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Abstract

Wolbachia (Rickettsiales: Alphaproteobacteria) infections induce abnormalities in the reproductive system and affect
various biological traits of the host insects. The density of Wolbachia is one of the major parameters that influence
induced phenotypes and interactions with the hosts. Wolbachia occurs naturally in populations of the leafhopper
Yamatotettix flavovittatus Matsumura (Hemiptera: Cicadellidae), which transmits phytoplasma that cause white leaf
disease in sugarcane. However, the quantity and dynamics of Wolbachia in this leafhopper are not well understood.
In the current study, we estimated the number of Wolbachia by absolute quantification of the copy number of
wsp, which encodes the outer surface protein, using real-time quantitative polymerase chain reaction (PCR). This
investigation was performed using natural populations and laboratory colonies from three lineages of leafthoppers
(designated as UD, KK, and SK). There was no significant difference in the number of wsp copies in most of field-
collected adults. During the immature developmental stages, there were differences in the dynamics of Wolbachia
infection between the UD lineage and the other two lineages. However, the number of wsp copies increased in
the early instar and plateaued in the later nymphal instars. Sex had no influence on the number of Wolbachia
within the same lineages.The number of Wolbachia was relatively constant during the adult stage in the UD lineage
but fluctuated in the other two lineages. In conclusion, the present data provide a framework for exploring the
relationship between Wolbachia and the leafhopper and could facilitate future research into management strategies
using Wolbachia.
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Intracellular bacteria of the genus Wolbachia (Rickettsiales: The density of Wolbachia has been recognized as a key factor

Alphaproteobacteria) are reproductive manipulators that can induce
abnormalities in the reproductive system of several insect hosts.
These induced phenotypes include parthenogenesis, feminization,
male killing, and cytoplasmic incompatibility (Werren et al. 2008,
Zug and Hammerstein 2012). In addition, positive and negative ef-
fects on insect traits have been reported. For instance, Wolbachia
infections were revealed to increase female fecundity, egg hatching,
and host survival (Dobson et al. 2004, Guo et al. 2018, Bagheri
et al. 2019). The deleterious effects include decrease in egg produc-
tion, survival rate, and life span (Sumida et al. 2017, Lopez et al.
2018). Moreover, Wolbachia could reduce pathogen transmission in
vector-borne diseases (Walker et al. 2011, Ye et al. 2015). Recently,
Wolbachia-induced specific phenotypes have been proposed as
a novel control strategy against insect pests (Hughes et al. 2011,
Walker et al. 2011, Bourtzis et al. 2014, Hoffmann et al. 2015).

that determines host—-Wolbachia relationships as its titers influ-
ence the virulence or penetrance of Wolbachia-induced phenotypes.
Moreover, it affects the efficiency of maternal transmission, which
could influence successful maintenance in the host populations
(Noda et al. 2001, Ikeda et al. 2003, Unckless et al. 2009, Correa
and Ballard 2012, Calvitti et al. 2015). The mechanisms that regu-
late Wolbachia density within the host population are considered to
result from the interactions of various factors. These include the spe-
cies, developmental stage, sex, and genotype of the hosts, Wolbachia
strain, and environmental conditions (Mouton et al. 2003, Correa
and Ballard 2012, Lépez-Madrigal and Duarte 2019). Hence, char-
acterizing the infection density of Wolbachia and associated factors
is essential for understanding the interplay between this bacterium
and its hosts; the data generated may also help in the development
of pest management strategies using Wolbachia.
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The leafthopper  Yamatotettix  flavovittatus ~ Matsumura
(Hemiptera: Cicadellidae) is the vector of phytoplasma, a causa-
tive pathogen of the sugarcane white leaf disease (Hanboonsong
et al. 2006). This disease is the most serious problem for sugarcane
plantations and causes substantial yield losses in sugarcane-
producing countries in Southeast Asia (Thein et al. 2012, Youichi
and Hanboonsong 2017). High frequencies of Wolbachia infections
(>80%) were reported in natural populations of Y. flavovittatus
leathoppers (Wangkeeree et al. 2020a). Moreover, Wolbachia infec-
tions drove reproductive incompatibility and showed perfect ver-
tical transmission in Y. flavovittatus leafhoppers (Wangkeeree et al.
2020b). These reports highlight the possibility for future studies into
leathopper control strategies using Wolbachia.

As mentioned, Wolbachia density influences induced phenotypes
as well as the efficiency of maternal transmission, leading to stable
infections within the host populations. However, the number of
Wolbachia in Y. flavovittatus remains to be elucidated. Therefore, the
aim of the current study was to estimate the number of Wolbachia
in three different leafhopper lineages. The number of copies of the
Wolbachia surface protein-encoding gene (wsp) was determined in
field-collected leathoppers and different developmental stages of la-
boratory colonies.

Materials and Methods

Leafhopper Collection

Adult Y. flavovittatus were collected from sugarcane plantations in
2019 and 2020. The sugarcane fields locate in the northeastern (Udon
Thani and Khon Kaen Provinces) and eastern (Sa Kaeo Province) re-
gions of Thailand. Specimens from each location were assigned to
different lineages as follows: UD, KK, and KK, representing Udon
Thani, Khon Kaen, and Sa Kaeo Provinces, respectively (Supp Table
S1 [online only]). Adult leafhoppers were preserved in absolute
ethanol for DNA extraction, and some leafthoppers collected in 2019
were used to establish the laboratory colonies.

Leafhopper Rearing and Specimen Sampling

Specimens collected in 2019 were used for mass rearing in a controlled
laboratory; the conditions were as follows: temperature 27 = 2°C, rela-
tive humidity 70% = 5%, and photoperiod 14:10 (L:D). Representative
leathoppers from each lineage were maintained in sugarcane plant
cages, until the offspring emerged and then used in the experiments. To
prepare the samples for quantifying number of Wolbachia, five pairs
of male and female leathoppers from the new generation stock were
collected, released into cages containing sugarcane plants (total of six
to eight cages per lineage), and allowed to mate; thereafter, the females
were allowed to lay their eggs. Next, the eggs laid were collected in
three phases of the embryonic stage as follows: egg-I, 2 d; egg-II, §
d; egg-1II; 9 d. Five nymphal instars (represented as N1, N2, N3, N4,
and NS for the first to fifth instars, respectively) were collected on the
corresponding first days of development based on daily observations
(i.e., after hatching for N1 and after molting for N2-N35). After adult
emergence, males and females of similar ages were segregated and al-
lowed to mate in the same sugarcane plant cages. Adult leafhoppers
were subdivided into six stages based on their age, and sampled at ages
5,10, 15, 20, 25, and 30 d. The specimens were preserved in absolute
ethanol and stored in a freezer at ~20°C until use.

DNA Extraction
Genomic DNA was extracted from individual nymphal instars and
adult leafhoppers, and five specimens of eggs were pooled together.

The phenol-chloroform method was used for DNA extraction
(Ausubel et al. 2008), with minor modification for leafhoppers, as
described in a previous study (Wangkeeree et al. 2020a). In brief,
the samples were homogenized in the extraction buffer (200 mM,
Tris pH 8.0; 250 mM NaCl; 25 mM EDTA; 0.5% SDS; 0.1 mg/
mL proteinase K) and overnight incubated at 37°C. DNA was ex-
tracted using an equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1), followed by centrifugation at 10,000 xg at 4°C for 5 min.
The upper aqueous phase was moved into another tube, then ex-
tracted once with an equal volume of chloroform:isoamyl alcohol
(24:1), and centrifuged at 10,000 xg at 4°C for 5 min. DNA pel-
lets were obtained by precipitation with sodium acetate and iso-
propanol centrifugation at 10,000 xg at 4°C for 20 min, and the
supernatants were removed. DNA pellets were washed with 70%
absolute ethanol, air-dried, and resuspended in 20 ul of TE buffer
(10 mM Tris, 1 mM EDTA). DNA concentration was measured in
the extracts using a Nanodrop spectrophotometer (NanoDrop Lite;
Thermo Scientific) before storage at ~20°C until use for analysis.

Wolbachia Detection

To confirm the infection status, field-collected leafhoppers were tested
for the prevalence of Wolbachia using polymerase chain reaction
(PCR) with specific primers. The wsp gene was amplified using the
forward primer 81F (5-TGGTCCAATAAGTGATGAAGAAAC-3)
and the reverse primer 961R (5"-AAAAATTAAACGCTACTCCA-3)
(Zhou et al. 1998), which generated a 610 base-pair product. The
PCR procedure for Wolbachia detection in the leathoppers followed
the method of Wangkeeree et al. (2020a). In brief, the reactions were
performed with 25-pl reaction mixtures comprising the following
components: 2 pl DNA template, 1x reaction buffer, 2.5 mM MgCIL,
0.5 pM primers, 0.2 mM dNTPs, and 1 U Tag DNA polymerase
(Invitrogen, Carlsbad, CA). The cycling conditions were as follows:
initial denaturation (94°C, 5 min); 30 cycles of denaturation at 95°C
(1 min), annealing at 55°C (I min), extension at 72°C (1 min); and
final extension at 72°C (10 min). The PCR products were visualized
on 1% agarose gels, and the bands were stained with SYBR Safe
DNA Gel Stain (Invitrogen).

Construction of qPCR Standard Curves

The specific primers were designed based on the wsp gene sequences
from the three lineages of Y. flavovittatus (UD, KK, and KK lineages)
and deposited at the GenBank database under accession numbers
MT949318-MT949347. The primers were designed and checked for
specificity using the Primer-BLAST program of NCBI. The forward
primer wYfla-F (5-GGTGTTGGTGCAGCGTATGT-3’) and the re-
verse primer wYfla-R (5-TCCGCCATCATCTTTAGCTGT-3") were
used to amplify a 198-bp fragment of wsp. The fragments were amp-
lified by PCR as described above (except annealing and extension for
30 s for each). The PCR products were visualized on a 1% agarose
gel and the bands were stained with SYBR Safe DNA Gel Stain
(Invitrogen). The wsp amplicons were ligated to plasmid the pCR4-
TOPO TA vector, and then transformed into TOP10 Competent
Cells (TOPO-TA Cloning kit; Life Technologies, Carlsbad, CA), ac-
cording to the manufacturer’s procedures. Recombinant plasmids
were purified using the Purelink Quick Plasmid Miniprep Kit (Life
Technologies).

The plasmids containing the insert (size 4154 bp including
plasmid vector 3956 bp and insert 198 bp) were linearized with
Pstl. The digested plasmids were purified and quantified using the
Nanodrop spectrophotometer and copy numbers of wsp fragments
were calculated as the formula (Whelan et al. 2003):
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6.022 x 10?* (molecules/mole) x DNA concentration (g/ul)

Number of copies/l = Size of the clone in bp x 660 Daltons

The standard curve was generated using this linearized plasmid con-
taining the wsp sequence, which was subjected to five serial dilutions
(107-10° copies).

Quantitative Real-time PCR

Specimens used to quantify the copy number of wsp included indi-
vidual adult males and females from natural populations of three
lineages (7 = 5 adults for each sex/lineage), groups of five eggs (n =5
pooled eggs for each embryonic stage/lineage), individual nymphs
from the first to fifth instar (# = 5 nymphs for each stage/lineage),
and individual adult males and females (7 = 5 adults for each sex/
ages/lineage). The quantity of genomic DNA in the specimens was
measured using a spectrophotometer and diluted to a concentration
of 50 ng/ul before analysis. qPCR was carried out using the Applied
Biosystems StepOnePlus Real-time PCR system (Applied Biosystems,
Foster City, CA). Absolute quantification was performed according
to the methods of Dossi et al. (2014), with minor modifications. In
brief, reactions were performed in 20 pl final volume which consisted
of the qPCR components were as follows: 1 pl (final 50 ng) template
DNA, 0.5 pl (0.5 uM) of primers (wYfla-F and wYfla-R), and 10 pl
of SYBR Green Master Mix (Applied Biosystems). The cycling con-
ditions were as follows: 95°C for § min, followed by 30 cycles at
95°C for 45 s, 55°C for 30 s, and 60°C for 30 s. The samples and
serial dilutions of standards were distributed in triplicate wells. The
reaction mixtures without DNA were used in all amplifications as
negative controls. The copy number of wsp in the unknown sam-
ples was quantified by comparing the Cq values (cycle threshold)
against those produced by serial dilutions of standards. The abso-
lute copy number of wsp was determined to estimate the number
of Wolbachia per unit concentration of the leafhopper DNA. The
gPCR efficacy was >90% and R* was >99% for all assays (Supp Fig.
S1 [online only]). A melting curve analysis was performed under the
conditions of 60-95°C, and showed that one correct peak was pro-
duced for all tests (Supp Fig. S2 [online only]).

Statistical Analysis

We checked whether the data obtained using the Kolmogorov—
Smirnov test were normalized prior to using the parametric methods
of statistical analysis. The number of copies of wsp from Wolbachia
from different geographical locations and different ages from each
stage was determined. Statistically significant differences were deter-
mined using the one-way analysis of variance and comparisons of
the means was performed using Tukey’s honest significant difference
test (Tukey’s HSD). Number of copies of wsp in male and female
leathoppers was compared using the #-test. All statistical analyses
were performed using IBM SPSS Statistics 20.

Results

Infection Incidence and Number of Wolbachia in
Natural Populations

Infection statuses and number of Wolbachia were determined in
three lineages of Y. flavovittatus (designated as UD, KK, and SK for
leathoppers that were collected from Udon Thani, Khon Kaen, and
Sa Kaeo Provinces, respectively). High frequencies of Wolbachia
infections were detected in all populations from both collec-
tion years, with a positivity rate of 83-100% among the individ-
uals tested (Supp Table S1 [online only]). Meanwhile, the qPCR

results of the leafhopper that were collected in 2019 revealed that
the number of wsp copies ranged from 1.55 x 10* to 4.56 x 10*
copies. No significant difference was observed in most of the leaf-
hoppers across lineages and between sexes. One exception was
that females of the KK lineage showed the highest number of wsp
copies, which was significantly different from that of other samples
(F 5.9 = 4.31, P = 0.006; Fig. 1A). Similarly, no significant differ-
ence in the number of wsp copies was detected among different lin-
eages and between sexes of leathoppers that were collected in 2020
(F 559 = 0.96, P = 0.458). The mean number of wsp copies ranged
from 2.41 x 10* to 4.30 x 10* copies (Fig. 1B).

Number of Wolbachia in the Immature

Developmental Stage

Wolbachia amount was also determined in Y. flavovittatus leathop-
pers that were collected from different environments and reared in
the laboratory under similar conditions. The number of wsp copies
was compared within each stage during the immature developmental
periods. In the embryonic stage of the UD lineage, the number of
wsp copies increased with successive stages; the copy number in 9-d-
old eggs was significantly higher than that in 2- and 5-d-old eggs
(F 4.4 = 6.45, P = 0.036). Significant difference was also found in
the nymphal stages of this lineage (F , ,, = 11.44, P < 0.001). The
lowest number of wsp copies was found in the first instar (1.02 x
10* copies), and then it gradually increased during the second and
third nymphal instars. The copy number further increased in the
later nymphal instars, with the highest copy in the last two instars
(fourth and fifth nymphal stage), with 4.02 x 10* and 3.94 x 10*
copies, respectively (Fig. 2).

mmm  Female
Male

wsp copies (* 10%)

lincage

6.0+ ns

5.0

= Female
ez Male

wsp copies (x 10%)

uD KK SK

lineage

Fig. 1. Number of Wolbachia in field-collected Y. flavovittatus leafhoppers
of three different lineages. Specimens collected in (A) 2019 and (B) 2020.
Values represent the mean number (+SE) of wsp gene copies per 50 ng of
host genomic DNA (n = 5). Different letters above bars indicate a significant
difference determined by Tukey’s HSD test, ns; no significant difference (year
2019; F ; ,, = 4.3, P=0.006, year 2020; (F ; ,, = 0.96, P=0.458). KK, Khon Kaen;
SK, Sa Kaeo; UD, UdonThani.

(5,29)
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Similar trends were observed in the KK and SK lineages, in which
no significant difference in the number of wsp copies was found
vy = 145, P = 0.132, SK
lineage; F ,,, = 2.05, P = 0.337). The mean of wsp copies ranged
from 0.43 x 10* to 0.60 x 10° copies in the KK lineage and from
0.29 x 10° to 0.63 x 10° copies in the SK lincage (Figs. 3 and 4).
In the nymphal stage of the KK lineage, the number of wsp copies

in the embryonic stage (KK lineage; F

was low in the first nymphal instar (1.85 x 10* copies), with sig-
nificant differences compared with that in other nymphal instars
(F 429 = 1.92,P = 0.018). Thereafter, it increased in the second in-
star and remained stable until the fifth instar. The average amount
in these stages ranged from 3.27 x 10* to 3.64 x 10* copies, with
no significant differences among the second through fifth instars
(Fig. 3). The same trend was found in the SK lineage; the mean wsp
copies in the first instar were significantly lower (2.15 x 10* copies)
2y = 094, P =0.031). The number of
wsp increased at the second instar and remained stable until the last

than in the latter instars (F

instar of the nymph. The mean wsp copies ranged from 2.15 x 10* to
3.64 x 10* copies, with no significant differences among the second
through fifth instar (Fig. 4).

Moreover, the mean wsp copies in the same growth stage were
compared among different leafhopper lineages. No significant differ-
ence was found in 2- and 5-d-old egg stages. In contrast, the amount
of wsp in 9-d-old eggs of the UD lineage was significantly higher
than that in the KK and SK lineages (F , , = 51.44, P < 0.001; Supp
Table S2 [online only]). For nymphal development, significant dif-
ferences among lineages were observed only during the first- and
second-instar stages, with the mean copy number of wsp being
lower in the UD lineage than in the KK and SK lineages (first instar;
Fow= 4.02, P = 0.049, second instar; F o = 5.741, P = 0.02; Supp
Table S2 [online only]). No statistically significant difference was
detected in the third to fifth nymphal instar stages (Supp Table S2
[online only]).

Number of Wolbachia in the Adult

Developmental Stages

The number of wsp copies was also investigated during the adult de-
velopmental stages of female and male leathoppers. For each lineage,
the wsp copies were compared among different ages within the same

UD lineage
i
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g b s
104 b H
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egg-l  egg-ll egg-lll N1 N2 N3 N4 NS

Developmental stages

Fig. 2. Number of Wolbachia in the immature developmental stages of
Y. flavovittatus leafhoppers of the Udon Thani (UD) lineage. Egg-l to Egg-lll
refer to 2, 5, and 9 d after egg laying; N1 to N5 refer to the first to fifth instar
of the nymphal stages. Values represent the mean number (+SE) of wsp gene
copies per 50 ng of host genomic DNA (n = 5). Different letters above bars
indicate a significant difference determined within the same stage by Tukey’s
HSD test (egg; F =6.45, P=0.036, nymph; F =11.44, P< 0.001).

(2,14) (4,24)

sexes. qPCR results revealed that the wsp copies in the UD lineage
ranged from 7.11 x 10* to 9.88 x 10* copies for females and 4.81 x
10* to 9.10 x 10* for male leafhoppers (Fig. 5). Within this lineage,
the number of wsp copies was constant across ages and similar be-
tween the sexes. No significant difference was observed over the en-
tire life span of female and male leathoppers (female; F ;,, = 0.60,
P =0.695, male; F ;,, = 1.10, P = 0.387). However, in both sexes,
the highest wsp copies were observed at 25 d of age, whereas the
lowest copy number was detected at 30 d of age (Fig. 5).
Furthermore, the trends of wsp copies in adult leafthoppers from
the KK and SK lineages were quite similar. The number of Wolbachia
fluctuated throughout the development of the adult stage, and these
dynamics were quite similar for both sexes (Figs. 6 and 7). In the
KK lineage, no significant difference in the number of wsp copies

KK lincage
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Developmental stages

Fig. 3. Number of Wolbachia in the immature developmental stages of
Y. flavovittatus leafhoppers of the Khon Kaen (KK) lineage. Egg-l to Egg-lll
refer to 2, 5, and 9 d after egg laying; N1 to N5 refer to the first to fifth instar
of the nymphal stages. Values represent the mean number (+SE) of wsp gene
copies per 50 ng of host genomic DNA (n = 5). Different letters above bars
indicate a significant difference determined within the same stage by Tukey’s
HSD test, ns; no significant difference (egg; F = 1.45, P = 0.132, nymph;

(2,14)

F 420 = 192, P=0.018).
SK lineage
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Fig. 4. Number of Wolbachia in the immature developmental stages of
Y. flavovittatus leafhoppers of the Sa Kaeo (SK) lineage. Egg-I to Egg-lll refer
to 2, 5, and 9 d after egg laying; N1 to N5 refer to the first to fifth instar
of the nymphal stages. Values are the mean number (+SE) of wsp gene
copies per 50 ng of host genomic DNA (n = 5). Different letters above bars
indicate a significant difference determined within the same stage by Tukey’s
HSD test, ns; no significant difference (egg; F = 2.05, P = 0.337, nymph;
F =0.94, P=0.031).
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Fig. 5. Number of Wolbachia during the adult developmental stages of
Y. flavovittatus leafhoppers of the UdonThani (UD) lineage. Values represent
the mean number (£SE) of wsp gene copies per 50 ng of host genomic
DNA (n = 5). Different letters above bars indicate a significant difference

determined within the same sex by Tukey’s HSD test (female; F 5200 = 0-60,
P=0.695, male; F ., = 1.10, P= 0.387), ns; no significant difference.
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Fig. 6. Number of Wolbachia during the adult developmental stages of
Y. flavovittatus leafhoppers of the Khon Kaen (KK) lineage. Values represent
the mean number (+SE) of wsp gene copies per 50 ng of host genomic
DNA (n = 5). Different letters above bars indicate a significant difference
determined within the same sex by Tukey’s HSD test (female; F ,, = 2.59,
P=0.053, male; F =3.41, P=0.019).
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was detected for female leafhoppers, which ranged from 3.41 x
10* to 7.12 x 10* copies (F , = 2.59, P = 0.053). However, for
male leafhoppers, the number ranged from 3.38 x 10* to 7.34 x 10*
copies (F ,, = 3.41, P = 0.019; Fig. 6). The trend of fluctuation
throughout the adult stages was observed in the SK lineage, but no
significant difference in the number of wsp copies was observed be-
tween the sexes (female; F ., = 1.18, P = 0.357, male; F ;,, = 1.22,
P = 0.334). The mean wsp copies ranged from 3.77 x 10 to 8.03 x
10* copies and from 3.62 x 10* to 8.12 x 10 copies for female and
male leathoppers, respectively (Fig. 7).

Moreover, for each lineage, the number of wsp copies between
female and male leafhoppers at the same age was compared, and
no significant difference was observed (Supp Tables S3-S5 [online
only]). Notably, the average number of wsp copies was higher than
4.56 x 10" in most adults from laboratory colonies, which was the
highest copy number found in field-collected females of the KK
lineage.

Fig. 7. Number of Wolbachia during the adult developmental stages of
Y. flavovittatus leafhoppers of the Sa Kaeo (SK) lineage. Values represent
the mean number (+SE) of wsp gene copies per 50 ng of host genomic
DNA (n = 5). Different letters above bars indicate a significant difference
determined within the same sex by Tukey’s HSD test (female; F =118,
P=0.357 male; F =1.22, P=0.334).

(5,29)

(5,29)

Discussion

Investigations of Wolbachia quantity have implications in under-
standing the relationships between this bacterium and its hosts. To
evaluate the number of Wolbachia, we chose the wsp gene, which
encodes a Wolbachia surface protein and is generally used to quan-
tify the Wolbachia using qPCR. Based on a single-copy gene present
in each genome, the absolute copy number of wsp was determined
to estimate the number of Wolbachia. This method has been used to
quantify Wolbachia in several insect hosts (Zhang et al. 2010, Zhou
and Li 2016, Hosseinzadeh et al. 2019, Lu et al. 2019). To our know-
ledge, this is the first study to describe number of Wolbachia in each
developmental stage of Y. flavovittatus and we found that the copy
number varied among different leathopper lineages.

The findings of the present study indicate that no significant
difference in the number of Wolbachia in most of field-collected
leafthopper across lineages and between sexes, with occasional
variations in females of the KK lineage in 2019. The factors that
may influence Wolbachia density in natural populations of hosts
originating from different geographical locations include insect
genotype and Wolbachia strain (Unckless et al. 2009, Hoffmann
et al. 2014). Moreover, environmental conditions could be one
of the major factors that influence Wolbachia density (Mouton
et al. 2007). Wolbachia density in the psyllid Diaphoria citri
(Kuwayama) was found to be different among geographical popu-
lations (Chu et al. 2016), and Wolbachia density in the leathoppers
and planthoppers exhibits variations across different populations
(Wiwatanaratanabutr 2015). However, additional investigations
are required to determine the influence of environmental changes
on the number of Wolbachia in Y. flavovittatus leafthoppers. In add-
ition, we suggest that some variations in the number of Wolbachia
in this study may also be influenced by the age of the specimens
collected from the fields. Similarly, we observed fluctuations in the
number of Wolbachia throughout the adult developmental stage of
the laboratory colony.

We also investigated the number of Wolbachia in different de-
velopmental stages of three lineages reared in the laboratory under
the same conditions. During the embryonic stage of these three leaf-
hopper lineages, there were differences in the dynamics of Wolbachia
infection between the UD lineage and the other two lineages. This
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may be due to the specific response of each developmental stage to the
difference in the genotype of Y. flavovittatus and Wolbachia strain.

In the present study, the absolute copy number of wsp was as-
sessed without an internal control of the host gene. To avoid the
inaccuracy in data, the quantity of Wolbachia was not compared
between the embryonic and nymphal stages of Y. flavovittatus.
However, a difference in the number of Wolbachia between the
egg and nymphal stages has been reported. In the psyllid D. citri,
Wolbachia density increased across developmental stages, with
lower levels during embryonic development and gradually increasing
across the nymph stages (Dossi et al. 2014). This is not surprising
as host physiology and tissues vary significantly during growth and
development. Therefore, the physiology of the host may influence
the density of Wolbachia during development, directly by restric-
tions imposed on the space available for Wolbachia replication in
the cells or tissues they occupy. However, high Wolbachia titers in
the embryonic stage compared with those in the first-instar nymph
were reported in the psyllid D. citri. The reduction in the number of
Wolbachia after egg hatching might be due to its inability to resist
the immune response in nymphal tissues (Ren et al. 2018).

During nymphal development, in all three leafhopper lineages,
the number of wsp copies increased in the first or second nymph
instars and appeared to be relatively constant thereafter until the
last instar. This is in contrast with previous findings for the psyllid
D. citri, in which Wolbachia density increased in successive nymphal
instars (Ren et al. 2018), and in the beetle Tribolium confusum
(Jacquelin du Val), in which Wolbachia density increased with larval
development from the first to the last instar (Lu et al. 2019). The
continuous growth of Wolbachia across developmental stages could
be explained by the fact that the density dynamics are tightly modu-
lated by host ontogeny, such that the proliferation of Wolbachia
depends on living cells in their hosts (Ruang-areerate et al. 2004).
Nevertheless, the number of Wolbachia in Y. flavovittatus leafthop-
pers increased in the early nymphal stages and was relatively stable
from the third to the last nymphal stages. We speculate that this sat-
uration of growth may be attributed to the limitation of space avail-
able in the nymphal body. As previously reported, in nymphs and
adults of Y. flavovittatus leathoppers, Wolbachia localized and con-
centrated in bacteriomes (Wangkeeree et al. 2020a); thus, Wolbachia
replication is restricted by the space available in the cells or tissues
they invaded.

For the adult stages of Y. flavovittatus, consistent result was
obtained in both sexes from three lineages, in which the average
number of Wolbachia did not increase with aging. In contrast, in the
case of the psyllid D. citri, Wolbachia density continued to increase
with aging in females (Dossi et al. 2014), and a similar trend was
also reported in the wasp Habrobracon hebetor Say (Bagheri et al.
2019). We suggest that space restriction may be due to the localiza-
tion of Wolbachia in the bacteriome of Y. flavovittatus leathoppers,
as mentioned above.

The number of Wolbachia in Y. flavovittatus adult was not
compared with that in the egg and nymphal stages. Variations in
Wolbachia density across developmental stages have been reported
in other insects, for instance, Wolbachia density in adults of the
beetle Octodonta nipae (Maulik) was higher than that in the im-
mature stages (Ali et al. 2018). This correlation between Wolbachia
density and developmental stages has also been reported in the wasp
H. hebetor (Bagheri et al. 2019) and the beetle Paederus fuscipes
Curtis (Ge et al. 2020). To improve the accuracy of comparison of
Wolbachia density among different developmental stage or tissues,
future studies using relative qPCR to quantify the internal control
gene in Y. flavovittatus are necessary.

The number of wsp copies in Y. flavovittatus adults varied across
lineages. The UD lineage had a relatively constant number copy
compared with the other two lineages (KK and SK), in which the
wsp copies fluctuated throughout adult development. Moreover,
we found that leafhoppers of the UD lineage exhibited a higher
number of wsp copies at most of ages than their KK and SK lineage
counterparts. This finding is consistent with reports for the brown
planthopper Nilaparvata lugens (Stdl), in which there is a fluctuation
in Wolbachia density during the adult stages across planthopper
lineages (Zhang et al. 2010). Differences in Wolbachia density are
known to result from interactions between the genotype of the hosts
and that of Wolbachia strain (Mouton et al. 2007). Thus, the dif-
ference in the number of wsp copies among lineages may have been
contributed by the genotype of Y. flavovittatus originating from dif-
ferent geographical locations, as well as Wolbachia strain associated
with each lineage.

Regarding Wolbachia strain, based on the wsp gene, there was
a single supergroup B in the UD, KK, and SK lineages. However,
based on nucleotide sequences of housekeeping genes (gatB, coxA,
hepA, ftsZ, and fbpA), allelic profiles comprise different sequence
typing among these three lineages (Wangkeeree et al. 2021). This
may be a factor responsible for the differences observed among each
lineage. Thus, we hypothesize that in leafhoppers of the UD lineage,
Wolbachia could have adapted to the leathopper tissues by avoiding
the host immune response, as evidenced by the higher and relatively
constant levels in the adult stages. The fluctuation in the number
of Wolbachia in the KK and SK lineages might be a response to
several factors during this developmental period. These may include
tissue tropism and immune system of the hosts (Lopez-Madrigal and
Duarte 2019), expression of the host gene that regulates Wolbachia
proliferation (Serbus et al. 2011), as well as the antagonist micro-
organisms within the same host (Goto et al. 2006). However, the
underlying mechanisms of fluctuation in number of Wolbachia in
adult Y. flavovittatus should be further studied.

We observed no significant differences between sexes, sug-
gesting that the number of Wolbachia is not regulated differently
in the two sexes of Y. flavovittatus. Similarly, no significant differ-
ence in Wolbachia density was detected in males and females of the
beetle O. nipae (Ali et al. 2018). Variation in Wolbachia density be-
tween sexes has been reported; for instance, Wolbachia density in
the females of the fly Drosopbhila simulans and the mosquito Aedes
albopictus (Skuse) was higher than that in the males (Tortosa et al.
2010, Correa and Ballard 2012). In contrast, the infection level of
Wolbachia in the males of the psyllid D. citri was higher than that
in the females (Hoffmann et al. 2014, Ren et al. 2018). These dif-
ferences could be explained by mechanisms that drive appropriate
ranges of infection burden by Wolbachia within hosts; however,
these mechanisms seem highly dependent on the Wolbachia-host and
sex-specific interactions.

A possible limitation of this study is that we performed absolute
quantification of wsp copies in the different life stages of the leaf-
hopper. Relative quantification, in which the ratio of the amount
of target gene and the amount of internal control gene is meas-
ured, may be more accurate. However, good correspondence has
been found between the relative and absolute quantifications to
determine Wolbachia density (Zhou and Li 2016). Therefore, our
method of quantification is unlikely to substantially skew the results.
To improve the accuracy of measurements, suitable internal con-
trol genes should be screened for further studies in Y. flavovittatus.
Nevertheless, suitable internal control genes should be screened for
further studies in Y. flavovittatus. In addition, another approach to
improve the accuracy of measurements is droplet digital PCR, which
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is used for the quantification of Wolbachia in insect hosts (Fisher
et al. 2019). Apart from primers, specific probes are also used in the
reaction to assess Wolbachia density. This technique should be fur-
ther developed for Y. flavovittatus leathoppers.

In summary, our findings suggest that the dynamics of Wolbachia
infection varied among different leafhopper lineages. Within the
same lineages, the number of Wolbachia was not influenced by
sexes. However, in adult stages, it was relatively constant in the UD
lineage but fluctuated in the KK, and SK lineages. Previous studies
have revealed the perfect vertical transmission of Wolbachia and
reproductive incompatibility in the UD, KK, and SK leathopper
lineages. These studies highlight the possibility for future inves-
tigations on control strategies using Wolbachia. In this context,
Wolbachia may have a novel use as a vehicle for transgenes into
the leafhopper vector populations (Xi et al. 2005) and/or use in
artificial transinfection methods (Gong et al. 2020). In the present
study, we elucidated the number of Wolbachia associated with each
leafthopper lineage. These could be useful information for future
development of transinfection, that is, infected-leafhoppers of the
UD lineage may be an appropriate source as donors as this lineage
exhibited a relatively constant level and high number compared
with those of the other two lineages (KK and SK). However, future
studies should explore the characteristics of Wolbachia strains, that
is, how induced phenotypes (reproductive incompatibility, growth
and development, and pathogen transmission) respond to the
changes in number of Wolbachia.
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