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Co-infection of Wolbachia and Spiroplasma in spider mite
Tetranychus truncatus increases male fitness

Kang Xie, Yi-Jia Lu, Kun Yang, Shi-Mei Huo and Xiao-Yue Hong
Department of Entomology, Nanjing Agricultural University, Nanjing, China

Abstract Wolbachia and Spiroplasma are intracellular bacteria that are of great interest to
entomologists, because of their ability to alter insect host biology in multiple ways. In the
spider mite Tetranychus truncatus, co-infection of Wolbachia and Spiroplasma can induce
cytoplasmic incompatibility (CI) and fitness costs; however, little is known about the effect
of co-infection at the genetic level and the molecular mechanisms underlying CI. In this
study, we explored the influence of the two symbionts on male mite host fitness and used
RNA sequencing to generate the transcriptomes of 7. truncatus with four different types
of infection. In total, we found symbiont-infected lines had a higher hatch proportion than
the uninfected line, and the development time of the uninfected line was longer than that
of the other lines. Co-infection changed the expression of many genes related to digestion
detoxification, reproduction, immunity and oxidation reduction. Our results indicate that
co-infection of Wolbachia and Spiroplasma confers multiple effects on their hosts, and
helps illuminate the complex interactions between endosymbionts and arthropods.
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Introduction

Wolbachia 1is an intracellular bacterium which in-
fects a large number of terrestrial arthropods (Zug &
Hammerstein, 2012) and is famous for modulating host
reproduction via induction of mechanisms that enhance
its spread in insect host populations, including feminiza-
tion, male killing, parthenogenesis and cytoplasmic in-
compatibility (CI) (Werren et al., 2008). Furthermore,
Wolbachia also has positive effects on host fitness (Zug
& Hammerstein, 2015). Spiroplasma is a Gram-positive,
wall-less, helical bacteria that widely infects arthropods
(Tully et al., 1983; Williamson et al., 1998; Gasparich
et al., 2004). Some Spiroplasma strains are known to in-
duce male killing in several insects, such as fruit flies,
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ladybird beetles, small brown planthoppers and butter-
flies (Williamson et al., 1999; Jiggins et al., 2000; Sanada
et al., 2013; Tinsley & Majerus, 2006). In addition, many
researchers found that Spiroplasma is a mutualistic sym-
biont that protects hosts against parasitoid wasps (Xie
et al., 2010), nematodes (Jaenike ef al., 2010; Jaenike &
Brekke, 2011) and fungal pathogens (Scarborough et al.,
2005).

Many studies have been performed to elucidate how
symbiont infection influences host biology. A deubiqui-
tylating enzyme encoded by Wolbachia was identified
to induce CI (Beckmann et al., 2017). In Drosophila
melanogaster, prophage WO genes cif4 and cifB establish
and enhance CI (LePage et al.,2017). In Aedes aegypti and
Anopheles gambiae, it was observed that Wolbachia pro-
duced striking upregulation of many immune genes and
inhibited pathogen development (Kambris et al., 2009;
Kambris ef al., 2010). In D. melanogaster, Harumoto and
Lemaitre (2018) identified a protein from Spiroplasma,
SpAID, the expression of which induced male killing. In
Drosophila, a ribosome-inactivating protein encoded by
Spiroplasma was proven to protect hosts against parasitic
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wasps and nematodes (Hamilton ef al., 2016; Ballinger
& Perlman, 2017). However, the biological effects of
symbionts on hosts are always determined by host
and/or symbiont genotype (Leonardo & Muiru, 2003),
and it is necessary to study additional invertebrate
systems to reveal the potential mechanisms of repro-
duction and fitness changes induced by endosymbiont
co-infection.

Tetranychus truncatus is a polyphagous agricultural
pest that feeds on more than 60 plant species (Bolland
et al., 1998) and has become a dominant pest in China in
recent years (Zhang et al., 2018). Field investigation of 7.
truncatus has shown that co-infection of Wolbachia and
Spiroplasma was frequent in nature (Zhang et al., 2018).
Our previous results showed that double infection of Wol-
bachia and Spiroplasma induced Clin T. truncatus (Zhang
et al., 2018). A general explanation of CI is given by the
“modification-rescue model”, in which one strain of Wol-
bachia both modifies sperm during spermatogenesis and
“rescues” function to avoid embryonic development dis-
ruption (Werren, 1996; Hosokawa et al., 2010). In this
model, males play the “modification” role. Although a
previous study found that co-infection could confer fit-
ness benefits to their hosts as well as induce CI, little is
known about the effect of co-infection at the genetic level
and the underlying molecular mechanisms of CI (Werren
et al., 2008).

Here, we explored the effects of the two symbionts
(Wolbachia and Spiroplasma) on male mite host fitness
and compared gene expression profiles among four types
of males from different symbiont-infected lines, includ-
ing doubly infected (Iws), singly Wolbachia-infected (Iw),
singly Spiroplasma-infected (Is) and uninfected (U) lines.
We found that symbiont-infected lines had a higher hatch
proportion than the uninfected line, and the development
time of the uninfected line was longer relative to the other
lines. Co-infection changed the expression of many genes,
including genes related to digestion detoxification, repro-
duction, immunity and oxidation reduction. Our results
indicate that co-infection of Wolbachia and Spiroplasma
confers multiple effects on their hosts and helps eluci-
date the complex interactions between endosymbionts and
arthropods.

Materials and methods
Mite rearing and sample collection
Tetranychus truncatus were collected from different

sites in Shenyang, Liaoning Province, China. Mites were
reared on leaves of kidney bean (Phaseolus vulgaris L.)

at25 +1 °C, 60% relative humidity and under 16:8 L : D
conditions. Three lines, Iws, Iw and Is, were established
as previously described (Zhang et al., 2018). The U line
was established by treating the Is line with tetracycline so-
lution (0.1%, w/v) for three generations, and maintaining
them in a mass-rearing environment without antibiotic for
seven generations before use to avoid potential side effects
of antibiotic treatment.

To rule out the effects of host genetic background, fe-
males from the Iws, Iw and Is lines were allowed to mate
with the males from the U line, and the female offspring
continued to mate with males from the U line on new
leaf disks. The above-mentioned process was continued
for seven generations until identical nuclear backgrounds
were obtained. Then, spider mites were cultivated for five
generations before experiments.

To ensure experiment accuracy, we checked the
symbiont-infected states using polymerase chain reaction
(PCR).

Hatchability assay

The effect of symbionts on male mite hatchability was
assessed. For each line, a single 1-day-old adult virgin
female was placed on a leaf disk and allowed to oviposit
for 5 days. Each line used 36 leaf disks. To calculate
hatch proportion, the eggs on the leaf disks were checked
daily. Data were first tested for normality (Kolmogorov—
Smirnov test) and homogeneity of group variances (Lev-
ene’s test). When the data were normally distributed, they
were analyzed with a one-way analysis of variance with
post-hoc Tukey Honestly Significant Difference analysis
for multiple comparisons. When the data did not follow a
normal distribution, Kruskal-Wallis test with Bonferroni
correction were used for multiple comparisons. All sta-
tistical analyses were done on SPSS 19.0 (IBM, Armonk,
NY, USA).

Development assay

To test whether symbiont infection influenced normal
male development, we measured development time. For
each line, approximately 150 3-day-old adult virgin fe-
males were placed on a leaf disk and allowed to oviposit
for 3 h (3-day-old adult virgin females were in the active
ovipositing state; it increased the possibility of obtaining
more eggs in a relative short period). Then, the females
were removed and eggs were left. The eggs on the leaf
disks were checked at 8:00, 16:00, and 22:00 hours ev-
ery day to determine whether males underwent eclosion.
Observed adult males were picked out and the number
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of adult males recorded. Development time was consid-
ered the time which from an egg was laid to adulthood.
The differences of development time were analyzed using
the Kruskal-Wallis test with Bonferroni correction. All
statistical analyses were done on SPSS 19.0.

Library preparation and RNA sequencing

One-day-old adult virgin males of the four lines were
then collected. Samples were stored in liquid nitrogen for
subsequent RNA isolation.

Total RNA was extracted with the Trizol protocol ac-
cording to manufacturer’s instructions (Invitrogen, Carls-
bad, CA, USA) for a total of 12 independent samples
with three biological replicates per treatment. RNA in-
tegrity was assessed using the RNA Nano 6000 Assay Kit
of the Agilent Bioanalyzer 2100 system (Agilent Tech-
nologies, Santa Clara, CA, USA). Libraries were gener-
ated using NEBNext® UltraTM RNA Library Prep Kit
for Illumina® (NEB, Ipswich, MA, USA) following the
manufacturer’s recommendations, and index codes were
added to attribute sequences to each sample. The comple-
mentary DNA (cDNA) library was then sequenced using
Illumina Hiseq X Ten (Illumina, San Diego, CA, USA),
and paired-end reads were generated.

Quality control

Raw data (raw reads) in fastq format were first pro-
cessed through in-house perl scripts. In this step, clean
data (clean reads) were obtained by removing reads that
contained adapters, reads that contained poly-N, and low-
quality reads from raw data. Simultaneously, Q20, Q30,
GC-content and sequence duplication levels of the clean
data were calculated. All downstream analyses were con-
ducted with high-quality clean data.

Transcriptome assembly and gene functional annotation

Because there is no reference genome available for 7.
truncatus, a de novo transcriptome was built with Trinity
v2.4.0 (Grabherr et al., 2011), with min_kmer_cov set to
2 and all other parameters set to default. Gene function
was annotated based on the following databases: Nr (Na-
tional Center for Biotechnology Information [NCBI] non-
redundant protein sequences); Nt (NCBI non-redundant
nucleotide sequences); Pfam (Protein family); EuKary-
otic Orthologous Groups (KOG); Swiss-Prot (a manually
annotated and reviewed protein sequence database); KO
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Fig. 1 Hatch proportion of different male Tetranychus trun-
catus lines. Iws, doubly infected line; Iw, singly Wolbachia-
infected line; Is, singly Spiroplasma-infected line; U, uninfected
line. Results are mean & SEM (Tukey Honestly Significant Dif-
ference test, P < 0.05).
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Fig. 2 Development times of different male Tetranychus trun-
catus lines. Iws, doubly infected line; Iw, singly Wolbachia-
infected line; Is, singly Spiroplasma-infected line; U, uninfected
line. The differences of development time were analyzed using
the Kruskal-Wallis test with Bonferroni correction ("P < 0.05;
P < 0.001).

(Kyoto Encyclopedia of Genes and Genomes [KEGG]
Ortholog database); GO (Gene Ontology).

Quantification of gene expression levels

Gene expression levels were estimated by RSEM (Li &
Dewey, 2011) for each sample. Clean data were mapped
back onto the assembled transcriptome, and read count
for each gene was obtained from the mapping results.

Differential expression analysis

Differential expression analysis of two condi-
tions/groups was performed using the DESeq2 1.6.3
(Love et al., 2014). The P-values were adjusted using
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Table 1 Summary of sequencing results.

Sample name

Tws (% Iw (% U (%

ws (%) w (%) Is (%) (%)
Raw reads 53428652 52031996 54450407 50926184
Clean reads 52453167 51200051 53717187 49889247
Total mapped 46903947 (89.42) 45414792 (88.70) 48057361 (89.46) 44151453 (88.50)
Total unigenes 58015
Median length 2408
N50 5456
N90 1731
Larger than 2 kb 32384

Iws, doubly infected line; Iw, singly Wolbachia-infected line; Is, singly Spiroplasma-infected line; U, uninfected line.

the Benjamini and Hochberg (1995) method. Genes with
an adjusted P-value <0.05, as determined by DESeq2,
were considered differentially expressed.

Enrichment analysis of differentially expressed
genes (DEGs)

GO enrichment analysis of the DEGs was implemented
by the GOseq R packages based Wallenius non-central
hyper-geometric distribution (Young et al., 2010), which
can adjust for gene length bias in DEGs. KEGG (Kanehisa
etal.,2007) is a database resource for understanding high-
level functions and utilities of a biological system, such as
acell, organism or ecosystem, from molecular-level infor-
mation, especially large-scale molecular datasets gener-
ated by genome sequencing and other high-throughput ex-
perimental technologies (http://www.genome.jp/kegg/).
KOBAS (Mao et al., 2005) was used to test the statis-
tical enrichment of DEGs in KEGG pathways.
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Fig. 3 Number of unigenes annotated from each database.
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Fig. 4 Species classification chart based on unigenes anno-
tated from the Nr database; 84.3% of unigenes were assigned to
Tetranychus truncatus.

Quantitative real-time PCR

To estimate the results of RNA sequence (RNA-Seq)
analysis, the expression levels of arbitrarily selected genes
were measured by quantitative real-time PCR (qPCR).
The primer sequences are summarized in Table S1. To-
tal RNA was extracted with the Trizol protocol. cDNA
was synthesized according to the manufacturer’s instruc-
tions (Takara, Kusatsu, Japan). qPCRs were performed
on the Applied Bio-systems 7500 Real-Time PCR Sys-
tem with the qQPCR SYBR Green Master Mix (Yeasen,
China). Each sample was analyzed in triplicate in a 20-uL
total reaction volume that contained 0.4 ©L (10 wmol/L)
of each primer, 7.2 uL ddH,0, 10 uL SYBR Green
and 2 pL diluted cDNA. The concentration of cDNA
was too high for gPCR, so we diluted cDNA 5-fold by
adding ddH,O in order to get a viable cycle threshold
(Ct) value. The relative expression levels were calcu-
lated using the 2722¢" method (Livak & Schmittgen,
2001).
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Results

Wolbachia and Spiroplasma have diverse effects
on host hatchability

The effects of Wolbachia and Spiroplasma on host
hatchability were measured. As shown in Figure 1, the
hatch proportion of uninfected males (0.8654 + 0.0268)
is significant lower than doubly infected males (Iws:
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Fig. 5 Volcano plot of differentially expressed genes in doubly
infected (Iws) and uninfected (U) lines.
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Fig. 6 Volcano plot of differentially expressed genes in doubly
infected (Iws) and singly Spiroplasma-infected (Is) lines.
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Fig. 7 Volcano plot of differentially expressed genes in doubly
infected (Iws) and singly Wolbachia-infected (Iw) lines.

0.9747 £ 0.0052) (P < 0.001), singly Wolbachia-infected
males (Iw: 0.9384 £ 0.0249) (P < 0.001) and singly
Spiroplasma-infected males (Is: 0.9227 + 0.0246) (P <
0.05). There was no significant difference between hatch
proportions of symbiont-infected males.

Co-infection shortened host developmental rate

The development times of males from different lines
are presented in Figure 2. Doubly infected males reached
adulthood (9.71 % 0.028) significantly earlier than singly
Wolbachia-infected males (9.89 &£ 0.043) (P < 0.05). Ad-
ditionally, uninfected males (10.13 £ 0.046) developed
significantly slower than males of other lines (Is: 9.80 +
0.034) (P < 0.001).

RNA-Seq data processing

Four transcriptome libraries (Iws, Iw, Is and U) were
constructed, and each contained 50-54 million reads. A
total of 58 015 unigenes were generated from 193 528
396 bp, with a median sequence length of 2408 bp and an
N50 of 5468 bp. Over 32 000 unigenes were larger than 2
kb in size (Table 1). Because of the lack of a T. truncatus
reference genome, all unigenes were annotated from the
Nr (33827), Nt (11648), KO (21307), SwissProt (34170),
PFAM (36542), GO (36868) and KOG (24304) databases
(Fig 3). As shown in Figure 4, the vast majority of putative
homologous genes were annotated to 7. urticae by the Nr
database, which was consistent with what we expected.
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Fig. 8 Gene Ontology enrichment analysis of differentially expressed genes between doubly infected (Iws) and uninfected (U) lines.
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Fig. 9 Gene Ontology enrichment analysis of differentially expressed genes between doubly infected (Iws) and singly Wolbachia-

infected (Iw) lines.

most enriched in the biological process (BP) categories
of amide biosynthetic process and ribosome biogenesis

In total, 661 genes were downregulated and 508 were
upregulated in Iws versus U (Fig. 5); 473 genes were
downregulated and 546 were upregulated in Iws versus Is

(Fig. 8). In Iws versus Is and Iws versus Iw, fusion of
virus membrane with host plasma membrane and mem-

(Fig. 6); and 596 genes were downregulated and 514 were

upregulated in Iws versus Iw (Fig. 7).

brane fusion involved in viral entry into host cells were

the most significant enrichment BP terms. Periplasmic
space was the strongest enriched term in the cellular
component category in all three comparisons. Addition-
ally, amine dehydrogenase activity and oxidoreductase
activity, acting on the CH-NH2 group of donors were
the most significant enrichment terms associated with

GO analysis

The gene functions of DEGs were annotated using the
GO database, and here we list terms which were the

the molecular function category in all three comparisons

(Figs. 8, 9, 10).

most significant enrichment of DEGs in Iws compared

with the other three lines. In Iws versus U, DEGs were
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Fig. 10 Gene Ontology enrichment analysis of differentially expressed genes between doubly infected (Iws) and singly Spiroplasma-
infected (Is) lines.
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Fig. 11 The 20 most enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based on differentially expressed genes
between doubly infected (Iws) and uninfected (U) lines. The x-axis shows the rich factor. The y-axis shows the pathway name. The point
size represents the number of genes enriched in a particular pathway. Degree of enrichment is more significant for larger rich factor
values and smaller q values.
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Statistics of pathway enrichment
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Fig. 12 The 20 most enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based on differentially expressed genes
between doubly infected (Iws) and singly Spiroplasma-infected (Is) lines. The x-axis shows the rich factor. The y-axis shows the pathway
name. The point size represents the number of genes enriched in a particular pathway. Degree of enrichment is more significant for

larger rich factor values and smaller q values.

KEGG pathway analysis

In Tws versus U, KEGG pathway analysis showed
that DEGs were involved in 277 different path-
ways, mainly including those related to ribosomes and
glycolysis/gluconeogenesis (Fig. 11). In Iws versus Is,
DEGs were involved in 260 different pathways, mainly
including linoleic acid metabolism and arachidonic acid
metabolism (Fig. 12). In Iws versus Iw, genes were in-
volved in 263 different pathways, mainly including those
related to the phosphatidylinositol signaling system and
inositol phosphate metabolism (Fig. 13).

DEGs of interest
Co-infection of Wolbachia and Spiroplasma changed

the expression of many more genes compared with other
types of symbiont infection (Table 2).

The polyphagy of T. truncatus could be attributed
to powerful detoxification functions, such as having a
series of detoxifying enzymes, including cytochrome
P450 monooxygenases (CYPs), glutathione S-transferase,
ABC transporter, carboxylesterase and multidrug
resistance-associated protein. Co-infection of the two
symbionts had different degrees of influence on the ex-
pression of these genes in a host. For CYP genes, six
genes significantly changed in Iws, including four down-
regulated and two upregulated genes. Four genes that en-
code glutathione-S-transferase were downregulated (three
genes were downregulated compared with Is, and one
gene was downregulated compared with U). Addition-
ally, for two genes that encode ABC transporters, one
gene was upregulated and one gene was downregulated.
Moreover, one carboxylesterase gene was downregulated.
Many genes that encode multidrug resistance-associated
protein dramatically changed, including five downregu-
lated and six upregulated genes. Several other genes were
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Statistics of pathway enrichment
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Fig. 13 The 20 most enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based on differentially expressed genes
between doubly infected (Iws) and singly Wolbachia-infected (Iw) lines. The x-axis shows the rich factor. The y-axis shows the pathway
name. The point size represents the number of genes enriched in a particular pathway. Degree of enrichment is more significant for

larger rich factor values and smaller q values.

also downregulated, including those that encode phos-
phatase, canalicular multispecific organic anion trans-
porter and P-glycoprotein.

Lipocalins are a family of proteins which transport
small hydrophobic molecules. We found that the majority
of genes which encode apolipoprotein D were downreg-
ulated and only one was upregulated. Several genes as-
sociated with larval molt were upregulated. There were
several genes related to histone coding and histone mod-
ification (Cluster-1760.0, Cluster-6764.36412, Cluster-
11188.0, Cluster-6764.8724, Cluster-6764.43656); four
of five of these genes were downregulated. We also ob-
served downregulation of three genes related to vitel-
logenin. Two genes, Cluster-6764.21118 and Cluster-
6764.22958, which participate in cuticle biosynthesis,
were downregulated. Moreover, it is noteworthy that the
genes that encode DNA topoisomerase 2-alpha, which
are essential for proper segregation of daughter chromo-

somes during mitosis and meiosis, were all substantially
upregulated.

qPCR validation

Ten DEGs were arbitrarily picked to confirm sequenc-
ing data accuracy (Fig. 14). We examined the expression
of these genes in an arbitrary comparison. The differences
in expression of all genes except Cluster-6764.13646 were
consistent with RNA-Seq results. These results support
the reliability of the RNA-Seq data.

Discussion

It is common in nature for multiple endosymbionts to in-
fect the same host (Duron ef al., 2008). Co-infection with
Wolbachia and Spiroplasma could have various effects

© 2019 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese

Academy of Sciences, 27, 921-937



K. Xieetal

930

(senunuo))

LSYLY— - - lox aseioysueniLsoons-Jan $6S61 #9L9-41215MD)

1225 T— - - SOSBIOJSUBN[AS00A[3-dAN 6861 F9.9-4215n])

LT8L'T— - - OUlX esergfsuen|Asoon[3-dan SOOI '#9L9~121SMD
[ 9se1dysuen|Asoon|3

L8101 - - ur9101dooA[3:0s00n[3-dAN LLP8T F919-12151])

- 809¢°9— - OIfA oserdjsuenAsoon|3-dan 886LEF9LI2ISND

- L8591 - OIfA aserdysuenAsoon|3-4an 18SLT'#9L9-121MD

- - 589 OUlX esergfsuen|Asoon[3-dan C8SLIV9L9-2ISNLD)

- - TS9L'9— O A asexdgsuenAsooni3-dan PSEIEFILIISND

- 7988°S LILTS OHA asexdgsuenAsooni3-4an THSSTH9L92ISND

- - £€008°S— AYPA oserosuenjAsoon[3-dan 2628 #9/9-121Sn])
7 1au10dsuen

SISTI1— - - uorue JruegIo o1jroadsynu remnoreue)) [8627 #9/9-42151]D
1 19310dsuen

1€0L Y — - - uorue d1uedio orjradsnynw remnoreue) 8C/LET'#9/9-12151])

6LL6’1 - -  uroj01d pajeroosse-odue)SIsal SnIpHNA 268F £9.9-42151]D

wor'y - -  u1ojo1d pajeIO0SSE-20UR)SISAT SNIPHNIA CCO8+9/9-121SN])

18€L°9— - - [ urojo1d pajeIdoSSe-a0UR)ISISaI SNIPHNIA 02061 £9.9-12151]D

- €989'1— -  u10jo1d pIJRIOOSSB-90UR)ISISAT SNIPHNIA §96S #9/9-421S1])

LOVE T 669¢° ¢ — 1 EBEQ P91B100SSB-90UR)SISAT mEE:EZ SO0 E £9/9-121S1])

- 89St ¥ - [ uraj01d pajeId0SSL-90URISISAT SNIPHINIA [18681 #9/9-12151])

- 812€9— - [ ura301d pajeIo0Sse-90ouB)SISAT SnIpnnA [/2ST#9/9-12151])

- $S68€— - [ urejold pajeIdOSSE-20URISISAI SNIPHNIA €IL61 #9.9-1215n]D)

- - S0L8'S  urojo1d pIeId0SSE-90UR)ISISAT SNIPHNIA [8/7E #9/9-42151]D

G980°9— - CI1L9— 1 urdjo1d pajeroosse-odue)sIsal SnIpHA 2069 +9/9-121Sn])

- 1L1'CC SLO'TT [ u10101d PajeId0SSL-90URISISAT SNIPHINIA €LSET F9/9-12151]D)

- Y6€91 L6T91 oselasautioy) 0086€ 79,9421

- 8E8T'L LOST'L 9SBIaISAULIOY) CLIY ¥9L912151D

- 9L6Y'L 166€°L 9SBI3)SAUIOYD) 86L6E¥9L9-1215MD)

- LOYS9 60¢'8 9SBIAISaUIOY) LOL6EF9L92ISND

- 9¢es’L LSTT'L 9SBIAISaUIOY) C6L6EFILIAISND

- [E€TT [4Y4a! osela)sautioy) PI66E79LI2ISND

- 6Lyl LOV'IT 9SBISISAULIOY) C086E¥9LI~21SND

- ¥659— - [-9SBI)SAUI[0YO[K120Y prCLE ¥9L9IISTD

- - 9G¥ 6— 105IM921d 9Y1[-0SBIISAUT[OYO[A)0Y TFELE $9/9-4215N]D)

8LES E— 2088 ¢— €St6 €— J0smoaxd ovE-@mSBmo::o:ofﬁoo< L09S £ '£9/9-421S1]) UOI)BIIJIX0)OP 10 soumuwﬂﬂ
M] SA SMT ST SA SMT 0 SA SMT

(e8uey) prog) o

uonduosaqg

] fuan

£K1039180 QUAD)

'soud3 passardxa A[[enuaIoljIp paIJnuapI Jo 19sqng g a|geL

Academy of Sciences, 27, 921-937

© 2019 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese



931

Wolbachia and Spiroplasma in the spider mite

(senunuo))
VIl 8G8I°'1 - 08 ur2101d paonpur-suosApog CEIIEF9L9-2ISNLD)
90¥8'1 - - §L9 urojoxd aqronpur-ouosApog 8I6ETH9L92ISND
9tsTC— CLLL'T— - eydje-g oselowosiodo)r YN EELIT¥9L9~2151D)
¢80 c— 61¢6'1— - eydje-g oselowosiodor YN 67E9I79L9~2ISND
- - L3I°CI eydje-g oselowosiodo) YN 0LL2C¥9L9-2151]D
Ise€l 6T €1 L61°¢1 eydye-z aserowosiodo} YN C8661 ¥9.9-42151]D)
lecvl yeevl 8ETYI eydye-g aserowostodo; YN TP 19/ 9-121SN]D)
- - 90S1°C aseuly pajeroosse-D-urjok) 9ISETHIL92ISND
LYLO'T - - ¢-1ed e19q ULISoUY FO6ZT #9.9-121S1])
68ST'1— - - ¢-1ed 19q ULIaIU] 20621 #9.9-1235n])
d1aLds
CLOST - - OSeIoJSuBNAYIOW- N SUISA[-9UOISTH [C61E +9,9-421S1]D)
AVINLES
ceCcee— 90°¢€— - dse1oJsuenAYIoW-N SUISA[-QUOISTH 969 £9/9-421S1])
qd1dLds
- YTTEL— - 9SBIQJSUBI[AL}OUI- N QUISA[-OUOISTH $CL8F9/9-123S1])
- - 6¢'L— ¢ ¢H QuoIsIH 0°8811[-4215n]D)
0€IdVS
- - 6SET'T jiungns xo[durod 9se[4100e0p JUO)STH ZIF9E £9/9-121Sn]D)
- - 89Y1°9— Z'V'TH JUELIEA SUO)STH 009142151 uononpoidey
y€6£9— - -  urdjoxdodrjody €COF $9/9-121SR]D)
SEL8'S - -  urgoxdodrjody FCCOS #9,9-12151])
SLYT'6— T19T6— - @ uoidodrijody 8E00T°$9L9~121S1]D
- - 6¥8C L— @ urjoxdodijody 6FLL #9L92ISHD
- - 2007 1— @ uoxdodrjody E6L1T#9L9-4215M]D
- 6ILTY— LOIL €—  weajordodijody CS06E +9,9-4215n]) surfesodr|
M] SA SM] ST SA SM] 0 SA SM[

(e8uey) prog) %8o]

uonduosaq

] fuan

K1039180 QUSD)

‘(panunuo)) g ajqeL

© 2019 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese

Academy of Sciences, 27, 921-937



K. Xieetal

932

"QUI POJORJUIUN () ‘QUI| PAYdRJuI-puusvido1ds K[SUTs ‘S ‘oul] PajOJUI-v1IPqIog KSUIS ‘M ‘oUI] PAJOJUI A[qNOP ‘SM]

erre— 9ceCc— eCrre— L'§1 utaro1d re[nonnod pisir oy10ads-)npy 8€6CTFILI2ISND
€L8ET— L96SCT— CLLL'T— L'S1 urejoid renonno prsur o110ads-npy IIIC¥9L9-12151D 9[91Nd JO JUSMISUOD [BINIONNS
- - IeveLl— 1unqns S[ppIut ‘UNLLIS 017 E8-12151D
- - SSTI'L— nunqns AABAY ‘UL ['66S-1235n])
81y’ 8— 8TYL'8— - 9seua30IpATOP UTRYD-1I0YS 80SST #9.9-4215n])
S86v'6— 91v'6— - 0seUA50IPAYOP UTeYd-1I0YS 60§8T19.L9-12151D
§9¢€0°C - - 9SBPIX0Id] €C68E #9/9-121SR]D)
- - 7ST8°6— 9SBPIX0I] 0L Fp-12151]D
896L°L - - 7 10108] UOIIRINIBUI 3SBPIXO [en(] LOSTE $9,9-121S0]D)
08¢°6 - - 7 10)0R] uoneInjew dSepIxo [en(g COETE +9/9-12181])
799°9 - - 7 9seprxo [eng €96 +9/9-421SN]D) ssoo01d uononpar uoneprxQ
- 886C'1 - o[[o[, 103dada1 a¥1[-{[0], POPCE V9LIISND
- - YELS'S dgevess w( jo Sojoynio Lemyed [VIS/MV( SO611#9L9-421S1D
- - Y8y dzevess wq jo Sojoynio Aemyred [VIS/MV( 60611 %9L9-12151D
- - €SESY deerers wq jo ojoyiio Kemmed TVLS/MVI 12611°#9L9-121SMD
€IpS8— 68€0'8— 9260'8— yjungns GO 1d g-eddey-10joe] 1RI[ONN 92001 #9.9-42151]D
- I0LT1 S09°'11 yjiungns (0 1d g-eddey-1o10e} 1e9[0NN 06E#T ¥9,9-42151])
- - 9¢8L'L yjunqgns ¢ 1d g-eddey-1030e} JB9[ONN 6SSFE F9/9-4215n])
- 889'11 88S'11 jiunqgns (0 1d g-eddey-1030ey 1RO1ONN 68EFT #9/9-121SN]D)
- 8655°6 LISY'6 o[jod oseury uroj0I1d-ouIU0AIY)/AULISS pPICIT 9L9-12ISN]D Ayrunurug
M SA SM] ST SA SM] 0 SA SM[

(e8uey) prog) %8oj

uonduosaq

] Quan

K1039180 SUSD)

“(penunuo)) g ajqel

Academy of Sciences, 27, 921-937

© 2019 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese



>
w

8- 900
- ws 800
m U [}

Hkeke

Relative expression
Relative expression

Wolbachia and Spiroplasma in the spider mite 933

(@)

. ws

Relative expression

Fig. 14 Expression patterns of differentially expressed genes in different symbiont-infected lines. (A) Doubly infected (Iws) compared
with uninfected (U) lines. (B) Iws compared with singly Spiroplasma-infected (Is) lines. (C) Iws compared with singly Wolbachia-
infected (Iw) lines. Relative expression was calculated using the 2~ method. Data are presented as mean & SEM.

on host reproduction and fitness. Because the effects of
symbionts on host biology differ among host and/or sym-
biont genotypes (Serbus et al., 2008), it is necessary to
study additional invertebrate systems to reveal the po-
tential mechanisms of reproduction and fitness changes
induced by symbiont co-infection. In addition, a com-
mon CI defect is a delay in the breakdown of the male
nuclear envelope, which results in paternal chromosome
mis-segregation during the first mitosis (Tram & Sulli-
van, 2002; Tram et al., 2006; Gebiola ef al., 2017). Ad-
ditionally, increased male age can dramatically decrease
the strength of CI (Kittayapong et al., 2002; Reynolds &
Hoffmann, 2002). Therefore, we collected 1-day-old adult
virgin males for the transcriptome analysis in this study.
T truncatus is a polyphagous herbivore and has
numerous genes related to detoxification. In our study,
the expression of these specialized genes dramatically
changed as a result of symbiont co-infection, which
indicates that co-infection of Wolbachia and Spiroplasma
affects 7. truncatus feeding and digestion. We observed
that 34 genes related to digestion and detoxification were
differentially expressed in the Iws line, which indicates
that the co-infection largely changed host detoxification
ability. There were also remarkable changes in many
genes which encode canalicular multispecific organic
anion transporter and multidrug resistance-associated
proteins. They are members of the ABCC subfamily.
ABCC proteins have a series of functions, including ion
transport, cell-surface receptor activity and translocating
many kinds of substrates, such as drugs, cyclic nu-
cleotides, endogenous compounds and their glutathione
conjugates and glutathione (Dermauw et al, 2013).
The majority of genes that encode cholinesterase were
upregulated in Iws. Cholinesterase plays an important
role in hydrolyzing both plant secondary metabolites,

organophosphates and other pesticides (Ramsey et al.,
2010). Many lipocalin genes were differentially ex-
pressed. Lipocalins are a family of proteins capable
of binding to small hydrophobic molecules (Flower,
1996). In spider mites, they are likely to bind pesti-
cides/allelochemicals, which results in sequestration of
these toxic, generally hydrophobic compounds. Further-
more, we found that UDP-glycosyltransferases (UGTs),
which catalyze the addition of the glycosyl group from
a UTP-sugar to a small hydrophobic molecule, were
strongly differentially expressed in Iws. One of the
principle functions of insect UGTs is detoxification of
ingested plant phenolics, which act as toxins, or insect
deterrents (Ahmad & Hopkins, 1993).

In fact, for herbivores, the nutrient content provided
by plant material is usually poor or unbalanced (Karban
& Baldwin, 2007). The detoxification ability of herbi-
vores enhances utilization of limited plant nutrition. In
spider mites, nutritional status is related to host perfor-
mance (Wermelinger et al., 1991). Our previous study
showed that co-infection of Wolbachia and Spiroplasma
could confer some fitness benefits to 7. truncatus hosts,
including shortened development time, and increased fe-
cundity and hatchability, which can all contribute to the
expansion of symbionts in host populations (Zhang et al.,
2018). Hence, the detoxification ability of 7. fruncatus
has an indirect impact on the spread of symbionts. We
conclude that the strong detoxification ability of the dou-
bly infected line was at least one reason why co-infection
of Wolbachia and Spiroplasma is widespread in natural
T truncatus populations (Zhao ef al., 2013; Zhang et al.,
2016). However, the entirely different symbiont preva-
lence in the field (Zhu et al., 2018) probably reflects
different levels of detoxification ability of various mite
lines. For example, Wolbachia are largely present in the
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gnathostoma of spider mites (Zhao et al, 2013), and
the function of Wolbachia is related to their localiza-
tion, which favors the perspective that symbiont infection
affects food digestion and detoxification. Further stud-
ies are needed to confirm the influence of symbionts on
detoxification.

Some genes related to reproduction were differentially
expressed as a result of co-infection. Two genes that en-
code a cuticle protein were downregulated in Iws. In the
nematode Brugia malayi, Wolbachia removal resulted in
downregulated transcripts involved in cuticle biosynthe-
sis, which may reflect disruption of a normal embryogenic
process (Ghedin et al., 2009). Moreover, two genes that
encode integrin beta pat-3 were differentially expressed.
During Caenorhabditis elegans development, pat-3 is es-
sential for gonad morphogenesis, and pat-3 RNAi caused
abnormal gonad formation and sterility (Lee et al., 2001;
Leeetal.,2005; Xuet al.,2005). Substantial changes were
observed in several genes associated with histone mod-
ifications and histone variants. These genes were found
to participate in various cell division processes and de-
velopment. Histone variant H2A.Z plays a critical role in
early development, and H24.Z RNAI results in defective
chromosomal segregation (Faast ef al., 2001; Rangasamy
et al., 2004). Histone methylation is essential for meiosis,
because it modulates the expressions of meiotic-related
genes (Wang et al., 2017). Additionally, histone acetyla-
tion status has a substantial impact on meiosis during both
spermatogenesis and oogenesis (Wang ef al., 2017).

We observed differential expression of a gene that en-
codes cyclin-G-associated kinase (GAK). GAK is re-
quired for proper mitotic progression because GAK
knockdown was shown to cause cell cycle arrest at
metaphase (Shimizu ef al., 2009). An obvious cytolog-
ical defect of CI is a delay in chromosome condensation
in male pronuclei at prometaphase. Here, we observed
differential expression of genes that encode DNA topoi-
somerase II. DNA topoisomerase II may play a role in
chromosome condensation during mitosis (Wang, 2002).
Furthermore, it is worth noting that two genes that en-
code the nuclear receptors ecdysone-inducible protein
E75 (E75) and ecdysone-induced protein 78C (E78) were
upregulated in Iws compared with Iw. In Tribolium casta-
neum, E75 regulates male accessory gland development
and accessory gland protein production, whereas E78 is
associated with sperm production and transfer to females
(Xu et al., 2012). In Drosophila, females with low levels
of E78 expression experienced a notable decline in egg
production and a low hatching rate compared with wild-
type individuals (Ables et al., 2015). These genes also
regulate larval molting and development time (Bialecki
et al., 2002).

In males, development time was found to be is inversely
correlated with the strength of CI (Yamada et al., 2007).
The spider mites we examined here that were co-infected
with Wolbachia and Spiroplasma produced more eggs,
and the development time of doubly infected males was
relatively short compared with that of males infected with
only Wolbachia, and only the Iws line induced CI. Further
research is needed to determine the effect of co-infection
on the expressions of the above genes in 7. truncatus.

Some of the DEGs in the present study that are associ-
ated with the immune response were associated with co-
infection. These include the genes for the nuclear factor-
kB-like transcription factor Relish, a Janus-activated
kinase/signal transducers and activators of transcription
pathway ortholog of Dm stat92E, Toll-like receptor Tollo
and pelle. Moreover, a few genes related to autophagy and
apoptosis also dramatically changed (Table S2). We could
not confirm that co-infection caused immune system
activation, as we did not detect any antimicrobial peptide
changes; therefore, further experiments are needed to de-
termine if co-infection activates the immune system. Iden-
tifying immune response diversity among different hosts
and/or endosymbiont genotypes will also help clarify the
interactions between endosymbionts and their hosts.

Furthermore, we observed numerous DEGs related
to oxidoreductase activity due to co-infection, such as
the genes for dual oxidase, short-chain dehydrogenase
and peroxidase, which are important to maintain redox
homeostasis.

Conclusions

In summary, we demonstrated that symbiont infection
could increase male mite hatchability and accelerate the
development from egg to adult. We found that Wolbachia
and Spiroplasma co-infection affected transcripts that en-
code proteins involved in various biological processes in
T truncatus, such as digestion and detoxification, repro-
duction, the immune system and redox processes.

Our study provides novel gene-based research on the
effects of Wolbachia and Spiroplasma co-infection on
arthropod hosts, and helps elucidate the complex inter-
actions between symbionts and arthropods.
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