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OXFORD
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Abstract

The relationship of DNA methylation and sex-biased gene expression is of high interest, it allows research into mechanisms of sexual dimor
phism and the development of potential novel strategies for insect pest control. The Asian citrus psyllid, Diaphorina citri Kuwayama, is a major
vector for the causative agents of Huanglongbing (HLB), which presents an unparalleled challenge to citrus production worldwide. Here, we
identify the X chromosome of D. citri and investigate differences in the transcription and DNA methylation landscapes between adult virgin
males and females. We find a large number of male-biased genes on the autosomes and a depletion of such on the X chromosome. We have
also characterized the methylome of D. citri, finding low genome-wide levels, which is unusual for an hemipteran species, as well as evidence
for both promoter and TE methylation. Overall, DNA methylation profiles are similar between the sexes but with a small number of differentially
methylated genes found to be involved in sex differentiation. There also appears to be no direct relationship between differential DNA methyla-
tion and differential gene expression. Our findings lay the groundwork for the development of novel epigenetic-based pest control methods, and
given the similarity of the D. citri methylome to some other insect species, these methods could be applicable across agricultural insect pests.

Keywords: Diaphorina citri, sexual dimorphism, X chromosome, DNA methylation, sex-biased expression, transposable elements

Sexual dimorphisms in behavior, morphology, and physiol-
ogy are widespread across sexually reproducing organisms,
oftentimes producing dramatic phenotypic differences be-
tween sexes. Sexual dimorphisms between males and females
have been associated with a number of genomic processes
across taxa such as genetic differences, e.g., sex chromosomes
(Mank, 2009), alternative splicing (Wexler et al., 2019),
genomic imprinting (Zou et al., 2020), and epigenetic mech-
anisms (Bain et al., 2021). These mechanisms result in sex-
biased gene expression, which is generally thought to underlie
most sex-specific differentiation (Leddn-Rettig et al., 2017).
DNA methylation of cytosines, one of the most studied and
conserved epigenetic modifications, is a important mechanism
for regulating patterns of gene expression in some species, yet
its role in shaping sex-specific expression in insects remains
unclear. However, recently, it has been shown to be important
in sexual dimorphism in some hemipteran insects (Bain et al.,
2021; Mathers et al., 2019). This finding was surprising given
that in comparison with mammals and plants, insect genomes
have sparse methylation mainly restricted to exons of tran-
scribed genes (although see Lewis et al. (2020)), with typically

less than 3% of cytosines methylated (Glastad et al., 2019).
Some holometabolous insects are even reported to have no
detectable levels of DNA methylation—e.g., the coleopteran
Tribolium castaneum and dipteran Drosophila (Bewick et
al., 2017; Zemach & Zilberman, 2010). DNA methylation
in arthropods is preferentially targeted to genes that perform
core and conserved “housekeeping” functions (Bewick et al.,
2017; Glastad et al., 2019), with DNA methylation thought
to stabilize their expression. Therefore, it was thought to be
unlikely that it could play a role in more targeted gene regula-
tion such as sex-specific expression. However, more recently,
it has become clear that the distribution and function of DNA
methylation varies between taxa. While in holometabolous
insects, it is largely confined within coding regions (Bewick et
al., 2017; Lewis et al., 2020), hemimetabolous insects have a
relatively higher and more global DNA methylation system,
in which DNA methylation extends to the introns of some
species (Falckenhayn et al., 2013; Lo et al., 2018) and in some
cases even to transposable elements (TEs) and gene promoters
(Bain et al., 2021; Lewis et al., 2020). Even more remarkably,
for a process that is so evolutionarily conversed, there can be
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substantial diversity within insect orders. It is therefore clear
that in order to understand the evolution and role of DNA
methylation in regulating insect sex-specific gene expression
we need to broaden our taxonomic sampling.

Here, we provide such analysis in the Asian citrus psyllid,
Diaphorina citri Kuwayama. This species is an emerging cit-
rus pest with large economic impact. It transmits Candidatus
Liberibacter asiaticus (CLas) pathogen, which causes cit-
rus huanglongbing disease in most citrus-producing regions
of the world (Grafton-Cardwell et al., 2013; Yu & Killiny,
2020). We identify genome-wide differences in DNA meth-
ylation between male and female D. citri, including the rela-
tionship of DNA methylation with gene expression and the
DNA methylation differences in the sex chromosomes. We
hypothesize that if DNA methylation does play a causal role
in regulating sex-specific gene expression then we will iden-
tify the same genes showing differential DNA methylation
and differential expression between the sexes. Additionally,
we would expect these common genes to be enriched for
processes related to sex differences, e.g., reproduction. In
order to test this, we performed investigations as follows:
(a) an identification of the X chromosome; (b) a study of the
sex-specific DNA methylation landscape; (c) an analysis of
sex-biased gene expression and DNA methylation; and (d)
a genome-wide comparison between DNA methylation and
gene expression.

Methods

Insect rearing

A D. citri colony was continuously reared at the National
Navel Orange Engineering Research Center, Gannan Normal
University, Jiangxi, China. The culture was established in
2015 using field populations from Nankang District, Jiangxi
and maintained on Murraya exotica seedlings in a greenhouse
set at 27°C = 1°C and relative humidity of 70% = 5% with a
14:10 hr light:dark photoperiod. Newly emerged adults were
collected for sex separation under a stereomicroscope, and
then kept in separated cages with new M. exotica seedlings.

RNA and DNA extraction and sequencing

Groups of twenty 3-day virgin females or males for DNA/
RNA extraction were collected between 3 p.m. and 4
p.m. every day to avoid differences due to the circadian
rhythm (Pegoraro et al., 2016). RNA extraction was per-
formed using an RNeasy Kit (QIAGEN, Valencia, CA,
USA), and genomic DNA was extracted using the Qiagen
DNeasy Blood & Tissue Kit (QIAGEN), according to the
manufacturer’s instructions. RNA/DNA degradation and
contamination was validated on 1% agarose gels. The con-
centration was measured using the Qubit 2.0 Flurometer
(Life Technologies, Carlsbad, CA, USA). An amount of
100 ng genomic DNA (for whole-genome sequencing—
WGS) or 100 ng genomic DNA spiked with 0.5 ng lambda
DNA (for whole-genome bisulfite sequencing—WGBS)
were fragmented by sonication to 200-300 bp with Covaris
§220 (Covaris, Inc., Woburn, MA, USA). For WGBS, the
fragmentized DNA samples were treated with bisulfite
using EZ DNA Methylation-GoldTM Kit (Zymo Research,
Irvine, CA, USA). For RNA-seq, a total of 3.0 pg RNA
per sample was used to prepare the sequencing libraries
using the NEBNext UltraTM RNA Library Prep Kit for
[llumina (NEB, Ipswich, MA, USA). All above libraries
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were constructed and sequenced by Novogene Corporation
(Beijing, China). 150 bp paired-end sequencing of each sam-
ple was performed on an Illumina NovaSeq 6000 platform
(Illumina, Inc., San Diego, CA, USA). Library quality was
assessed on the Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, US).

X chromosome identification

Whole-genome sequencing of a pool of males and a pool of
females was used to identify the X chromosome. Data were
quality checked using Fastqc v0.11.8 (Andrews, 2010) and
aligned to the reference genome (Diaci v3.0, Hosmani et al.
(2019)) using Bowtie2 v2.3.5.1 (Langmead & Salzberg, 2013)
in —sensitive mode. Coverage per chromosome was then cal-
culated using samtools v.1.9 (Li et al., 2009). Coverage levels
were normalized by chromosome length and mean coverage
per sample and the log2 ratio of male to female coverage was
plotted using R v4.0.3 (R Core Team, 2020). We also repeated
the above analysis using 10,000 bp windows across each
chromosome to check for any incorrectly assembled X-linked
regions.

To provide further evidence for the identification of the X
chromosome, we carried out a synteny analysis between D.
citri and the psyllid Pachypsylla venusta (genome: Pven_dove-
tail (Li et al., 2020)). The protein sequences of single copy
genes from D. citri were blasted against those from P. venusta
using blastp v2.2.31 (Camacho et al., 2009) with an e-value of
1e?, MCScanX (Wang et al., 2012) was then used to identify
collinearity blocks across genomes using the interspecies set-
ting and requiring a minimum of 10 genes per block. Results
were visualized using Synvisio (Bandi & Gutwin, 2020).

Differential gene expression

RNA-seq was carried out on pools of males and females with
three replicates per sex. Data were quality checked using Fastqc
v0.11.8 (Andrews, 2010) and quality trimmed using CutAdapt
v1.18 (Martin, 2011). Reads were aligned to the reference
genome (Diaci v3.0 (Hosmani et al., 2019)) and transcript
abundances were calculated using RSEM v1.3.3 (Li & Dewey,
2011) implementing STAR v2.7.3a (Dobin et al., 2013).
DESeq2 v1.28.1 (Love et al., 2014) was used to determine dif-
ferentially expressed genes between males and females. A gene
was considered differentially expressed if the corrected p-value
was <.05 (adjusted for multiple testing using the Benjamini—
Hochberg procedure (Benjamini & Hochberg, 1995)) and
the log2 fold-change was >1.5. Chromosome enrichment of
sex-biased genes was determined using the hypergeometric test
implemented in R v4.0.3 (R Core Team, 2020).

Genome-wide DNA methylation and differential
DNA methylation

Whole-genome bisulfite sequencing data were quality checked
using Fastqc v0.11.8 (Andrews, 2010) and reads were aligned
to the reference genome (Diaci v3.0 (Hosmani et al., 2019))
using Bismark v0.20.0 (Krueger & Andrews, 2011). Reads
were also aligned to the E. coli phage lambda reference (NCBI
Accession: PRJNA485481) in order to determine the bisulfite
conversion efficiency. Weighted methylation levels of genomic
features were calculated as in Schultz et al. (2012).
Differentially methylated CpG sites were determined
using the R package MethylKit v1.16.0 (Akalin et al., 2012).
Coverage outliers (above the 99.9 percentile) and bases with
<10 coverage were removed. A binomial test was then carried
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out per CpG position per sample using the lambda conversion
rate as the probability of success and correcting p-values using
the Benjamini-Hochberg procedure (Benjamini & Hochberg,
1995). Only sites which were classified as methylated in at
least one sample were used for final differential methyla-
tion analysis. A logistic regression model implemented by
MethylKit (Akalin et al., 2012) was then used to determine
differentially methylated CpGs between sexes. A site was clas-
sified as differentially methylated if the Benjamini-Hochberg
(Benjamini & Hochberg, 1995) corrected p-value was <.01
and the overall methylation difference was >10%. Exon
regions were classed as differentially methylated if they con-
tained at least two differentially methylated CpGs and had an
overall weighted methylation difference of >15%. Two CpGs
were chosen as Xu et al. (2021) found methylation of two
CpGs within a region was enough to induce gene expression
changes via histone recruitment in the silk moth.

Relationship between gene expression and DNA
methylation

The relationship between DNA methylation and gene expres-
sion was determined using linear models implemented
by custom scripts in R (R Core Team, 2020) available at
DOI:10.5281/zenodo.7385397. Interaction effects were
determined using the anova function and post-hoc testing of
fixed factors was done using the glht function from the mult-
comp R package (Hothorn et al., 2008) with correction for
multiple testing by the single-step method. Correlations were
calculated using Spearman’s rank correlation rho.

Additional genome annotation and gene ontology
enrichment

Transposable elements were de novo annotated in the D. citri
genome using the EDTA pipeline (Ou et al., 2019). Putative
promoter regions were defined as 500 bp upstream of UTR
regions. We excluded any promoters which overlap with
other genomic features. Intergenic regions were determined
as regions between gene end and gene start sites (excluding
the newly annotated putative promoters and excluding any
TE overlap).

Additional gene ontology annotations were generated
from the protein sequences of all genes from the offi-
cial gene set (Dcitr_OGS v3.0, Hosmani et al. (2019))
using eggNOG-mapper v.2.0.0 with standard parame-
ters (Cantalapiedra et al., 2021). A total of 14,133 genes
were able to be annotated with GO terms. GO enrichment
was carried out in R using GOstats v2.56.0 (Falcon &
Gentleman, 2007) which implements a hypergeometric test
with Benjamini—-Hochberg correction for multiple testing
(Benjamini & Hochberg, 1995). GO biological processes
were classed as over represented if the correct p-value was
<.05. REVIGO (Supek et al., 2011) was then used to visual-
ize GO terms. GO terms for genes with high DNA methyl-
ation and differentially methylated genes between the sexes
were tested against all methylated genes as a background.
Hypermethylated genes per sex were tested against a back-
ground of all differentially methylated genes. Differentially
expressed genes were tested against a background of all
genes present in the RNA-seq data with detectable expres-
sion, >10 fragments per kilobase of transcript per million
mapped fragments (FPKM) in at least one sample. Over-
expressed genes per sex were tested against a background of
all differentially expressed genes.

Results

X chromosome identification

Whole-genome sequencing of a pool of males and a pool
of females was used to identify the X chromosome of D.
citri. Around 80% of reads mapped to the D. citri reference
genome (Supplementary 1.0.0), which resulted in 50x cov-
erage for the female sample and 51x coverage for the male
sample. Most psyllid species possess an XO sex determina-
tion system (Riemann, 1966; Maryanska-nadachowska et al.,
2014), where females carry two X chromosomes and males
carry a single X and no Y. Using a coverage-based analy-
sis we have found that chromosome 08 shows roughly half
coverage in males compared to females (Figure 1A and B),
indicating this is likely the X chromosome. We confirm this
by showing high synteny between chromosome 08 of D. citri
and the related psyllid P. venusta X chromosome (Figure 1C).
Finally, as the reference genome is primarily based on male
data we were able to search for a divergent Y chromosome.
We checked the coverage ratio of 10,000bp windows across
the genome, finding no clear peaks with a log2 male to female
coverage ratio greater than 0.5 (Supplementary Figure S1)
which would indicate higher coverage in males compared to
females, this suggests there is no Y chromosome in D. citri.

Sex-biased gene expression

Using RNA-seq from pools of males and females we have
identified differentially expressed genes between the sexes. The
majority of variation within the data (97%) is caused by sex
(Figure 2A) and while we find many genes have equal expres-
sion in both sexes, a large number of genes are only expressed in
males (Figure 2B). Sample F1 also accounts for around 1.5% of
the variation in gene expression. We explored this further, find-
ing a small number of genes are responsible for the variation,
none of which have GO annotations (Supplementary Figure
S2). In total, we have identified 1,259 genes out of 12,420
which are differentially expressed between the sexes (adjusted
p-value <.05 and log2 fold-change >1.5, Supplementary 1.0.1
and Supplementary Figure S3). Of these, significantly more
are upregulated in males compared to females (Chi-squared
goodness of fit: X-squared = 907.67, df = 1, p < .01). 1,164
are upregulated in males (9.4% of all genes tested) and 95 are
upregulated in females (0.8 % of all genes tested). A large num-
ber of the genes upregulated in males are also sex-limited (484
total, 41.6% of all male upregulated genes), meaning they have
zero expression in females. While only 12/95 genes (12.6%)
upregulated in females are sex-limited (Figure 2C and D).

GO term enrichment analysis revealed differentially
expressed genes from both sexes compared to all genes in
the RNA-seq data set were enriched for a large variety of
processes, interestingly some of these included hypermethyl-
ation of CpG islands and the regulation of various histone
modifications (Supplementary 1.0.2). Male-biased genes
compared to all differentially expressed genes are enriched
for multiple cellular processes and many regulatory pro-
cesses, such as “negative regulation of gene expression”
(GO:0010629) and “regulation of neuron differentiation”
(GO:0045664) (Supplementary 1.0.2). Female-biased genes
compared to all differentially expressed genes are enriched
for various biological processes and specifically reproduc-
tive related processes such as “reproductive bebhaviour”
(GO:0019098) and “pheromone biosynthetic process”
(GO:0042811) (Supplementary 1.0.2).
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Figure 1. Identification of the X chromosome. (A) Bar plot of the coverage per chromosome for males and females normalized by the genome-wide
average coverage. Chromosome 13 is missing from this graph as it represents unplaced scaffolds. (B) Histogram of the log2 male to female coverage
ratio for 10,000 bp windows across each chromosome. (C) Synteny plot showing collinearity blocks between D. citri (DC) and P venusta (PV). Each line

represents at least 10 orthologous genes.

It has been predicted that in XO sex determination systems
the X chromosome may show an accumulation of male- or
female- overexpressed genes which serves as a mechanism to
balance the presence of sexually antagonistic alleles (Jaquiéry
et al., 2013). We found that the X chromosome showed a
depletion of male biased genes, with a significantly higher
proportion of male biased genes being found on the auto-
somes (Chi-squared goodness of fit: X-squared = 9.171, df =
1, p < .01, Figure 3). We also found this was not the case for
female biased genes, with no significant difference between
the proportion of female biased genes found between the
autosomes and X chromosome (Chi-squared goodness of
fit: X-squared = 0.021662, df = 1, p = .88, Figure 3). These
results indicate a de-masculinization of the X chromosome
in D. citri.

Finally, we also checked the expression levels of genes
involved in DNA methylation and sexual dimorphism in D.
citri. D. citri possesses two potential copies of DNMT1 and
no apparent DNMT3 gene (Bewick et al., 2017). DNMTT1 is
important for DNA methylation maintenance and DNMT3 is
involved in de novo DNA methylation. We blasted the DNMT
gene sequences identified in Bewick et al. (2017) to the cur-
rent genome annotation which resulted in two single matches,
Dcitr08g10610.1.2 and Dcitr08g05090.1.1, which we will
refer to as DNMT1a and DNMT1b respectively. DNMT1b
has no detectable expression in our RNA-seq dataset for adult
males or females. DNMT1a shows slightly higher expression
in females compared to males (Supplementary Figure S4),

however, overall expression is low in both sexes (<4 FPKMs)
and so the difference is not significant.

We also carried out a reciprocal blast with all Drosophila
melanogaster isoforms of doublesex, fruitless and trans-
former. While we find no matches for transformer, we have
identified Dcitr03g16970.1 as a doublesex ortholog and
Dcitr01g04580.1 as a fruitless ortholog. There are two cur-
rently annotated isoforms for the D. citri doublesex ortholog
which are not expressed in the adult stage of either sex. There
is only one annotated isoform of the fruitless ortholog which
is not differentially expressed between sexes (Supplementary
Figure S4c) and shows overall low expression (<3 FPKMs).

Sex-specific DNA methylation landscape of D. citri

Here we examine the first genome-wide methylome of a psyl-
lid species, comparing virgin males and females. As a CpG
observed/expected analysis revealed D. citri likely displayed
DNA methylation (Supplementary Figure S5), we carried
out WGBS to examine the methylome at base-pair resolu-
tion. We find low overall genome wide levels, with around
0.3% of CpGs showing methylation and zero methylation in
a non-CpG context (Supplementary 1.0.3 and Supplementary
Figure S6). Genome-wide, males and females display similar
CpG methylation profiles with some slight clustering by sex
(Figure 4A). DNA methylation is also found throughout the
genome in both sexes with exons showing the highest levels
and intergenic regions displaying the lowest levels (Figure 4B).
We specifically find a more bimodal pattern of either high or
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Figure 2. Differential gene expression between sexes. (A) Principle component analysis (PCA) plot based on the expression of all genes (n = 12,420)
showing 97% of the variation in expression is caused by sex. (B) Histogram of the specificity measure (SPM) (measure of specificity (Xiao et al.,
2010), calculated as female FPKM squared divided by female FPKM squared plus male FPKM squared) per gene (n = 12,420) showing a large number
of genes are expressed only in males. (C) Stacked bar plot showing the number of sex-biased genes. Sex-limited genes refers to those with zero
expression in one sex. (D) Scatter plot of the log10 fragments per kilobase of transcript per million mapped reads (FPKM) of all genes (n = 12,420).
Significantly differentially expressed genes (corrected p-value <.05 and log2 fold-change >1.5) are colored by sex and level of differential expression,

unbiased genes are shown in gray.

low methylation in putative promoter, UTR and exon regions
compared to intergenic, intron, and TE regions which show
a right-skewed methylation distribution, i.e., very few regions
are highly methylated (Supplementary Figures S7 and S8).

We next classified genes as showing low, medium, high,
and no methylation to determine if highly methylated
genes show different functions to genes with lower meth-
ylation. We find highly methylated genes in both males and
females are enriched for a large variety of cellular processes
(Supplementary 1.0.4). We also find all chromosomes, includ-
ing the X, show similar proportions of genes in each methyl-
ation level category (Supplementary Figure S9), indicating no
particular chromosome is enriched or depleted for methylated
genes in either males or females.

DNA methylation has been associated with transposable
element silencing in other species (Zemach & Zilberman,
2010), we therefore characterized the TE landscape of D.
citri to examine the possibility of DNA methylation-based
TE regulation. We found 3.3% of the D. citri genome was

made up of TEs with the retrotransposon Gypsy occupying
the largest proportion of the genome, totaling around 1.5%
of the autosomes and around 0.8% of the X chromosome
(Supplementary Figure S10). Similar DNA methylation levels
of all TEs are observed between males and females (Figure
4C), however, the Copia class of retrotransposon shows con-
siderably higher DNA methylation compared to all other TEs,
this particular class of repeat is also only found on the auto-
somes and not on the X chromosome (Supplementary Figure
$10). Finally, we checked to see if the DNA methylation levels
in the Copia class of TEs could be caused by higher enrich-
ment of this class within gene bodies. We find 46% of all TE
length is located within gene bodies, a similar level is found
for the Copia class (42%, Chi-squared test for given probabil-
ities: X-squared = 0.18403,df = 1, p = .6679). This indicates
that it is not gene occupancy which drives the higher levels
of DNA methylation in this class. However, generally across
all TEs we find that if a TE is located within a gene then the
DNA methylation levels are slightly higher than if the TE
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Figure 3. Male biased genes are depleted on the X chromosome. Bar plots showing the percentage of genes with sex-specific expression on the

autosomes (A) and the X chromosome (B).

is located outside of a gene (linear model: df = 15,009, ¢ =
7.065, p = <.01, Supplementary Figure S10). This relationship
is not influenced by sex (two-way ANOVA: F, . . = 0.0062,
p=.9373).

Sex-biased DNA methylation

A differential DNA methylation analysis of individual CpG
positions between the sexes identified 763 differentially
methylated CpGs (g-value <0.01 and minimum percentage
difference >10%). Of these, significantly more were hyper-
methylated in females compared to males (Chi-squared
goodness of fit: X-squared = 19.828, df = 1, p < .001.), with
443 CpGs hypermethylated in females and 320 hypermeth-
ylated in males. The majority of differentially methylated
CpGs are located in genes and intergenic regions (Figure 4D).
Chromosomes DC3.0sc01, DC3.0sc02, and DC3.0sc05 con-
tain the most differentially methylated CpGs, although this
number is not considerably different to all other chromo-
somes and there is no clear sex-bias in any specific chromo-
some (Supplementary Figure S11).

To create a list of confident differentially methylated fea-
tures, we filtered all features to keep only those which con-
tained at least two differentially methylated CpGs and with
a minimum overall methylation difference across the entire
feature of 15%. This left a final list of 12 genes containing
a least one differentially methylated exon (Supplementary
1.0.5). Of these 10 were hypermethylated in females and
three were hypermethylated in males with one gene contain-
ing two differentially methylated exons, one hypermethylated
in females and one in males (Supplementary 1.0.5). None of
these genes are located on the X chromosome (Supplementary
Figure S12).

It is worth noting all differentially methylated genes iden-
tified above do not show overall large differences in DNA
methylation (Supplementary Figure S12). While we have
carried out a GO term enrichment analysis for these genes,
the results should be interpreted with care due to the rela-
tively small changes in methylation. Differentially methyl-
ated genes from both sexes compared to all methylated genes
are enriched for a variety of GO terms, however these terms
do include, “sex determination” (GO:0007530), “primary

sex determination” (GO:0007539), “female germ-line sex
determination” (GO:0019099), and “heterochromatin orga-
nization involved in chromatin silencing” (GO:0070868)
(Supplementary 1.0.6). Genes containing hypermethylated
exons in females compared to all genes containing differ-
entially methylated exons have no enriched GO terms, and
neither do genes containing hypermethylated exons in males
compared to all genes containing differentially methylated
exons.

Genome-wide relationship between DNA
methylation and gene expression

In many insect species, gene-body DNA methylation is pos-
itively correlated with gene expression (e.g., Bonasio et al.,
2012; Glastad et al., 2016). We find this is also the case for
D. citri with higher methylation being significantly associated
with higher expression (linear model: df = 23971, ¢ = 2.428,
p = .0152, Figure SA and B). The relationship between gene
expression and methylation is similar in both sexes as there is
no significant interaction between sex and methylation level
(two-way ANOVA: F, ..., =2.952, p = .433). On a genome-
wide scale, it is clear that this relationship is conserved in only
the most highly methylated genes (Figure 5C and D).

We also examined the relationship between DNA methyl-
ation and expression separately for the autosomes and the
X chromosome. We find that the association between meth-
ylation and expression is only significant for the autosomes,
and not the genes on the X chromosome (Autosomes: linear
model: df = 22543, ¢t = 2.538, p = .0112, X chromosomes:
linear model: df = 1425,¢ = -1.692, p = .0909, Supplementary
Figures S13 and S14.).

Relationship between sex-specific DNA methylation
and expression

The role of differential DNA methylation in regulating differ-
ential gene expression between insect sexes appears to differ
between species within Hemiptera (Bain et al., 2021; Mathers
et al., 2019). We therefore searched for a potential relation-
ship between differential DNA methylation and sex-specific
gene expression in D. citri. We find no difference in the expres-
sion levels of genes which are differentially methylated or not
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Figure 4. Genome-wide DNA methylation distribution in D. citri. (A) PCA plot based on the methylation level per CpG for all CpGs which were classed
as methylated in at least one sex (n = 107710). (B) Bar plot of the mean methylation level of each genomic feature for males and females. Error bars

represent 95% confidence intervals of the mean. (C) Methylation levels of different types of TEs by sex. (D) Component bar plot showing the number
of differentially methylated CpGs per genomic feature, colored by the hypermethylated sex. Some differentially methylated CpG positions are counted

twice if they overlap multiple features.

(linear model: df = 23958, ¢ = 0.183, p = .99, Figure 6A).
We do, however, find genes with unbiased expression have
significantly higher levels of DNA methylation compared to
differentially expressed genes (linear model: df = 23968, ¢ =
3.893, p < .01, Figure 6B), this effect is not sex-specific (two-
way ANOVA: F, , . = 0.0122, p = .9879). Finally, on a single
gene level there is no correlation between differential DNA
methylation and differential gene expression between the

sexes (Supplementary Figure S135).

Discussion

In this study, we present the first detailed analysis of genome-
wide sex-specific DNA methylation patterns in the agricul-
turally important insect pest, D. citri, evaluating its effects on
gene expression and sexual differentiation. Our major findings
include: the identification of the X chromosome (chromosome
08 in Diaci_v3), sex-biased gene expression characterized by
a large number of male limited genes, a depletion of male-bi-
ased genes on the X chromosome, overall low genome-wide

levels of DNA methylation, with DNA methylation targeted
to exons but also present in TEs and potentially present in
promoter regions, a small number of differentially methylated
genes between the sexes and no apparent cis-driven relation-
ship between differential DNA methylation and differential
gene expression. This final result suggests that DNA meth-
ylation does not drive sex-specific gene expression patterns
in this species, at least at the resolution of whole-body tissue
sampling.

Sex-biased gene expression in an X0 system

D. citri harbors an XX/X0 sex determination system, whereby
females carry two X chromosomes and males only one X.
Aside from initial sex determination, genes on the sex chro-
mosomes are theorized to play a disproportionately large role
in phenotypic differences between males and females (Dean
& Mank, 2014). Here, we found a de-masculinization of the
X chromosome in D. citri indicated by a reduction in genes
showing male biased expression relative to the autosomes.
A similar de-masculinization of the X has been observed in
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many Drosophila species (Sturgill et al., 2007), nematodes
(Reinke et al., 2004), as well as in Hemiptera, Halyomorpha
halys and Oncopeltus fasciatus (Pal & Vicoso, 2015). This
is in line with classic evolutionary theories that hold the X
chromosome, whose sex-biased transmission sees it spending
more time in females, should value females more than males
by de-masculinization and/or feminization (Hitchcock &
Gardner, 2020). While we found de-masculinization of the
X, we did not find any evidence for a feminized X chromo-
some, based on gene-expression differences, which was also
predicted to be present by these theories. Considering that
a gene’s impact on phenotype may become diluted when
it moves from a haploid to a diploid setting (Otto, 2007),
recent theoretical predictions suggest the relative power of
an X-linked gene to induce fitness effects may be lower in a
female carrier than in a male. This power asymmetry is pro-
posed to generate a bias toward male-beneficial strategies that
offset, and even overturn, the X-linked gene’s feminization
(Hitchcock & Gardner, 2020; Jaquiéry et al., 2013), which

may explain the interesting observations that female-biased
genes on the X chromosome were not over-represented in this
study.

We also observe that most genes present on the
X-chromosome show unbiased expression levels between the
sexes. This is indicative of dosage compensation, as males
only carry one X-chromosome. Previous work in the pea
aphid has found dosage compensation of the X is achieved
through more open chromatin in males compared to females
(Richard et al., 2017). DNA methylation in the silk moth has
been linked to the creation of open chromatin through the
recruitment of histone acetylation (Xu et al., 2021). If this
were occurring in D. citri we may expect higher levels of DNA
methylation across the X chromosome in males compared to
females. However, we do not observe this (Supplementary
Figure S9) and none of the differentially methylated genes
between sexes occur on the X chromosome. Whole-body
comparisons of RNA-seq and WGBS data between sexes are
somewhat limited though, and potentially introduce biases in
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the analysis (Pal & Vicoso, 20135; Perry et al., 2014). Further
comparisons using the data from different male and female
tissues will be necessary to confirm the extent of de-masculin-
ization on the X chromosome and whether DNA methylation
may drive open chromatin and dosage compensation in male
D. citri.

Similar DNA methylation profiles between males
and females

In addition to characterizing chromosome-specific differ-
ential expression between sexes, we also looked at sex-spe-
cific genome-wide DNA methylation differences. We find
overall considerably lower levels of DNA methylation in D.
citri compared to other hemipteran insects which generally
have been found to show >2% CpG methylation (Bain et al.,
2021; Bewick et al., 2017; Mathers et al., 2019). The low
levels found here (0.3%) more closely match the low levels
found in Hymenoptera and Lepidoptera (Bewick et al.,2017).
This shows the importance of investigating epigenetic pro-
files in individual species and not making assumptions based
on related species. This idea is also highlighted by the recent
finding of promoter DNA methylation in some insects (Lewis
et al., 2020) for which we also see some evidence for in D.
citri, although it should be noted that the levels are similar to
background intergenic levels.

We also find no difference in DNA methylation profiles
between the autosomes and the X chromosome, this has
rarely been investigated to date due to the lack of chro-
mosome level assemblies for non-model insects. However,
Mathers et al. (2019) do find a depletion in highly meth-
ylated genes on the X chromosome of a species of aphid,
again these differences highlight the diversity of species-spe-
cific epigenetic profiles. Additionally, we find no genome-
wide sex differences across genomic regions between
sexes. This is similar to two jewel wasp species, Nasonia
vitripennis and Nasonia giraulti, in which more than 75%
of expressed genes displayed sex-biased expression, but no
sex differences in DNA methylation were observed (Wang
et al., 2015). However, extreme sex-biased DNA methyla-
tion has been observed in other insect systems including M.
persicae, Zootermopsis nevadensis, and P. citri (Bain et al.,

2021; Glastad et al., 2016; Mathers et al., 2019). Examples
include a unique sex-specific pattern in P. citri, in which
males display more uniform low levels of methylation across
the genome, while females display more targeted high levels
(Bain et al., 2021). Other than the above mentioned studies,
very little work has examined insect DNA methylation sex
differences using sequencing-based approaches. However,
based on methylation-sensitive amplification polymorphism
assays, a related planthopper species does appear to show
sex differences in terms of DNA methylation levels (Zhang
et al., 2014, 2015b). The extreme diversity of DNA meth-
ylation systems between and even within insect clades, in
terms of both DNA methylation distribution and it’s poten-
tial effects on gene expression, highlights the importance
of assessing individual species profiles. For example, con-
tradicting results have been found in multiple studies, in
terms of DNA methylation influencing alternative splicing
in related species (e.g., Flores et al., 2012; Marshall et al.,
2019), it is only by assessing these relationships on the spe-
cies level can we begin to use DNA methylation as a poten-
tial tool in later research.

The fact that DNA methylation is so similar between D.
citri sexes may be considered when developing a molecular
control system, e.g., RNAI strategy against D. citri as a pest
species. RNAi-mediated gene knockdown has shown tremen-
dous potential for controlling the hemipteran aphids and
psyllids (Jain et al., 2021; Yu & Killiny, 2020; Yu et al., 2016).
Our results may indicate that RNAi of a target DNA meth-
ylation gene should have similar silencing efficiency in both
sexes of D. citri. It has recently been shown that knockdown
of DNMT1 in Phenacoccus solenopsis by RNAI resulted in
offspring death (Omar et al., 2020); similar observations were
recorded in another hemipteran insect, Nilaparvata lugens,
that silencing DNMT1 and DNMTS3 caused fewer offspring
(Zhang et al., 2015a), suggesting such a strategy may hold
potential for the control of D. citri.

DNA methylation does not drive sex-specific gene
expression

We have identified the relationship between DNA methyla-
tion and gene expression in D. citri. We find highly methylated
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genes show generally higher levels of gene expression, which
appears common within insects (e.g., Bonasio et al., 2012;
Glastad et al., 2016; Marshall et al., 2019), although see Bain
et al. (2021). This trend is common between both sexes and
we also find no relationship between differential DNA meth-
ylation and differential gene expression, again this has been
shown to be the case in multiple other insect studies exploring
sex-specific DNA methylation profiles (Glastad et al., 2016;
Wang et al., 2015), although see Mathers et al. (2019).

It has recently been suggested that DNA methylation may
play a temporal role in regulating gene expression (Li-Byarlay
et al., 2020), whereby DNA methylation creates changes in
chromatin structure through the recruitment of histone mod-
ifications (Xu et al., 2021) and this allows a later change in
gene expression which would not be present in samples taken
during the same time frame. The initial DNA methylation
event may then be lost accounting for the lack of association
between gene expression and DNA methylation, although this
idea is yet to be tested. If DNA methylation were functioning
in this temporal fashion in D. citri, we may expect to see DNA
methylation differences between different developmental
stages. Indeed, the small number of differentially methylated
genes we have identified between sexes are involved in sex
differentiation and heterochromatin formation.

In this study, we used whole-body samples and as such the
DNA methylation differences in the above genes may be due
to tissue-specific profiles (Pai et al., 2011). While it is possible
this could also explain the lack of association between differ-
ential DNA methylation and differential gene expression, we
do not think this is the case. Previous work sampling specific
tissues in honeybees has shown the lack of association remains
consistent and that tissue-specific DNA methylation profiles
are uncommon (Harris et al., 2019). Additionally, a recent
multi-species analysis across invertebrates of the relation-
ship between differential DNA methylation and differential
gene expression also confirms the lack of a direct relation-
ship (Dixon & Matz, 2022). There is growing evidence that,
rather than directly regulating gene expression the under-
lying genomic sequence drives DNA methylation patterns
in many insect species (Harris et al., 2019; Marshall et al.,
2019; Yagound et al., 2020; Yagound et al., 2019). In order
to determine if this is the case in D. citri, different tissues and
developmental stages should be sampled. This may allow for
a targeted approach to epigenetic pest control which would
be applicable across the lifespan of the species.

Conserved TE methylation

Finally, in order to explore TE methylation, we characterized
TEs within the D. citri genome. An interesting outcome of
our study is the low TE proportion in D. citri. TEs, known as
jumping genes propagating in genomes, are associated with a
variety of mechanisms contributing to shape genome archi-
tecture and evolution (Gilbert et al., 2021). In insects, TEs
mediate genomic changes which have been reported to play
a pivotal role in the development of insecticide resistance, as
well as adaptation to climate change, and local adaptation
(Adrion et al., 2019; Gonzélez et al., 2010; Itokawa et al.,
2010). Dedicated comparative analyses of TE composition
reveals insect TE landscapes are highly variable between
insect orders and among species of the same order. The
genomic portion of TEs ranges from as little as 0.12% in
the antarctic midge, Belgica antarctica, to as large as 60% in
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the migratory locust Locusta migratoria (Kelley et al., 2014;
Petersen et al., 2019; Wang et al., 2014). Even within closely
related species, TE composition can be drastically differ-
ent; Aedes aegypti TEs contribute about 47% of the whole
genome, followed by 29% in Culex quinquefasciatus, 20%
in D. melanogaster, 16% in Anopheles gambiae, and 0.12%
in B. Antarctica (Arensburger et al., 2010; Kelley et al., 2014;
Nene et al., 2007; Quesneville et al., 2005; Sharakhova et
al., 2007). In this study, we found only 3.3% of the D. citri
genome was made up of TEs, a small proportion compared
with other reported hemipteran insects such as Cimex lect-
ularius (30%), A. pisum (25%), H. halys (39%), Pachypsylla
venusta (24%), and O. fasciatus (21%) (Petersen et al., 2019).
By investigating the 195 insect genomes, a study uncovered
large-scale horizontal transfer of TEs from host plants or a
bacterial/viral infection (Peccoud et al., 2017), and makes this
mechanism likely to be the source of high variation in insect
genomic TE composition. Meanwhile, TE content is usually
positively correlated with arthropod genome size (Gilbert et
al., 2021; Petersen et al., 2019); and D. citri does indeed show
a relatively small genome, at around 475Mb (Hosmani et al.,
2019).

We additionally find evidence of TE methylation in D. citri.
TE methylation is generally found across plants and animals
(Law & Jacobsen, 2010). It was thought to be absent in
arthropods (Keller et al., 2016; Zemach et al., 2010), although
this was based on a small number of investigated species.
Recently, TE methylation has been shown to be present in
centipedes and a species of mealybug (Lewis et al., 2020) as
well as in the desert locust (Falckenhayn et al., 2013). While,
we also show TE methylation in D. cifri, it is worth remem-
bering the genome-wide level of DNA methylation in D. citri
is particularly low (0.3%) and as such methylation of TEs
may not be functioning to silence TE movement as in other
highly methylated species. This discovery does, however, add
to the growing evidence that the function of DNA methyla-
tion is highly variable between insect species.

Conclusion

This study provides a fundamental basis for future research
exploring epigenetic mechanisms of insect control in an
important agricultural pest species, D. citri. We have further
characterized the current D. citri reference genome by iden-
tifying the X chromosome in this species and explored the
TE content, finding low genome-wide TE levels. We also find
a large number of genes show male-biased expression and
find the X-chromosome is depleted for male-biased genes.
Importantly, we characterize the sex-specific methylome
of D. citri finding evidence for TE methylation and poten-
tial promoter methylation, although genome-wide D. citri
shows considerably lower DNA methylation levels than most
hemipteran species currently studied. These results contribute
to the striking differences in patterns of DNA methylation
within Hemiptera, suggesting rapid evolution of DNA meth-
ylation function in this order. This leaves an open question as
to what could be driving such diverse species-specific DNA
methylation patterns.

Additionally, given that the small number of differentially
methylated genes we do find between sexes are involved in
processes such as sex differentiation, we suggest DNA methyl-
ation may play a more functional role in earlier developmental
stages. Finally, we find no relationship between cis-acting DNA
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methylation and differential gene expression, as is common in
many insects, although this cannot rule out a temporal mecha-
nism by which cis-acting DNA methylation may function. The
similar DNA methylation profiles between sexes reported here
would help to develop an epigenetic-based pest control method
targeted at DNA methylation for D. citri management.
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