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Abstract We investigated the dual effects of bacterial
infections and diseased cassava plants on the fitness and
biology of the Bemisia tabaci infesting cassava in Africa.
Isofemale B. tabaci colonies of sub-Saharan Africa
1-subgroup 3 (SSA1-SG3), infected with two secondary
endosymbiotic bacteria Arsenophonus and Rickettsia
(AR+) and those free of AR infections (AR—), were
compared for fitness parameters on healthy and East Afri-
can cassava mosaic virus-Uganda variant (EACMV-UG)-
infected cassava plants. The whitefly fecundity and nymph
development was not affected by bacterial infections or the
infection of cassava by the virus. However, emergence of
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adults from nymphs was 50 and 17% higher by AR— on
healthy and virus-infected plants, respectively, than AR+
flies. Development time of adults also was 10 days longer
in AR+ than AR—. The whiteflies were further compared
for acquisition and retention of EACMV-UG. Higher pro-
portion of AR— acquired (91.8%) and retained (87.6%) the
virus than AR+ (71.8, 61.2%, respectively). Similarly, the
AR— flies retained higher quantities of virus (~ ninefold
more) than AR+. These results indicated that bacteria-free
whiteflies were superior and better transmitters of
EACMV-UQG, as they had higher adult emergence, quicker
life cycle and better virus retention abilities than those
infected with bacteria.

Keywords Cassava - Whitefly - Arsenophonus -
Rickettsia - Fitness costs - Virus retention

Key message

e (Cassava is a staple crop of millions of poor in SSA and
its production is constrained by two whitefly-borne
virus epidemics.

e Unusually high populations of whitefly are driving
these epidemics.

e High numbers (~40%) of these populations were free
of secondary bacterial symbionts.

e Here, we provide experimental evidence that bacterial
symbionts negatively impact the biology of whiteflies
by reducing adult emergence and delayed development.

e Whitefly population free of symbionts also retained
higher titres of cassava mosaic virus.
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Introduction

Endosymbiotic  relationships between insects and
microorganisms can be unequal, in which one associate
usually takes more than the other (Bourtzis and Miller
2003); however, in many cases these relationships remain
uncharacterised. Members of the cryptic species of the
whitefly Bemisia tabaci harbour many endosymbiotic
bacteria including an obligate primary symbiont (P-sym-
biont), Portiera aleyrodidarum (y-proteobacteria) and
seven other facultative secondary symbionts (S-symbiont);
Arsenophonus, Hamiltonella (y-proteobacteria), Cardinium
(bacteriodetes), Fritschea (Chlamydiae), Rickettsia, Wol-
bachia and Hemipteriphilus (a-proteobacteria; Chiel et al.
2007; Bing et al. 2013a). The prevalence of the S-sym-
bionts vary depending upon host population, geographical
location and host plants (Chiel et al. 2007; Gueguen et al.
2010; Pan et al. 2012; Bing et al. 2013b; Ghosh et al.
2015).

The interactions between the S-symbionts and B. tabaci
are highly specific and varied with the symbiont, host
population and geographical location. Infection by Rick-
ettsia in the B. tabaci species, Middle East-Asia Minor 1
(MEAMI) in the USA, for example, provided fitness
benefits with higher adult progenies, female bias and faster
development time (Himler et al. 2011). However, a similar
infection in Israel showed that infection with this bacterium
increased susceptibility to insecticides (Kontsedalov et al.
2008) and provided higher heat tolerance (Brumin et al.
2011). Similarly, another symbiont Cardinium is detri-
mental to the MED species in China (Fang et al. 2014). The
nature of interaction between the cassava whiteflies and its
symbionts was yet unknown but was essential to under-
stand the dynamics of cassava whitefly populations in sub-
Saharan Africa (SSA).

Several B. tabaci populations infesting cassava in SSA
spread viruses that cause the two most important diseases
of cassava in Africa: cassava mosaic disease (CMD) and
cassava brown streak disease (CBSD) (Legg et al. 2015).
Epidemics of CMD and CBSD have been reported in the
last 30 years which have affected the food security of
millions of poor in SSA (Legg et al. 2015). Presence of
endosymbionts such as Hamiltonella and Rickettsia can
alter vector capabilities of B. tabaci by increasing virus
acquisition, retention as well as transmission possibly due
to the effect of GroEL protein (Gottlieb et al. 2010; Kliot
et al. 2014). However, the role of bacterial symbionts in the
transmission of viruses by the cassava whitefly has not
been studied.

The rapid spread of CMD and CBSD epidemics in
eastern Africa is, however, well documented and is
believed to be driven by the unusually high numbers of
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whiteflies found on cassava plants. Recent surveys reported
more than 1000 adults per cassava plant in many areas of
central Uganda and around the Lake Victoria region of
northern Tanzania (Colvin et al. 2004; Legg et al. 2006). A
specific whitefly population called the sub-Saharan Africa
1-subgroup 1 (SSA1-SG1) was the predominant population
in the epidemic regions (Legg et al. 2011, 2013). Inter-
estingly, a high percentage (38%) of SSA1-SG1 were free
of S-endosymbiont bacterial infections (Ghosh et al. 2015;
Tajebe et al. 2015b). In contrast, another cassava whitefly
population SSA1-SG3, found predominantly in coastal
East Africa, has been less abundant (Jeremiah et al. 2015;
Tajebe et al. 2015a) with an average of 10-20 whitefly
adults per plant. Our recent results on the prevalence of
S-endosymbionts showed a small proportion of SSA1-SG3
free of S-symbiont bacteria (13%) while the majority
(87%) were infected with single or multiple infections
(Ghosh et al. 2015).

We therefore set out to investigate the effects of the two
most predominant S-endosymbiotic bacterial infections
Arsenophonus and Rickettsia on the biology and the vec-
toring abilities of the cassava whitefly SSA1-SG3. Their
effect on the expression of some whitefly immunity genes
and on fitness costs was also investigated. The localisation
of bacteria in the bodies of African cassava whiteflies was
detected for the first time using fluorescent in situ
hybridisation (FISH) technique. An understanding of the
role of bacterial infections is essential to better understand
cassava whitefly population dynamics in SSA and the viral
diseases they spread.

Materials and methods
Whitefly colonies and cassava plants

Isofemale lines of B. tabaci infesting cassava were gener-
ated by random isolation of individual male and female
with specific bacterial infections, and allowing sibling
mating for developing into colonies. Whiteflies used in this
study for generating isofemale lines have been maintained
and inbreeding in cassava plants in the NRI insectary for
20 years (Maruthi et al. 2001). Genetic background of
whiteflies was determined by sequencing mtCOI marker,
and the presence of symbionts confirmed by PCR detection
(Ghosh et al. 2015). Using these methods, two isofemale
lines of SSA1-SG3 with identical genetic background, but
differing in S-endosymbiont infection were developed. One
colony was fixed (100%) with dual infections with the A3
strain of Arsenophonus and the R2 strain of Rickettsia
(AR+) (Ghosh et al. 2015), and the other was free of
S-symbionts (AR—). Both the populations were confirmed
to be free of all other known symbionts infecting B. tabaci
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by PCR tests (Ghosh et al. 2015). The isofemale lines were
maintained in insect-proof cages in a NRI quarantine
insectary in the UK at 27 £ 3 °C, 60% relative humidity
and photoperiod of L12:D12.

Cassava plants of the var. Ebwanateraka infected with
the begomovirus FEast African cassava mosaic virus-
Uganda (EACMV-UG) (family Geminiviridae) were
grown in the NRI quarantine glass house. Plants were
grown in 10 x 10 cm plastic pots containing John Innes
no. 2 compost and soil in equal mixture at 28 + 5 °C and
50-60% relative humidity. Two-month-old plants were
used in experiments to compare fitness parameters (see
below) of the two whitefly populations.

Whitefly fitness assays

Two-day-old adult whiteflies were collected from SSA1-
SG3 AR+ and AR— colonies using an aspirator and anes-
thetised using CO, for 5 s. Insects from each colony were
sexed separately under a stereobinocular microscope, and
one female and two males from the same colony were
transferred to 25-mm-diameter clip cages. The cages were
then attached to a leaf of 2-month-old cassava plant var.
Ebwanateraka for oviposition. The experiment was set up on
10 EACMV-UG-infected and healthy plants each for AR+
and AR— whiteflies for measuring whitefly fecundity and
biology, and the experiment was repeated twice. The clip
cages were removed after 12 days, and the whitefly eggs and
nymphs were counted using a stereobinocular microscope.
Only clip cages that had live females after 12 days were
used for the analysis of fitness assays. Fecundity was mea-
sured on the 12th day immediately after removing clip cages.

The leaves with eggs and nymphs were enclosed in
perforated bread bags to prevent contamination from other
insects, and the number of nymphs developed and adults
emerged was recorded every 3 days. The average number
of eggs hatching was estimated based on the total number
of nymphs emerged. The mean adult emergence (total
number of adults emerged/total number of nymphs devel-
oped) and mean adult development time (from the first to
final adult emergence) was also recorded for both whitefly
colonies.

Statistical analysis

All statistical analyses were done using the R software (R
Development Core Team 2011). Mean fecundity (number
of eggs laid) of the adult whiteflies and the proportion of
nymphs developed were analysed using a generalised lin-
ear model with negative binomial errors and quasibinomial
errors with logit link function, respectively. The mean
proportion of adult emergence was also analysed using a
generalised linear model with binomial errors with logit

link function. The differences in means of adult emergence
were compared by Tukey’s HSD test using the glht func-
tion from the multcomp package of R (Hothorn et al.
2008). The mean adult development time was analysed
using a simple linear model. The mean differences in adult
development time were compared by Tukey’s HSD test.

Virus acquisition and retention

Adult SSA1-SG3 AR+ and AR— whiteflies were given
acquisition access period (AAP) of 48 h on a 3-month-
old EACMV-UG-infected plant var. Ebwanateraka in a
large Perspex cage (50 x 50 x 100 cm). Twenty-five
AR+ or AR— potentially viruliferous whiteflies were
then transferred on to 2-month-old healthy cassava
plants var. Ebwanateraka for 48-h virus inoculation
access period (IAP). The experiment had three replica-
tions, and a total of 30 healthy plants were inoculated
using each whitefly colony. Potentially viruliferous
whiteflies were collected from all the experimental
plants (after 48-h AAP and IAP, Maruthi et al. 2002) for
virus detection and quantification in single whiteflies.

Total DNA from each whitefly female was extracted
separately using 20% Chelex as previously described
(Ghosh et al. 2015). Quantitative real-time PCR (qPCR)
was performed with CFX96 real-time PCR detection
system (Bio-Rad) with EXPRESS qPCR Supermix
(ThermoFisher Scientific, UK). The whitefly o-tubulin
gene (KC161212) was used as the reference for relative
quantification. Multiplex detection of EACMV-UG and
the whitefly o-tubulin gene in a single reaction with the
hydrolysis probes (Table S1) was carried out to determine
the quantities of virus retained in individual whiteflies.
The assay was standardised using primers and probes in
different concentrations and by comparing to singleplex
reactions. The optimised multiplex assay consisted of
10 pl of 1X qPCR super mix, 300 nM of tubulin primers,
500 nM of EACMYV primers, 100 nM of each probe and
3 ul of DNA extract from individual whiteflies in a 20 pl
reaction mixture. PCR conditions of 95 °C for 2 min
followed by 40 cycles of 94 °C for 15 s, annealing at
54 °C for 20 s and extension at 60 °C for 30 s were used
for the assay. Each sample was tested in duplicates. The
Cq values were determined by single threshold method,
and relative virus quantities were calculated using the
27 A€ method (Livak and Schmittgen 2001). A common
SSA1-SG3 AR+ sample was used across the plates for
calibrating virus quantities.

Determining virus transmission efficiencies

Virus-inoculated plants were kept in cages for 60 days
post-inoculation for the expression of symptoms. Leaf
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samples were then collected from virus-inoculated plants
for testing for virus infection by qPCR. Total nucleic
acids were extracted from leaves using the CTAB
extraction method (Maruthi et al. 2002). Two pl of the
DNA lysate was used for detecting EACMV-UG using the
previously described primer pairs (see Table S1 in Sup-
porting Information) and PCR conditions (Otti et al.
2016).

The mean quantities of EACMV-UG in AR+ and AR—
whiteflies were analysed using a simple linear model with
log.-transformed data to fit parametric analysis. Statistical
inference was based on the resulting one-way analysis of
variance (ANOVA). Statistical significance of the trans-
mission efficiency and frequency of AR+ and AR-—
whiteflies carrying EACMV-UG after 48 h each of AAP
and TAP was estimated in contingency tables using Fish-
er’s exact test at P < 0.05. All statistical analyses were
done using the R software (R Development Core Team
2011).

Relative quantification of whitefly immune genes
by qPCR

Total RNA was extracted from pooled samples of 15
individuals (10 females and 5 males) in twenty replicates
using TRIzol® reagent (Pakkianathan et al. 2015) for
quantifying immune genes in bacteria-infected and bacte-
ria-free whiteflies. The extracted samples were treated with
DNase I to remove genomic DNA according to manufac-
turer’s instructions. RNA yields were quantified using
NanoDrop 2000. A total of 150 ng of whitefly RNA was
used as template for first-strand cDNA synthesis using
RevertAid H Minus First Strand cDNA Synthesis Kkit.
Whitefly immune response genes (Table S2 in Supporting
Information) were amplified using 1 pl of cDNA in qPCR
using DyNAmo Flash SYBR green qPCR kit. All equip-
ment and reagents used in this experiment were obtained
from ThermoFisher Scientific Ltd., UK. Whitefly a-tubulin
gene was used as the reference gene, and relative expres-
sion levels were calculated using the 27AAC method (Livak
and Schmittgen 2001). Mean relative expression of
immune response genes in AR+ and AR— whiteflies were
determined using simple linear model with log-transformed
data.

Localisation of symbionts in nymphs and adults
using FISH

The S-symbionts Arsenophonus and Rickettsia were loca-
lised in the cassava whitefly nymphs and adults by fluo-
rescent in situ hybridisation (FISH) using specific probes
labelled with cy3 or cy5 at the Volcani centre, Israel
(Skaljac et al. 2010). AR+ whiteflies were used to localise
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Arsenophonus and Rickettsia and AR— as negative control.
The MED population from Israel with triple infections with
Arsenophonus, Rickettsia and Portiera were used as a
positive control. The samples were visualised under a
confocal microscope (IX81 Olympus FluoView 500 con-
focal microscope, Olympus Optical Co, Tokyo, Japan).
Twenty-five nymphs and adults from each isofemale lines
were tested for the location of symbionts in whitefly
bodies.

Results
Fecundity and nymph development

Infection of whiteflies by the two S-endosymbionts, or
infection of cassava plants by EACMV-UG, had no sig-
nificant effect on the fecundity of cassava whiteflies.
However, AR+ whiteflies had slightly higher mean
oviposition (27.9 £ 2.63 eggs per female) on virus-in-
fected plants compared to healthy plants (23.0 + 1.84
eggs). AR— whiteflies laid almost identical number of eggs
both on virus-infected (22.4 4+ 1.84 eggs) and healthy
plants (22.1 £ 2.3 eggs; Fig. 1a) and thus were not sta-
tistically significant (Table S3 in Supporting Information).
The mean proportion of nymphs developed by AR+ and
AR— whiteflies was also similar on healthy plants, but
slightly higher (P = 0.04) on virus-infected plants
(Fig. 1b, Table S4 in Supporting Information).

Adult emergence and development time

Mean proportion of adults emerged from AR— whiteflies
on both healthy (0.64 £ 0.02) and virus-infected plants
(0.59 £+ 0.02) was significantly higher (P < 0.001) than
AR+ on healthy (0.32 + 0.01) and virus-infected
(0.42 £+ 0.02) plants (Fig. 2a, Table S5 in Supporting
Information).

Mean adult development time was significantly shorter
(P <0.001) for AR— whiteflies on both healthy
(35.5 &£ 0.7 days) and virus-infected (34.2 & 0.9 days)
plants compared to AR+ whiteflies (46.7 & 0.8 and
47.2 £ 0.9 days, respectively; Fig. 2b, see Table S6 in
Supporting Information).

Detection and quantification of EACMV-UG
in single cassava whiteflies

About 91.8% (45/49) of SSA1-SG3 AR-— whiteflies
acquired the virus after 48 h AAP, compared to 71.8% (28/
39) of AR+ flies (P = 0.02; Fig. 3a). The mean relative
quantities of virus acquired by AR— was also higher than
AR+ whiteflies (Fig. 3b, see Table S7 in Supporting
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Fig. 1 Mean fecundity (a) and proportion of nymphs developed (b) by SSA1-SG3 AR+ and AR— whiteflies on healthy and EACMV-UG-
infected cassava plants. No significant differences observed in fecundity and nymph development between AR+ and AR— whiteflies
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Fig. 2 Mean proportion of adult emergence (a) and adult development time (b) by the SSA1-SG3 AR+ and AR— whiteflies on healthy and
EACMV-UG infected cassava plants. Adult emergence was higher and quicker by AR— than AR+ flies

Information), but was
(F = 2.23, P = 0.14).

The percentage of whiteflies retaining EACMV-UG
after 48-h IAP was similarly higher (P = 0.0002) for AR—
(87.65%, 71/81) than AR+ (61.2%, 41/67) whiteflies
(Fig. 3c). AR— also retained higher quantities ( ~ ninefold)
of virus than AR+ whiteflies (F = 14.59, P = 0.0002;
Fig. 3d, see Table S7 in Supporting Information).

SSA1-SG3 AR— (37.1%, 13/35 plants) were more
efficient in transmitting EACMV-UG to healthy cassava
plants than AR+ whiteflies (17.2%, 5/29). The differences
in transmission were, however, not statistically significant
(P = 0.09) due to inconsistent transmission rates across
replications.

statistically not significant

Relative expression of immune genes

All the three antimicrobial peptides Knottinl (F = 14.52,
P < 0.001), Knottin2 (F = 6.47, P = 0.015) and Knottin3
(F = 184, P < 0.001) were overexpressed by minimum of
twofold in AR+ compared to AR— populations (Fig. 4).
The autophagy-related gene (atg-9) was also upregulated in
AR+ populations (F = 184, P < 0.001; Fig. 4).

Localisation of symbionts in cassava whitefly
nymphs and adults

Arsenophonus and Rickettsia were detected in SSA1-SG3

AR+ nymphs and adults (Fig. 5), both confined inside
bacteriocytes. Portiera, the P-symbiont, was detected in all
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SSA1-SG3 AR+ SSA1-SG3 AR-
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% of whiteflies retaining EACMV-UG

SSA1-SG3 AR+
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Fig. 3 Percentage of SSA1-SG3 AR+ and AR— whiteflies acquiring
(a) and retaining (¢) EACMV-UG after 48-h AAP and IAP,
respectively. Relative quantities of EACMV-UG in AR+ and AR—

samples (data not shown). Arsenophonus and Rickettsia
could not be detected in SSA1-SG3 AR-— whiteflies
(Fig. 6), but Portiera, the P-symbiont, was detected in all
samples (data not shown).

Discussion

The phenotype of cassava whiteflies (SSA1-SG3) har-
bouring both Arsenophonus and Rickettsia was investigated
to understand their implications on host biology and virus
transmission abilities. In our conditions, AR+ infections
had no effect on whitefly fecundity or nymph development.
However, they had significant negative effect on adult
development and generation time. AR+ infections caused
50% reduction in the number of nymphs developing into
adults, and the adult development time was delayed by
10 days compared to AR— whiteflies. Both these
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after 48-h AAP (b) and IAP (d), respectively. Higher proportion of
AR— acquired and retained EACMV-UG than AR+. Quantities of
virus acquired and retained was also higher in AR—

parameters, if operational in cassava fields, will have sig-
nificant negative impact on the whitefly population devel-
opment and thus its pest status. The SSA1-SG3 used in this
study has been found only in coastal areas of eastern Africa
(Mugerwa et al. 2012; Legg et al. 2013; Tajebe et al.
2015a), a region where whiteflies on cassava are less
abundant. A similar 50% reduction in Drosophila and
mosquitoes population was seen when infected with Wol-
bachia (Min and Benzer 1997; McMeniman and O’Neill
2010). High numbers (84%) of SSA1-SG3 harboured
Arsenophonus and/or Rickettsia infections in cassava fields
(Ghosh et al. 2015). It is thus possible that the negative
effects of these bacteria have kept these populations under
control in the cassava-growing areas of coastal eastern
Africa.

Another major biotic factor in the cassava pathosystem
is the presence of several species of viruses. Cassava
mosaic begomoviruses that cause CMD are widespread
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Fig. 4 Relative expression of immune genes in SSA1-SG3 AR+ and AR— whiteflies. Expression of antimicrobial peptides and autophagy
protein was higher in SSA1-SG3 AR+ than AR—. AR+ infections induced higher immune response in SSA1-SG3 whiteflies

throughout the cassava-growing regions of Africa. Infec-
tion of cassava plants by the begomovirus EACMV-UG
provide nutritional benefits (increases amino acid contents
in infected leaves) to B. tabaci and thus enhance their
population development (Colvin et al. 2006). Development
of whiteflies on cassava is thus the result of several inter-
acting factors including viruses and host-associated bacte-
ria. We therefore investigated the interaction between
whitefly associated endosymbiotic bacteria and EACMV-
UG infections of cassava plants on the cassava whitefly
biology. Our results indicated that infections of cassava
plants by the EACMV-UG provided only marginal benefits
to cassava whitefly development and slightly enhanced
(34%) nymph emergence from eggs. The observed dif-
ferences between this study and Colvin et al. (2006) are
difficult to explain because of the fundamental differences
in the two studies. Colvin et al. (2006) used an heteroge-
nous whitefly population collected from farmer’s cassava
fields in Uganda whose identity was not known but was
most likely to have contained SSA1-SG1 species based on
the recent literature (Ghosh et al. 2015). In contrast, we

used an isofemale line of SSA1-SG3 from the coastal
Tanzania, which has not been described from Uganda. The
SSA1-SG1 and SSA1-SG3 have exhibited different bio-
logical properties in the field, with the former being highly
fecund than the latter. Another major difference was in the
nature of the plants used in the experiments. In the current
study, we used diseased plants obtained from infected
cuttings and thus had pronounced symptoms by the time
experiments were started. In Colvin et al. (2006), diseased
plants were generated by whitefly inoculations and the
fecundity of the whiteflies was studied as the disease was
developing in the plant. This was considered to have sig-
nificant effect on whitefly fecundity as the greatest bio-
chemical changes (availability of free amino acids) in
plants occur during the process of virus infection (Colvin
et al. 2006). This could also be a contributing factor for the
differences between the two studies.

Further investigations on virus acquisition and retention
showed that a higher proportion of SSA1-SG3 AR— flies
(91.8%) acquired and retained the virus than AR+
(71.8%). The AR— also retained higher quantities of virus.
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Fig. 5 Localisation of Rickettsia and Arsenophonus in adults and
nymphs of SSA1-SG3 AR+. Rickettsia (red) in adult (a) and nymph
(e) in dark field; Arsenophonus (blue) in adult (b) and nymph (f) in

dark field; adult (c) and nymph (g) in bright field, overlay of
Rickettsia and Arsenophonus in adult (d) and nymph (h) in bright
field. (Color figure online)

Fig. 6 Localisation of Rickettsia and Arsenophonus in adults and
nymphs of SSAI-SG3 AR-—. Rickettsia (red) undetected in adult
(a) and nymph (e) in dark field; Arsenophonus (blue) undetected in

These results are also similar to those seen with mosquitoes
in which infection by Wolbachia caused significant
reductions in the acquisition and transmission of mosquito-
transmitted dengue virus (Osborne et al. 2009). This has

@ Springer

adult (b) and nymph (f) in dark field; adult (¢) and nymph (g) in bright
field; overlay of Rickettsia and Arsenophonus in adult (d) and nymph
(h) in bright field. (Color figure online)

led to using certain strains of Wolbachia as biocontrol
agents to reduce dengue transmission in Australia,
Indonesia, Vietnam, Columbia and Brazil (http://www.
eliminatedengue.com/project). Our results thus support the
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hypothesis of using bacteria as potential biocontrol agents
to reduce the whitefly population development as well as
the spread of CMD and CBSD in Africa.

To investigate the effect of bacterial infections on
whitefly innate immune response, the expression of four
genes was studied by qPCR analysis. Antimicrobial pep-
tides (AMPs) such as Knottins are expressed constitutively
in B. tabaci (Shatters et al. 2008) and are overexpressed
after acquisition of begomoviruses and other pathogenic
infections (Mahadav et al. 2008, 2009; Luan et al. 2011;
Zhang et al. 2014; Shalev et al. 2016). Autophagy-related
protein (Atg-9) is a major innate immune response in B.
tabaci (Luan et al. 2011) and other insects such as Dro-
sophila melanogaster against pathogenic infection from
bacteria and virus (Yano et al. 2008; Shelly et al. 2009).
The AR+ infections in cassava whiteflies triggered similar
pathogenic response in the cassava whiteflies through the
over expression of Knottins and Atg-9. These innate
immune responses in insects are maintained at metabolic
and physiological costs (Freitak et al. 2003, 2007; Ardia
et al. 2012). Evolution of higher levels of immune defence
was proposed to compromise fitness traits due to additional
energy demands (Schmid-Hempel 2005). Thus, the com-
promise in fitness traits in AR+ could be a cost for
maintenance of higher immune responses for regulation of
symbionts. Although AR+ infections in this study had
negative impact on its host, both Arsenophonus and Rick-
ettsia had high prevalence in SSA1-SG3 (Ghosh et al.
2015). It is possible that symbiont infections provide other
kinds of benefits to cassava whiteflies which were not
measured in this study. One study has already shown that
infection with Rickettsia in B. tabaci provides higher tol-
erance to heat, and this was positively correlated with the
expression of cytoskeleton genes (Brumin et al. 2011).
That study hypothesised that infection with Rickettsia
possesses a stress on the whitefly leading to the expression
of heat stress- and heat tolerance-related genes, thus indi-
rectly making the whitefly tolerant to heat. Whether sym-
biont infections of cassava whitefly provide defence
against biotic and abiotic stress warrant further investiga-
tion in future.

Fewer SSA1-SG3 AR+ flies acquired and retained
EACMV-UG than SSA1-SG3 AR— populations. EACMV-
UG detected after 48-h IAP is expected to have crossed the
gut epithelium and thus circulate in the haemocoel of the
insects (Ghanim et al. 2001). Passage and retention of
higher titres of virus in the haemocoel is of great impor-
tance as they can solely be transmitted by the vector
(Storey 1938) and emphasises the importance of symbionts
in the epidemiology of the disease. The reason for the
lower retention of virus in AR+ whiteflies is unknown
although autophagy/lysosome proteins and antimicrobial
peptides have been previously shown to be important for

the degradation of begomovirus both in the whitefly and
plant host (Luan et al. 2011; Miozzi et al. 2014; Gorovits
et al. 2014). Silencing Atg-9 and Knottinl gene in B. tabaci
increased begomovirus load and transmission efficiency
indicating its role in the regulating virus quantities inside
the whitefly body (Shalev et al. 2016; Wang et al. 2016).
Overexpression of Atg-9 and Knottins in SSA1-SG3 AR+
whiteflies thus could possibly result in greater degradation
of EACMV-UG and could be the main cause of low virus
retention. Better fitness traits of SSA1-SG3 AR— whiteflies
and generally being healthier could also be the reason for
its better virus retention and acquisition abilities. In con-
trast to the above results, Rickettsia in MEAMI1 and
Hamiltonella in MED species facilitate begomovirus
transmission (Kliot et al. 2014) by protecting virions
against the hostile proteolytic haemolymph environment
while transit from the gut wall to the salivary glands
(Ohnesorge and Bejarano 2009; Gottlieb et al. 2010).
These results indicate the complexity of whitefly—en-
dosymbiont—virus interactions and the importance of
studying them to better understand cassava disease
pandemics.

However, the transmission efficiency to healthy plants in
this study was very low and no significant difference was
seen between AR+ and AR— whiteflies. Infection of the
plants by EACMV-UG was confirmed by gqPCR tests,
although the Cq values of virus in plants was above 35
cycles, which is in the borderline of detection limit. This
suggests that the virus was transmitted by whiteflies but
was not multiplying in plants. Insect transmissibility of
whitefly transmitted begomoviruses can be rapidly lost by
prolonged vegetative propagation in absence of the vector
(Liu et al. 1997). EACMV-UG virus used for inoculation in
this study was maintained by repeated vegetative propa-
gation for over 15 years in the absence of vector, and this
possibly accounts for the low insect transmission and
multiplication of virus inside plants.

Arsenophonus, Rickettsia as well as Portiera were
detected in the bacteriocytes of cassava whitefly nymphs
and adults. They were not scattered throughout the body as
was seen in some other species (Gottlieb et al. 2006; Bing
et al. 2014; Marubayashi et al. 2014). Coinfection of pri-
mary and secondary symbionts inside a common host-
derived cell specially meant to accommodate symbionts
offers several advantages to the tenants (Gottlieb et al.
2008). Escape of symbionts from the bacteriome to the
body cavity triggers wide immune reactions in the host
(Anselme et al. 2008; Reynolds and Rolff 2008), while
expression of immune genes inside the bacteriome is
minimal (Anselme et al. 2008). Thus, sharing of space
inside the bacteriome could be an adaptation by the sym-
bionts to evade the whitefly immune system. However,
sharing common space has its downfall. This creates
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competition for space and nutrition (Vautrin and Vavre
2009), resulting in lower density of P-symbiont which can
be detrimental to host fitness (Gottlieb et al. 2008). This
could also be a possible reason for the negative impact of
AR+ infections on cassava whiteflies. Our previous study
on the prevalence of symbionts (Ghosh et al. 2015) shows
that single infections of S-symbionts (59% of total infec-
tions) were more prevalent than double (37%) and triple
infections (4%) in cassava whiteflies. This could be due to
competition for space inside the bacteriocyte, whereas in
invasive MEAM1 and MED populations where scattered
phenotypes of symbionts were also found (Gottlieb et al.
2006; Skaljac et al. 2010; Marubayashi et al. 2014), the
frequency of multiple infections were high (Chiel et al.
2007; Gueguen et al. 2010).

In conclusion, our results provide the additional evi-
dence of the three-way interactions between the whitefly
host, endosymbionts and plant viruses. Absence of S-en-
dosymbionts in the cassava whitefly had positive effects on
their fitness and vector abilities. High numbers of the
currently superabundant populations are also free of
S-endosymbionts, thus indicating the possible role of
endosymbionts on keeping a check on cassava whitefly
populations. This gives us the opportunity to use bacterial
endosymbionts as potential biocontrol agents on cassava
whiteflies and virus diseases.

Author contributions

SG generated whitefly isofemale lines, performed research,
analysed data and wrote the first draft of the manuscript.
SB helped with design, analysis and revision of manuscript.
SR and MG helped with the fluorescent microscopy. MNM
conceived the work, collected samples, generated whitefly
isofemale lines, designed research and corrected the
manuscript extensively.

Acknowledgements The authors acknowledge University of Green-
wich, UK, for providing a VC scholarship for SG. The authors would
also like to express their gratitude to Mrs Natalie Morley for kind
assistance with maintenance of the whitefly colonies in the insectary.

Compliance with ethical standards
Conflict of interest The authors declare no conflict of interest.

Ethical approval The article does not contain any studies with
human participants or animals.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a

@ Springer

link to the Creative Commons license, and indicate if changes were
made.

References

Anselme C, Pérez-Brocal V, Vallier A et al (2008) Identification of
the weevil immune genes and their expression in the bacteriome
tissue. BMC Biol 6:43

Ardia DR, Gantz JE, Brent C, Strebel S (2012) Costs of immunity in
insects: an induced immune response increases metabolic rate
and decreases antimicrobial activity. Funct Ecol 26:732-739

Bing X-L, Yang J, Zchori-Fein E et al (2013a) Characterization of a
newly discovered symbiont of the whitefly Bemisia tabaci
(Hemiptera: Aleyrodidae). Appl Environ Microbiol 79:569-575

Bing X, Ruan Y, Rao Q et al (2013b) Diversity of secondary
endosymbionts among different putative species of the whitefly
Bemisia tabaci. Insect Sci 20:194-206

Bing XL, Xia WQ, Gui JD et al (2014) Diversity and evolution of the
Wolbachia endosymbionts of Bemisia (Hemiptera: Aleyrodidae)
whiteflies. Ecol Evol 4:2714-2737

Bourtzis K, Miller TA (2003) Insect symbiosis. CRC Press, Boca
Raton

Brumin M, Kontsedalov S, Ghanim M (2011) Rickettsia influences
thermotolerance in the whitefly Bemisia tabaci B biotype. Insect
Sci 18:57-66

Chiel E, Gottlieb Y, Zchori-Fein E et al (2007) Biotype-dependent
secondary symbiont communities in sympatric populations of
Bemisia tabaci. Bull Entomol Res 97:407—413

Colvin J, Omongo CA, Maruthi MN et al (2004) Dual begomovirus
infections and high Bemisia tabaci populations: two factors
driving the spread of a cassava mosaic disease pandemic. Plant
Pathol 53:577-584

Colvin J, Omongo CA, Govindappa MR et al (2006) Host-plant viral
infection effects on arthropod-vector population growth, devel-
opment and behaviour: management and epidemiological impli-
cations. Adv Virus Res 67:419-452

Fang Y-W, Liu L-Y, Zhang H-L et al (2014) Competitive ability and
fitness differences between two introduced populations of the
invasive whitefly Bemisia tabaci Q in China. PLoS ONE
9:¢100423

Freitak D, Ots I, Vanatoa A, Horak P (2003) Immune response is
energetically costly in white cabbage butterfly pupae. Proc R Soc
Lond B Biol Sci 270:5220-S222

Freitak D, Wheat CW, Heckel DG, Vogel H (2007) Immune system
responses and fitness costs associated with consumption of
bacteria in larvae of Trichoplusia ni. BMC Biol 5:56

Ghanim M, Morin S, Czosnek H (2001) Rate of Tomato yellow leaf curl
virus translocation in the circulative transmission pathway of its
vector, the whitefly Bemisia tabaci. Phytopathology 91:188-196

Ghosh S, Bouvaine S, Maruthi MN (2015) Prevalence and genetic
diversity of endosymbiotic bacteria infecting cassava whiteflies
in Africa. BMC Microbiol 15:93

Gorovits R, Moshe A, Ghanim M, Czosnek H (2014) Degradation
mechanisms of the Tomato yellow leaf curl virus coat protein
following inoculation of tomato plants by the whitefly Bemisia
tabaci. Pest Manage Sci 70:1632-1639

Gottlieb Y, Ghanim M, Chiel E et al (2006) Identification and
localization of a Rickettsia sp. in Bemisia tabaci (Homoptera:
Aleyrodidae). Appl Environ Microbiol 72(5):3646-3652

Gottlieb Y, Ghanim M, Gueguen G et al (2008) Inherited intracellular
ecosystem: symbiotic bacteria share bacteriocytes in whiteflies.
FASEB J 22:2591-2599


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

J Pest Sci (2018) 91:17-28

27

Gottlieb Y, Zchori-Fein E, Mozes-Daube N et al (2010) The
transmission efficiency of Tomato yellow leaf curl virus by the
whitefly Bemisia tabaci is correlated with the presence of a
specific symbiotic bacterium species. J Virol 84:9310-9317

Gueguen G, Vavre F, Gnankine O et al (2010) Endosymbiont
metacommunities, mtDNA diversity and the evolution of the
Bemisia tabaci (Hemiptera: Aleyrodidae) species complex. Mol
Ecol 19:4365-4378

Himler AG, Adachi-Hagimori T, Bergen JE et al (2011) Rapid spread
of a bacterial symbiont in an invasive whitefly is driven by
fitness benefits and female bias. Science 332:254-256

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in
general parametric models. Biometrical J 50:346-363

Jeremiah SC, Ndyetabula IL, Mkamilo GS et al (2015) The dynamics
and environmental influence on interactions between cassava
brown streak disease and the whitefly, Bemisia tabaci. Phy-
topathology 105(5):646-655

Kliot A, Cilia M, Czosnek H, Ghanim M (2014) Implication of the
bacterial endosymbiont Rickettsia spp. in interactions of the
whitefly Bemisia tabaci with Tomato yellow leaf curl virus.
J Virol 88:5652-5660

Kontsedalov S, Zchori-Fein E, Chiel E et al (2008) The presence of
Rickettsia is associated with increased susceptibility of Bemisia
tabaci (Homoptera: Aleyrodidae) to insecticides. Pest Manage
Sci 64:789-792

Legg JP, Owor B, Sseruwagi P, Ndunguru J (2006) Cassava mosaic
virus disease in East and Central Africa: epidemiology and
management of a regional pandemic. Adv Virus Res 67:355-418

Legg JP, Jeremiah SC, Obiero HM et al (2011) Comparing the
regional epidemiology of the cassava mosaic and cassava brown
streak virus pandemics in Africa. Virus Res 159:161-170

Legg JP, Sseruwagi P, Boniface S et al (2013) Spatio-temporal
patterns of genetic change amongst populations of cassava
Bemisia tabaci whiteflies driving virus pandemics in East and
Central Africa. Virus Res 186:61-75

Legg JP, Kumar PL, Makeshkumar T et al (2015) Chapter four-
cassava virus diseases: biology, epidemiology, and management.
Adv Virus Res 91:85-142

Liu S, Bedford ID, Briddon RW, Markham PG (1997) Efficient
whitefly transmission of African cassava mosaic geminivirus
requires sequences from both genomic components. J Gen Virol
78:1791-1794

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods 25:402-408

Luan J, Li J, Wang Y et al (2011) Global analysis of the
transcriptional response of whitefly to Tomato yellow leaf curl
China virus reveals the relationship of coevolved adaptations.
J Virol 85:3330-3340

Mahadav A, Gerling D, Gottlieb Y et al (2008) Parasitization by the
wasp Eretmocerus mundus induces transcription of genes related
to immune response and symbiotic bacteria proliferation in the
whitefly Bemisia tabaci. BMC Genom 9:342

Mahadav A, Kontsedalov S, Czosnek H, Ghanim M (2009) Thermo-
tolerance and gene expression following heat stress in the
whitefly Bemisia tabaci B and Q biotypes. Insect Biochem Mol
Biol 39:668-676

Marubayashi JM, Kliot A, Yuki VA et al (2014) Diversity and
localization of bacterial endosymbionts from whitefly species
collected in Brazil. PLoS ONE 9:¢108363

Maruthi MN, Colvin J, Seal S (2001) Mating compatibility, life-
history traits, and RAPD-PCR variation in Bemisia tabaci
associated with the cassava mosaic disease pandemic in East
Africa. Entomol Exp Appl 99:13-23

Maruthi MN, Colvin J, Seal S et al (2002) Co-adaptation between
cassava mosaic geminiviruses and their local vector populations.
Virus Res 86:71-85

McMeniman CJ, O’Neill SL (2010) A virulent Wolbachia infection
decreases the viability of the dengue vector Aedes aegypti during
periods of embryonic quiescence. PLoS Negl Trop Dis 4:¢748

Min K-T, Benzer S (1997) Wolbachia, normally a symbiont of
Drosophila, can be virulent, causing degeneration and early
death. Proc Natl Acad Sci 94:10792-10796

Miozzi L, Napoli C, Sardo L, Accotto GP (2014) Transcriptomics of
the interaction between the monopartite phloem-limited gemi-
nivirus Tomato yellow leaf curl Sardinia virus and Solanum
lycopersicum highlights a role for plant hormones, autophagy and
plant immune system fine tuning during infection. PLoS ONE
9:¢89951

Mugerwa H, Rey MEC, Alicai T et al (2012) Genetic diversity and
geographic distribution of Bemisia tabaci (Gennadius) (Hemi-
ptera: Aleyrodidae) genotypes associated with cassava in East
Africa. Ecol Evol 2:2749-2762

Ohnesorge S, Bejarano ER (2009) Begomovirus coat protein interacts
with a small heat-shock protein of its transmission vector
(Bemisia tabaci). Insect Mol Biol 18:693-703

Osborne SE, San Leong Y, O’Neill SL, Johnson KN (2009) Variation
in antiviral protection mediated by different Wolbachia strains in
Drosophila simulans. PLoS Pathog 5:¢1000656

Otti G, Bouvaine S, Kimata B et al (2016) High throughput multiplex
real time PCR assay for the simultaneous quantification of DNA
and RNA viruses infecting cassava plants. J Appl Microbiol
120(5):1346-1356

Pakkianathan BC, Kontsedalov S, Lebedev G et al (2015) Replication
of Tomato yellow leaf curl virus in its whitefly vector, Bemisia
tabaci. J Virol 89:9791-9803

Pan H, Li X, Ge D et al (2012) Factors affecting population dynamics
of maternally transmitted endosymbionts in Bemisia tabaci.
PLoS ONE 7:e30760

R Development Core Team (2011) R: a language and environment for
statistical computing. R Found Stat Comput 1:409

Reynolds S, Rolff J (2008) Immune function keeps endosymbionts
under control. J Biol 7:28

Schmid-Hempel P (2005) Evolutionary ecology of insect immune
defenses. Annu Rev Entomol 50:529-551

Shalev AH, Sobol I, Ghanim M et al (2016) The whitefly Bemisia
tabaci knottin-1 gene is implicated in regulating the quantity of
Tomato yellow leaf curl virus ingested and transmitted by the
insect. Viruses 8:205

Shatters RG Jr, McKenzie CL, Boykin LM et al (2008) A knottin-like
putative antimicrobial gene family in the whitefly Bemisia tabaci
biotype B: cloning and transcript regulation. J Insect Sci 8:4

Shelly S, Lukinova N, Bambina S et al (2009) Autophagy is an
essential component of Drosophila immunity against vesicular
stomatitis virus. Immunity 30:588-598

Skaljac M, Zanic K, Ban SG et al (2010) Co-infection and
localization of secondary symbionts in two whitefly species.
BMC Microbiol 10:142

Storey HH (1938) Investigations of the mechanism of the transmis-
sion of plant viruses by insect vectors. II. The part played by
puncture in transmission. Proc R Soc Lond Ser B Biol Sci
125:455-477

Tajebe LS, Boni SB, Guastella D et al (2015a) Abundance, diversity
and geographic distribution of cassava mosaic disease pandemic-
associated Bemisia tabaci in Tanzania. J Appl Entomol
139:627-637

Tajebe LS, Guastella D, Cavalieri V et al (2015b) Diversity of
symbiotic bacteria associated with Bemisia tabaci (Homoptera:

@ Springer



28

J Pest Sci (2018) 91:17-28

Aleyrodidae) in cassava mosaic disease pandemic areas of
Tanzania. Ann Appl Biol 166:297-310

Vautrin E, Vavre F (2009) Interactions between vertically transmitted
symbionts: Cooperation or conflict? Trends Microbiol 17:95-99

Wang XR, Wang LL, Liu SS, Wang XW (2016) The role of
autophagy in the interactions between Bemisia tabaci and
Tomato yellow leaf curl virus. In: Seruwagi P, Legg J, Njuguna
C, Wosula E (eds) 2nd International whitefly symposium.
Arusha, Tanzania, p 71

@ Springer

Yano T, Mita S, Ohmori H et al (2008) Autophagic control of listeria
through intracellular innate immune recognition in Drosophila.
Nat Immunol 9:908-916

Zhang C-R, Zhang S, Xia J et al (2014) The immune strategy and
stress response of the Mediterranean species of the Bemisia
tabaci complex to an orally delivered bacterial pathogen. PLoS
ONE 9:€94477



	Fitness costs associated with infections of secondary endosymbionts in the cassava whitefly species Bemisia tabaci
	Abstract
	Key message
	Introduction
	Materials and methods
	Whitefly colonies and cassava plants
	Whitefly fitness assays
	Statistical analysis
	Virus acquisition and retention
	Determining virus transmission efficiencies
	Relative quantification of whitefly immune genes by qPCR
	Localisation of symbionts in nymphs and adults using FISH

	Results
	Fecundity and nymph development
	Adult emergence and development time
	Detection and quantification of EACMV-UG in single cassava whiteflies
	Relative expression of immune genes
	Localisation of symbionts in cassava whitefly nymphs and adults

	Discussion
	Author contributions
	Acknowledgements
	References




