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� Genes related to the oogenesis of V.
destructor on their new host species
were studied.

� A. cerana and A. mellifera K1 mites
exhibited a very close genetic
relationship at the genome level.

� A total of 121 genes with
nonsynonymous high- FST SNPs were
found between the two types of
mites.

� The transcriptomes of the two types
of mites differentiated as early as 1 h
post-infestation.

� Nine genes carrying nonsynonymous
high-FST SNPs were associated with
oogenesis on the new host.
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Introduction: Host shifts of parasites can have devastating effects on novel hosts. One remarkable exam-
ple is that of the ectoparasitic mite Varroa destructor, which has shifted hosts from Eastern honey bees
(Apis cerana) to Western honey bees (Apis mellifera) and posed a major global threat to apiculture and
wild honey bees.
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Objectives and methods: To uncover the mechanisms underlying this rare successful host shift, we con-
ducted a whole-genome analysis of host-shifted and nonshifted V. destructor mites and a cross-
fostering infestation experiment.
Results: We found that oogenesis was upregulated in host-shifted mites on the new host A. mellifera rel-
ative to nonshifted mites. The transcriptomes of the host-shifted and nonshifted mites significantly dif-
fered as early as 1 h post-infestation of the new hosts. The differentially expressed genes were associated
with nine genes carrying nonsynonymous high-FST SNPs, including mGluR2-like, Lamb2-like and
Vitellogenin 6-like, which were also differentially expressed, and eIF4G, CG5800, Dap160 and Sas10, which
were located in the center of the networks regulating the differentially expressed genes based on pro-
tein–protein interaction analysis.
Conclusions: The annotated functions of these genes were all associated with oogenesis. These genes
appear to be the key genetic determinants of the oogenesis of host-shifted mites on the new host.
Further study of these candidate genes will help elucidate the key mechanism underlying the success
of host shifts of V. destructor.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction the invasive lineage can reproduce on both the worker and male
Most parasites have a specific host range. However, the host
range can be expanded when a host shift occurs (i.e., when a par-
asite infests a new host). Such shifts can lead to the emergence of
devastating infectious diseases [1]. One species that has undergone
such a shift is Varroa destructor, an ectoparasitic mite of honey
bees. Originally a parasite of Eastern honey bees, Apis cerana,
V. destructor shifted to Western honey bees, Apis mellifera, in the
middle of the 20th century [2] after the latter was introduced to
Asia for pollination and honey production. Benefiting from the
international honey bee trade, the mite then attained a global dis-
tribution within a few decades, which has had disastrous conse-
quences for global apiculture with European A. mellifera [2] and
has, with few exceptions, eradicated wild and feral honey bee pop-
ulations in Europe and North America [3,4]. Infestations by this
parasite lead to host colony death due to its feeding on immature
hosts [5] and the fact that it serves as s vector of viruses [6]. To mit-
igate the effects of this host shift and limit chances for further
occurrences, identifying the mechanisms that permit this parasite
to use alternative hosts requires investigation.

The mechanisms underlying successful host shifts are those that
allow contact with an alternative host and enable successful infes-
tations [7]. The former resulted from human transport of A. mellif-
era into the native range of A. cerana in Asia [8]. This novel
sympatry has fostered the interspecific robbing of food stores
[9,10], which has enabledmites infesting A. cerana to invade A. mel-
lifera colonies [11]. The traits that permit V. destructor to success-
fully infest new hosts remain unclear [12]. A key mechanism
required for successful infestation is the ability to exploit the new
host for reproduction [12], and the recognition of host cues and
the triggering of mite oogenesis are particularly important.
Although there are approximately a dozen haplotypes of V. destruc-
tor, only two have successfully shifted to A. mellifera, the Korean
haplotype (K1) and the Japanese/Thailand haplotype (J1) [8], which
suggests that the host shift of V. destructor mites is a phenotype
determined by specific genetics. A previous study revealed that
some genes involved in oogenesis and reproduction are overex-
pressed in another species of this mite, Varroa jacobsonii, that was
able to reproduce on the new host A. mellifera in Papua New Guinea
[13]; however, nothing is known about the molecular mechanisms
underlying the oogenesis of the V. destructor K1 haplotype which
determines its ability to exploit its novel host A. mellifera.

Recently, a native population of the V. destructor K1 haplotype
that is genetically highly similar but differs in its reproductive abil-
ities from the host-shifted lineage was found on the original host A.
cerana in Eastern China [14,15]. This native mite population can
reproduce only on the male brood of the original host, whereas
2

brood of both the original and new host and shows a lower host
specificity [15]. Comparison of native nonshifted and invasive
host-shifted mite populations provides an ideal approach for iden-
tifying the genetic factors underlying reproduction in V. destructor.

To facilitate their identification, we conducted a joint analysis of
genomic, transcriptomic, epigenomic and reproductive data. We
first performed whole-genome sequencing (WGS) to identify single
nucleotide polymorphisms (SNPs) segregating the shifted and non-
shifted lineages. Experimental infestations were then performed to
obtain individuals differing in reproductive status for transcrip-
tomics and epigenomics. Bioinformatics analyses combining geno-
mic and transcriptomic data identified nine candidate genes that
may have mutated to facilitate the exploitation of the new host
A. mellifera by host-shifted mites.

Materials and methods

Sampling for genome sequencing

At 17 locations, V. destructormite families (N = 1 to 10 according
to mite availability, each family composed of a foundress, her son
and one to three daughters) were collected from singly infested
capped worker or drone brood cells of A. mellifera and capped
drone brood cells of A. cerana in one to three colonies per apiary
[16]. Details on the sampling locations, origins of honey bee species
and haplotypes are shown in Fig. 1 and Table S1 at DOI https://doi.
org/10.17605/OSF.IO/ZS948.

DNA extraction and mtDNA genotyping

Due to their small size [2], all the individuals composing each
mite family were pooled for DNA extraction. Total DNA was
extracted using the QIAamp Fast DNA Tissue Kit (QIAGEN, Hilden,
Germany). The segment of the mitochondrial cox1 gene was ampli-
fied using the primers reported by Wang et al. 2018 (Cox1_821_F:
GGAGTAGGTACAGGTTGAACGG; Cox1_821_R: ACAACCCCAGCAA-
TAATAGCAA) [17]. PCR products were sequenced and the haplo-
type of each mite family was determined by comparison with
the 458-bp sequence of the cox1 gene reported by Anderson and
Trueman (2000) [18].

Sequencing, quality control and variant calling

For each sample, we constructed a paired-end library with high
quality DNA and sequenced the DNA on the Illumina HiSeq SE50
sequencing platform following the manufacturer’s protocol. At
least 10 Gb of 2 � 150 bp sequencing data were generated for each
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Fig. 1. Geographic origin of the Varroa destructor mite samples: (A) Global sampling (N in brackets), (B) Sampling in China from both Apis mellifera (black squares) and
Apis cerana (orange circles). Countries and provinces are shown in different colors, which are used in the following graphs to indicate the geographic origin of the samples.
Text color indicates the host species and V. destructor haplotypes (Red: K1 haplotype V. destructormites infesting A. mellifera; Green: K1 haplotype V. destructormites infesting
A. cerana; Blue: C1 haplotype V. destructormites infesting A. cerana). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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sample. Low-quality reads, including those with > 50% low-quality
bases (Q < 20) or containing > 10% Ns, were discarded. Duplicated
reads were further removed using Picard (https://broadinstitute.
github.io/picard/). Clean reads were then mapped to the reference
genome of V. destructor (GenBank Accession No.: BEIS00000000.1)
[19] using the BWA aligner [20]. UnifiedGenotyper in the software
Genome Analysis Tool Kit (GATK, [21]) was used to identify SNPs
and small indels. Low quality variants were then filtered with
GATK Variant Filtration. Structural variation was detected using
BreakDancer [22]; copy number variation was detected using
CNVnator [23].
3

Diversity analysis and phylogenetic reconstruction

The pairwise genetic distances were measured on the basis of
the number of shared alleles between each sample divided by
the number of total SNPs; the obtained distance matrix was then
used to construct a phylogenetic tree with the neighbor-joining
method in PHYLIP [24]. Pairwise FST between groups were calcu-
lated using VcfTools [25]. Nucleotide diversity (Pi) was calculated
using DnaSP v6 [26]. ADMIXTURE was used to estimate the genetic
ancestry of each sample, specifying a range of 2–5 hypothetical
ancestral populations [27].

https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard/
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To tease apart the effects on the genetic structure from two
sources of variation, namely, isolation by distance vs. host adapta-
tion, Mantel and partial Mantel tests were performed using the
vegdist and mantel packages in R, and significance was determined
via 10,000 permutations. The genetic distance matrix was the same
as that used for constructing the neighbor-joining tree. The geo-
graphic distance was calculated as the linear distance between
the sampling sites and was estimated using Baidu Earth (http://
map.baidu.com). The host distance matrix was built using the host
phenotype as a discrete trait; pairs collected on the same honey
bee host species were assigned a distance of 0, and those collected
on different host species were assigned a distance of 1. SMC++ was
used to estimate the historical effective population size [28].
Techer et al (2021) reported that the mutation rate in V. destructor
was approximately 8 � 10�10 per bp per generation [29]. However,
to increase confidence of our estimate, we calculated the popula-
tion size with three possible mutation rates (1 � 10�8, 1 � 10�9,
1 � 10�10 per bp per generation).
Infestation experiments

Adult female V. destructor mites were collected from worker or
drone brood cells of A. mellifera and drone brood cells of A. cerana
colonies in the experimental apiary in Hangzhou, China, where
both honey bee species were kept [15]. After being kept on A. mel-
lifera workers to mimic the mite’s mobile phase for two days, the
two lineages of mites were manually transferred to freshly sealed
(<6h post sealing) A. mellifera drone brood cells to record the fertil-
ity of each mite one day prior to the expected adult emergence (i.e.,
13 days after infestation) [16].

Next, we carried out another three infestation experiments for
the following purposes: 1) to measure the gravidity status index
(i.e., gonopore size) of female mites to monitor their reproductive
status morphologically; 2) to carry out transcriptomic sequencing;
and 3) to perform DNAmethylation sequencing. For 1), 10 A. cerana
mites and 10 A. mellifera mites were sampled before being experi-
mentally transferred to host larvae (0 h) and 3 h, 6 h, 12 h, 18 h,
24 h and 48 h after experimental infestation. Gravid mites have a
swollen opisthosoma due to the presence of a matured egg which
leads to the distending of intersegmental membranes [30]. As a
result, gonopore size as the distance from the distal end of the anal
sclerite (cribrum) to the dorsal shield increases. This distance was
thus measured as a morphological index or the degree of gravidity
and hence of reproductive activity. The experiment was replicated
thrice in drone brood cells of three A. mellifera colonies. Data of the
three replicates were pooled because of the high homogeneity
across replicates. For 2) and 3), 15 A. cerana mites and 15 A. mellif-
era mites were sampled at 0 h, 1 h and 6 h post-infestation; the 15
mites were split into three groups as biological replicates.
RNA extraction, sequencing and data analysis

Total DNA and RNA were extracted from each mite with a DNA/
RNA Extraction Kit (Tiangen, Beijing, China) following the manu-
facturer’s protocol. To avoid the use of mites that recently drifted
to colonies of the other host species in our analysis, mite lineages
were confirmed a posteriori by mtDNA amplification and
microsatellite DNA analysis [15].

RNA extracted from five individual mites in each treatment was
pooled for transcriptome sequencing. The NEBNext Ultra TM RNA
Library Prep Kit (New England Biolabs, Beijing, China) was used
to construct the paired-end 150 bp library. RNA-seq was per-
formed with an Illumina HiSeq 1500 system (Novagene, Tianjin,
China). At least 6 Gb of 2 � 150 bp sequencing data were generated
for each sample.
4

The filter of low-quality reads was the same as that for genomic
sequencing above. TopHat2 [31] was used to align the RNA-seq
reads against the V. destructor genome (GenBank Accession No.:
BEIS00000000.1). Gene expression was evaluated with RSEM
[32]. Differentially expressed genes (DEGs) between individual
samples were identified using DEseq2 [33]. The expression profile
of these DEGs was clustered and a heatmap was produced using
the pheatmap package in R software.

DNA methylation sequencing and data analysis

The total DNA extraction and genotyping of individual mites
followed the same procedures as those for genomic sequencing.
The sequencing library was constructed by an EZ DNA Methylation
Gold Kit (Zymo Research, Irvine, USA). High-throughput sequenc-
ing was performedwith an Illumina HiSeq 1500 system (Novagene,
Tianjin, China). At least 12 Gb of 2 � 150 bp sequencing data were
generated for each sample.

Bismark software was used to map methylated cytosine (5mC)
sequence reads against the V. destructor genome (GenBank Acces-
sion No.: BEIS00000000.1) and to determine cytosine methylation
states [34,35]. The R library DSS and package methylkit were used
to detect differentially methylated regions [36].

Gene Ontology (GO) annotation and enrichment analysis.

To perform GO enrichment analysis, we first search for GO
terms based on their orthologs in the NCBI nr database. A BLAST
(https://blast.ncbi.nlm.nih.gov/) protein search was conducted,
using an e-value of 10-5 as the threshold; the highest hit with
the GO term in the database was retrieved. The enrichment analy-
sis was performed using the R package phyper; GO terms with q-
value < 0.05 were considered significantly enriched. The Enrich-
mentMap plugin in Cytoscape software was used to visualize the
enriched GO terms [37,38].

Protein–protein interactions

The protein–protein interactions (PPIs) were analyzed by the
STRING database (https://string-db.org/). The fruit fly (Drosophila
melanogaster) was chosen as the reference. The results were pre-
sented in visualization by Cytoscape [38].
Results

Genetic relationship between the host-shifted and nonshifted K1
haplotype . destructor

To profile the genomic structure of the K1 haplotype of V.
destructor and to resolve the genetic relationship between the
host-shifted and nonshifted mite lineages, 67 samples were pro-
cessed for WGS. The samples included 37 A. mellifera K1 host-
shifted mites from Switzerland, South Africa, the USA, Thailand,
and five provinces in China, and 30 A. cerana K1 endemic, non-
shifted mites from five provinces in China (Fig. 1A-B; Table S1 at
DOI https://doi.org/10.17605/OSF.IO/ZS948). WGS data identified
173 SNPs in the mitochondrial genome, which generated a phylo-
genetic tree in which A. mellifera K1 mites could not be separated
from A. cerana K1 mites, with five samples collected from A. cerana
colonies being grouped in the A. mellifera K1 cluster (Fig. 2A).

At the nucleus level, 1,223,774 biallelic SNPs were discovered.
In the nuclear SNP-based phylogenetic tree, the A. mellifera K1 mite
samples were clearly separated from the A. cerana K1 mite samples
(Fig. 2B). The only exception was a mite collected from an A. cerana
colony in Fujian Province, China, which was classified in the A. mel-

http://map.baidu.com/
http://map.baidu.com/
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Fig. 2. Genomics analysis of A. cerana and A. mellifera mites. (A-B) Neighbor-joining tree constructed from SNPs on mitochondrial (A) and nuclear DNA (B). The inner circles
indicate haplotypes: A. mellifera K1 (in red), A. cerana K1 (in green), and A. cerana C1 haplotype (in blue; as outgroup). The outer circles indicate the geographic origin of the
samples, with country- and province- specific colors corresponding to Fig. 1A and 1B. (C) Inferred historical population size derived from different mutation rates. AcVdC: V.
destructor C1 mite infesting A. cerana; AcVdK1: V. destructor K1 mite infesting A. cerana; AmVdK1: V. destructor K1 mite infesting A. mellifera. Detailed sample information is
provided in Table S1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lifera K1 cluster and was thus excluded from further analysis. The
outgroup C1 haplotype V. destructor infesting A. cerana samples
was placed at the root of the phylogenetic tree. The nucleotide
diversity of A. cerana C1, A. cerana K1 and A. mellifera K1 mites
was 0.0003, 0.0004, and 0.0001, respectively. For A. mellifera K1
mites, the samples were clustered according to their geographic
origin, with the Swiss samples closer to the Chinese samples
(China-Switzerland clade) and the South African samples closer
to the American samples (USA-South Africa clade) (Fig. 2B).

We next estimated the effective population size of A. cerana K1
and A. mellifera K1 mites over time. The exact curve plots derived
from the three mutation rates selected varied, but all showed that
the sampled A. mellifera K1 mites experienced a severe genetic bot-
tleneck and were descendants of a recent common ancestral lin-
eage (Fig. 2C).

We further tested whether patterns of population structure
between A. cerana K1 and A. mellifera K1 mites were the product
of isolation by geographic distance or of host adaptation. The
genetic distance was not related to geographic distance (Mantel
test, R = -0.08, P = 0.87). In contrast, there was a significant corre-
lation between genetic distance and host range, even while con-
trolling for geographic distance (partial Mantel test, R = 0.35,
5

P < 0.001). Thus, the genetic structure mainly reflected the host dif-
ferences between the two mite lineages.

Genomic signatures of reproduction

The close genetic proximity between nonshifted A. cerana and
host-shifted A. mellifera K1 mites (Fig. 2B) provided us with an
opportunity to investigate the genomic signatures underlying dif-
ferences in reproductive ability. We calculated F-statistics (also
known as the fixation index, FST) to measure the differentiation
in variant (including structural variation and SNP) frequency
among populations. Based on the low FST values, no structural vari-
ation events, including copy number variation, inversions and
translocations, were identified between A. cerana and A. mellifera
K1 mites. At the SNP level, 15,326 (1.24%) had FST values>0.9
(high-FST SNPs). Among these SNPs, only 356 (2.32%) were situated
in the coding regions (Fig. 3A), with synonymous and nonsynony-
mous SNPs at a ratio of 2:1. In addition, 227 of these SNPs (1.5%)
were located within the promoter regions of 223 genes (Table S2
at DOI https://doi.org/10.17605/OSF.IO/ZS948). Notably, the per-
centage of promoter SNPs and the ratio of nonsynonymous/syn-
onymous SNPs increased when FST > 0.9 (Fig. 3 B, C).

https://doi.org/10.17605/OSF.IO/ZS948)


Fig. 3. Annotations of the SNPs with high FST values between Apis cerana and Apis mellifera K1 mites. (A) Partitioning of the SNPs according to their coding potential. (B)
Number of SNPs divided by FST intervals. (C) The percent of nonsynonymous SNPs (black bars) and the SNPs located within the promoter regions (gray bars) at different FST
intervals. Additionally, the rate of nonsynonymous SNPs to synonymous SNPs is shown (gray line). The x-axis below Panel C shows the FST intervals for both Panels B and C.
(D) Enrichment maps of the enriched Gene Ontology (GO) biological process terms in the 121 genes carrying high-FST nonsynonymous SNPs. The nodes represent GO terms;
the lines indicate the gene overlap between the connected GO terms.
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The 125 nonsynonymous high-FST SNPs were distributed among
121 genes (Table S3 at DOI https://doi.org/10.17605/OSF.IO/
ZS948). Of the 38 Gene Ontology (GO) biological processes
enriched for the 121 genes, 20 were related to protein localization,
protein modification and protein metabolism (Table S4 at DOI
https://doi.org/10.17605/OSF.IO/ZS948; Fig. 3D).

Differentially expressed genes in reproduction initiation

To compare the reproductive ability of A. cerana and A. mellifera
K1 mites in the novel host, K1 V. destructor mites collected from A.
cerana (N = 59) and A. mellifera (N = 63) colonies from Hangzhou
were individually transferred into newly sealed A. mellifera drone
brood cells. Their reproductive output showed distinct patterns:
83.5% ± 9.1 of A. mellifera K1 mites produced at least one offspring,
whereas none of the A. cerana K1 mites did. We also opened A. mel-
lifera drone brood cells (N = 30) experimentally infested with each
mite type at seven time points (0, 3, 6, 12, 18, 24, and 48 h) and
measured the gonopore size as a morphological index of reproduc-
tive activity. Consistent with their sterility and despite feeding
activity to sustain themselves, this index did not change signifi-
cantly for A. cerana K1 mites, whereas this index for A. mellifera
6

K1 mites steadily increased over time. The significant difference
on gonopore size between these mites can be observed as early
as 6 h after artificial infestation (Fig. 4).

To investigate the genes associated with the onset of oogenesis
in A. mellifera K1 mites, A. cerana and A. mellifera K1 mites collected
at 0 h, 1 h, and 6 h after experimental transfer to A. mellifera drone
brood cells were used for transcriptomic analysis; 0 h and 1 h rep-
resented the time points before and shortly after contact with the
host, respectively, before A. mellifera K1 mites showed visible signs
of vitellogenesis with increased gonopore size at 6 h post-
infestation (Fig. 4C).

We found that at 0 h, the A. mellifera and A. cerana K1 mites dis-
played a very similar transcriptome profile, while starting from 1 h,
significantly different transcriptome profiles occurred between A.
mellifera and A. cerana K1 mites (Fig. 5A; Table S5 at DOI
https://doi.org/10.17605/OSF.IO/ZS948). At 1 h, 1,577 and 1,120
DEGs were identified in the A. mellifera and the A. cerana K1 mites,
respectively, compared with samples at 0 h. At 6 h, 2,251 and 2,358
DEGs were identified in the A. mellifera and the A. cerana K1 mites,
respectively, compared with samples at 1 h. A total of 324 and 484
DEGs were identified between the A. mellifera and the A. cerana K1
mites at 1 h and 6 h, respectively.

https://doi.org/10.17605/OSF.IO/ZS948)
https://doi.org/10.17605/OSF.IO/ZS948)
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Fig. 4. Morphological determination of differences in the initiation of reproduction between ectoparasitic A. cerana and A. mellifera K1 mites at the early stage of Apis mellifera
drone brood infestation. (A) Dorsal and ventral views of an A. mellifera K1 female mite, indicating the position of the gonopore. (B) Ventral view of an A. mellifera K1 female
mite displaying gonopore size as the distance from the distal end of the anal sclerite (cribrum) to the dorsal shield. (C-D) Measurement and view of gonopore size of A. cerana
and A. mellifera K1 mites infesting A. mellifera drone brood at seven time points post-infestation. AcVdK1: V. destructor K1 mite infesting A. cerana; AmVdK1: V. destructor K1
mite infesting A. mellifera.

Fig. 5. Comparison of transcriptomic profiles in A. cerana and A. mellifera K1 mites. Acm and Amm indicate A. cerana and A. mellifera K1 mites, respectively. (A) Schematic
showing the number of differentially expressed genes (DEGs) based on comparison of each time point and mite type. The time post-infestation is shown at the top of the
figure. (B) Venn diagram showing the number of overlapping DEGs among the three pairs of comparisons (within and between species and times) at 1 h and 6 h post-
infestation. The ‘‘common DEGs” (i.e., overlapping DEGs between time points within species, excluding those differentially expressed between species), are indicated by the
lined shading; the ‘‘Amm-specific DEGs” (i.e., the DEGs specific to A. mellifera K1 mites) are indicated by dotted shading. (C) Semantic space analysis of the significantly
enriched GO terms for biological processes over-represented among the ‘‘common DEGs” and ‘‘Amm-specific DEGs”, respectively. Bubble color indicated for the significance
of how GO terms were enriched and size indicates the frequency of the GO term found in the GOA database. Displayed categories have been selected from a broader set to
eliminate redundancy and prepared for visualization using the REViGO tool available at https://revigo.irb.hr/; see Table S6 for an exhaustive listing.
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At both 1 h and 6 h, approximately half the DEGs in A. cerana
mites were shared with those in A. mellifera mites. The DEGs
shared by the two mite types between each time point (0 h vs.
1 h and 1 h vs 6 h), excluding the genes differentially expressed
between the two types of mites, were designated as ‘‘common
DEGs” (Fig. 5B). The biological process GO terms enriched by the
‘‘common DEGs” were highly similar at 1 h and 6 h, mostly in chro-
mosome organization, protein transportation and protein modifi-
cation (Fig. 5C; Table S6 at DOI https://doi.org/10.17605/OSF.IO/
ZS948). The DEG sets that were specific to A. mellifera K1 mites
and differentially expressed between the two types of mites were
designated as ‘‘Amm-specific DEGs” (Fig. 5B). Only one gene of the
‘‘Amm-specific DEGs” overlapped between 1 h and 6 h, and the
enriched biological process GO terms were very similar at the
two time points (Fig. 5C; Table S7 at DOI https://doi.org/10.
17605/OSF.IO/ZS948). In these overlapping GO terms, ‘‘ribonucle-
oside monophosphate biosynthetic process” and ‘‘regulation of
MAP kinase activity” were specifically enriched among ‘‘Amm-
specific DEGs” compared with the GO terms enriched among the
‘‘common DEGs”.

To test whether the above transcriptomic differences stemmed
from differences in DNA methylation levels, we compared the
genome-wide DNA methylation variation between A. mellifera
and A. cerana K1 mites at three time points. However, differential
methylation was not observed in any DNA segment between the
two mite groups. Therefore, we speculated that genomic variations
rather than epigenetic phenomena was responsible for the tran-
scriptomic changes in A. mellifera K1 mites.
Links between the genome and transcriptome

None of the 223 genes with promoters carrying high FST SNPs
(Table S2 at DOI https://doi.org/10.17605/OSF.IO/ZS948) appeared
in the Amm-specific DEGs. Next, we focused on the links between
the Amm-specific DEGs and the 121 genes carrying nonsynony-
mous high-FST SNPs. Four genes appeared in the two gene sets at
1 h, mGluR2-like (LOC111252394; encoding metabotropic gluta-
mate receptor 2-like isoform X6), LOC111251149 (uncharacterized
protein), Lamb2-like (LOC111245919; encoding laminin subunit
beta-2-like isoform X5) and LOC111253996 (uncharacterized pro-
tein), and one gene at 6 h, Vitellogenin 6-like (LOC111249976). Pro-
tein–protein interaction analysis between the three gene sets
revealed four genes carrying nonsynonymous high-FST SNPs at
the core putative regulatory networks (Fig. 6), CG5800
(LOC111243975; encoding probable ATP-dependent RNA helicase
DDX10 isoform X4), Sas10 (LOC111248714; encoding silencing
protein 10-like), Dap160 (LOC111247635; encoding intersectin-1-
like isoform X4) and eIF4G (LOC111252325; encoding eukaryotic
translation initiation factor 4). In A. mellifera K1 mites, the DEGs
they connected were all upregulated compared with A. cerana K1
mites at 1 h or 6 h.
Discussion

The aim of the present study was to identify the genomic, tran-
scriptomic, and epigenomic mechanisms underlying the oogenesis
of the V. destructor haplotype K1 in a new host species, A. mellifera.
The main findings of the study were the following: i) A. cerana and
A. mellifera K1 V. destructor mites were closely related at the gen-
ome level with 125 nonsynonymous high-FST SNPs distributed
among the 121 genes, ii) the transcriptomes of the shifted and non-
shifted mites were significantly differentiated as early as 1 h post-
infestation of the new host A. mellifera, and iii) nine genes carrying
nonsynonymous high-FST SNPs were associated with oogenesis on
the new host.
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The genetic relationship between A. cerana and A. mellifera K1 mites

To examine the genetic relationships between A. cerana and A.
mellifera K1mites, we performed, for the first time, a genomic com-
parison between host-shifted and nonshifted populations of the
same mite haplotype. Compared with the outgroup (A. cerana C1
mites), the A. cerana and A. mellifera K1 mites exhibited a very close
genetic relationship. Although indistinguishable based on the
mitochondrial DNA, the two clades could be distinguished by
nuclear DNA. Investigation of the K1 clade revealed much higher
genetic diversity of the A. cerana mites than that of the A. mellifera
samples, despite the former being restricted to southeastern China
(Fig. 1B), which clarifies the findings of previous work on smaller
genetic regions [15]. Inferred population analysis revealed that A.
mellifera K1 mites experienced a genetic bottleneck, which is con-
sistent with the host shift history of invasive mites [2], and indi-
cates a recent common ancestral lineage worldwide. Because of
its close genetic relationship with V. destructor K1 mites infesting
A. cerana (Fig. 2A, B), this ancestral lineage appears to be a subclade
of these native mites [8,15].

A successful host shift requires exposure to a novel host and a
preadaptation of the parasite until a self-sustaining parasite popu-
lation is established [7]. In the areas, where A. mellifera and A. cer-
ana are kept in close sympatry (i.e., same apiaries), drifting of V.
destructor between the two honey bee species can occur [11].

Additionally, one mite collected from an A. cerana colony clus-
tered genetically with mites from A. mellifera. However, even if
the drifting of mites occasionally occurs (1 out of the 37 detected
in this study, [11,15]), Varroa spp. lineages are rarely able to repro-
duce on A. mellifera [18,39,40]. This suggests that Varroa spp.
require novel mutations to overcome reproductive barriers, which
occur at a low frequency. To putatively identify such mutations, we
systematically analyzed the results of WGS, cross-fostering infesta-
tion experiments, and transcriptomic and epigenomic analyses.

Molecular mechanism underlying oogenesis on the new host

The A. mellifera K1 mites sampled from different continents
have the same reproductive phenotype. They can reproduce on A.
mellifera drone and worker brood [2,15]. The genetic determinants
of this reproductive phenotype must thus have occurred within the
ancestral population of the invasive lineage of V. destructor K1
mites. The high-FST SNPs identified in our study represent the
genetic features that must have emerged in this particular lineage.
These high-FST SNPs are more likely to contribute to phenotypic
differences between these two kinds of mite than other SNPs.

Morphological changes linked to the initiation of reproductive
activity were observed at 6 h post-artificial infestation in the A.
mellifera K1 mites, and both the A. cerana and the A. mellifera K1
mites underwent significant changes in their transcriptome pro-
files as early as 1 h post-artificial infestation. At both 1 h and 6 h
post-infestation, A. cerana and A. mellifera K1 mites exhibited a
high percentage overlap of DEGs and enriched GO terms. Although
similar transcriptomic responses can result from a variety of
responses shared by the two types of mites, such as feeding, this
also suggests that there is a sequence of cues required to lead to
successful reproduction. The A. cerana K1 mites appear to recog-
nize the early cues triggering oogenesis in A. mellifera drones but
appear unable to complete this process. The DEGs specific to A.
mellifera K1 mites differed at 1 h and 6 h post-artificial infestation,
yet they were enriched in the same set of GO terms. The biological
process GO terms ‘‘regulation of MAP kinase activity” and ‘‘ribonu-
cleoside monophosphate biosynthetic process” were specifically
enriched by ‘‘Amm-specific DEG” but not by the ‘‘common DEGs”,
suggesting that these GO terms are key to the successful oogenesis
of the host-shifted V. destructor K1 lineage. The mitogen-activated
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Fig. 6. Protein–protein interaction networks between the genes carrying nonsynonymous high-FST SNPs and the ‘‘Amm-specific DEGs” at 1 h and 6 h. Gray boxes: genes
carrying nonsynonymous high-FST SNPs; red boxes: upregulated DEGs at 1 h; pink boxes: upregulated DEGs at 6 h; green boxes: downregulated DEGs at 1 h; blue boxes:
downregulated DEGs at 6 h. The gray lines connecting genes indicate interactions. Only genes with an annotation in the fruit fly database were included in the analysis. Amm-
specific DEGs: the DEGs specific to A. mellifera K1 mites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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protein kinase (MAPK) signaling pathway is a highly conserved sig-
nal transduction pathway that plays a crucial role in the develop-
ment of female germ cells and meiotic maturation [41]. The
ribonucleoside monophosphate biosynthetic process results in
the formation of ribonucleoside monophosphates, which are
monomers that make up RNA. The involvement of this process is
consistent with the fact that oogenesis is a period of vigorous
RNA synthesis [42].

The genetic determinants that induce variation in the transcrip-
tome between the two closely related V. destructor lineages remain
unclear. Epigenetic or transcriptional factors might underlie this
variation. However, there was no variation in methylation and
chromosomal structure, and the number of mutations in the pro-
moter regions of DEGs was low. Therefore, 121 genes with nonsyn-
onymous high-FST SNPs potentially contribute to the differentiation
in gene expression profiles.

Comparison of the 121 genes and the ‘‘Amm-specific DEGs” per-
mitted a few key candidate genes to be identified. The genes shared
at 1 h post-infestation between these sets included mGluR2-like
(metabotropic glutamate receptor 2-like isoform X6) and Lamb2-
like (laminin subunit beta-2-like isoform X5). Metabotropic gluta-
mate receptors participate in the proliferation and differentiation
of embryonic stem cells [43]. They also function as neuromodula-
tors that can modulate synaptic transmission and neuronal
excitability [44], which might be required to recognize host cues
and initiate reproduction by V. destructor mites. Laminin is thought
to mediate the attachment, migration and organization of cells into
tissues during embryonic development by interacting with other
extracellular matrix components [45]. At 6 h, the Vitellogenin 6-
like gene was shared between the two gene sets. Vitellogenin, a
critical precursor protein of egg yolk vitellin that serves as a source
9

of nutrients during oogenesis [46], is primarily synthesized in the
fat body, secreted into the hemolymph and subsequently taken
up into developing oocytes via receptor-mediated endocytosis
[47]. Lipid transport associated with vitellogenin is the most signif-
icantly enriched biological process in the foundress (reproductive
female) and young mites [48].

Protein–protein interaction analysis showed that four genes
carrying nonsynonymous high-FST SNPs, CG5800, Sas10, Dap160
and eIF4G, were at the core of the regulatory network of the DEGs,
and their connected DEGs were all upregulated during oogenesis in
A. mellifera K1 mites. CG5800 encodes a putative ATP-dependent
RNA helicase characterized by the conserved motif Asp-Glu-Ala-
Asp (DEAD). Members of the DEAD family participate in embryoge-
nesis, spermatogenesis, and cellular growth and division [49].
CG5800 is also one of the genes identified to be under positive
selection in the V. destructor branches in Techer et al. (2019) [19],
suggesting this gene is of high adaptive value for the parasite.
Sas10 encodes silencing protein 10. The homolog of Sas10 in Ara-
bidopsis thaliana, THAL, contributes to both the transcription and
processing pathways of rRNA biogenesis and impacts the organiza-
tion of the nucleolus and reproductive development [50]. Dap160
interact with numerous endocytic proteins and affect endocytosis
[51], a process that is needed for germline cells to take up vitel-
logenin [52]. eIF4G-1 belongs to the family of translational initia-
tion factors and is the central organizing protein in the
recruitment of mRNA during translational initiation [53]. In sum,
the seven annotated genes above carrying nonsynonymous high-
FST SNPs are associated with oogenesis. We speculate that muta-
tions occurring in these genes in A. mellifera K1 mites permit the
upregulation of the reproduction-associated DEGs despite being
on the new host species and contribute to the success of oogenesis.
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Conclusions

The V. destructor K1 mites infesting A. cerana in southeastern
China are highly similar in genetics with those infesting A. mellif-
era, thus providing good opportunities to investigate the genomic
signatures underlying host shifts of the mites. Despite their close
genetic relationship at the genome level, the transcriptomes of
host-shifted and nonshifted V. destructor mites were significantly
differentiated as early as 1 h post-infestation of the new host A.
mellifera. Joint analysis of genomic, transcriptomic, and reproduc-
tive data of the two closely related lineages suggests that mite
reproduction is affected by nine candidate genes, seven of which
were related to upregulation of oogenesis, which may explain the
striking differences in host specificity between A. mellifera and A.
cerana K1 mites and have contributed to their ability to reproduce
on the foreign host. Further study of the functions and regulation of
these nine candidate genes will help elucidate the molecular basis
of the host shift of V. destructor.
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