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ABSTRACT The impact of symbionts on their hosts depends on their infection density. In the
current study, we investigated the effects of host plant and insecticide resistance on the relative
amount of symbionts Portiera, Hamiltonella, Rickettsia, and Cardinium in the whiteßy Bemisia tabaci
(Gennadius) B biotype. The relative amount of symbionts in three host plant-adapted subpopulations
(cucumber, Cucumis sativus L.; cabbage, Brassica oleracea L.; and cotton, Gossypium herbaceum L.)
with the same genetic background and insecticide (thiamethoxam)-resistant and -susceptible sub-
populations with the same genetic background were measured by quantitative polymerase chain
reaction. The results showed that the cucumber population harbored more Portiera than the cabbage
and cotton populations, the cabbage population harbored more Hamiltonella than the cucumber
population, Hamiltonella amount did not statistically differ between the cotton and cucumber or the
cotton and cabbage populations, and the cabbage population harbored moreRickettsia andCardinium
than the cucumber and cotton populations. In addition, the thiamethoxam-susceptible population
harbored more Portiera and Hamiltonella than the thiamethoxam-resistant population, whereas the
thiamethoxam-resistant population harbored more Rickettsia than the thiamethoxam-susceptible
population. These results indicated that relative amounts of symbionts were affected signiÞcantly by
host plant-adaption and insecticide resistance, and the response to host plant and insecticide differed
among the symbionts.
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The sweetpotato whiteßyBemisia tabaci (Gennadius)
(Hemiptera: Aleyrodidae) is a destructive pest of
many Þeld crops and protected crops worldwide. It
causes serious damage by directly feeding on plants
and by vectoring �200 plant viruses (Hogenhout et al.
2008, Nawaz-ul-Rehman and Fauquet 2009, Pan et al.
2012a). Bemisia tabaci is recognized as a species com-
plex that comprises a large number of genetically dis-
tinct sibling species, biotypes, or both (Brown et al.
1995, Dinsdale et al. 2010, De Barro et al. 2011). Re-
searchers have thus far described �30 whiteßy bio-
types, of which the B biotype (herein referred to as B)
and Q biotype (herein referred to as Q) are the most
invasive (De Barro et al. 2011).

The B. tabaci associated with the Þrst whiteßy out-
break in China, which occurred in the mid-1990s, was
the exotic B (Luo et al. 2002). Since then, B rapidly
invaded the entire country, and has led to serious yield
losses in many crops (Chu et al. 2006). Q Þrst was
found in Yunnan Province in 2003 and was considered
a new, invasive whiteßy in China (Chu et al. 2006).

Since its introduction, Q has spread into many parts of
China (Pan et al. 2011).

Like many other insects, B. tabaci hosts bacterial
endosymbionts (Baumann 2005). The symbionts of
insects generally are divided into two groups: primary
symbionts (referred to as P-symbionts) and secondary
symbionts (referred to as S-symbionts) (Baumann
2005, Feldhaar 2011). To date, one P-symbiont (Porti-
era) and six S-symbionts (Hamiltonella, Arsenophonus,
Cardinium, Wolbachia, Rickettsia, and Fritschea) have
been reported from the B. tabaci (Zchori-Fein and
Brown 2002, Weeks et al. 2003, Thao and Baumann
2004a, Baumann 2005, Everett et al. 2005, Gottlieb et
al. 2006). The P-symbiont Portiera provides nutrients
that supplement the insufÞcient nutrients that B.
tabaci obtains from its restricted diet of plant phloem
(Thao and Baumann 2004b, Baumann 2005), whereas
S-symbionts play important roles in B. tabaci biology
and ecology (Kontsedalov et al. 2008, Mahadav et al.
2008, Ghanim and Kontsedalov 2009, Gottlieb et al.
2010, Brumin et al. 2011, Himler et al. 2011). For
example, infection by the S-symbiont Rickettsia in-
creases the Þtness ofB. tabaciB: relative to uninfected
whiteßies,Rickettsia-infected whiteßies experienced a
15Ð30% increase in survival to adulthood, developed to
adulthood 1Ð2 d faster, produced twice as many off-
spring, and produced a greater proportion of female
offspring (Himler et al. 2011).
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The amount of the symbiont (the number of sym-
bionts per host whiteßy) is important because it in-
ßuences both the efÞciency of transmission of the
symbiont to the offspring and the virulence of the
symbiont (Kondo et al. 2005). For example, high bac-
terial densities in B. tabaci are correlated with the
insectÕs ability to detoxify insecticides and other toxic
compounds (Ghanim and Kontsedalov 2009). Latest
research from our laboratory recently has shown that
biotype, sex, host plant, and geographical location
affected the diversity and infection frequency of S-
symbionts inB. tabaci(Chu et al. 2011; Pan et al. 2012b,
c), but, few studies have focused on the infection
densities of these symbionts.

In the current study we 1) measured the effect of
host-plant adaptation on the relative amount of P- and
S-symbionts in B. tabaci subpopulations, and 2) de-
termined the relative amount of symbionts in insec-
ticide (thiamethoxam)-resistant and -susceptible sub-
populations.

Materials and Methods

Plant Cultures. Three crop species from three fam-
ilies, which have been widely cultivated in China,
were used in the experiments: cabbage (Brassica ol-
eraceaL., ÔJingfeng 1�), cucumber (Cucumis sativusL.,
ÔZhongnong 12�) and cotton (Gossypium herbaceum
L., ÔDP99BÕ). The cabbage and cucumber seeds were
purchased from the Institute of Vegetables and Flow-
ers, Chinese Academy of Agricultural Sciences, Bei-
jing, China, and the cotton seed was purchased from
the Monsanto Company, Creve Coeur, MO, United
States. All the three Þeld crops were grown in a potting
mix (a mixture of peat moss, vermiculite, organic fer-
tilizer, perlite in a 10:10:10:1 ratio by volume) in 1.5-
liter pots (one plant per pot) and enclosed in whiteßy-
proof screen cages under natural light and controlled
temperature (26 � 2�C) in a glasshouse. When these
plants grew to the 5Ð7 true leaf stage, they were used
to maintain the corresponding B. tabaci laboratory
populations (see next section).
B. tabaci Host Plant-Adapted Subpopulations. The

three host plant-adapted B. tabaci B subpopulations
(cotton, cucumber, and cabbage) used in this study
were derived from the same parental population. The
parental population was established in 2004 by releas-
ing 10 pairs of B. tabaci adults, which had been col-
lected from cabbage in Haidian District of Beijing, into
one screen cage containing one cabbage plant in a
glasshouse (Xie et al. 2011, Pan et al. 2012c). The
parental population was identiÞed as a pure B popu-
lation based on the sequencing of the mitochondria
cytochrome oxidase one (mtCO1) gene marker
(Zhang et al. 2005). After two generations, two more
cabbage plants (i.e., three plants in total) were placed
in the parental population cage. After one additional
generation, two additional host-adapted subpopula-
tions (cucumber and cotton) were established by ran-
domly removing two of the three cabbage plants from
the parental population cage (i.e., from the cage with
thecabbagepopulation)and transferringone toacage

with one cucumber plant and the other to a cage with
one cotton plant. These three populations, which have
the same genetic background, have been maintained
in the same glasshouse since then. At the time of the
current study, the three genetically similar but host-
adapted populations had been cultured for over 6 yr
(�105 generations) under the same conditions and
without exposure to insecticide.
Thiamethoxam-Resistant and -Susceptible Sub-
populations of B. tabaci. The B. tabaci B thiame-
thoxam-resistant (TH-R) and -susceptible (TH-S)
subpopulations were the same populations as de-
scribed previously (Feng et al. 2009, 2010). A recent
comparison of the two subpopulations indicated that
the mRNA expression levels of three P450 genes
(CYP6a8, CYP4v2, andCYP6v5) were �10-fold higher
in the TH-R than in the TH-S subpopulation (Xie et
al. 2012). At the time of this study, the resistance ratio
was at least 70 and seemed stable (Xie et al. 2012).
Quantitative Real-Time Polymerase Chain Reac-
tion. Females from each of the Þve populations (cab-
bage, cucumber, cotton, TH-S, and TH-R) were col-
lected (giving three samples for each population with
20 females per sample), stored at �80�C, and then
subjected to DNA extraction with a TIANamp
Genomic DNA Kit (Tiangen Biotech Co., Ltd, Beijing,
China). The puriÞed DNA from each sample was
eluted with 200 �l of AE buffer supplied in the kit.

The symbionts in the samples were quantiÞed by
Quantitative Real-Time Polymerase Chain Reaction
(qPCR). The gene names, amplicon sizes, and primers
are listed in Table 1. qPCR was performed with the
Applied Biosystems 7900 real-time PCR instrument
with 2�SYBR Green PCR mix (Tiangen, Beijing,
China). AmpliÞcations were performed in 10-�l re-
actions containing 5 �l of 2�SYBR Green PCR mix, 0.5
�l of each primer (10 �M each), 2 �l of template DNA,
and 2 �l of ddH2O. To ensure the validity of the data,
each of the genes was quantiÞed in quadruplicate for
each sample. The cycling conditions were as follows:
5 min activation at 95�C followed by 40 cycles of 30 s
at 95�C, 30 s at 55�C, and 20 s at 72�C. As an endogenous
control, the expression of �-actin gene was measured
in parallel (Table 1). The mean normalized expression
value of each symbiont was calculated by comparing

Table 1. Oligonucleotide primers used in quantitative PCR

Gene
Primer

set
Amplicon
size (bp)

Primer sequence (5� to 3�)

Portiera 16S
rDNA

Port-F 229 TAGTCCACGCTGTAAACG
Port-R AGGCACCCTTCCATCT

Rickettsia
gltA

Glta-F 154 CGGATTGCTTTACTTAC
Glta-R AAATACGCCACCTCTA

Cardinium
16S rDNAa

Card-F 124 ACGGGAGGCAGCAGTA

Card-R CCGCAGGGATTGTTTT
Hamiltonella
16S rDNAb

243 GCATCGAGTGAGCACAGTTT
TATCCTCTCAGACCCGCTAGA

Actinc 130 TCTTCCAGCCATCCTTCTTG
CGGTGATTTCCTTCTGCATT

a Sequences designed in this study.
b Sequences obtained from Brumin et al. (2011).
c Sequences obtained from Ghanim and Kontsedalov (2009).
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the threshold cycle (Ct) of each target gene to that of
the whiteßy �-actin gene according to the 2��Ct

method (Livak and Schmittgen 2001).
DataAnalysis.The differences in relative amount of

symbionts in B. tabaci reared on different host plants
or between the TH-S and TH-R populations were
analyzed using one-way analysis of variance
(ANOVA), and the means were compared by the
Tukey test at P 	 0.05. All statistical analyses were
performed with SPSS version 17.0 (SPSS Inc., Chicago,
IL).

Results

Effects of Host-Plant Adaptation. The cucumber
population harbored more Portiera than the cabbage
andcottonpopulations(F2, 6 
15.771,P
0.004)(Fig.
1), and the cabbage population harbored more Ham-
iltonella than the cucumber population (F2, 6 
 9.077,
P 
 0.015); Hamiltonella amount did not statistically
differ between the cotton and cucumber or the cotton
and cabbage populations (Fig. 1). The cabbage pop-
ulation harbored more Rickettsia and Cardinium than
the cucumber and cotton populations (P 	 0.0001,
respectively) (Fig. 1).
Effects of Insecticide. The TH-S population har-

bored more Portiera and Hamiltonella than the TH-R
population (F1, 4 
 121.814, P 	 0.0001 and F1, 4 

13.701, P 
 0.021, respectively), whereas the TH-R
population harbored more Rickettsia than the TH-S
population (F1, 4 
 31.717, P 
 0.005) (Fig. 2).

Discussion

The principal topic addressed in this research was the
effect of plant factors on the relative amount of bacterial

symbionts in B. tabaci, an effect that has been described
previously in aphids (Wilkinson et al. 2001; Tsuchida et
al. 2002, 2004; Leonardo and Muiru 2003; Chandler et al.
2008). Our recent survey of 61 ÞeldB. tabacipopulations
collected from different plant species and locations in
China demonstrated that at least three factors, including
biotype or genetic group, host plant, and geographical
location, affect the infection frequencies of the S-sym-
bionts in B. tabaci (Pan et al. 2012b).

In the current study, the three plant-adapted sub-
populations derived from the same parental B biotype
laboratory population indicate that host plant affects
the amount of the S-symbionts in B. tabaci. This is
because the amounts of P- and S-symbionts were all
signiÞcantly different among the three plant-adapted
subpopulations. This result agrees with that of Pan et
al. (2012c), who report that signiÞcant variations were
exhibited in the infection frequencies of S-symbionts
among different host plant-adapted laboratory sub-
populations with the same genetic background as the
same populations used in this study (Pan et al. 2012c).

Host plants exhibited signiÞcant impacts on the
amount of the B whiteßies (Fig. 1). However, founder
effect, or genetic drift over a period of 6 yr might result
in the S-symbiont-host plant association pattern from
this experiment. In addition, other factors such as the
genetic background, population inertia, and stochas-
ticity might confound the impacts of host plants on the
amount of S-symbionts and cause the discrepancies.

Previous studies showed that multiple infections,
i.e., infections by different symbionts within the same
individuals, are common among diverse insect taxa
(Tsuchida et al. 2002, 2004; Simon et al. 2003; Gottlieb
et al. 2008; Gueguen et al. 2010; Toju and Fukatsu 2011;
Pan et al. 2012b). Although all three host-plant pop-
ulations contained higher densities of P-symbiont

Fig. 1. Relative amount of Portiera, Hamiltonella, Rick-
ettsia, and Cardinium in three B. tabaci populations (cucum-
ber, cabbage, and cotton) as determined by quantitative PCR
(normalized according to the amount of actin gene). Values
for relative amount of symbionts are means � SEM of three
replicates for each kind of plant. The data were analyzed with
one-way ANOVA. For each kind of symbiont, different let-
ters above the bars indicate signiÞcant differences among the
three populations (Tukey test, P 	 0.05).

Fig. 2. Relative amount of Portiera, Hamiltonella, and
Rickettsia in the thiamethoxam-resistant population and thia-
methoxam-susceptible population as determined by quanti-
tative PCR (normalized according to the amount of actin
gene). Values for relative amount of symbionts are means �
SEMs of three replicates for each kind of population. The
data were analyzed with one-way ANOVA. For each sym-
biont, different letters above the bars indicates that the
amount of the symbiont differed between the resistant and
susceptible populations (Tukey test, P 	 0.05).
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Portiera than of S-symbionts Hamiltonella, Rickettsia,
or Cardinium, the amount of each symbiont often
differed among the three populations. In particular,
the amount of the Portiera was signiÞcantly affected
by co-infection with theHamiltonella andRickettsia in
the cucumber and cabbage populations of B. tabaci.
This result is consistent with that of Sakurai et al.
(2005), who report the P-symbiont Buchnera popula-
tion was signiÞcantly suppressed in the presence of
Rickettsia in aphids (Sakurai et al. 2005). However, the
amount of the P-symbiont Portierawas not inßuenced
by co-infection with S-symbionts in the cotton pop-
ulation (Fig. 1). This disparity may be because of the
fact that different plant species harbor different phy-
totoxin or secondary metabolites that have antibiotic
effects on herbivores.

Our results indicate that selection for resistance to the
insecticide thiamethoxam affects the amount of symbi-
onts inB. tabaci.The TH-S strain harbored morePortiera
and Hamiltonella than the TH-R strain, whereas the
TH-R strain harbored more Rickettsia than the TH-S
strain. A previous study showed thatWolbachia amount
weregreater inapesticide-resistantmosquitopopulation
than in a susceptible population with the same back-
ground; the researchers suspected that mosquitoes may
control Wolbachia amount less efÞciently when they
carry resistance genes (Berticat et al. 2002). LikeWolba-
chia, Rickettsia also belongs to the Alphaproteobacteria,
and it appears that control of Rickettsia may be less
efÞcient in thiamethoxam-resistant than in thiame-
thoxam-susceptible B. tabaci populations. This result
contrasts with that of Kontsedalov et al. (2008) and
Ghanim et al. (2009), who report that the presence and
higher amount of Rickettsia in B. tabaci populations is
instrumental in making the whiteßy more susceptible to
chemical insecticides, whereas absence and lower
amountofRickettsia inB. tabacicouldresult in resistance
outbreaks. This disparity between our study and
Kontsedalov et al. (2008) and Ghanim et al. (2009) may
be because of the fact that different populations were
screenedordifferent localizationpatternsofRickettsia in
B. tabaci in the two studies (Caspi-Fluger et al. 2011).

In this study, the TH-S strain harbored more Porti-
era and Hamiltonella (they both belong to the Gam-
maproteobacteria) than the TH-R strain, which may
have resulted from the Þtness costs of insecticide-
resistance genes (Feng et al. 2009). Further research
is needed to determine why different symbionts re-
spond differently to insecticide application or insec-
ticide resistance genes.
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