outbreak” is often used loosely to describe pest populations caus-
ing economic damage (e.g. Avidov 1956) that can be related to specific economic
thresholds, which can vary according to crop, yield, and market standards. It is
more valid, however, to think of a population outbreak as a biologically based
phenomenon where population growth is excessive, i.e., beyond expectation, expo-
nential in pattern, occuring over a broad, metapopulation scale, and is prolonged
over multiple generations. The assessment of whitefly infestation intensity is fur-
ther complicated by the lack of absolute sampling methods based on numbers per
unit of area (see Sampling above). As a result, there are no objective standards for
proclaiming “outbreak populations.” For example, the 1991 outbreak that occurred
in the Imperial Valley of California was not documented by published data on white-
fly densities, but instead was based on estimates of the economic impact (Gonzalez
et al. 1992; Perring et al. 1993), media reports, and a few famous photographs of
whitefly clouds over fields (Fig. 6.6).

Fig. 6.6 “Clouds” of B. tabaci adults over a fallow field in the Imperial Valley of California, USA
during the massive outbreak in 1991. Photo by Jim Hurt

Historical Outbreaks

Following accounts of B. tabaci outbreaks in the Sudan Gezira region in the late
1970s (Eveleens 1983; Dittrich et al. 1985), there has been a tendency to view
B. tabaci as pesticide induced (Byrne et al. 1990; Byrne and Devonshire 1993;
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Johnson et al. 1982). However, several examples suggest that it was capable of
primary pest status without invoking the pesticide disruption hypothesis.

India — 1920s

Abundant literature exists on problems associated with cotton cultivation in the
Punjab region of India now part of Pakistan during the 1920s and 1930s. Cotton
crop failures occurred in 1919 and 1926 with partial failures taking place in 1921,
1927, and 1928 (Roberts 1930; Husain and Trehan 1933). Various explanations were
advanced, but whitefly — B. gossypiperda Misra and Lamba (later synonomized to
B. tabaci, Russell 1957) — was the probable cause based on densities in excess of 50
eggs and/or nymphs per cm? of leaf (Husain and Trehan 1933), also described as
completely covering the leaf surface (Misra and Lamba 1929). It was suggested that
“sustained drastic measures will have to be adopted to prevent the enormous loss
annually caused by the White-fly to cotton” (Misra and Lamba 1929).

Israel — 1930s and 1940s

Huge populations of B. tabaci seen in regions that are now Israel during the 1930s
and 1940s before the use of synthetic organic insecticides appear to be legitimately
designated as outbreaks (Avidov 1956). Serious damage was first recorded in 1931
in the eastern Esdraelon Plain to eggplants, tomatoes, cabbage and cauliflower with
additional widespread damage of vegetable crops in the coastal plain and the inte-
rior valleys and upper Galilee in 1935; cucumber and melon plants were particularly
susceptible to attack. Silverleaf disorder was first reported from Israel (Be’eri and
Kapuler 1963) although it was not attributed to B. tabaci. The breadth of crops
attacked in Israel in the 1930s — and higher infestations in the warmer parts of the
region — had all the earmarks of a biotype B attack that the rest of the world would
experience beginning in the mid-1980s in North America. The most recent molec-
ular phylogenies of B. tabaci collections from around the world indicate a North
African/Middle East origin for biotype B (De Barro 2005; Boykin et al. 2007).

Brazil - 1970s

The rapid increase in soybean acreage that took place in the northern areas of
Parana state, and neighboring parts of Sao Paulo state in Brazil, was consid-
ered the main factor leading to abnormal population densities of B. tabaci (Costa
1975). In 1973 and 1974 especially, “extremely high populations of B. tabaci were
recorded among cultivated plants and weeds.” Much of the breeding occurred
on successive plantings of soybeans with the later plantings becoming the most
severely infested. Costa (1975) remarked that leaves of late planted soybeans were
completely covered by immature stages. Large scale dispersal of adults into adja-
cent towns was another hallmark of the outbreak (see Dispersal, Migration and
Seasonality above). Although Costa (1975) described experimental work with insec-
ticides against B. tabaci, no indication was given that insecticides were being used
to treat the soybeans or other infested crops during this period.
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Factors Contributing to Outbreaks

More recent outbreaks of B. tabaci — in Sudan during the late 1970s (Eveleens 1983
Dittrich et al. 1985), the Imperial Valley of California in 1981 (Johnson et al. 1982),
and againin 1991 (Perring et al. 1991), as well as south Texas in 1991 (Norman et al.
1995) — occurred under heavy insecticide pressure. Beyond the obvious failures of
management, what fundamental factors drive populations of B. tabaci to outbreak
levels in some agro-ecosytems and not others? Based on both historical and modern
outbreaks, the following four factors appear to be crucial.

Climate

There are few other agricultural pests that are as ubiquitous as B. tabaci. Its ability to
tolerate high temperatures (Wolfe et al. 1998; Salvucci 2000) gives B. tabaci a large
geographical range. There is also substantial evidence that B. tabaci populations
are negatively impacted by rainfall (e.g., Husain and Trehan 1940; Sundaramurthy
1992; Naranjo and Ellsworth 2005). This knowledge has served as the basis for sim-
ulating rainfall with overhead sprinklers to significantly reduce populations in crops
(Castle et al. 1996). Some of the most explosive populations have been observed in
irrigated desert environments where consistently high temperatures shorten gener-
ation times, and rainfall is infrequent. Mild winters, warm spring and fall seasons,
and hot summers that permit a diverse assortment of crops to be grown year round
all also contribute to success of B.tabaci in regions like the Imperial Valley of
California, Israel and Sudan Gezira.

Differences in climate between growing regions can profoundly impact popu-
lations of B. tabaci, even if other attributes of the environment are similar. For
example, two different agricultural areas in California — the Imperial Valley and
the San Joaquin Valley — are both intensively farmed regions with urban interfaces
that provide diverse crops and ornamental plants capable of hosting B. tabaci year
round. However, the pattern of destruction by B. tabaci populations observed in the
Imperial Valley — particularly during the 1990s — has never occurred in the San
Joaquin Valley. Higher temperatures in the Imperial Valley, enabling earlier and
faster development of B. tabaci populations, is the most obvious factor. Annual heat
unit accumulation in the warmer southern end of the San Joaquin Valley is still only
about 2/3 that of the Imperial Valley. More importantly, early season heat unit accu-
mulation is double in the Imperial Valley, allowing B. tabaci populations to grow
faster on earlier planted crops such as cantaloupe and cotton as well as on earlier
revived hosts like alfalfa, ornamentals, and weeds.

Agriculture

B. tabaci displays many attributes of an r-selected species (Price 1997) adapted
to exploit ephemeral resources. While probably occurring at generally low den-
sity in natural environments, the development of agriculture has provided new
opportunities for rapid population growth as host plants became more abundant,
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predictable in occurrence, and higher in quality due to the widespread use of irri-
gation, synthetic fertilizers and genetic improvement. Close to ideal conditions
occur in places like the Imperial Valley where suitable crops grown in a seasonal
succession provide continuous food resources for multiple whitefly generations
(see Dispersal, Migration and Seasonality above), exacerbating the potential for
population outbreak.

These considerations point to the necessity of a key change in agricultural pro-
duction practices. For example, for many decades cotton was the principal cash
crop during the mid-twentieth century in the Sudan Gezira, a period otherwise free
of destructive outbreaks. Following independence in 1956, a program to diversify
crops to better meet the needs of the nation was instituted (Simpson and Simpson
1991). Shortly afterwards, the Managil Extension of the Blue Nile was developed,
greatly increasing the land area under irrigation. Cotton acreage more than doubled
over the next two decades, large areas of groundnuts were planted, and other minor
crops including cowpea, cucurbits, and chickpeas were grown, all of which served as
suitable hosts for building B. tabaci populations moving into cotton (Griffiths 1984).
A similar intensification of agriculture favoring B. tabaci populations occurred in
Brazil resulting in the outbreaks of the early 1970s (Costa 1975). Although other
crops and weeds were present in the outbreak region, the more critical factor was
the successive plantings of soybeans that increased growth over a longer period.

The ultimate in temporal overlap of B. tabaci host crops may be in the irrigated
desert valleys of the southwestern USA. With their hot and arid climate, there is
little to interrupt B. tabaci populations between March and November of each year
following brief and mild winters. The importance of cropping systems is highlighted
by the comparison between the Imperial Valley and Coachella Valley, separated by
only 120 km. While climates are similar, whiteflies attain outbreak densities only in
the Imperial Valley. The Coachella Valley features three main perennial crops — table
grapes, citrus and date palms, in addition to cotton. Cucurbit and vegetable are sec-
ondary crops grown on limited areas with no March through November constancy
that would allow progressive development of B. rabaci populations.

Biotic Potential

The intrinsic biology of B. tabaci further enables outbreak potential. B. tabaci is
highly polyphagous, with the full extent of its host range possibly still undocu-
mented. Although cotton figures prominently in the record of historical outbreaks,
more suitable hosts are known, especially for biotype B. For example, B. tabaci
reached densities >10-fold greater in cantaloupe compared to adjacent cotton (Castle
2006). In a comparison of five vegetable hosts, fecundity was highest on eggplant
and lowest on cucumber (Tsai and Wang 1996). However, part of the reported vari-
ability of fecundity (Table 6.1) may be artifacts of differing methodologies as well
as host plant suitability.

The biotype issue also plays a central role in the invasion of a new area (see
above) as well as in its outbreak potential. Overall, the extraordinary biotic potential
of biotype B expressed through enhanced polyphagy (Perring et al. 1991, De Barro
et al. 2006), more aggressive mating interactions (Liu et al. 2007), sex ratio variation
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favoring female progeny (Liu et al. 2007), and higher fecundity (Bethke et al. 1991)
sets biotype B apart from all other B. tabaci biotypes, contributing to its potential
for both invasion and population outbreak.

Management

Interpretation of the failure of pest management in the Sudan Gezira in the late
1970s altered between the direct impact of insecticides on B. fabaci populations —
i.e., resistance development (Dittrich et al. 1985) — and the indirect impact of
disrupting natural enemy populations (Eveleens 1983). Resistance in a target popu-
lation is readily measured with reference to unexposed laboratory populations. The
challenge is to connect this information to loss of field control (Sawicki 1987).
Careful study is also needed to connect the decline in natural enemy abundance
to pest population resurgence. Overall, considerable effort is required to evaluate
how control of B. tabaci populations is attained or lost. For example, life tables con-
ducted in Arizona cotton fields attempted to partition mortality due to insecticides
and other agents in assessing the contribution of each mortality factor to pest control
(Naranjo 2001; Naranjo and Ellsworth 2009).

Part of the difficulty in assigning causes to population outbreak is that buildup
of B.tabaci populations can go on for years with numerous factors contributing
to the gradual increase. The transition to outbreak status can be rather arbitrary,
and can occur even if there are no substantive changes in management practices
from previous non-outbreak years. In contrast, evidence for the impact of altered
management practices on outbreak status can be more apparent because of timely
decreases in population densities following initiation of a novel control practice.
The emergency registration of the insecticides buprofezin and pyriproxyfen for use
in Arizona in 1996 — following the outbreak conditions of 1995 — resulted in a dra-
matic drop in population densities despite an early season buildup prior to the first
applications that indicated another outbreak year. This trend continued for the next
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several years and is evidenced by the decreasing number of insecticide applications
for whiteflies (Ellsworth and Martinez-Carrillo 2001) between 1995 (6.6) and 1999
(0.4). Similarly, the commercialization and registration of the neonicotinoid insec-
ticide imidacloprid for use on cucurbit and vegetable crops in the Imperial Valley
of California made a substantial impact on B. tabaci densities in its first full year
of use. Population densities of B. tabaci continued to drop over the next several
years (Fig. 6.7) as measured by a whitefly monitoring program from 1996 to 2002
(Chu et al. 2007). The long persistence of soil-systemic applications of imidaclo-
prid helped to suppress early buildups of B. tabaci in spring cucurbits that, along
with other management adjustments, helped to bring the perpetual outbreak of the
early 1990s under control.

Population Models

A variety of models have been developed for B.tabaci to help understand the
role of complex processes like dispersal and metapopulation dynamics. Some
are relatively simple and developed for the purpose of predicting and forecasting
(Zalom et al. 1985; Muniz 2000a; Yadav and Singh 2006). Others are aimed at
guiding development of particular control tactics (van Giessen et al. 1995; Shen
and Ren 2003). Still others developed for similar purposes, have also served as
a means of structuring and synthesizing current biological/ecological knowledge
which can in turn be used to generate hypotheses and direct future research (von
Arx et al. 1983a, Wilhoit et al. 1994; DeGrandi-Hoffman and Naranjo 1996; Mills
and Gutierrez 1996; Brewster et al. 1997; Crowder et al. 2006; Richards et al.
2006). The first site-specific simulation model for B. tabaci (Von Arx et al. 1983a)
remains one of the best examples of completeness and detail, coupling temperature-
dependent developmental, reproductive and survivorship models with dispersal
rates calibrated from the field and a physiologically-based cotton plant model.
The simulation model of Degrandi-Hoffman and Naranjo (1996) used similar
temperature-dependent models to describe B. fabaci dynamics, but also provided
the user with a general platform to model dynamics in different crops based on
insect biological parameters, and allowing natural enemy dynamics (parasitoids
and predators) and their effects to be included. Such site-specific models have been
useful for exploring and evaluating factors potentially impacting pest population
dynamics in single fields (Baumgirtner et al. 1986; Degrandi-Hoffman et al. 1997,
Naranjo and Ellsworth 2005).

Mills and Gutierrez (1996) focused specifically on biological control by aphe-
linid parasitoids, and explored the ramifications of using heteronomous hyper-
parasitoids like Encarsia spp. on overall pest population suppression. Crowder
et al. (2006) were interested in measuring the biological and ecological factors
contributing to resistance of pyriproxyfen, a commonly used insect growth reg-
ulator for whitefly control. Several models have also been developed to study
virus-vector-crop interactions and epidemiology, but these will not be detailed here.
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Coincident with the growing interest in metapopulation dynamics and pest
management at the landscape level, several spatial-temporal models have been
developed (Wilhoit et al. 1994, Brewster et al. 1997). Both these models use a map-
ping method that assigns cells on a spatial grid to a crop or host type meant to mimic
actual landscapes. Population growth within each cell is governed by a simple logis-
tic growth model with variable carrying capacities. Intercrop movement is modeled
by allowing portions of the population to move to other grid cells. In the Wilhoit
et al. (1994) model, adults move only once the crop is harvested, while Brewster
et al. (1997) used a variable random diffusion process driven by crop age. The
Brewster model also included a simple Nicholson-Baily submodel for simulating
the effect of parasitoids on B. tabaci dynamics.

Despite their underlying simplicity, both of these spatial models can arrive at
rather complex dynamics (Wilhoit et al. 1994; Allen et al. 1996; Brewster et al.
1997). They can potentially be used to generate and test hypotheses based on
real-world scenarios of crop placement, timing and management, insecticide man-
agement and biological control strategies, as well as other factors to reduce B. rabaci
metapopulations. Attacking pests like B. tabaci at the landscape level represents the
next but unrealized frontier of IPM articulated by Kogan (1998) over a decade ago.
B. tabaci researchers should continue to develop empirical data and refine models
to exploit and push this frontier forward.

Conclusions

The population dynamics of B. tabaci is governed entirely by four rate processes —
birth, death, immigration, and emigration. Each, in turn, is governed by a wide
array of interacting biotic and abiotic factors that ultimately determine changing
occurrence and abundance over time and space. Considerable progress has been
made in understanding the population biology and ecology of B. fabaci in the past
10-12 years, concurrent with its expanding geographic range and impact on world
agriculture. Sampling techniques and methods have been developed for several new
affected crops, and additional work has refined and extended our knowledge of sam-
pling on other crops. To date, life history studies measuring development, survival,
and reproduction have been completed on 51 crop, and non-cultivated host plants,
under controlled conditions. In contrast, field-based life tables, which have primar-
ily focused on immature death rates, have been completed on only six crops, one
ornamental host, and several annual weeds in only a few agroecosystems in the
world. Compared to other aspects of its biology, relatively little is known about dis-
persal of B. tabaci. Some important insights were provided from studies through
the mid-1990s, but little progress has been made in furthering our knowledge over
the past decade. Our understanding of the processes of immigration and emigra-
tion remain largely observational and anecdotal despite their critical importance to
pest management, and local and metapopulation dynamics. B. tabaci, particularly
the B biotype, has excelled at invasion and worldwide spread. As a consequence,
we are beginning to understand the multiple factors that contribute to the incursion



214 S.E. Naranjo et al.

of B. tabaci into new regions and habitats, such as mating interactions, host plant
related effects, insecticide resistance, and virus/vector/plant interactions. Similarly,
we now understand that population outbreaks are facilitated and enabled by a vari-
ety of interacting forces including climate, agricultural intensification and change,
biotic potential, and pest management practices. Finally, several useful site-specific
and metapopulation models have been developed, although refinement and use of
these models has slowed over the past decade with the most recent modeling activity
focused on virus dynamics and epidemiology.

The following are avenues of method research and development that should be
pursued in order to advance our understanding of population level processes in
B. tabaci.

(1) Methods for the absolute estimation of B. tabaci population density should be
developed and refined for multiple crops and hosts. Such methods are needed to
support detailed population studies such as life tables that include adult survival
and reproduction. Absolute methods would also be useful to metapopulation
level studies that measure, compare, and predict the dynamics of populations
within the landscape.

(2) Additional field-based life table studies are needed in a broader array of crops
and other host plants. These studies should focus on immature development
and survival as well as adult reproduction. Such data would allow the devel-
opment of more accurate models which in turn would allow better estimates
of endogenous population growth. Life tables would also be useful in contrast-
ing, understanding, and predicting the interaction of multiple pest management
tactics such as insecticides, biological control, and variety selection.

(3) Improved methods for the study of movement need to be developed. This
would include more refined methods for mark-recapture studies leading to bet-
ter estimates of movement rates both within and among crops in the landscape.
Also, the use of models developed in #2 could be employed to better estimate
rates of immigration and emigration. Landscape level analyses similar to those
applied to other pests (e.g. Carriere et al. 2006) might provide important insights
into source-sink relationships for metapopulations of B. tabaci and its natural
enemies.

(4) The forecasting of population outbreaks — and more importantly, a clearer
understanding of the confluence of factors leading to such outbreaks — would
be useful from both a pest management perspective, and as a means of gaining
better insight into population regulation.

(5) Our understanding of the invasion process should be refined and expanded to
permit better prediction of future invasion and displacement events. More com-
parative studies on the biological characteristics — and interactions between
invasive and indigenous genetic groups — may provide better understanding
of the behavioral and ecological mechanisms underlying invasion and dis-
placement. Predicting the spread of established invasions would depend on
knowledge gained about movement and population growth (see Liebhold and
Tobin 2008).
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These broad areas of inquiry emphasize only a few of the many facets upon which
a more complete and necessary understanding of B. tabaci population dynamics can
be built. Coupled with knowledge of the insect’s biology, its complex interactions
with other organisms, and the myriad of control tactics being developed and used
to suppress populations, this should enable more robust, environmentally sound and
sustainable management strategies aimed at mitigating B. fabaci’s impact on world
agriculture.
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Section II1
Biology and Epidemiology of
Bemisia-Vectored Viruses

Moshe Lapidot and Jane E. Polston

Introduction

The whitefly, Bemisia tabaci (Gennadius), is one of the most devastating pests in
modern agriculture today. The whitefly feeds on plants by inserting the stylets into
the leaf and withdrawing sap from the phloem. Feeding by whiteflies causes exten-
sive direct damage to crops through excessive sap removal, excretion of honeydew
that promotes growth of sooty mold fungi, and by inducing systemic disorders such
as leaf silvering in squash and irregular ripening in tomato. However, the most dev-
astating damage induced by whiteflies is due to virus transmission. During feeding
whiteflies acquire plant viruses that are in the phloem. After moving to and feeding
on another plant, the whiteflies may transmit the acquired viruses. Despite the large
number of whitefly species, only three, B. tabaci, Trialeurodes vaporariorum and
T. abutiloneus are known as vectors of plant viruses. B. tabaci is the most important
of these three and has been demonstrated to vector over 150 different viruses in the
tropics and subtropics, most of which belong to the Begomovirus genus.

Viruses Transmitted by Bemisia spp

The most important Bemisia-transmitted viruses are from one genus in each of
three families of viruses: Geminiviridae, genus Begomovirus; Closeroviridae, genus
Crinivirus; and Potyviridae, genus Ipomovirus.

Begomoviruses

Viruses in the genus Begomovirus (family Geminiviridae) are characterized by an
approximately 20 x 28 nm twinned isometric particle containing a circular single-
stranded DNA (ssDNA molecule). Most of the begomoviruses, such as Tomato
golden mosaic virus (TGMV), are bipartite, that is have their genome split between
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two different genomic molecules known as DNA-A and DNA-B, each approxi-
mately 2,600 nucleotides (nt) in size. Others, such as Tomato yellow leaf curl virus
(TYLCYV) are monopartite, having a single DNA genomic component of approx-
imately 2,800 nt. More than 110 species of begomoviruses have been recognized
by the International Committee on Taxonomy of Viruses (ICTV), making this the
largest genus of whitefly-transmitted viruses.

Begomoviruses are transmitted by whiteflies in a persistent, circulative manner.
That is, once the vector feeds on an infected host plant and acquires the virus, trans-
mission can then occur following a latent period of a few hours, and may continue
for the life span of the vector. However, it has been shown for a number of bego-
moviruses that transmission efficiency declines with time. Also, female whiteflies
are more efficient than the males in transmitting begomoviruses. For example, trans-
mission efficiency of TYLCV by female whiteflies was six fold higher than that of
males (Cohen and Nitzany 1966).

When the different forms of the whitefly were tested for acquisition of bego-
moviruses, it was found that the TYLCV is acquired by immature stages of the
whitefly following feeding on an infected plant, and that 28% of those emerging
adults were able to transmit the virus (Cohen and Nitzany 1966; Cohen and Lapidot
2007). This led to another issue — is TYLCV transmitted transovarially to the white-
fly progeny? This controversial issue is discussed in detail by Accotto and Sardo
(Chapter 12).

During the last two decades there has been a worldwide spread of the B
biotype of B. tabaci, accompanied by the emergence of whitefly-transmitted gem-
iniviruses. Due to this spread of begomoviruses, we now have the complete
genome sequence of a few hundred begomoviruses available. A number of bego-
moviruses have been the subject of extensive study due to their severe economic
impact. These include a number of cassava infecting begomoviruses that have
caused severe pandemics of cassava mosaic virus disease (CMD). The spread and
devastating effect CMD has had in the African continent is described by Legg
(Chapter 7). Another severe begomoviral disease is tomato yellow leaf curl dis-
ease (TYLCD), which is a major constraint for open field tomato production
worldwide. TYLCD is caused by a number of begomovirus species and strains,
and its epidemiology is described in this section by Moriones and Navas-Castillo
(Chapter 8). In Chapter 9, Morales details the overall epidemiology of bego-
moviruses in Latin America.

Criniviruses

Viruses in the genus Crinivirus (family Closteroviridae) are characterized by a
flexuous rod particle averaging of 650 - 900 nm in length containing two RNA
molecules of approximately 7,000-9,000 nucleotides (nt) each, termed RNA 1 and
RNA 2. The 11 accepted species of criniviruses are transmitted by Bemisia in a
semi-persistent manner. Once the virus is acquired, there is no latent period and
the insect can transmit immediately following acquisition. However, the retention
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time — the time from feeding that the insect is still viruliferous — is shorter than
persistent viruses, and usually declines after a few days.

Another interesting characteristic of criniviruses is their symptom appearance —
unlike begomoviruses, crinivirus disease symptoms are slow to appear and are
evident on older leaves. For instance, following inoculation of melon plants by
Cucurbit yellow stunting disorder virus (CYSDV), it may take over a month before
the appearance of disease symptoms. Moreover, while viral induced symptoms
are pronounced on the older leaves, very young leaves at the plant apex appear
symptomless despite viral presence. Crinivirus-Bemisia interactions are discussed
in detail by Wintermantel (Chapter 10).

Ipomoviruses

Viruses in the genus Ipomovirus (family Potyviridae) are characterized by a rod-
shaped filamentous particle, about 700 nm in length, containing a single positive
sense RNA genome about 10,000 nt in length. Ipomoviruses are transmitted by
Bemisia in a non-persistent manner, and the viral retention time is only a few hours.
At the moment there are only three members of the genus Ipomovirus accepted by
the ICTV (Fauquet et al. 2005). Recently a new ipomovirus, Squash vine yellowing
virus (SqVYV), was found to be the cause of watermelon vine decline in Florida,
and it is reviewed in this section by Adkins et al. (Chapter 11).

Other Viruses

Less well studied are the six whitefly-transmitted viruses in the genus Carlavirus
(Flexiviridae), and two viruses in the Comoviridae and Luteoviridae reported to be
transmitted by B. tabaci. There are other less substantiated reports of viruses in
other genera transmitted by B. tabaci, so it is likely that the diversity of whitefly-
transmitted viruses will increase in the next few years.

Whitefly Diversity and Virus Transmission

B. tabaci is a widely distributed and genetically variable insect vector, and a number
of biological and molecular parameters have been recognized among its populations
in different locations (Bedford et al. 1994; Brown et al. 1995; Boykin et al. 2007).
These different populations, referred to as species, biotypes, and most recently as
clades, are more than an academic curiosity. The movement of a new B. tabaci
biotype into an area has often resulted in the appearance of new virus-host relation-
ships, increased incidence of virus infected plants, and subsequent negative impacts
on crop yields (Polston and Anderson 1997; Moffat 1999; Mansoor et al. 2003).
The three mostly studied biotypes in regard to viral transmission are biotypes A (or
sweetpotato), B (also known as the silverleaf whitefly) and Q.
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Differences in transmission of begomoviruses were first recognized among dif-
ferent populations of whiteflies in Puerto Rico in the 1950s (Bird 1957). However,
in-depth studies have shown that the ability to acquire and transmit a begomovirus
per se does not appear to vary greatly among clades. A study of 18 different white-
fly populations representing as many as 7 different clades and 15 begomoviruses
collected from both Old and New World sites was conducted to determine if bio-
types differed in their ability to transmit begomoviruses (Bedford et al. 1994). This
study concluded that virus distribution within the host plant and the interaction of
the whitefly with the plant host were the most important factors influencing the abil-
ity of a whitefly to transmit a begomovirus. However, efficiency of transmission to
and from the same host has been shown to vary among the different biotypes of
whiteflies (McGrath and Harrison 1995; Sanchez-Campos et al. 1999; Jiang et al.
2004).

The situation with whiteflies and criniviruses is not as clear as that of whiteflies
and begomoviruses. Some studies have documented differences among whitefly
clades in the transmission of criniviruses and others have shown no differences.
For example, one study did not find any differences between biotype B and Q in the
transmission efficiency of CYSDV to cucumber (Berdiales et al. 1999). Differences
were measured in the efficiency of transmission of Lettuce infectious yellows virus
(LIYV) by biotypes A and B (Cohen et al. 1992) and these results were supported by
the disappearance of LIYV in the Imperial Valley of California when the A biotype
was displaced by the B biotype (Duffus 1995).

Conclusions

Whiteflies, and the plant viruses they transmit, have developed a relationship over
millennia which effectively support the dependence of plant viruses on the pres-
ence of plant hosts. This relationship very efficiently exploits plant hosts produced
in monocultures (modern agriculture) and presents a great challenge to entomolo-
gists, plant virologists and horticulturists who are trying to minimize the impact of
these viruses on crop yields. The following chapters present summaries of selected
examples of the current understanding of the relationship of whiteflies and the plants
viruses they transmit, and how that relationship impacts agriculture.
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Chapter 7
Epidemiology of a Whitefly-Transmitted
Cassava Mosaic Geminivirus Pandemic in Africa

James P. Legg

Introduction

Cassava (Manihot esculenta Crantz) is a semi-perennial root crop that is widely
grown throughout the tropics and is used either as a staple food crop, or for the pro-
duction of starch and its derivatives. Sub-Saharan Africa produces more than half of
the world’s cassava crop. In fact, the total fresh production of more than 100 million
tons (FAO 2009) of cassava is greater than that of any other crop. Cassava plants
are characteristically robust and are able to provide acceptable yields even under
unfavorable rainfall and soil fertility conditions. The most economically important
constraints to production are pests and diseases, of which cassava mosaic virus dis-
ease (CMD) is the most damaging. Depending on the susceptibility of the cassava
genotype, the disease has variable effects on the cassava plants it attacks, includ-
ing virulence of the infecting virus strain(s) and local environmental conditions. In
all cases, the leaves of affected plants show yellow to pale green chlorotic mosaic
symptoms. The overall growth and tuberous root formation of the plant are also
impaired (Storey 1936).

CMD has been known in Africa for more than a century (Warburg 1894), but
it has received only sporadic research attention, in large part due to the perceived
low status of the crop. Beginning in the early 1990s, this situation changed dra-
matically, however, as a result of two contrasting forces. The first was growing
recognition that cassava has great potential for enhanced utilization and consequent
commercialization; the second was the emergence of a new unusually severe form
of CMD. The impact of the CMD pandemic on the growing aspirations of cassava
producers gave rise to a dramatic increase in cassava research that has been sus-
tained to the present day. Otim-Nape et al. (1996) described the early stages of the
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severe CMD phenomenon from Uganda. The pandemic has subsequently affected
at least nine countries, including: Uganda, Kenya, Tanzania, Sudan, Democratic
Republic of Congo (DRC), Rwanda, Republic of Congo (ROC), Burundi and
Gabon. There is extensive literature examining the various aspects of this crop
virus pandemic, although it is somewhat skewed towards the virological aspects. By
contrast, there is relatively little published information on the role of the Bemisia
tabaci (Gennadius) whitefly vector, an issue that will need to be addressed in future
research programs. Research findings on severe CMD in East and Central Africa
have been examined in a number of review articles. Results focusing most directly
on the CMD pandemic include papers by: Otim-Nape et al. (1997, 2000), Legg
(1999), Legg and Fauquet (2004), Thresh and Cooter (2005) and Legg et al. (2006).
Some of the most recently published information will be explored, by addressing
a series of key questions on different aspects of the epidemiology of the CMD
pandemic.

An Overview of Cassava Mosaic Geminiviruses, Whiteflies
and the Epidemiology of the CMD Pandemic

Cassava Mosaic Geminivirus Biology

Cassava mosaic disease is caused by an array of viruses in the genus, Begomovirus,
family Geminiviridae, commonly referred to as the cassava mosaic geminiviruses
(CMGs). CMGs are bipartite, single-stranded, closed circular DNA viruses in which
the DNA-A and DNA-B molecules are each slightly less than 2,800 nucleotides long
(Harrison et al. 1977, Hong et al. 1993). The two DNA molecules are encapsidated
within a geminate protein “coat’” that has dimensions of approximately 35 by 22 nm.
DNA-A has two virion-sense and four complementary-sense open reading frames
(ORFs). Their primary function is to produce the protein coat, mediate virus repli-
cation inside the nucleus of the host cell, and modulate interactions with host genes
involved with post-transcriptional gene silencing (PTGS) (Hanley-Bowdoin et al.
1999; Vanitharani et al. 2004). The single virion-sense and complementary-sense
genes on DNA-B control nuclear transport and both intra-cellular and long dis-
tance movement (Pascal et al. 1994; Hanley-Bowdoin et al. 1999). CMGs recorded
from sub-Saharan Africa include: African cassava mosaic virus (ACMV) (Bock
and Woods 1983), East African cassava mosaic virus (EACMV) (Bock and Woods
1983), South African cassava mosaic virus (SACMV) (Berrie et al. 2001), East
African cassava mosaic Malawi virus (EACMMYV) (Zhou et al. 1998), East African
cassava mosaic Cameroon virus (EACMCYV) (Fondong et al. 2000), East African
cassava mosaic Zanzibar virus (EACMZV) (Maruthi et al. 2004) and East African
cassava mosaic Kenya virus (EACMKYV) (Bull et al. 2006). The number of CMGs
species recorded is greatest in the countries of East Africa (Fig. 7.1); as a result, this
sub-region has been proposed as the center of African CMG diversity (Ndunguru
et al. 2005). The two non-African CMG species, occurring in South Asia are
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Fig. 7.1 Numbers of CMG
species reported from African
countries, 2008

CMG species
[ ] Not surveyed

Indian cassava mosaic virus (ICMV) (Hong et al. 1993) and Sri Lankan cassava
mosaic virus (SLCMV) (Saunders et al. 2002; Stanley 2002).

CMG Transmission

CMGs can be propagated either through the use of cuttings from an infected mother
plant — cutting-borne infection — or through the feeding activity of the whitefly,
B. tabaci — whitefly-borne infection — (Storey and Nichols 1938). The balance
between these two types of infection is a key characteristic of the epidemiology of
these viruses. Under most circumstances, field-recorded incidences of cutting-borne
infection are significantly greater than those of whitefly-borne infection (Legg and
Thresh 2000) resulting in a stable overall incidence of disease. At the spreading
‘front’ of the severe CMD pandemic, however, whitefly-borne infection is greater
than cutting-borne infection, leading to significant increases in disease incidence
from one season to the next (Gibson et al. 1996; Legg and Ogwal 1998). Although
it was recognized from the early years of CMD research that Bemisia whiteflies
were the likely vector of the viruses causing CMD (Kufferath and Ghesquiere 1932;
Storey and Nichols 1938), it was not until the latter part of the twentieth century that
the characteristics of transmission were experimentally described (Dubern 1979,
1994). B. tabaci was shown to be a persistent vector, retaining the capability to
transmit for at least 9 days after first acquisition, although the minimum inoculation
access period was as little as 10 min (Dubern 1994).
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Vector Host Interactions

Bemisia tabaci is one of the most economically important of all insect species, both
because of its capability to transmit one of the largest groups of plant viruses — the
begomoviruses — and because of its environmental adaptability (Byrne and Bellows
1991). The evolutionary divergence enabling this insect to exploit such diverse envi-
ronments has resulted in levels of genetic and concomitant biological variation
leading to the recognition of the set of populations as a species complex (Brown
et al. 1995). Most populations, of which the so-called B biotype is the best docu-
mented, are polyphagous, primarily colonizing herbaceous annuals and crop plants
of this type (Byrne et al. 1990). B. tabaci populations occurring on cassava are dis-
tinct in this respect, since cassava is a woody semi-perennial. It also appears that
cassava B. tabaci in Africa is more or less restricted to this plant and its very close
relatives (Burban et al. 1992; Legg 1996). Cassava has its origins in the New World,
and was only introduced to Africa in the sixteenth century. It is assumed that high
levels of cyanogenic glucosides present in the leaves have necessitated specific adap-
tations in colonizing B. fabaci populations. It is also notable that B. tabaci has yet to
effectively colonize cassava in the Americas, and that B. tabaci-transmitted CMGs
are absent in Latin America as well as the other major cassava-growing regions
in South-East Asia. Even in Africa, where B. tabaci colonizes cassava in all areas
where it is grown, populations are usually moderate to low, being measured in hun-
dreds per plant rather than thousands or more. This fact, coupled with the modest
transmission efficiency of CMGs — typically less than 2% (Fargette et al. 1990) —
has meant that for much of the history of CMGs in Africa, incidences of CMD
have been moderate to low and relatively stable. The important exceptions to this
condition include the “first-encounter” epidemics of the 1920s—1930s, localised epi-
demics in the 1970s—1980s in Cape Verde and parts of Nigeria (Calvert and Thresh
2002), and — most significantly in recent years — the CMD pandemic in East and
Central Africa (Otim-Nape et al. 1997; Legg 1999).

The CMD Pandemic

Unusually severe CMD, which was first noted in north-central parts of Uganda in
the late 1980s (Otim-Nape et al. 1994), spread rapidly throughout Uganda during the
1990s. Characteristics of the epidemic included: unusually severe CMD symptoms,
elevated B. tabaci populations, and rapid disease spread giving rise to high levels
of current-season whitefly-borne infection in previously lightly-affected crops. The
consequences for cassava producers were yield losses typically greater than 50%
(Byabakama et al. 1999; Owor et al. 2004b). The loss of “viable” stems to use for the
following crop led to the widespread abandonment of cassava. These losses further
resulted in widespread food shortages and localized famine resulting in fatalities
(Thresh et al. 1994). Early monitoring surveys revealed the rate of spread of the
epidemic front through central and southern Uganda to be 20-30 km per year (Legg
and Ogwal 1998). Through the second half of the decade new reports of spread were
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received from Kenya (1995), Sudan (1997), Tanzania (1998), and the DRC (1999)
(Legg 1999).

The CMD pandemic — as it became known — continued to spread further to the
east, south, and west. By 2005, it had affected nine countries of East and Central
Africa, covering an area of more than 2.6 million sq. km. and causing losses of more
than 13 million tons (Legg et al. 2006). During the early period of pandemic spread
through Uganda and neighboring countries, there were significant efforts to research
the basic epidemiological characteristics of the disease. As the magnitude of the
social impact of the problem escalated, this emphasis changed and resources were
directed almost entirely towards the development and deployment of control mea-
sures. These trends have influenced research progress in the understanding of this
dynamic disease although several key research questions still remain unanswered.
In the following section, some of these research themes will be examined. Important
new insights will be described, but attention will also be drawn to those areas that
remain poorly understood. It is hoped that by highlighting specific areas where cur-
rent knowledge is weak, this review can contribute to the development of a new
and expanded research agenda that will be commensurate with the ever-growing
magnitude of the problem.

The CMD Pandemic: New Insights and Research Gaps

What Caused the Changes in the Impact of CMD-causing Viruses
on Cassava Plants?

A Recombinant Virus Is Associated with the Pandemic

The two most important features of the CMD pandemic have been unusually severe
symptomology and high populations of the B. tabaci vector (Gibson et al. 1996).
Molecular evidence was presented showing that the predominant virus in epidemic-
affected areas was a recombinant variant subsequently named East African cassava
mosaic virus-Uganda (EACMV-UG) (Zhou et al. 1997). This was the first significant
demonstration of recombination in the Geminiviridae. The recombinant was shown
to have a large part of the ACMV AV1 ORF - or coat protein — inserted into DNA-
A that was otherwise typical of EACMV. The origin of this recombination event
remains a matter of conjecture, since parent EACMYV has yet to be found in Uganda
where EACMV-UG was first reported. Another possible origin for the recombined
hybrid could be northeastern DRC, where both ACMV and EACMV-UG are known
to occur, and which is situated at the center of the pandemic-affected zone (Legg
et al. 2006). The absence of any research on CMG diversity in this region, how-
ever, currently precludes any firm conclusion from being drawn. A contrasting view
is that EACMV-UG occurs widely both within and outside the pandemic-affected
zone, as evidenced by reported occurrences in southern Africa (Berry and Rey
2001), but has only been triggered to rapid epidemic-like spread in East and Central
Africa because of other, as yet unknown biotic or abiotic environmental factors.
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This is an issue of great relevance to the epidemiological future of the CMGs in
sub-Saharan Africa and warrants further study.

Virus-Virus Synergism Enhances Symptom Severity

Single EACMV-UG infections were shown to elicit more severe CMD symptoms in
cassava than ACMV. More importantly, however, dual infections with both viruses
led to a synergistic interaction where the concentrations of both component viruses
were significantly increased (Harrison et al. 1997; Pita et al. 2001). Dual infection
and the resulting synergism have subsequently been shown to occur in other coun-
tries where the pandemic has spread, including Rwanda (Legg et al. 2001), DRC
(Neuenschwander et al. 2002), Burundi (Bigirimana et al. 2004) and Kenya (Were
et al. 2004). Synergistic interaction between ACMV and EACMVs — defined here
to include EACMYV, EACMCYV, EACMKYV, EACMMYV, EACMZV and SACMV -
is not unique to the pandemic-affected part of Africa, however. It has also been
reported in Cameroon (Fondong et al. 2000) and Nigeria (Ogbe et al. 2003, Ariyo
et al. 2005). Mixed infections comprising ACMYV, and one or more EACMVs,
have also been reported from southern African countries (Berry and Rey 2001).
Importantly, these other instances of synergistic mixed infections are not associated
with the rapid rates of CMD spread characteristic of the pandemic-affected zone.
The reason for this remains unclear.

Molecular Complementation Facilitates Synergism

Molecular investigations of the synergistic response elicited in mixed infections
suggest that this is a consequence of the complementary suppression of post-
transcriptional gene silencing by viruses of each of the two main virus groups
(ACMYV and EACMV5s). Expression of ACMV AC4 was shown to enhance the repli-
cation of EACMCY, while AC2 expression in EACMCYV had a similar synergizing
effect for ACMV (Vanitharani et al. 2004). Mixed infections of EACMVs have been
infrequently reported, although there is field evidence to suggest that mild strains of
EACMV-UG provide a cross-protective effect inhibiting subsequent super-infection
by severe EACMV-UG strains (Owor et al. 2004a). These observations have impor-
tant practical implications for the future pattern of development of the pandemic,
since they suggest that severe impacts may not result in regions or countries in
which ACMV is absent. This includes coastal areas of Kenya, Tanzania, and north-
ern Mozambique as well as Malawi (Legg and Fauquet 2004). Conversely, it also
suggests that all other cassava-growing regions of sub-Saharan Africa not currently
affected by the pandemic remain threatened by it.

Virus-Host Dynamics Change Following the Passage of the Pandemic ‘Front’

Rapid spread of CMGs occurs at the pandemic front, as initially healthy plants
become dually infected by ACMV and EACMV-UG, and as elevated B. fabaci
populations promote spread between both plants and fields. In the second season,
however, the dynamics begin to change because:
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(1) Most plants of the new crop are already infected through the planted cuttings
taken from the previous crop.
(ii)) Growers do not select the most severely diseased plants as sources of cuttings
for the new crop.
(iii) Some growers decide not to plant a new cassava crop, in most cases opting to
plant an alternative like the sweet potato.

These dynamics have a series of important outcomes for the CMG pathosystem.
The combined effect of planting virus-infected parent material, with the exclu-
sion of the most severely diseased stems, is a reduction in the population of the
viruses present in the most severely diseased plants (dual ACMV+EACMV-UG
infections). Over time, this results in the competitive exclusion of ACMV (Legg
et al. 2006) as well as the gradual predominance of mild strains of EACMV-UG
(Owor et al. 2004a) (Figs. 7.2 and 7.3). Reduced cultivation of cassava results
in reduced B. tabaci populations (Legg and Ogwal 1998), which further reduces
virus spread. The net result of these changes is an overall amelioration in the
CMD situation, although incidence levels remain significantly greater than those
of the pre-pandemic condition, and are only reduced in areas where CMD control
measures are implemented (Legg et al. 2006).

1995 1996
(Harrison et al. 1997) (Harrison et al. 1997)

ACMV+

ACMV(32%)

ACMV+ ACMV(38%)
EACMV-UG

EACMV-UG
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(43%)

EACMV-UG

EACMV-UG (31%)

(19%)

1997 2002
(Pita et al. 2001) (Sseruwagi et al. 2004)

ACMV+
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Fig. 7.2 Changes in the incidence of CMG infections in cassava, Uganda, 1995-2002
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Why Are B. tabaci Whiteflies Super-Abundant
in the Pandemic-Affected Zone?

B. tabaci Has Adapted Rapidly to Cassava

While it is assumed that B. fabaci is an Old World insect, and may have its ori-
gins in Africa (Campbell et al. 1996, see also Brown, Chapter 2), cassava has a
relatively recent history in Africa. Although the crop was introduced to the conti-
nent in the sixteenth century by Portuguese seafarers (Jennings 1970), it was not
until the late nineteenth and early twentieth centuries that the crop became more
widely cultivated. The first record of CMD in Africa from this period (Warburg
1894) demonstrates that B. tabaci succeeded in colonizing the crop fairly soon after
its introduction. Significantly, B. tabaci is one of only a small number of insects that
have been able to effectively colonize cassava in Africa. These findings are in con-
trast to the situation in Latin America where the crop supports a diverse arthropod
fauna (Bellotti and Schoonhoven 1978). In spite of B. tabaci’s success in the ini-
tial colonization of cassava in Africa, there were no reports of levels of abundance
that could cause actual physical damage to the crop, as there were with other white-
fly species colonizing cassava in Latin America (Bellotti and Arias 2001). Studies
in both West Africa (Burban et al. 1992), and East Africa (Legg et al. 1994), did
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demonstrate an incipient specialization within cassava-colonizing B. tabaci popula-
tions, however; they also appear to have been the prelude for the dramatic increase
in abundances reported from cassava in pandemic-affected parts of East Africa
in the 1990s (Otim-Nape et al. 1996, Legg et al. 2006). Super-abundant B. tabaci
populations, commonly numbering more than 100 adults per top five leaves, have
been widely reported in recent years from pandemic-affected countries as causing
physical damage to cassava (Legg et al. 2006). Features of this damage include
blotchy chlorosis in the young newly-emerged leaves that support the greatest
numbers of adult B.tabaci, as well as the growth of sooty mold and concomi-
tant reduction in leaf size in lower leaves where populations of late instar nymphs
are greatest.

Both Genetic and Environmental Factors Have Been Proposed as Causes
of Super-Abundance

Increases in B. tabaci populations have more or less coincided with the rapid spread
of severe CMD in areas of East and Central Africa. Assuming there is no change
in transmission efficiency, greater vector abundance will increase the spread of the
virus. The converse situation, in which raised vector populations result from higher
incidences of virus-infected cassava plants, has also been proposed as a cause for
super-abundance (Colvin et al. 2006). This theory posits that virus-infected cassava
plants are better hosts for cassava B. fabaci than uninfected plants, and that this
synergistic interaction boosts vector populations. The positive feedback resulting
from this type of interaction would drive up levels of both virus infection and vec-
tor abundance until resulting reductions in the level of cassava cultivation would
eventually hinder vector colonization of new fields thus limiting further vector
population increase. Confined cage experiments — using a single cassava variety
from Uganda — suggest that CMD-infected plants can provide a better substrate for
B. tabaci population development (Colvin et al. 2006), although there are currently
no field data to support this theory. Furthermore, an examination of data collected
through numerous extensive surveys across sub-Saharan Africa — and summarized
in Sseruwagi et al. (2004) — showed that while mean whitefly abundance is signifi-
cantly correlated with current-season whitefly-borne infection, it was not correlated
with cutting-borne infection, which is equivalent to the CMD inoculum present in
fields at sprouting. Moreover, for the 97 regions considered in 17 countries, only
18% of regions with high whitefly abundances — defined as having a mean adult
abundance per top five leaves of greater than 5 — had high levels of cutting infection
(>40%), in spite of the fact that approximately half of all regions had high levels of
cutting infection. A further inconsistency in the CMD-whitefly synergism hypothe-
sis is the fact that some of the highest abundances of B. tabaci have been recorded
from CMD-free virus resistant varieties (Omongo 2003).

Changes in the genetic make-up of B. tabaci populations associated with the
CMD pandemic have also been suggested as a possible cause for super-abundance.
The success of the B biotype provides an obvious model (Perring et al. 1991,
Brown et al. 1995). Sequences cloned from a portion of the cytochrome oxidase 1
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mitochondrial DNA gene (mtCO1) of B. tabaci populations collected from loca-
tions behind, at, and ahead of the CMD pandemic front in Uganda pointed to the
association of a distinct genotype cluster with the pandemic (Legg et al. 2002).
Subsequent sampling, however, showed the situation to be more complex than
was initially thought when the putative pandemic-associated genotype cluster was
apparently displaced by the “local” cluster (Sseruwagi et al. 2005a). Analysis was
further complicated by the fact that all populations are assumed to interbreed
(Maruthi et al. 2001). Consequently, a sustained association over time between the
mtCO1 marker, and genetic factors associated with super-abundance, would not be
expected. Therefore, in order for the theory of a genetic cause for super-abundance
to be proven, bioassays will be required to confirm or refute the suggestion that some
populations are fitter than others. Molecular markers will need to be developed that
are tightly linked to genes associated with this enhanced fitness, and these genes
will need to be identified. In view of the complexity of the molecular elements of
these tasks, genomics approaches will be of value. Data generated from the B. tabaci
genome project (Leshkowitz et al. 2006) will clearly be of particular value here.

What Are the Factors Behind the Rapid Local Spread
of the Pandemic?

Two Key Changes in the CMD Pathosystem Have Driven the Pandemic

There are a large number of factors that influence local spread of CMGs in East and
Central African agricultural environments. The most important of these are briefly
described here:

(1) Virus concentration in the leaves. This concentration is determined by the vir-
ulence of the virus species/strain, interactions between virus species/strains,
and the relative sensitivity of the cassava host to infection.

(ii) Virus movement within the plant. Some virus strains/species are incompletely
systemic within some cassava varieties. This leads to reversion or the sprout-
ing of CMD-free plants from cuttings obtained from diseased parent plants
where the virus infection was incompletely systemic.

(iii) Planting material selection. The selection by growers of disease-free stems
for establishing a new crop. The ease with which selection can be achieved
depends on a number of factors, such as the percentage of disease-free plants
that are present in the parent crop, the visibility of symptoms in harvest age
crops, and the knowledge of the grower about the value of selection and their
motivation to implement it.

(iv) Varietal response. Varietal response is the relative susceptibility or resistance
of the variety to infection.

(v) Crop disposition. Crop disposition is the spatial and temporal relationship
between the grower’s field and neighboring cassava crops. This is significant
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because the proximity of neighboring cassava fields and staggering of
planting dates both favor new crop colonization by whiteflies emigrating from
mature crops.

(vi) Vector abundance. More whiteflies result in a greater number of new CMD
infections although the relationship is not linear, most notably at high inci-
dence levels where multiple infections become more frequent (Gregory
1948).

(vii) Vector transmission efficiency. Whitefly populations that have a greater effi-
ciency of acquiring, retaining, and inoculating CMGs will promote more
rapid CMG spread. Similarly, virus strains/species that have a better co-
adaptation with co-occurring vector populations will be more efficiently
transmitted.

(viii) Vector irritability. Vectors that alight on a single plant, and continue to feed
and mate there, will reduce local spread while others that continually move
from one plant to the next will enhance it.

(ix) Vector flight. Whiteflies that are able to fly longer distances, and locate new
cassava crops more effectively, will enhance local CMG spread.

(x) Vector host range. The ability of cassava whiteflies to effectively colo-
nize other host plants can enhance the potential for using non-cassava
“stopovers” when searching for new cassava crops. However, it can also serve
to reduce the concentration on cassava and “dilute down” cassava whitefly
populations.

In most cases, experimental data are not available to show whether or not changes
have occurred in each of these factors immediately prior to, during, or after the
impact of the CMD pandemic. However, a number of them — particularly those
associated with the crop, varieties, and grower practice — clearly have not changed
over the period of the pandemic’s initial arrival and spread (Otim-Nape et al. 1997).
Growers have not changed varieties over the period of passage of the pandemic
front, nor have any changes in phytosanitation practices precipitated pandemic-
associated changes in the pathosystem. The two factors that very clearly have
changed are virus concentration — resulting from the spread of EACMV-UG and
its synergistic interaction with ACMV — and the abundance of the whitefly vector.
The combination of increased virus titres with super-abundant B. tabaci populations
inevitably results in sharply increased local virus spread. This pair of changes is such
that there would be no additional requirement for more efficient B. tabaci trans-
mission. This lack of difference in transmission efficiencies has been confirmed,
however, through comparisons of the relative vectoring efficiencies of B. tabaci from
India and Africa (Maruthi et al. 2002). Results from this study showed that Indian
cassava B. tabaci were more efficient at transmitting Indian CMGs than CMGs from
Africa, and that African cassava B. fabaci were more efficient at transmitting African
CMGs than those from India. No such differences were apparent, however, when
comparing the transmission efficiencies of B. rabaci from different parts of Africa
transmitting different African CMG species.
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Evidence for the Origins of Changes in Both Virus and Vector Remains
Inconclusive

It seems unlikely, however, for a change in virus and a change in vector to have
occurred independently at more or less the same time and location. A change in one
of the two leading to a change in the other seems more plausible. Research opin-
ion is currently divided on whether or not B. tabaci super-abundance has resulted
from changes in virus infection (Colvin et al. 2006; Legg et al. 2006) and further
study is warranted. It also seems unlikely that a change in the vector would in itself
give rise to the virus changes that have been associated with the pandemic, although
greater vector abundance might increase the probability of recombination events as
a consequence of more frequent mixed virus infection. Another possibility could
be the simultaneous “invasive” introduction of both new virus and new vector. The
closest affiliates of the “invader” genotype cluster of cassava B. fabaci reported from
pandemic-affected parts of Uganda (Legg et al. 2002) were from Cameroon in West-
Central Africa. Although EACMV-UG has yet to be reported either from Cameroon
itself — or any country further west — it is present in both western and eastern parts
of DRC, ROC, and eastern Gabon (Neuenschwander et al. 2002; Legg et al. 2004).
Given the many uncertainties, it is unlikely that conclusions will be drawn on the
origins of changed virus and vector populations until there is a much more thor-
ough understanding of the identities and distributions of CMG strains/species and
cassava B. tabaci genotypes throughout the cassava-growing regions of sub-Saharan
Africa.

What Are the Factors Behind the Rapid Regional Spread
of the Pandemic?

The Flight Capabilities of B. tabaci Permit Mid-range Migration

Few published studies exist on B. tabaci flight, a fact that is somewhat surprising
given the critical importance of the insect’s biology to its role as a pan-tropical
pest and virus vector in diverse agricultural systems. Most of what is known has
been derived either from studies conducted in open desert environments (Byrne
et al. 1995; Byrne and Blackmer 1996), or under controlled conditions using flight
chambers (Blackmer and Byrne 1993). This Arizona-based group demonstrated
variability in flight response between individuals within B. tabaci populations, with
most being trivial flyers. A small percentage — typically less than 5% — was of the
migratory form. In the Arizona desert environment, B. tabaci individuals were con-
sistently captured in traps at the maximum distance from the source — 2.7 km —
suggesting that they were capable of longer flights. Similar experiments run in desert
environments in Israel — where B. fabaci adults were marked with fluorescent dye —
gave some recaptures at up to 7 km from the point of release (Cohen et al. 1988).
No studies of B. tabaci migration have been carried out in any part of Africa. From
the early stages of the CMD epidemic in Uganda, however, it was noted that the



7 Whitefly-Transmitted Cassava Mosaic Geminivirus Pandemic in Africa 245

front of severe disease was spreading at speeds of at least 20-30 km per year (Otim-
Nape et al. 1996, Legg and Ogwal 1998). Since new infections occurring at the front
arose from current-season whitefly-borne infection, it became evident that the novel
pandemic-associated virus EACMV-UG was being carried by migrating populations
of B. tabaci. Although some local data are available on short distance movements
of B. tabaci within and around cassava fields (Fishpool et al. 1995), no information
is available describing movements from one cassava field to another. Based on the
data on B. tabaci’s flight capabilities elsewhere, however, and recognizing that the
generation time for B. tabaci on cassava in Uganda ranges from 27 to 39 days (Legg
1995), it seems entirely plausible that B. rabaci populations could move 20-30 km
over the course of a year. A review of serial datasets, collected from countries bor-
dering Lake Victoria (Uganda, Kenya and Tanzania), allows the construction of a
longer-term model for pandemic spread and assumed concomitant B. tabaci move-
ment from 1995 to 2007. These data, averaged over the entire period, estimate the
rate of pandemic spread resulting from mid-range B.tabaci migration as 38 km
per year for movement down the western shore of Lake Victoria, and 24 km per
year for the eastern shore (Fig. 7.4). This is the only current example in Africa of
such region-level movements, in spite of the fact that there are other areas where
synergistic mixed CMG infections occur.

It may be that the unusual movements are simply more apparent because of the
super-abundance of the whitefly populations. An alternative possibility — that still
needs to be tested, however — is that the pandemic-associated B. tabaci populations
have a larger proportion of migratory morphs than other cassava-colonizing popula-
tions outside of the pandemic-affected zone, and that they are therefore pre-disposed
to mid-range migration and CMG spread.

Fig. 7.4 Diagrammatic representation of the progression of the CMD pandemic “front” in the
Great Lakes region of East and Central Africa from 1995 to 2007
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Patterns of Whitefly Migration and Resulting Regional Pandemic Spread
Are Influenced by Environmental Factors

Serial datasets — obtained from CMD monitoring in the Great Lakes region of East
and Central Africa — point to key factors encouraging or restricting pandemic spread
from 1995 to 2007 (Fig. 7.4). The map illustrating the pattern of spread clearly
shows differences in the rates of spread between regions. Assuming that the biolog-
ical elements of the system are more or less consistent throughout — i.e., same virus,
same vector in the pandemic-affected area, and same level of susceptibility in local
cassava cultivars — it should be possible to categorize affected areas in terms of a
number of environmental factors. For example:

e Vegetation density or relative thickness of both natural and crop vegetation in the
zone; general levels include high, moderate, and low.

e Cassava cultivation intensity associated with the number, size and density of
cassava plantings in the zone; levels are high, moderate and low.

e Relief or the degree of hilliness of the zone; levels are high, moderate and low.

e Impeding water body or whether there is a large lake, or part of a lake, divid-
ing northern and southern parts of the zone; levels, in this case, are presence or
absence.

A quick assessment of the levels of each of these factors and their relation-
ship with pandemic spread distances achieved in different zones, shows that neither
vegetation density nor relief appears to be related to the rate of pandemic spread
(Table 7.1). By contrast, rate of spread seems to be associated with the relative

Table 7.1 Characteristics of zones along the eastern and western shores of Lake Victoria through
which the CMD pandemic spread between 1995 and 2007

Distance
Intensity of of pandemic

Location/time  Vegetation Relief cassava Impeding spread
period density (hilliness) cultivation water body in 3 years
Western

Lakeshore
1995-1998 High Moderate Moderate No 140
1998-2001 Moderate High Moderate No 160
2001-2004 Moderate High Moderate No 120
2004-2007 Moderate Moderate Low No 35
Average 38 km/year
Eastern

Lakeshore
1995-1998 Moderate Moderate Moderate No 95
1998-2001 Low Low Low Yes* 30
2001-2004 Moderate Moderate Moderate No 90
2004-2007 Low Moderate High No 75
Average 24 km/year

*The Winam Gulf of Lake Victoria.
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cultivation intensity of cassava. It is also notable that the zone through which spread
was slowest was a zone in which a large inlet of Lake Victoria (the Winam Gulf)
must have impeded north to south movement of whitefly populations, since the Gulf
is 7 km wide at the narrowest point. All of the zones through which the pandemic
has spread around Lake Victoria have similar altitudes (1,150-1,400 m); it is not
possible, therefore, to use this scenario to assess the effect of altitude on patterns of
spread. However, evidence from neighboring Rwanda and Burundi in which large
cassava-growing parts of both countries lie between 1,400 and 1,800 m suggest that
high altitude — and associated lower temperatures — does not impede the spread of
the pandemic, as all cassava-growing parts of both countries were affected by the
pandemic in a relatively short period from 2001 to 2006 (Bigirimana et al. 2004,
Sseruwagi et al. 2005b, Legg et al. 2006). Above ca. 1,800 m growth conditions
become unfavorable for cassava and the crop is only rarely encountered above this
altitude. Significantly, the large area in central Kenya that lies above this altitudi-
nal limit (Fig. 7.4) has provided an effective barrier to the eastward spread of the
pandemic in Kenya.

The CMD Pandemic Is not Spread by Growers Carrying Infected Cassava
Cuttings from Pandemic Affected to Unaffected Regions

CMGs’ are most often propagated by growers using infected cuttings to establish
a new crop. It has been suggested that the pandemic’s spread is caused by grow-
ers carrying diseased cuttings from pandemic-affected to unaffected regions. This is
difficult to either prove or disprove, although under the subsistence conditions that
characterize most cassava cultivation in East and Central Africa, cuttings are almost
always taken from a grower’s own field, or that of a nearby relative or neighbor.
Patterns of grower-to-grower diffusion of CMD-resistant varieties in western Kenya
do give some indication, however, of the general scale of the movement of cut-
tings carried by humans. Early pandemic control measures were first implemented
in Uganda (Thresh et al. 1994). Resistant varieties were identified and dissem-
inated widely throughout the country, but adoption was particularly widespread
in the eastern region bordering Kenya. As the pandemic began to impact western
Kenya in the late 1990s, many Kenyan growers along the Uganda border were able
to access CMD-resistant germplasm, a process that was aided by the fact that the
large “Teso” ethnic group straddles the border in this area. Official CMD-resistant
multiplication and dissemination programs were initiated simultaneously in west-
ern Kenya, where planting materials were distributed more widely. Data obtained
from a 2002 monitoring survey clearly demonstrated the restricted spread of the
CMD-resistant variety (NASE 3 or Migyera) introduced by growers from Uganda
(Fig. 7.5). By 2002 — 6 years after the initial spread of the pandemic into west-
ern Kenya from Uganda — grower-to-grower dissemination of NASE 3 had led to
widespread cultivation of the variety in an area less than 35 km from the Ugandan
border (Fig. 7.5). Over the same period, however, EACMV-UG and the associ-
ated severe CMD-pandemic had spread more than 200 km to the east and south.
Furthermore, the pandemic front was only a short distance from the border with
Tanzania. These data provide an indirect example of the lack of association between
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Fig. 7.5 Distribution of local and introduced CMD-resistant varieties, CMG occurrence and CMD
incidence in western Kenya, 2002. The dotted line in A represents the extent of grower to grower
movement of variety NASE3 from Uganda. The dashed lines in B and C represent the extent of
spread — south-westwards from the origin in Uganda — of the severe CMD pandemic

germplasm movements and pandemic spread. The data are further supported by the
absence of a localized EACMV-UG associated epidemic outside of the contiguous
range of the pandemic zone which would be anticipated if individual displacements
of EACMV-UG infected cassava cuttings were able to prime epidemic development.

Can the Spread of the CMD Pandemic Be Halted?

Host Plant Resistance Provides Effective CMD Control

It was recognized from the earliest days of research into CMD that wild relatives
of cassava might offer potential sources of resistance to the virus, or viruses, caus-
ing the disease (Jennings 1957). One such relative, Ceara rubber (Manihot glaziovii
Muell.-Arg.), was successfully crossed with cultivated cassava; the progeny was
triple back-crossed to produce cassava varieties combining the root quality of cul-
tivated cassava with the CMD resistance of M. glaziovii (Jennings 1957; Jennings
1994). Resistance breeding efforts were subsequently continued in Nigeria, mainly
at the International Institute of Tropical Agriculture (IITA) (Hahn et al. 1980). The
CMD-resistant material developed there — from the late 1960s onwards — has been
sent to most cassava-producing countries in sub-Saharan Africa (Manyong et al.
2000). Resistant germplasm developed in the years leading up to the early 1990s
primarily made use of the M. glaziovii derived resistance, which was considered to
be multigenic. More recently, however, use has been made of alternative sources
of resistance derived from West African landraces (Dixon et al. 2003; Lokko et al.
2005). One of the sources from which molecular markers have been developed is
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CMD?2 (Akano et al. 2002). Unlike the inter-specific cross derived sources, CMD?2
appears to be a single dominant gene. Future strategies will involve the exploration
of both gene-pyramiding as well as the use of transgene approaches (Dixon et al.
2003; Okogbenin et al. 2007; Zhang et al. 2005).

Resistant varieties have been widely deployed in CMD management programs
throughout sub-Saharan Africa (Manyong et al. 2000). Although no variety has
proven to be immune under field conditions, resistance has been robust and durable
for the more than 40 years that has been used against the full range of CMGs
occurring in different parts of Africa (Byabakama et al. 1997; Egesi et al. 2007).

Pre-emptive Deployment of Resistant Varieties Has Been Used to Enhance
the Response Times of CMD Mitigation Programmes

CMD-resistant varieties have less CMG infection and therefore provide significantly
greater yields than local CMD-susceptible landraces under the conditions of rapid
spread of severe CMD that are characteristic of the pandemic (Byabakama et al.
1999). However, in areas of East and Central Africa outside the pandemic-affected
zone, the impact of CMD is much less. There is consequently less incentive for
growers to change to growing introduced resistant varieties. Nevertheless, concerted
efforts have been made in both East and West Africa to deploy resistant germplasm
in currently unaffected areas as a pre-emptive measure (Legg et al. 1999; Ogbe et al.
2006). In May 1999, 10,000 tissue culture plants of CMD-resistant varieties were
transported from IITA in Nigeria to Mwanza, Tanzania — a location that was ahead of
the advancing pandemic front (Legg et al. 1999). This material was hardened off and
multiplied, and subsequently formed the basis for major multiplication and dissemi-
nation efforts in all parts of the Lake Zone of Tanzania. Notably, the growers’ uptake
of one of the principal varieties introduced in this way — TMS 4(2)1425 — was sig-
nificantly less in unaffected areas than it was in pandemic-affected zones. A United
States $16.5 million pre-emptive mitigation program in Nigeria was initiated in 2002
in the southern and south-eastern states of the country, at a time when the clos-
est pandemic-affected location in north-central Republic of Congo (Ntawuruhunga
et al. 2007), was still more than 950 km distant from the most south-eastern tip
of Nigeria. In order to overcome possible hurdles to adoption, the multiplication
and dissemination program was combined with an extensive network of on-farm
varietal evaluation experiments and opportunities for post-harvest utilization and
commercialization of cassava products were promoted. In Tanzania, pre-pandemic
deployment of resistant material has helped to reduce the impact of the pandemic
primarily through speeding up the response time. In Nigeria, the pre-emptive CMD
mitigation work continued into 2009, although there was still no confirmed report of
the occurrence of EACMV-UG in its eastern neighbor, Cameroon. It may therefore
take several years before it is possible to judge the impact of the Nigerian program.

Biological and Socio-political Factors Preclude the Halting of the Pandemic

Any spreading virus disease can in theory be halted by preventing movement of
the vector, removing sources of inoculum — either by removing all diseased plants



250 J.P. Legg

and/or replacing them with immune varieties — or by removing both the crop as well
as the non-crop weed host plants completely. The geographical scale which would
be required is dependent upon the flight capability of the vector, the relative scale
and importance of other modes of virus propagation, the intensity of cultivation of
the crop, distribution of alternative virus hosts, and the historical status of epidemic
development — i.e., the degree to which it has already advanced prior to initiating
efforts to halt further spread. Eradication has been effectively used in the control of
other viruses, such as the mealybug-transmitted Cacao swollen shoot virus (CSSV)
(Dzahini-Obiatey et al. 2006; Thresh and Owusu 1986), and the aphid-transmitted
Plum pox virus (PPV) (Ramel et al. 2006). In both of these cases, however, spread
occurs less rapidly than has been reported for the CMD pandemic. Mealybugs that
transmit CSSV semi-persistently have only limited mobility, whilst aphids transmit
PPV in a non-persistent manner. By contrast, B. tabaci is highly mobile and trans-
mits CMGs persistently. The mobility and transmission characteristics of B. tabaci
are such that removal of virus-infected plants would have to be practiced over
large areas through mandatory roguing schemes, or cassava would have to be com-
pletely removed (together with alternative CMG hosts) from farming systems using
crop-free zones/periods. Eradication programs of this type were used during the
1930s—1940s in order to control the first recorded epidemic of CMD in colonial
Uganda (Jameson 1964). These programs, however, were confined to the northeast-
ern part of the country. Furthermore, colonial authorities applied severe penalties
to growers who refused to co-operate. The current pandemic affects more than
2,600,000 square kilometres of nine countries in East and Central Africa (Legg et al.
2006), and is therefore on a vastly different scale compared to the early Ugandan
epidemic. Additionally, current social norms will not permit the implementation of
strict laws mandating the removal of any cassava plants, healthy or diseased. Even if
it were possible to implement eradication programs, logistics would be prohibitively
difficult for numerous reasons. Most target regions are affected by limited transport
infrastructure and inadequate resourcing and capacity of local growers, research
institutions, extension services and plant quarantine authorities as well as absence
of supportive private sector partners and unpredictable civil security. It is also signif-
icant that seven of the nine pandemic-affected countries have had significant periods
of civil unrest in pandemic-affected areas. As a consequence it is reasonable to con-
clude that it is currently not possible to halt the spread of the pandemic using host
plant removal, at least within the cassava-growing areas of the continental mainland
of Africa. This does not mean, however, that all countries and regions as yet unaf-
fected by the pandemic will be equally vulnerable to its future impact. Historically,
previously affected countries have shown that impacts are slower and less acute
in regions where cassava is not a major crop. For this reason, the effects in the
maize-dominated agricultural environments of southern Africa — south of Zambia
— are likely to be minimal. The absence of ACMYV from coastal East Africa — run-
ning from south-east Kenya through Tanzania to northern Mozambique and Malawi
— may also ensure that these areas will not experience the severe disease caused
by ACMV+EACMV-UG synergism. Conversely, there does seem to be a signifi-
cant likelihood that the pandemic will spread westwards, through Cameroon, then
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into Nigeria and the rest of the southern coastal cassava belt of West Africa. Since
this sub-region produces more than half of Africa’s cassava crop, this remains a
major concern, in spite of the pre-emptive mitigation measures already initiated in
south-eastern Nigeria.

The Pandemic Can Be Confined to, and Managed in Africa

Although it may not be possible to halt the spread of the CMD pandemic in Africa,
effective management systems are available. With effective implementation, these
systems will also help reduce the risk of African CMGs spreading to the other
continents — Asia and South America — where cassava is an important crop. The
deployment of host plant resistance to the CMGs has resulted in substantial reduc-
tions in CMD incidence and severity, with concomitant increases in production
(Otim-Nape et al. 2000, Sserubombwe et al. 2001; Legg et al. 2006). In Uganda,
the first country to be affected, total fresh weight production of cassava is now
greater than pre-pandemic levels (FAO 2009), and more than half of all growers
are now planting CMD-resistant varieties. Major mitigation initiatives are currently
underway in other affected countries which should result in similar successes. An
important example is the December 2007 approval of a $US22,000,000 grant from
the Bill and Melinda Gates Foundation (United States) for cassava disease mitiga-
tion in six countries in East and Central Africa. Clearly, similar levels of effort will
continue to be required for the foreseeable future.

Increasing air travel — particularly for passengers originating from African coun-
tries — will represent an important risk for the spread of CMGs to Latin America
and Asia in future years. While such an eventuality may seem inevitable, the likeli-
hood of spread occurring — following a chance introduction in either Asia or Latin
America — is decreased by the fact that B. rabaci in South America does not cur-
rently colonize cassava (Carabali et al. 2005). Furthermore, B. tabaci populations
in South Asia are inefficient transmitters of African CMGs (Maruthi et al. 2002).
Nevertheless, it will be important for plant quarantine institutions in the major
cassava-producing countries of these two continents to be fully aware of the threat
posed, and to be vigilant in monitoring the health status of cassava crops in their
respective countries in order to ensure that any inadvertent introductions are eradi-
cated as quickly as possible. This will be more readily achieved in Latin America —
where there are currently no geminiviruses affecting cassava — than in South Asia
(India and Sri Lanka) — where both ICMV and SICMV occur widely.

Conclusions

The pandemic of severe cassava mosaic disease has been arguably the most impor-
tant crop disease event to affect Africa over the latter part of the twentieth and early
years of the twenty-first centuries. This event has had a severe impact on the largely
agricultural economies of affected countries resulting in widespread food insecurity
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for already vulnerable populations. Significantly, however, the phenomenon has cat-
alyzed a resurgence of research interest in cassava, a crop that for much of its history
in Africa has been given scant attention by the agricultural development and com-
mercial farming communities. CMD management programs are currently receiving
increasing support and providing effective mitigation in pandemic-affected areas,
although the recovery period can range from 7 to 10 years. However, the nature of
the components of the CMD pathosystem is such that there is little likelihood that
the pandemic can be halted within Africa at any stage in the future. The high mobil-
ity of B. tabaci, its “transformation” into a super-abundant pest in the pandemic
zone, the vast area over which the pandemic now extends, and the logistical diffi-
culties in implementing control programs all serve to prevent the halting of further
spread. Important lessons can nevertheless still be learned about how to improve
existing control work, in addition to how to prevent the emergence of similar prob-
lems in the future. This review has highlighted a number of important areas where
additional research is required. It is hoped that they will provide a basis for the
development of plans for future research into the cassava mosaic geminiviruses and
their B. tabaci whitefly vector in Africa.

Questions to Direct Future Research Efforts

1. What makes CMGs and whiteflies behave differently in pandemic-affected
areas than elsewhere?

2. Why does synergism between different CMG species not always result in
epidemics?

3. What is the origin of EACMV-UG? Did the ACMV-EACMYV recombination
occur in Uganda, or is EACMV-UG an invasive introduction?

4. What is the nature and distribution of CMGs and B. tabaci genotypes in differ-
ent cassava-growing regions of Africa? Much is now known, but there are still
many gaps in our understanding.

5. Are there biological differences between distinct genotype clusters of B. tabaci?

6. If biological differences are present between these genotype clusters, which
genes are associated with these differences?

7. Are genetic factors or synergism with CMD-diseased host plants the primary
factor driving super-abundance in cassava B. tabaci populations?

8. What are the factors that encourage B. tabaci emigration from a crop? Although
changes in food quality have been shown to be one such factor, does over-
crowding in super-abundant cassava B. tabaci populations lead to increases in
the proportion of migratory morphs?

9. Are whiteflies in pandemic-affected zones different from others in their migra-
tory capabilities?

10. Can improved understanding of the factors driving the CMD pandemic aid the
development of control approaches that will complement existing programs
based on the deployment of host plant virus resistance?
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Chapter 8
Tomato Yellow Leaf Curl Disease Epidemics

Enrique Moriones and Jesiis Navas-Castillo

Introduction

The emergence of begomoviruses (genus Begomovirus, family Geminiviridae) in
recent decades appears to be closely related to the increased prevalence of Bemisia
tabaci (Jones 2003; Mansoor et al. 2003; Varma and Malathi 2003), and is asso-
ciated with changes in crop cultivation, increased movement of people and plants,
and changes in cropping practices such as the intensive use of insecticides and/or
overlapping of susceptible host species in crop rotations (Morales and Jones 2004).

Tomato yellow leaf curl disease (TYLCD) was first reported in Israel in 1931
(Cohen and Antignus 1994). Since then, epidemics have emerged and devastated
tomato crops in numerous countries in Africa, the Americas, the Caribbean, Europe,
the Middle East, and Southeastern Asia (Moriones and Navas-Castillo 2000; Pico
et al. 1996; Varma and Malathi 2003). Accounts of the presence of TYLCD-related
viruses associated with tomato epidemics continue to occur. For example, recent
confirmation of the presence of TYLCD-associated viruses has been reported from
the Pacific Coast of Mexico (Brown and Idris 2006), Reunio