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ABSTRACT

Kaur, N., Hasegawa, D. K., Ling, K.-S., and Wintermantel, W. M. 2016.
Application of genomics for understanding plant virus-insect vector
interactions and insect vector control. Phytopathology 106:1213-1222.

The relationships between plant viruses and their vectors have evolved
over the millennia, and yet, studies on viruses began <150 years ago and
investigations into the virus and vector interactions even more recently.
The advent of next generation sequencing, including rapid genome and
transcriptome analysis, methods for evaluation of small RNAs, and the
related disciplines of proteomics and metabolomics offer a significant
shift in the ability to elucidate molecular mechanisms involved in virus
infection and transmission by insect vectors. Genomic technologies offer

an unprecedented opportunity to examine the response of insect vectors to
the presence of ingested viruses through gene expression changes and
altered biochemical pathways. This review focuses on the interactions
between viruses and their whitefly or thrips vectors and on potential
applications of genomics-driven control of the insect vectors. Recent
studies have evaluated gene expression in vectors during feeding on plants
infected with begomoviruses, criniviruses, and tospoviruses, which exhibit
very different types of virus-vector interactions. These studies demonstrate
the advantages of genomics and the potential complementary studies that
rapidly advance our understanding of the biology of virus transmission by
insect vectors and offer additional opportunities to design novel genetic
strategies to manage insect vectors and the viruses they transmit.

Next generation sequencing (NGS) includes a wide range of
applications based on high throughput genome sequencing, genome
resequencing, transcriptome profiling (RNA-Seq), small RNA
analysis, and more. Numerous approaches can be used for whole-
genome sequencing and the appropriate method will depend on the
desired goal. If a reference sequence is already available, direct
alignment can facilitate comparisons and improves the potential for
gene identification. If reference sequences are not available, de
novo assembly is required.
A very important aspect of NGS is the ability to examine gene

expression and elements involved in the regulation of gene ex-
pression. RNA sequencing (RNA-Seq) can not only identify but,
also, quantify levels of mRNA and small RNAs that may be involved
in or result from regulation of gene expression (Anonymous 2016).
The method is highly sensitive and can detect exceptionally low
levels of individual RNAs as well as those that are highly ex-
pressed. As the technology associated with NGS has advanced,
new opportunities to examine RNAhave increased as well and can
include the ability to look atRNAassociatedwith specific organelles,
such as mitochondria and ribosomes. Together, these NGS technol-
ogies provide a powerful toolbox for genetic analyses that determine
whether an insect can transmit plant viruses, identify the factors that
influence transmission efficiency, and understand the biology that
drives the transmission of diverse plant viruses. Ultimately, these
methods will facilitate the development of new genetic methods for
managing both insect vectors and the plant viruses they transmit.
Viruses have been found in animals, plants, fungi, and bacteria.

There were over 3,700 recognized viruses and viroids in 2015, and

approximately a third of these are plant viruses (International
Committee on Taxonomy of Viruses 2015). The number of viruses
is steadily increasing because viruses have a high propensity to
mutate and adapt to selection pressure. Most plant viruses damage
agricultural crops through diseases they cause, resulting in reduced
plant vigor, yield losses, unmarketable crops, or even plant death.
Others can infect plants without exhibiting symptoms and, in some
cases, may even coevolve with host plants (Fukuhara and Gibbs
2012;Koonin andDolja 2012;Roossinck 2011, 2015). Themajority
of plant viruses are composed of single-strandedRNAwith the virus
genome in the sense orientation (i.e., members of families Bromovir-
idae, Closteroviridae, Luteoviridae, and Potyviridae). Other plant
viruses possess single-stranded (ss)RNA genomes in an ambisense
or antisense orientation (i.e., members of familiesBunyaviridae and
Rhabdoviridae), double-stranded (ds)RNA genomes (i.e., families
Reoviridae,Endornaviridae), ssDNAgenomes (familyGeminiviridae),
or dsDNA genomes (family Caulimoviridae).
The majority of plant viruses are transmitted by arthropods,

nematodes, or fungi, although there are other means of trans-
mission, such as through contaminated pollen, seed, or by plant-to-
plant contact. Among the arthropod vectors of plant viruses, aphids,
thrips, and whiteflies are, arguably, the most thoroughly examined
with regard to their interactionswith viruses.Virus transmission can
be classified as either circulative or noncirculative, depending on
whether or not the virus particles circulate throughout the body of
the insect vector prior to transmission. Viruses that do not cross
membranes within the vector are known collectively as non-
circulative viruses, and these can be classified as either nonpersistent
or semipersistent (Table 1). In contrast, circulative viruses are de-
scribed as persistent circulative or persistent propagative (Table 1).
Persistent viruses require ingestion of virus particles by the insects,
with eventual transport of virus particles into the hemocoel and,
subsequently, into the salivaryglands, fromwhich they are transmitted
to newplants during feeding (Gray andBanerjee 1999).Nonpersistent
viruses are acquired by insect vectors as they probe the host plant to
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determine if it is a suitable food source or during the feeding process
itself.They remainassociatedwith insectmouthparts andusually remain
transmissible for only a few minutes to, at most, a few hours following
acquisition. There are many genera of nonpersistent viruses, although
the best studied are those in the genus Potyvirus (Gray and Banerjee
1999; Pirone and Perry 2002). At the other end of the spectrum are
persistent viruses, which, once acquired by the vector, are retained in a
transmissible form for the life of the insect. Efficient transmission of
persistent viruses requires longer acquisition feeding periods that can
vary from hours to days and, frequently, have lengthy latent periods
duringwhich thevirus cannotbe transmitted.Thebest-studiedpersistent
viruses are those in the family Geminiviridae, particularly within the
genusBegomovirus.Viruses classifiedas semipersistent, suchas those in
Closteroviridae, encompass those with a wide range of transmission
modes between the extremes of nonpersistent and persistent trans-
mission, (Chen et al. 2011; Gray et al. 2014; Whitfield et al. 2015;
Wintermantel 2016). In contrast to the relatively extensive in-
formation available on persistent and nonpersistent transmission,
little information exists about the factors that facilitate virus re-
tention and transmission for noncirculative semipersistent viruses.
Persistent circulative viruses, such as Tomato yellow leaf curl

virus (TYLCV), are ingested by whiteflies (Bemisia tabaci) during
feeding and are translocated across the wall of the epithelial cells
within the gut into the hemolymph, from where they pass to the
salivary glands and are egested into new plants through the salivary
duct upon feeding (Czosnek et al. 2002). Viruses that replicate
inside the insect are called persistent propagative viruses. These are
uncommon among plant viruses but represent a highly adapted
interaction between the virus and the vector and have been studied
in the interactions between Tomato spotted wilt virus (TSWV) and
its most common vector, the western flower thrips (Frankliniella
occidentalis). TSWV virions are acquired by thrips from infected
plants, are ingested, and are replicated in themidgut epithelial cells.
The virus particles are subsequently translocated to themuscle cells
of the gut and, eventually, the salivary glands, where the virus also
replicates. The virus is delivered into plants through saliva during
feeding. Only larval thrips can acquire TSWV, but only adults can
transmit the virus to plants (Whitfield et al. 2005).
Semipersistent or nonpersistent modes of virus transmission are

both noncirculative and involve association of virus particles with
the epicuticular lining of the insect foregut or stylet. This lining is
cast off when the insect molts, thus eliminating the virus from the
insect and preventing subsequent transmission; therefore, trans-
mission can only persist for a limited time (Gray and Banerjee
1999). Viruses with nonpersistent transmission are usually lost
rapidly upon acquisition by the feeding insects (Ammar et al. 1994;
Gray and Banerjee 1999; Martin et al. 1997), whereas viruses with
semipersistent transmission are retained for periods of several hours

to several days. Considerable variation exists among insect species,
subspecies, and some unique populations for virus retention times
in insects as well as transmission efficiency (Maruthi et al. 2005;
Wintermantel 2010;Wintermantel andWisler 2006). Transmission
is influenced by many factors, including virus titer in host plants
(Ng et al. 2004; Wintermantel et al. 2008), environmental effects,
and structural or physiological variation in source plants influenc-
ing insect feeding (Legg 1994; Wintermantel et al. 2016).
In this review,we focus on the applications of functional genomics

using NGS technologies to enhance our knowledge on the molec-
ular interactions of plant viruses with their insect vectors, virus de-
tection in vectors, and implications for vector management. The
use of functional genomic technologies, including RNA-Seq
(Nagalakshmi et al. 2008) and small RNA sequencing to charac-
terize gene expression, can clarify how insect vectors respond to
ingestion of different types of plant viruses. These technologies
offer a new era of functional genomics-based research, elucidating
not only specific interactions but, also, pathways of regulated genes
responding to the presence of a virus in a host plant or in the insect
itself. The fundamental knowledge and thorough understanding of
genes and pathways in an insect vector upon virus acquisition and
transmission should lead to the design of novel genetic strategies such
as RNA interference (RNAi) or the application of genome editing
technologies to control an insect vector and the viruses it transmits
(Gu and Knipple 2013).

CHARACTERIZATION OF GENETIC
RELATIONSHIPS AMONG THE INSECT VECTORS

OF PLANT VIRUSES

Differences in vector biology with regard to virus transmission
have led to the classification of whitefly biotypes or subpopulations
of other insects. While this is a valid biological trait, it is not always
reflective of genetic variation within the insect vector populations.
The emergence of molecular biology in the 1980s and 1990s led to
the incorporation of sequence variation along with biological traits
for the development of insect phylogenies.With regard towhiteflies,
initial studies used differences in esterase patterns for the identifi-
cation of whitefly biotypes from one another (Costa and Brown
1991). Later, the use ofmitochondrial cytochrome oxidase I (mtCOI)
gene sequences led to greater efficiency in the identification of
population variation and rapid detection of the influx of new species
orvariants (Frohlichet al. 1996,1999).Thismethod isnowwidelyused
to differentiate species and subspecies level variants of sweetpotato
whitefly (Bemisia tabaci) from one another. However, the use of a
single gene for the determination of species variation limits re-
liability and accuracy of phylogenetic variation, particularly in
areas where many related insect populations coexist. The B. tabaci

TABLE 1. Key characteristics of representative viruses for each of four primary modes of transmission

Transmission mode Example (Genus) Mode description Retention time Virus-vector examplea

Persistent circulative Begomovirus family
Geminiviridae

Virus particles are ingested, translocated
through gut wall into hemocoel, circulated
to salivary glands, and transmitted to
plants.

Life long TYLCV-whitefly (Bemisia
tabaci, MEAM1)

Persistent propagative Tospovirus family Virus particles are ingested, translocated
through the gut wall into hemocoel,
circulated and replicated in insect, and
transmitted to plants.

Life long TSWV-thrips (Frankliniella
occidentalis)

Semipersistent Crinivirus family Virus particles are transiently attached to
locations in the stylets, cibarium, or other
mouthparts for several hours to days, then,
released during insect feeding.

Hours to several days LIYV-whitefly (B. tabaci,
MEAM1)

Nonpersistent Potyvirus family Primarily associate with the epicuticular
lining of the stylet or foregut for brief
periods and quickly released to new plants
during feeding.

Minutes to hours PVY-aphid (Myzus persicae)

a TYLCV, Tomato yellow leaf curl virus; TSWV, Tomato spotted wilt virus; LIYV, Lettuce infectious yellows virus; PVY, Potato virus Y.
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species complex is currently composed of 34 distinct entities that
could, conceivably, be classified as species, based on both molecular
and biological studies (Polston et al. 2014). However, improved
criteria beyond those currently in use are needed for distinguishing
variation, demonstrating a greater need for more specific knowledge
of whitefly populations; and this is certain to be true for other insect
vectors of plant viruses aswell. For example, there aremanyBemisia
species and species variants present in sub-Saharan Africa that
frequently exist as mixed populations in the field (Legg et al. 2014).
These species are found in proximity to one another, evenwithin the
same field, but differ to varying degrees in host preference and, in
some cases, ability to transmit important viruses within the region
(Maruthi et al. 2005; Legg et al. 2014; Polston et al. 2014). There
are documented differences among these populations for feeding
preference on cassava and sweetpotato, two major crops produced
in the region, and many subpopulations are related to one another
(Boykin et al. 2012; Lapidot and Polston 2010; Legg et al. 2014).
The availability of NGS provides improved opportunities to un-
derstand species variation among whitefly populations present in
the region and globally and to move beyond what was possible
through comparisons of single gene mtCOI sequences or bi-
ological differences (De Barro et al. 2011). This knowledge adds
to our understanding of differentiating vector populations from
one another and from related nonvector species.

APPLICATION OF NGS TECHNOLOGIES TO
UNDERSTAND VECTOR-VIRUS INTERACTIONS

Begomovirus-whitefly interactions. Whiteflies and begomo-
viruses have been coevolving for millions of years. Over 300
begomoviruses (familyGeminiviridae) have been described to date
(International Committee on Taxonomy of Viruses 2015), many of
which contribute to annual yield losses of billions of dollars while
threatening global food security. Crops affected by begomoviruses
include tomato, bean, squash, cassava, sweetpotato, cotton, and
numerous others. These crops are impacted by infection with many
viruses of huge economic impact, such as TYLCV, Cotton leaf curl
virus, Squash leaf curl virus,East African cassavamosaic virus, and
others. All begomoviruses are exclusively transmitted bywhiteflies
in a persistent and circulativemanner. However, most of our current
knowledge of whitefly-begomovirus interactions have come from
the studies using TYLCV, which, along with closely related virus
species, is an especially devastating virus affecting tomato pro-
duction in most of the tropical and subtropical regions of the world.
Several studies have explored the interactions between whiteflies
and begomoviruses, which revealed two heat-shock proteins that
can bind to the coat protein of TYLCV, suggesting their involvement
during virus transmission (Ohnesorge and Bejarano 2009; Gotz et al.
2012). In addition, a whitefly bacterial symbiont-derived GroEL
protein was found to interact with TYLCVvirions and is implicated
in protecting the virus during circulation within the whitefly host
(Gottlieb et al. 2010;Morin et al. 2000).However, there remainmany
unanswered questions regarding whitefly genetics and physiology
that drive virus acquisition, persistence, circulation, and transmission.
The first study that used NGS technologies came from a global

transcriptome analysis of whiteflies (i.e., Middle East-AsiaMinor 1
[MEAM1]) fed onTomato yellow leaf curl China virus (TYLCCNV)-
infected tobacco (Luan et al. 2011). In that study, whiteflies were
reared on cotton, a nonhost plant for TYLCCNV, andwere transferred
to either healthy tobacco plants or TYLCCNV-infected tobacco plants
and were allowed to feed for 24 h. Whiteflies were then transferred
back to cotton plants and were fed for 5 days. The purpose of this was
to reduce the changes in gene expression caused by exposure to
healthy and infected tobacco plants (e.g., nutrition andplant volatiles).
Therefore, any observed differential gene expression was expected to
be associated with TYLCCNVacquisition by the whitefly. A single
biological replicate was used for digital gene expression library
preparation and Illumina sequencing, while a second replicate was

used for quantitative polymerase chain reaction (PCR) validation of
the predicteddifferentially expressed genes. In total, 1,606 geneswere
differentially expressed in viruliferous whiteflies; 298 of those genes
were mapped to 157 pathways in the KEGG database (www.genome.
jp/kegg/pathway.html). This suggested that acquisitionofTYLCCNV
can induce changes in the cell cycle, primarymetabolism, and cellular
and humoral immunity (Luan et al. 2011).
Regulation of several cell-cycle regulatory genes, as well as the

downregulation of genes involved in lipid and amino acid metab-
olism, suggested that TYLCCNVappears to behave like a pathogen
inwhiteflies (Table 2) (Luan et al. 2011). This hypothesis was further
supported by the upregulation of several genes involved in cellular
and humoral immunity, including those that participate in autophagy,
lysosome function, antimicrobial peptide production, coagula-
tion, and melanization. The activation of an immune response
could be interpreted as an evolved strategy for thewhitefly to protect
itself from the begomovirus, which, like a pathogen, circulates
throughout the hemolymph of the insect, interacting with tissues
and translocating across membranes. In contrast, numerous genes
involved in signal transduction during antiviral immune responses,
including toll, TGF-b, and mitogen-activated protein kinase path-
ways, were downregulated in whiteflies exposed to TYLCCNV, and
genes that function in the apoptotic pathway were also down-
regulated (Table 2). In summary, the utilization of NGS technol-
ogies led to the hypothesis that the regulation of different immune
pathways might be critical for virus persistence in the whitefly host
(Luan et al. 2011).
Based on transcriptome analysis with the derived hypothesis that

TYLCCNV can induce autophagy in whiteflies, the authors per-
formed additional experiments to validate the implied physiologi-
cal effects in vivo. Cytological staining and Western blotting,
indeed, suggested that TYLCCNV can induce autophagy in the
ovary and fat body tissues of whiteflies (Luan et al. 2011). Im-
portantly, autophagy was only detected in viruliferous whiteflies
5 days after feeding on TYLCCNV-infected plants and was absent
in whiteflies that fed on infected plants for 24 h, suggesting that
autophagy occurs only after a certain incubation period inside
whiteflies (Luan et al. 2011). This study illustrated how NGS
technologies provided the background information necessary to
develop testable hypotheses using traditional molecular biology
methods to understand the complex relationship that has evolved
between whiteflies and the begomoviruses they transmit (Table 2).
It is important to note that the Illumina data used in the studies

described abovewas limited to a single biological replicate, largely
due to the cost of sequencing at the time the experiments were
conducted. However, as use of the technology is rapidly increasing,
the cost of sequencing has continued to decrease. This leads to
increased reliability of the data and effective validation of ex-
periments through multiple biological replicates. Furthermore,
it is critical to carefully regulate and standardize treatments and
replications for valid comparisons. The time at which samples are
collected and the conditions the samples are exposed to are both
critical for standardization of experimental design among treat-
ments and biological replications. This was essential for accurate
identification of genes involved in persistence and circulation of the
begomovirus in the whitefly. In this study, by allowing whiteflies to
feed on TYLCCNV-infected tobacco for 1 day, followed by 5 days
of feeding on a virus-free host plant, the authors aimed to reduce any
secondary effects caused by differences between healthy and infected
plants (e.g., nutrition and host volatiles). Therefore, any changes in
gene expression between nonviruliferous and viruliferous whiteflies
could be interpreted as effects induced by the begomovirus alone.
The compromise with this experimental design is that any immediate
changes in gene expression at the onset of begomovirus acquisition
were not captured in the sequencing data. Furthermore, the consider-
ation of potential secondary effects caused by differences between
healthy and infected host plants would be important for understanding
whitefly-begomovirus interactions in nature.
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To partially fill this gap in knowledge, we (InternationalWhitefly
Genome Initiative 2015) performed transcriptome analysis on
whiteflies that were allowed to feed on TYLCV-infected tomatoes.
In this study, an isolate of TYLCV from South Carolina was
propagated in ‘Moneymaker’ tomatoes. Whiteflies (MEAM1) were
transferred to healthy tomato cuttings or TYLCV-infected cuttings
and were allowed to feed for either 24, 48, or 72 h.Whiteflies were
collected, were PCR-validated en masse to confirm virus acquisition
at each time point, and were processed immediately for RNA-Seq
analysis. Three biological replicates were performed for each
treatment and time point. This differed from Luan et al. (2011) in
that the new study addressed changes in whitefly gene expression at
different time points corresponding to different virus acquisition
access periods or the time during which thewhiteflies were provided
access to feeding on the virus-infected or healthy tomato plants.
Although it is likely thatwhiteflygene expressionwas also influenced
by secondary effects caused by physiological differences between
healthy and virus-infected tomatoes, this study resembled a
natural biological system. Furthermore, any changes in source plant
physiology would be the result of virus infection of the acquisition
host. The transcriptome was annotated using our whitefly reference
genome (InternationalWhiteflyGenome Initiative 2015) and, among
the 15,664 genes that were predicted, approximately 80 genes were
differentially expressed across all three time points (Hasegawa et al.
2016; International Whitefly Genome Initiative 2015). Functional
analysis revealed that many of the differentially expressed genes
encoded either nucleic acid–binding proteins, receptors, or trans-
porters or were involved in fatty acid metabolism, carbohydrate
metabolism, or lysosome and protease activity.
Although indirect evidence suggests that begomovirus circulation

within thewhitefly is partially driven by receptor-mediated endocytic
processes, a receptor is yet to be identified (Kollenberg et al. 2014;
Rosen et al. 2015).Therefore, the identificationof several upregulated
receptors at 24 h provides a list of candidate genes that may be
involved in facilitating the penetration and transport of the virus
across the midgut and, possibly, into the primary salivary glands as
well. It is possible that the regulation of these receptors is due to
secondary effects by the host plants or may simply be explained as a
response that is indirectly related to virus circulation. However, the

utilization of NGS technologies has provided a list of candidate genes
to address the hypothesis that begomovirus circulation in whiteflies
is receptor-mediated.
Insect genes that were predicted to be involved in fatty acid

metabolism were downregulated at 24 h, while genes involved in
carbohydrate metabolism were downregulated at 72 h. This suggests
that primary metabolism is regulated temporally across different
exposure periods during feeding on a TYLCV-infected plant and
further highlights the complex relationship between whiteflies and
begomoviruses. Furthermore, this corroborates the work of Luan
et al. (2011), which found acquisition of a begomovirus can induce
changes in the regulation of primary metabolic pathways in the
whitefly. Multiple downregulated genes that had lysosome and
protease activity were also identified at 72 h. Interestingly, some
of these genes have been implicated in virus transmission in other
systems, including the mosquito-borne dengue virus (Kubo et al.
2012; Sim et al. 2012). In contrast, Luan et al. (2011) reported that
most of the genes associatedwith lysosome function were upregulated
rather than downregulated, which suggests a time-sensitive role for
lysosomes during begomovirus acquisition and transmission. Exam-
ining transcriptome changes overmultiple time points provides amore
complete picture of howwhitefly gene expression changes in response
to begomovirus acquisition, because highly significant changes can
occur over relatively short periods.
The application of functional genomics has provided a series of

snapshots of the genetic networks that are influenced during
transmission of begomoviruses by whiteflies. Together, these two
studies examining the influence of begomovirus infection of host
plants on whitefly gene expression complement each other in ex-
perimental design, and the results revealed dynamic temporal
changes in gene expression during different stages of begomovirus
interactions with whiteflies. The identification of whitefly genes
involved in virus transmissionmay lead to targets for RNAi or other
technologies as a management strategy for both whitefly and virus.

Crinivirus-whitefly interactions. In contrast to begomovi-
ruses, very little is known about the mode by which semipersistent
whitefly-transmitted viruses are acquired and retained in whiteflies
to allow for virus transmission to new plants. Until recently, no
studies had explored the potential for semipersistent viruses to

TABLE 2. Milestone studies on viruses and their interactions with vector insects using next generation sequencing (NGS)

Virus Vector NGS technique Finding Reference

Tomato yellow leaf curl
China virus

Whitefly, Bemisia
tabaci, MEAM1

Digital gene expression on
viruliferous whiteflies

Downregulation of genes involved
in lipid and amino acid
metabolism. Upregulation of
several genes involved in cellular
and humoral immunity, including
autophagy, lysosome function,
antimicrobial peptide production,
coagulation, and melanization.
Downregulation of genes
involved in antiviral immune
responses, including toll, TGF-b,
and mitogen-activated protein
kinase pathways.

Luan et al. 2011

Tomato chlorosis virus Whitefly, Bemisia
tabaci, MEAM1

RNA-Seq on viruliferous
whiteflies at three different
time points 24, 48, and 72 h

Significantly higher numbers of
differentially regulated genes at
24 and 72 h compared with few
differences at 48 h. Significant
number of glucose transporter
and glucosidase family genes
were differentially regulated in
viruliferous whiteflies.

Chen et al. submitted

Tomato spotted wilt virus Western flower thrips,
Frankliniella occidentalis

RNA-Seq on viruliferous
thrips at different life stages

Downregulation of genes related to
ribosomes, amino acid
metabolism, and carbohydrate in
viruliferous thrips. Upregulation
of genes associated with
inhibition of virus replication.

Zhang et al. 2013b
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influence gene expression in their vector whiteflies. It is important
to understand whether semipersistent viruses are merely trans-
missible due to fortuitous association with factors that bind them
long enough to allow transmission. Alternatively, the virus and
vector may have coevolved such that the presence of virus would
influence gene expression in the vector itself. Yet another pos-
sibility would be a virus-induced defense response leading to
gene expression changes in the insect vector that may influence
virus retention and vector transmission. Unlike members of the
genusBegomovirus, the semipersistent virusmembers of the genus
Crinivirus do not circulatewithin thewhitefly vector but can remain
within the mouthparts of the whitefly for periods ranging from a
day to up to two weeks, depending on the virus and the whitefly
vector (Wintermantel 2010;Wintermantel andWisler 2006;Wisler
and Duffus 2001). Furthermore, research showed criniviruses do
actively interact with components in the mouthparts of thewhitefly.
Studies using invitro virus acquisition demonstrated that the crinivirus
Lettuce infectious yellows virus (LIYV) specifically associates
with the cibarium or anterior foregut of whiteflies capable of
transmitting the virus but not in nonvector whiteflies (Chen et al.
2011). Furthermore, feeding vector whiteflies with a solution con-
taining antibodies against theminor coat protein of LIYVinterfered
with transmission, demonstrating a role for the minor coat protein
in transmission and, likely, in the association of the virus with
the cibarium or anterior foregut of the whitefly (Tian et al. 1999;
Stewart et al. 2010).
Tomato chlorosis virus (ToCV) (genus Crinivirus, family

Closteroviridae) is a semipersistently transmitted virus that can
cause a decline in plant vigor and reduce fruit yield in economically
important vegetable crops, including tomato, potato, tomatillo, and
sweet pepper (Tzanetakis et al. 2013). ToCVaffects 24 plant species
from seven different families (Wintermantel and Wisler 2006) and
has a broad range of vectors, including B. tabaci New World 1,
MEAM1, and MED (also known as biotypes A, B, and Q, re-
spectively) (Wisler et al. 1998a, b; Navas-Castillo et al. 2000), as
well as the greenhouse whitefly (Trialeurodes vaporariorum) and
the banded-wing whitefly (T. abutilonea) (Wisler et al. 1998a, b).
Transmission efficiency and persistence in the vector differs among
species and haplotypes (Wintermantel and Wisler 2006).
To determine the whitefly gene expression profile upon ToCV

acquisition, we examined the global transcriptional changes that
occur in B. tabaci MEAM1 (biotype B) during its interaction with
the semipersistent ToCV using high-throughput Illumina paired-
end RNA-Seq technology (Chen et al. submitted; International

Whitefly Genome Initiative 2015). In all, 989 genes were differen-
tially expressed inToCV-whiteflies at 24 h and210 at 72h,while only
11 genes were differentially expressed at 48 h (Table 2). This dem-
onstrated temporally influenced gene expression in whiteflies due to
virus acquisition from ToCV-infected source plants and that higher
numbers of genes exhibited differences in expression within the first
24hof feedingcomparedwithwhiteflies fedonvirus-free controls. In
addition, a different set of genes showed altered regulation at 72 h
than at 24 h (Kaur et al. 2016). ToCV retention in the vector also sub-
sides at approximately 72h followingvirus acquisition (Wintermantel
and Wisler 2006). Included among those differentially expressed
genes, gene families, or pathways that may be involved in ToCV
acquisition and transmission were glucose transporter and gluco-
sidases (Chen et al. submitted; International Whitefly Genome
Initiative 2015). The expression of the glucose transporter gene
GLUT3 was also found significantly increased in H9 lymphocytic
cells upon Human immunodeficiency virus (HIV) infection. Other
studies have implicated sugar transporter genes in virus-host
interactions such as Feline leukemia virus C (Huang et al. 2015;
Tailor et al. 1999). Alpha-glucosidase inhibitors were shown to act
as antiviral agents against HIV and hepatitis B virus (Walker et al.
1987). Further studies will be needed to clarify which genes or
biochemical pathways are directly influenced by the presence of
the virus and which may be secondarily affected.

Tospovirus-thrips interactions. As with whiteflies, many
species of thrips damage plants directly by feeding and a few by
serving as vectors of plant viruses (Morse and Hoddle 2006). The
western flower thrips Frankliniella occidentalis causes severe
damage to agricultural crops through direct feeding damage as well
as by transmitting tospoviruses, such as Tomato spotted wilt virus
(TSWV) (Nagata et al. 1999). Like begomoviruses, tospoviruses are
circulative in their vectors. In contrast, however, tospoviruses also
replicate within their vector and must be acquired during the larval
stages in order to be transmitted by the adult thrips (Hogenhout et al.
2008; Nagata et al. 1999). This demonstrates what is likely an even
higher level of interaction between the virus and its insect vector
when compared with whitefly-transmitted viruses. Using high-
throughput Illumina sequencing, Zhang et al. (2013b) developed
de novo transcriptome sequencing data for western flower thrips
and investigated the changes in gene expression between virus-
freewestern flower thrips reared on healthy plants and viruliferous
thrips reared on TSWV-infected tomato plants (Table 2). The
authors examined not only the adult F. occidentalis but also the
first instar, second instar, prepupae, and pupae within the same

Fig. 1. Fundamental and applied applications of next generation sequencing (NGS) technologies in insect molecular biology, virus transmission, and virology.
Black and red arrows represent, respectively, fundamental and applied aspects of NGS.

Vol. 106, No. 10, 2016 1217



study, allowing comparison of differential gene expression asso-
ciated with virus infection across insect developmental stages
(Zhang et al. 2013b). The results identified 59,932 unigenes, of
which 36,339 were annotated using public databases. Infection of
western flower thrips by TSWV led to downregulation of genes
related to ribosomes, amino acid metabolism, and carbohydrate
metabolism compared with virus-free thrips and indicated that the
TSWV infection caused decreased protein synthesis and amino
acid and carbohydrate metabolism in the infected insects (Table 2)
as well as altered cellular and immune responses in western flower
thrips. The authors used results of transcriptome analysis to
speculate that high levels of mucin expression may contribute to
infection, replication, and diffusion of TSWV within thrips. Genes
often associated with inhibition of virus replication were up-
regulated, suggesting that TSWV could activate an immune
response in F. occidentalis upon infection (Zhang et al. 2013b).

Tissue-specific transcriptome studies with F. occidentalis. To
evaluate gene expression in specific organs of thrips in response
to TSWV feeding, Stafford-Banks et al. (2014) characterized
the transcriptome of the salivary gland of male and female
F. occidentalis in response to the presence and absence of TSWV.
Results of transcriptome analysis revealed numerous genes
implicated in plant detoxification or defense inhibition, sugar
metabolism, and plant cell-wall degradation. The transcriptome
data from the salivary gland of thrips enriches the functional
genomics tools available for the further study of deep interactions
of thrips-plant and thrips-virus relationships. Furthermore, this
information is useful to develop novel RNAi approaches for the
management of F. occidentalis and, thus, the tospoviruses. It
should be noted that examination of gene expression in specific
tissues that have not been analyzed previously may result in the
identification of high percentages of unknown proteins.

NGS for virus identification in plant and animal (insect)
systems. Over the last several years, the development and application
of NGS technologies have enabled the rapid and efficient discovery
of known and unknown viruses and viroids in plants and animals
(Roossinck et al. 2015; Webster et al. 2015; Wu et al. 2015). The
single greatest advantage in using the NGS technologies for virus
discovery is that there is no requirement for a priori knowledge of the
virus to be identified. Furthermore, sensitivity of the NGS analysis is
extremely high. NGS technologies can result in rapid determination
of an entire virus genome sequence or even confirm the presence of
multiple viruses in amixed infection (Al Rwahnih et al. 2013). There
is even a possibility one can characterize, to a limited degree, the
genetic diversity in a virus population from a single analysis. In this
section, we provide a brief overview on the use of NGS technologies
for virus discovery and identification in both plants and insects. In
contrast with traditional methods for virus identification, the entire
process from extraction of nucleic acid to analysis of results can take
as little as a few weeks.
Several viruses have been identified from plants, using diverse

plant nucleic acids for NGS analysis, including mRNA (Adams
et al. 2009), dsRNA (Al Rwahnih et al. 2009, 2013; Coetzee et al.
2010), and small RNA (sRNA) (Hagen et al. 2011; Kreuze et al.
2009; Li et al. 2012; Navarro et al. 2009) extracted from plants.
DNA viruses (e.g., geminiviruses) also produce sRNA in plants;
therefore, sRNA deep sequencing is able to identify DNA viruses
(Chen et al. 2015) as well as viroids (Li et al. 2012; Navarro et al.
2009; Wu et al. 2012).
In parallel with virus discovery in plants, during the last decade,

NGS technologies have also been used successfully for virus
discovery of human and animal viruses in the arthropod vectors
(Bichaud et al. 2014). Although many previously known as well as
novel viruses have been identified in insect species through the use
of NGS technologies (Liu et al. 2015; Nouri et al. 2016; Webster
et al. 2015), there remains very limited application of NGS for the
discovery of plant viruses that are harbored in or transmitted by
insect vectors such as aphids, mealybugs, leafhoppers, thrips,

whiteflies, or others. sRNA extracts were proven to be a suitable
nucleic acidmaterial forNGSandvirus identification from insect cell
cultures (Wu et al. 2010). Another material used is viral RNA
extracted from a suspension enriched for virus particles through virus
purification in insect tissues.Metagenomicanalysis onwhiteflieswas
able to identify typical begomoviruses, using sequencing of these
virus-enriched nucleic acid extracts (Ng et al. 2011). Using such
sample preparation, several DNA and RNA plant viruses have been
successfully identified in whitefly (Rosario et al. 2014). Moreover, a
previously unknown whitefly-transmitted carlavirus, closely related
to Cowpea mild mottle virus, was identified in whitefly through
metagenomic analysis, which was followed by confirmation of its
presence in local native plants (Rosario et al. 2014). These studies
demonstrate the power of using the NGS technology for novel
virus discovery in insect vectors.

Bioinformatics pipeline development to facilitate virus discov-
ery and identification. The increasing access to NGS technolo-
gies provides a powerful new resource for identification of known
and unknown viruses and virus variants in plant and animal
systems. Despite its many advantages, the bioinformatics analysis
of massive NGS datasets for sequence assembly and analysis is still
not available in the ordinary plant pathology research laboratory.As a
result, such analysis usually requires specialized skilled personnel or
collaboration with an experienced bioinformatician. With the recent
development of two simple and effective bioinformatics pipelines,
including VirFind (http://VirFind.org/) (Ho and Tzanetakis 2014) and
VirusDetect (http://bioinfo.bti.cornell.edu/tool/VirusDetect/) (Li et al.
2012), it is becoming feasible for laboratories without their own
internal bioinformatics capacity to adapt such powerful technology.
The VirFind program was designed for virus identification using
longer read sequences, such as those generated with RNA-Seq
(DiBello et al. 2015; Ho et al. 2016). The VirusDetect program (Li
et al. 2012) is designed not only for the assembly of sRNA sequences
but, also, for assembly of RNA-Seq datasets from both plants and
animals for virus identification. This program has been proven
effective in the identification of numerous viruses and viroids (Li
et al. 2012, 2015a, b, c; Padmanabhan et al. 2014, 2015).

IMPLICATIONS

The ability to decipher genome sequences is providing new
insights into the study of not only plant viruses and their interactions
with host plants but, importantly, the intricate interactions that
allow a virus to be transmitted by an insect vector. By decoding
gene functions and identifying the types of genes and associated
pathways that are up- or down-regulated during virus trans-
mission, it is possible to gain amuch broader understanding of this
critical process impacting virus emergence and epidemiology.
NGS provides a wealth of sequence information through the
construction of high-quality reference genomes of many insects
(Fig. 1). To date, these include but are not limited to Drosophila
melanogaster (fruit fly), Apis mellifera (honey bee), Bombyx mori
(Silkworm), Tribolium castaneum (red flour beetle), Acyrthosi-
phon pisum (pea aphid), Aedes aegypti (yellow fever mosquito),
and Bemisia tabaci MEAM1 (sweetpotato whitefly) that are
available in the public domain (Adams et al. 2000; Honeybee
Genome Sequencing Consortium 2006; International Aphid
Genomics Consortium 2010; International Whitefly Genome
Initiative 2015; Nene et al. 2007; Tribolium Genome Sequencing
Consortium 2008; Xia et al. 2004).
Consequently, there is a rapid surge of studies utilizing high-

throughput and sensitive genomics techniques, including RNA-Seq
and sRNA sequencing, to understand vector-virus relationships
(Fig. 1). Included in these studies is the application of NGS for the
identification of unknownviruses or other pathogens thatmay cause
disease in plants but are carried by insects and may even lead to
the identification of viruses that are unexpected, symptomless, or
acting synergistically with known viruses (Fig. 1). Information on
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how insect vectors respond to the presence of plant viruses through
changes in gene expression resulting from feeding on virus infected
plants or purified virions or virus proteins can contribute to de-
termining why some insect species can transmit a virus while
related species cannot. Furthermore, such information can lead to
the identification of new molecular markers for reliable identifica-
tion of vector insect species or subspecies (Fig. 1).
Due to the heavy use of insecticides, insect pests, including

vectors of plant viruses, are developing resistance to widely used
insecticides. These pesticides often have deleterious effects on
nontarget insects as well as the environment. Therefore, alternate
and highly effective methods for insect control are needed. RNAi is
an important and rapidly emerging approach that can be used to
enhance or suppress expression of select genes and has the potential
to effectively and reliably replace insecticides for control of insect
pests (Baum et al. 2007; Gu and Knipple 2013). The method is
highly specific to desired target sequences, such that RNAi can be
designed to disrupt functioning of specific target genes in a particular
insect but not harm other insects, such as bees or butterflies. Thus,
RNAi can be considered a more environmentally friendly approach
for insect control than traditional pesticide use. The number of
successful reports of RNAi for control of insect pests is steadily
increasing, with demonstrated success against both human- and
plant-feeding insects. These include but are certainly not limited to
Aedes aegypti, the mosquito responsible for carrying malaria and
other human diseases, Bemisia tabaci, one of the most important
vectors of plant viruses in tropical and subtropical regions of the
world, and Diabrotica virgifera virgifera LeConte, the western corn
rootworm(Baumet al. 2007;Ghanimet al. 2007;Pridgeon et al. 2008;
Upadhyay et al. 2011; Zhang et al. 2013a; Zotti and Smagghe 2015).
In addition to RNAi approaches for insect control, the vast

amount of information on genes and gene expression generated
through RNA-Seq can be utilized to select candidate genes for a
method called sterile insect technology (SIT) that is being used
increasingly to reduce pest insect populations (Alphey et al. 2010).
The SIT technique is species-specific, effective, safe, and sustain-
able and is based on the release of a large number of sterilized male
insects into a population. The method has been used effectively
against Drosophila melanogaster and Aedes aegypti. Using this
method, a gene is inserted by geneticmodification intomale insects.
Although the male insects are not sterile, they contain a dominant
lethal gene that results in the mortality of female progeny. The
strategy is to release enough transgenic male mosquitoes in the
natural population that they will mate with the females in the wild,
resulting in large numbers of nonviable female progeny. This
variant of SIT is known as “release of insects carrying a dominant
lethal” (RIDL) (Phuc et al. 2007; Thomas et al. 2000). The RIDL
system was demonstrated in Drosophila melanogaster and Aedes
aegypti through expression of tetracycline-repressible transactiva-
tor fusion proteins and a tetracycline-repressible activator variant
(tTAV), respectively (Thomas et al. 2000). In this case, the pest
control gene produces a protein called tTAV that drives the ex-
pression of required cellular genes that have tetracycline-repressive
elements in their promoter regions. However, the tTAVis optimized
to specifically function in insect cells (Oxitec Ltd., Oxford). In a
natural system, with no tetracycline, the genetically modified
insects will produce tTAV protein. Under the expression of tTAV
gene, the necessary cellular genes will be repressed because the
tTAV protein binds to the tetracycline-responsive elements present
in the promoter regions of genes, resulting in death of the progeny
insects. It has been demonstrated that these genetically modified
insects have no harmful effects on other animals nor are there any
toxic proteins produced in them (Oxitec Ltd.). The technology has
been used effectively to control themosquitoAedes aegypti in order
to reduce spread of malaria and dengue fever (Wise de Valdez et al.
2011). SIT has also been used successfully for the control of
important plant insect pests around the world, including the pink
bollworm (Pectinophora gossypiella), and the Mediterranean fruit

fly (Ceratitis capitata) (Morrison et al. 2012; Leftwich et al. 2014).
The SIT and RIDL approaches are examples of technologies that
will benefit from the identification of target genes throughNGS that
are more lethal to insects and more environmentally suitable.
Resequencing is another popular NGS application and is now

used routinely to determine the genomic variations of a sample in
relation to a common reference sequence. In resequencing, the
generated sequence is aligned to the reference sequence and mined
for single nucleotide polymorphisms (SNPs) and copy number
variations aswell asgenomic rearrangements, insertions, anddeletions.
The reference genome of B. tabaci MEAM1, which is one of
the most important vectors of plant viruses worldwide, was
recently completed (International Whitefly Genome Initiative
2015). The availability of this reference genome will facilitate
resequencing at the genome level, using whole-genome sequenc-
ing or utilizing more cost-effective methods, such as genotyping
by sequencing from numerous whitefly species, including but not
limited to B. tabaci MEAM1, MED, Cassava whitefly (SSA1),
the greenhouse whitefly (T. vaporariorum), and others. Differ-
ences in the genome, particularly SNPs, among distinct whitefly
species across the world, may provide base knowledge for
developing a SNP chip based on diverse alleles that could be
utilized not only to identify whitefly species but, also, to clarify
differences among cryptic whitefly species (DeBarro et al. 2011;
Dinsdale et al. 2010; Xu et al. 2010). Such a chip could aid
in taxonomic classification and provide knowledge of genetic
differences among vector whiteflies. This might clarify how these
B. tabaci cryptic species, particularly MEAM1 and MED, have
established so effectively throughout tropical and subtropical
climates and why they are so highly adapted for transmission of
plant viruses. Furthermore, as noted previously, the availability of
high-quality genome sequencewill facilitate improved understand-
ing of the genetic relationships among the ever-increasing number
of whitefly vectors and nonvectors of plant viruses. This, in turn,
will enhance opportunities to develop novel management strategies
with sufficiently narrow or broad applicability, as desired, using
RNAi or clustered regularly interspaced short palindromic repeats
or additional emerging technologies.
The number of high-quality reference genomes of insects has

been increasing rapidly as a result of a directed project to sequence
the genomes of 5,000 arthropod species (i5K Consortium 2013).
The outcome of this should be a wealth of genomic information
including not only sequences but, also, gene expression on numerous
insect pests. This can be coupledwith related technologies, including
functional genomics, proteome analysis, andmetabolome analysis to
provide anevenbroader portrait of the intricacies that allowviruses to
be transmitted by insects and to understand the physiological and
biochemical biology of the insect. As this information becomes
available, methods similar to those described herein can be applied
and, undoubtedly, numerous additional strategies will be developed
and advanced for control of insect vectors of plant pathogens and
pests of agricultural crops.
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