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Abstract

The geographic and biological diversity of China has resulted in the differential adap-
tation of the eastern honeybee, Apis cerana, to these varied habitats. A. cerana were
collected from 14 locations in China. Their genomes were sequenced, and nucleotide
polymorphisms were identified at more than 9 million sites. Both STRUCTURE and
principal component analysis placed the bees into seven groups. Phylogenomic anal-
ysis groups the honeybees into many of the same clusters with high bootstrap values
(91%-100%). Populations from Tibet and South Yunnan are sister taxa and together
represent the earliest diverging lineage included in this study. We propose that
the evolutionary origin of A. cerana in China was in the southern region of Yunnan
Province and expanded from there into the southeastern regions and into the north-
eastern mountain regions. The Cold-Temperate West Sichuan Plateau and Tropical
Diannan populations were compared to identify genes under adaptive selection in
these two habitats. Pathway enrichment analysis showing genes under selection, in-
cluding the Hippo signaling pathway, GABAergic pathway, and trehalose-phosphate
synthase, indicates that most genes under selection pressure are involved in the pro-
cess of signal transduction and energy metabolism. gRT-PCR analysis reveals that
one gene under selection, the AcVIAAT gene, involved in the GABAergic pathway,
is responding to cold temperature stress. Through homologous recombination, we
show that the AcVIAAT gene is able to replace the CNAG_01904 gene in the fungus
Cryptococcus neoformans and that it makes the fungus less sensitive to conditions of
oxidative stress and variations in temperature. Our results contribute to our under-
standing of the evolutionary origin of A. cerana in China and the molecular basis of

environmental adaptation.
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1 | INTRODUCTION

Honeybees are economically important insects due to their role in
honey production and agricultural pollination. The Asian honey-
bee Apis cerana (also referred to as the Eastern honeybee) is one
of ten honeybee species comprising the genus Apis and has a wide
geographic distribution in Asia (Arias & Sheppard, 2005; Engel &
Schultz, 1997; Willis et al., 1992). Previous studies have focused
on the morphological diversity of A. cerana based on morphomet-
ric clustering (Damus & Otis, 1997; Hepburn et al., 2001; Radloff
et al., 2010; Radloff, Hepburn, Fuchs, 2005; Ruttner, 1988; Tan
et al., 2008). In an early study, A. cerana was grouped into four main
clusters. The Chinese honeybees together with native honeybees
from Afghanistan, Pakistan, North India, and North Vietnam were
placed in one group (Ruttner, 1988). Chinese honeybees have been
classified into five clusters based on the morphometric data from
samples across the country, including Hainan Island, East, Tibet,
Diannan, and Aba groups (Yang, 2001). Another morphometric
analysis of Asian A. cerana has shown six main morphoclusters and
places the A. cerana in China in both morphoclusters | and Il (Radloff,
Hepburn, Fuchs, Otis, et al., 2005), which shows that A. cerana in
China is composed of four subclusters: Aba, Tibet, central/eastern
China, and southern China. A more recent study recognizes nine
morphological and ecological types of Chinese honeybees (Aba,
Diannan, Tibet, Yun-Gui plateau, North China, Southern China,
Changbaishan, Hainan, and Central China) based on morphological
features and geographic location (Ge et al., 2011). These studies,
showing the high degree of morphological differentiation among
populations of Chinese honeybees, highlight the need for a larger
data set available through comparative molecular analysis. Initial
molecular studies comparing mtDNA or ssrDNA with morphomet-
ric analysis support the conclusion that there is a high degree of
morphological and genetic diversity among A. cerana in China (Liu
etal., 2017; Luo & Chen, 2015; Zhou et al., 2016). The completion of
the A. cerana genome has paved.

The way for whole-genome comparisons and implementa-
tion of SNP analysis among populations of this species (Diao
et al., 2018; Park et al., 2015). One population genomics study
demonstrated considerable genetic variation among populations
and concluded that physical barriers were the primary driving
force for the divergence of A. cerana (Chen et al., 2018). The au-
thors demonstrated five distinct genetic clusters (Hainan, Tibet,
Aba, Dian, and North China) (Chen et al., 2018), corresponding
closely to clusters identified previously based on morphological
analyses (Ge et al., 2011). The evolutionary expansion of the Asian
honeybee into China and the genetic relationships among these
populations are still unresolved.

Population genomics of A.cerana also facilitate the acquisition
of data for the identification of genes involved in the adaptative
evolution of A. cerana. A study comparing 60 eastern honeybee
samples from differing altitudes in Yunan Province identified
37 genes under positive selection at higher altitudes (Montero-

Mendieta et al., 2019). Among these genes, the selection pressure

on the esterase FE4-like gene in highland A. cerana is thought to
play arole in the regulation of metabolic activity at lower tempera-
tures. This might contribute to earlier mating, shorter copulation,
and the production of more offspring (Gilbert & Richmond, 1982).
The selection pressure on other genes such as the leucokinin and
NMDA receptors was hypothesized to mediate foraging in ad-
aptation to highland habitats (Montero-Mendieta et al., 2019).
Another recent study analyzed the diversity of populations from
northern and central China using the 2b-RAD simplified genome
sequencing method. The A.cerana samples from thirty-one pop-
ulations revealed 20 significantly enriched GO categories under
selection between populations from northern and central China.
The authors reported that the most significant factors were re-
sponse to stimulus, signal transduction, and locomotion, indicating
the importance of signal processing and response as bees adapt to
different environments (Li et al., 2019).

Currently, the number of genetic groups associated with mor-
phological clusters of A.cerana in China is still not resolved. The
genetic relationships, geographic proximity, and environmental
factors affecting these populations are not clear. Continued re-
search on the population dynamics and evolution of A.cerana
is needed to understand the origins and spread of the eastern
honeybee and the adaptive strategies used in occupying the
wide diversity of habitats in China. In this study, we performed
high-throughput DNA sequencing of representative samples of
worker honeybees from diverse habitats in China and compared
our results to those for the nine ecological types from a previ-
ous study (Ge et al.,, 2011). We included twelve resequencing
published genomes of A.cerana collected from other regions (11
samples from Japan, 1 sample from Thailand) in our data set for
comparative purposes. In addition, we examined the genetic re-
lationships associated with geographic proximity and propose a
location for the evolutionary origin of A. cerana in China. We also
compare two populations from very different physical and clima-
tological regions to identify differences in genetic composition
and gene expression to explore the molecular basis of adaptation

to environmental stress.

2 | MATERIALS AND METHODS
2.1 | Sample collection and DNA isolation

Samples of 138 A. cerana were field or colony collected from a wide
variety of habitats throughout their known range in China and pre-
served in 75% ethanol. Forager bees were collected by sweep net-
ting and bees from managed or wild colonies were collected with
tweezers. The geographic distribution of all samples is shown in
Table S1. Genomic DNA was extracted from one adult honeybee
from each colony using the CTAB (cetyltrimethylammonium bro-
mide) method and stored at 4°C To avoid contamination from intes-
tinal microorganisms, only the brain and thoracic muscles from adult

honeybees were used.
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2.2 | Genome Sequencing and SNP Genotyping

The genomic DNA of each sample was fragmented ultrasonically,
and 350-bp length fragments were recovered from an agarose
gel. The DNA was sequenced using the Illumina HiSeq sequenc-
ing platform according to the manufacturers’ instructions. The
raw data are summarized in Table S2. After removing the adap-
tors, low-quality (Q < 20) sequences and those reads containing
more than 5% unreadable bases (N bases) were removed using the
FASTX-Toolkit software( http://hannonlab.cshl.edu/fastx_toolk
it/). The resulting data are shown in Table S3. Using the align-
ment tool BWA (Li & Durbin, 2010), the data were mapped to an A.
cerana reference genome (Diao et al., 2018). Reads, mapping rate,
sequencing coverage, and effective depth for all 138 samples are
summarized in Table S4. SNP calling was performed using GATK
V4.0 (McKenna et al., 2010). Local realignment was performed to
enhance the accuracy of alignments in the vicinity of indel poly-
morphisms. SNPs were identified and filtered using the program
package of HaplotypeCaller and VariantFiltration. The parameter
condition of VariantFiltration was set as "QD < 2.0 || FS > 60.0 ||
MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0
|| SOR > 3.0"; 3), the SNP candidates were filtered by VCFtools
(Danecek et al., 2011), and those with a minor allele frequency
greater than or equal 0.05 were retained. The number of alleles
is 2, and the proportion of missing data is 0.5. The sequence data
are available in the NCBI database, BioProject ID: PRINA488853.
In addition, the genomic data of eleven samples from Japan and
one sample from Thailand were downloaded from the public
GenBank database (accession numbers SRX457260-SRX457269,
PRJDB5799, and SRX339508).

2.3 | Population and phylogenomic analyses

Population genetic structure and individual ancestry admixture
were inferred by the maximum-likelihood routine using the expec-
tation-maximization algorithm in the program ADMIXTURE v1.2
(Alexander et al., 2009). The predefined genetic clusters were in-
creased from K = 2 to K = 14. Principal component analysis (PCA) of
the SNPs was performed using the package EIGENSOFT (Patterson
et al., 2006), and the significance level of the eigenvectors was de-
termined using the Tracy-Widom test. The population genetic val-
ues were calculated using VCFtools (Danecek et al., 2011), including
pairwise nucleotide variation as a measure of variability (0,) and ge-
netic differentiation (FST). The distribution of 6_and Fst throughout
the entire genome was presented under 10-kb window size sliding in
1-kb steps. The number of unique and common SNPs among groups
was compiled and then visualized using R language with the UpSetR
package.

A neighbor-joining phylogenetic tree was constructed using the
TreeBest (Vilella et al., 2009) software with the p-distances model.
The western honeybee, Apis mellifera, was chosen as the outgroup

and its genomic data were downloaded from the NCBI database
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(accession no. PRJINA236426). The bootstrap support was evaluated
based on 1,000 replicates.

2.4 | Identification of genes under selection

A comparative analysis comparing the WSichPl and Diannan popula-
tions was performed. To detect those regions showing significant
selective sweep values, we examined the distribution of the 6,
ratios (6, population1/6 , population2) and the F¢; values. We se-
lected windows with significantly low and high 6_ratios (the 5% left
and right tails) and significantly high F¢; values (the 5% right tail) as
indications of strong selective sweep along the genome. We em-
ployed XP-EHH analysis as a second method to identify loci under
selection (Danecek et al., 2011; Szpiech & Hernandez, 2014). The
software package SHAPEIT was employed to phase the genotype
in each chromosome and further split the haplotype file to each
group of samples (Delaneau et al., 2011). Using a recombination rate
of 17.4 ctM/Mbp (Shi et al., 2013), we calculated the XP-EHH value
between the two groups using the selscan software tool (Szpiech
& Hernandez, 2014). The top 1% of all XP-EHH values between
WSichPl and Diannan were considered as the selection signal.
Only genes showing selection supported by all three methods are
reported in this study (Figure 3c). Cluster of Orthologous Groups
of proteins (COG) annotation for the candidate genes under selec-
tion was performed as follows: (a) Gene translations were scanned
through the COG database for matches with an E-value threshold of
1E-10; (b) the top hit of each query sequence was considered as its
annotation function; referring to the functional categories of COG
annotation, the number of genes involved in the various biologi-
cal process was summarized and presented (Figure 3d). In addition,
the pathway enrichment analysis for the selected genes was deter-
mined using the online KOBAS tool (Xie et al., 2011). We selected
Drosophila melanogaster as the background species. The Benjamini-
Hochberg method was used for FDR correction. The FASTA protein
sequence files were preprocessed for BLAST with the default cut-
offs (E-value < 107° and rank < 5).

2.5 | Transcriptome data analysis

The raw RNA-seq data of A. cerana which had been subjected to
treatments of 0°C and 25°C were obtained from a previous study
(Xu et al., 2017). As described in that study, after extraction of
the total RNAs from the whole body of bees, the three 0°C RNA
libraries (ZOT-1, ZOT-2, and ZOT-3) and three 25°C RNA libraries
(ZRT-1, ZRT-2, and ZRT-3) generated 41.56-59.70 million (M) raw
reads per sample(Xu et al., 2017). The trinity software package
(Grabherr et al., 2011) was used to estimate the expression lev-
els of all genes including APICC_05210 (also called AcVIAAT) at
0°C and 25°C using the bowtie2, RSEM, and edgeR programs. The
RNA-seq segments were identified by matching with annotated

genes of A. cerana using Bowtie2 (Langmead & Salzberg, 2012),
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and transcript quantification was determined with RSEM (Li &
Dewey, 2011). Differential expression analysis of complex RNA-
seq between the two temperature conditions was performed by
using edgeR (Chen et al., 2014), and the significance threshold for
differential expression was set at correct p-value < .05 and log,
(fold-change) >2. The results were visualized as a volcano plot by
R language with ggplot2.

2.6 | Quantitative Real-time PCR

A.cerana colonies were collected from the Daba mountains (lo-
cation: N32°06'39.33", E108°28'23.23") and maintained in our
apiary. Four groups of adult foraging bees (n = 30 bees/group)
from the same hive were held in incubators for 2 hr at 0°C, 4°C,
10°C, and 25°C. Total brain RNAs from each bee were extracted
using Trizol reagent and then reverse-transcribed into cDNA to
use as a PCR template using the Transcriptor First Strand cDN
A Synthesis Kit (Roche). To amplify messages for the AcVIAAT
gene, positive (5"CGCATATCTGTTGTTACACTG'3) and nega-
tive strand (5'GACTTGAGGAAACCGAGGG'3) primers were de-
signed for use in gqRT-PCR using the Primer premier 5.0 software.
Primers for an actin gene (5 TGCCAACACTGTCCTTTCTG'3, 5'
AGAATTGACCCACCAATCCA'3) of A. cerana were used as a posi-
tive control. The gPCR amplification procedure was as follows: 95°C
for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s.
The transcript abundance was calculated relative to the gene encod-
ing actin using the 2722 method. 25°C was used as the calibration
temperature. Three biological replicates were conducted in this ex-
periment. The t test was used to determine the significance of a dif-
ference among different temperature conditions.

2.7 | Generation of CNAG_01904A and AcVIAAT
complementation

A BLASTP search of the NCBI database indicated that the AcVIAAT
is homologous to the CNAG_01904 gene of the fungus Cryptococcus
neoformans. To test whether AcVIAAT functions as a homolog of
the CNAG_01904 gene under conditions of abiotic stress, we
knocked out the CNAG_01904 gene in the C. neoformans H99 wild-
type strain using the split-marker recombination transforma-
tion method previously described (Kim et al., 2015). To accomplish
this, we first used PCR to amplify a 1-kb-length fragment upstream
of the CNAG_01904 locus and another 1-kb-length fragment
downstream of the same locus using genomic DNA of C. neofor-
mans H99 wild strain as templates. Two pairs of primers, TL1043/
TL1044 and TL1045/TL1046 were used. Next, the resistant NEO
gene was amplified by PCR using the pJAF1 plasmid as the template
with the TL17/TL18 primer pair. The overlap PCR products were
ligated to obtain the linear DNA composed of the upstream frag-
ment + NEO+downstream fragment. Finally, gene gun bombard-

ment was used to transfer the PCR product into the C. neoformans

H99 wild-type strain. The stable transformants were screened
with diagnostic PCR using positive primers TL1049 and TL59 and
negative primers TL1047/1048. Using this method, we obtained
a CNAG_01904 deficient mutant of the C. neoformans H99 wild
strain referred to here as CNAG_01904A.

The APICC_05210 gene was then amplified with primers
TL1075/1076 using A. cerana cDNA as a template and cloned into
the vector pTBL153 which contains the Actin promoter and NAT
selective marker gene generating the complementation plasmid
pTBL169. The Sall linearized pTBL169 was purified and biolisti-
cally transformed into CNAG_01904A mutant strains to gener-
ate CNAG_01904A::APICC_05210 strains. All information regarding
the primers used in this study is shown in Table S5.

To compare the growth of our knockout, replacement, and wild-
type strains, stress sensitivity assays were performed under ten dif-
ferent growth conditions. These included YPD + 10°C, YPD + 20°C,
YPD + 30°C, YPD + 1.5 M Sorbitol, YPD + 2.5M H,0,, YPD +
1M NaNO,, YPD + 1.5M KCI, YPD + 1.5M NaCl, YPD + 0.025%
SDS, and YPD + Congo red. Growth on YPD at 30°C is our con-
trol growth condition. H,0, was used to test the response to ox-
idative stress; SDS and Congo red were used to assay the role of
the APICC_05210 gene product in the maintenance of membrane
integrity; NaNO, was used to test the response to nitrative stress;
sorbitol was used to test the response to osmotic stress; and KCl and
NaCl were used to test the response to stress from salt ions.

3 | RESULTS
3.1 | Population structure

The genome sequences of the 138 A. cerana samples produced
334.4 GB of raw data and resulted in 323.5GB of high-quality se-
qguence data with a genome coverage of 1,464X. We identified 9.17
million SNPs in the A. cerana genome (Table S6); a number compa-
rable to that found in A.mellifera (8.3 million) (Chen et al., 2018).
The majority of the SNPs (68.5%) are located in intergenic regions,
27.2% are located in introns, and 4.3% are found in coding regions.
STRUCTURE analysis of the 138 Chinese honeybees combined with
the eleven samples from Japan and one sample from Thailand is
shown in Figure 1a. When K = 5, the results show five clusters and
one large undefined group. When K = 6, the TaiLvMt cluster is de-
fined, and when K = 7, the Diannan population emerges (Figure 1a).
STRUCTURE analysis of our collection of A. cerana forms seven
distinct groups: those from the Western Sichuan Plateau, Chang
Mountain, the Tibet Plateau, Hainan Island, Yunnan Provence,
Central China and from the Taihang and Luliang Mountains. Principal
component analysis (PCA) initially revealed four clusters separated
in PC1-PC2 space and five clusters separated in PC1-PC3 space
(Figure 1b and c). Further analysis in PC1-PC2 space separates
the central component into 3 populations for a total of 7 groups
(Figure 1d) establishing the same 7 groups as with the STRUCTURE

analysis.
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FIGURE 1 The population variation of all the surveyed samples. (a) Population admixture results showing the formation of seven
populations (WSichPI, ChangMt, TibetPIl, Hainanld, Diannan, TaiLvMt, and CentCh). The samples from Japan and Thailand are indicated as

asterisk and rectangle, respectively. (b) Four populations as determined by comparing PC1 and PC2. (c) Five populations are determined by
comparing PC1 and PC3. (d) Diannan, TaiLvMt, and CentCh groups are further resolved by comparing PC1 and PC2. (e) Pairwise Fst values of
the 7 populations. (f) The number of common and unique SNPs among each group. The number of SNPs shared between the Diannan group

and each of the other six groups are also shown

Pairwise Fst values among all the groups vary from 0.0086 to
0.1625 (Figure 1e). The highest population differentiation is between
the Tibetan plateau and the northernmost Chang mountain group,
which are also quite distant geographically. These two populations are
the most differentiated from the other 5 populations. The CentCH pop-
ulation shows the lowest pairwise differentiation from the other pop-
ulations (Diannan, TaiLvMt, Hainanld, WSichPI, ChangMt, and TibetPlI).
The Central China population has the lowest pairwise FST values com-
pared to the other 6 populations. This implies an intermixing perhaps
due to the location of the central China population. The Fst values
among the five subgroups (DaMt, ZheFuH, WuMt, YiMt, and ShenFr)
from within the central China population are between 0.001 and 0.008
reflecting their similar genetic makeup. This is to be expected as these
groups were part of the same cluster in our initial Principal component
analysis implies that the topography of central China poses less geo-
graphic separation and therefore greater gene flow among the popula-
tions of central China. The maximum number of SNPs was found in the
central China populations, and the minimum number was found in the
collections from the ChangMt group (Figure 1f). The number of shared
SNPs between the Dianan and CentCh group is significantly greater
than that between the Dianan population and any of the five popu-
lations (Figure 1f). The number of common SNPs in all combinations

among seven populations is shown in Figure S1.

3.2 | Phylogenetic relationships among the
populations

Using A.mellifera as the outgroup, a neighbor-joining tree was con-
structed to show the phylogenetic relationships and collection sites
of the 7 distinct populations from throughout China (Figure 2). The
A. cerana populations can be assembled into three main phylogenetic
groups designated C1, C2, and C3 (Figure 2). The C1 clade is com-
posed of the semitropical Diannan and Tibet Plateau populations.
Both of these populations are from Southwest China and form a
sister taxon to the remaining A. cerana populations. The Himalayan
mountains form a significant geographic barrier to genetic exchange
between these two populations resulting in significant genetic dif-
ferentiation between the two populations in this sister taxa.

Clade C2 is comprised of populations from Central and Eastern
China and extends to Hainan Island in Southeastern China. Five
of the populations, YiMt, Hainanld, XunPn, ZheFuH, and JingMt
(Figure 2) cluster with 97% bootstrap values with 2 subgroupings
showing bootstrap values of 100% and 67%. Based on Structure
Analysis, the Hainanld collection forms a distinct population.
Clade C3 is comprised of populations in the mountain regions
ranging from southwest to northeast of China. Five of the pop-
ulations (WSichPIl, DaMt, TaiLvMt, ChangMt, and MaiMt) form a
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FIGURE 2 The phylogenetic relationships and geographic location of the honeybees collected. The phylogenetic relationships inferred
from the SNP data. Taxa are shown as three main clades divided into localities. The map of China showing the geographic location
corresponding to the group names: WSichP| (Western Sichuan Plateau); DaMt (Daba Mountain); TaiLvMt (Taihang and Luliang Mountain);
ChangMt (Changbai Mountain); MaiMt (Maiji Mountain); WuMt (Wuling Mountain); YiMt (Yimeng Mountain); Hainanld (Hainan Island);
XunPn(Guangxi Xunyu Plain); ZheFuH(Zhejiang and Fujian hills); JingMt(Jinggangshan Mountain); ShenFr(Shennongjia Forest Area);
TibetPI(Tibetan Plateau); Diannan(South Yunnan). The names of the central China population are printed in yellow

clade with a 91% bootstrap value. The analysis reveals relation-
ships within this clade with 100% and 70% bootstrap values. The
TaiLvMt, MaiMt, and ChangMt populations form a clade with a
100% bootstrap value. In contrast, four of the members of the
central China group (DaMt, WuMt, YiMt, and TaiLvMt) show very
low or no bootstrap values in Figure 2, and therefore, their phylo-
genetic relationships are ambiguous.

3.3 | Genes under selection associated with the
West Sichuan Plateau

Because of the extreme differences in their physical environment,
we chose the WSichPIl and Dianna groups to examine the molecular
basis of local adaptation. The WSichPI group (West Sichuan Plateau)
lies at an altitude of 3,000 meters at the junction of the south-
west edge of the Qinghai-Tibet Plateau at the northern end of the
Himalaya-Hengduan Mountains and the Sichuan northwest alpine
canyon. The yearly average temperature is 8-9°C, and the annual
precipitation is 753 mm with an average humidity of 63%. In con-
trast, the Dianna region in the Yunnan province is a semitropical re-
gion that lies at 500-800 meters above sea level and has an average
temperature of 18-20°C with an annual precipitation of 1100-2,500
mm and an average of 82% humidity.

The genomicregions with selected signals for the WSichPI group

were screened using two methods. The first method implemented

a combination of §_and F; statistics and shows regions of the ge-
nome differentially selected for the WSichPI and Diannan regions
(Figure 3a). The second method was based on XP_EHH analysis
(Szpiech & Hernandez, 2014; Yang et al., 2016) (Figure 3b). Finally,
one hundred and fifty-one genes were identified as being differ-
entially selected between the WSichPl and Diannan populations
(Figure 3c). Functional categories of COG (Cluster of Orthologous
Groups of proteins) for these 151 candidate genes were performed.
Many of these genes are involved in the COG categories of sig-
nal transduction mechanisms, carbohydrate transport and me-
tabolism, and amino acid transport and metabolism (Figure 3d,
Table S7). Three genes under selection, alpha trehalose-phos-
phate synthase (TPS, APICC_00264), lethal (2) essential for life (I(2)
efl, APICC_00695), and glycerol kinase (GK,APICC_04451), stimu-
late transcriptional activity in response to changes in temperature
(Table S7). In the Asian lady beetle Harmonia axyridis, the TPS gene
up-regulates the level of expression under short-time cold induc-
tion, which results in the balancing of blood sugar levels (Qin, 2012).
It has been reported that the expressed level of the TPS gene is
also up-regulated significantly in A. cerana under low-temperature
conditions resulting in an increase in the total antioxidant capacity
(Xia et al., 2019). The I(2)efl gene is a heat-shock protein known
to respond to oxidative and temperature stress in some organ-
isms (Diao et al., 2018; Muthusamy et al., 2017; Rhee et al., 2011).
Transcriptional activity of I(2)efl can be induced in A. cerana by ex-

posure to cold temperatures (Xia et al., 2019). One of the glycerol
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kinase genes in the diamondback moth, Plutella xylostella, is known
to be responsible for rapid cold hardiness associated with glycerol
accumulation (Park & Kim, 2014).

Further enrichment analysis of 151 candidate genes in the KEGG
pathway identifies twelve pathways associated with signal transduc-
tion or carbohydrate metabolism, two of which show significance
after FDR correction (Table S8). One of the enriched KEGG path-
ways is the Hippo signaling pathway, considered to be important for
the adaption to cold climates not only in A. mellifera but also in A.
cerana (Chen et al., 2016; Chen et al., 2018).

Three genes involved in the vesicular storage of gamma-am-
inobutyrate acid (GABA) were determined to be under selection
pressure (Figure 4a and b). Two of the genes (APICC_08806 and
APICC_06768), collectively known as AcGABA,, code for a GABA
alpha transporter receptor. The third gene codes for a vesicular in-
hibitory amino acid transporter (labeled here as AcVIAAT) thought to
be an inhibitor of GABA uptake. Since GABA is known to be a free
amino acid that helps to counteract biotic and abiotic stress in some
organisms (Juge et al., 2009; Kumar et al., 2019), we further exam-
ined whether the AcVIAAT gene of A. cerana plays a role in abiotic
stresses.

3.4 | The expression of AcVIAAT in A. cerana at low
temperature

We utilized the high-throughput transcriptome data provided by
Jiang (Xu et al., 2017) to quantify the expression of AcVIAAT at vari-
ous temperatures. Based on the analysis of these data, the expressed
level of AcVIAAT in A. cerana increases significantly at 0°C compared
to the 25°C control (Figure 4c), suggesting that expression level of the
AcVIAAT gene is up-regulated at low temperature. We further meas-
ured AcVIAAT expression in A. cerana at 0°C, 4°C, 10°C, and 25°C
using qRT-PCR (Figure 4d). The results show that transcriptional activ-
ity of AcVIAAT is greater at the three lower temperatures than at 25°C.
The relative level of expression is highest at 4°C. Our results indicate
that AcVIAAT gene expression can increase in response to cold stress.

3.5 | Replacement of CNAG_01940 knockout
with AcVIAAT

To determine whether the AcVIAAT gene plays a role in differ-

ent abiotic stresses, we used the Cryptococcous neoformans
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at 25°C. Red bars represent the treated samples in the three low-temperature conditions. Three biological replicates were performed for

each experimental condition. *significance threshold p < .05

transformation system. The Cryptococcus neoformans CNAG_01904
gene is homologous to the AcVIAAT gene in A. cerana. The results of
our experiment show that the AcVIAAT gene isolated from A. cerana
was able to complement the Cryptococcus neoformans CNAG_01904

gene. Our comparison of the growth of the Cryptococcus neoformans

H99 wild-type strain, the CNAG_01904A (knockout strain), and the
CNAG_01904A::APICC_05210 strain (CNAG_01904A restored with
the AcVIAAT) from A. cerana is shown in Figure 5. Figure 5 shows
that when Cryptococcus neoformans was grown in 30°C on YPD
medium, there was a slight difference in the H99, CNAG_01904A
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and CNAG_01904A::APICC_05210 growth rates (Figure 5). When
Cryptococcus neoformans is grown at 10°C or 20 °C on YPD medium,
CNAG_01904A shows a significant decrease in growth rate com-
pared to the H99 wild-type and the CNAG_01904A::APICC_05210
rescued strains (Figure 5). Both the Cryptococcus neoformans H99
wild type and the CNAG_01904A::AcVIAAT rescue strains grew more
rapidly in YPD + H,O,, YPD + SDS, YPD + KCl, and YPD + Congo red
agar plates than did the CNAG_01904A knockout strain (Figure 5).
Growth of C. neoformans in 1.5M NaNO, was the same in all three
strains (Figure 5). These results suggest that the AcVIAAT gene is im-
portant for maintaining cell membrane integrity and survival under

oxidative stress.

4 | DISCUSSION

The eastern honeybee A. cerana is thought to comprise nine eco-
logical types in China based on morphological data and geographic
location (Ge et al., 2011). Genomic analysis of populations can pro-
vide more detailed information regarding the diversity of A. cerana
in China. A previous study based on population genomics sug-
gested that the divergence of populations of Chinese A. cerana has
been influenced primarily by physical-geographical factors (Chen
et al., 2018). This study clarifies the evolutionary relationships
among the main genetic groups and their geographical distribu-
tion. The structure and principal component analyses in Figure 1a-d
show seven populations from different habitats and geographic re-
gions. The seven genetic groups identified in this study correspond
to seven of the nine ecological types described by Ge et al., 2011,
suggesting a direct relationship between morphological and genetic
diversity. Two ecotypes, Yun-Gui plateau and Southern China, were
not collected in this study. Previous genetic analysis did not differen-
tiate the North China from the Changbaishan ecological types (Chen
et al., 2018). We were able to separate the Changbaishan ecotype
(ChangMt) when K = 3 and the North China ecotype (TaiLvMt) when
K = 6 (Figure 1a). Based on our genetic and morphological analyses
there was no geographic isolation among the Zhejiang hills, Fujian

hills (ZheFuH), and Jinggang mountain (JingMt) samples, which are
part of the CentCh population. Fixation index (Fst) is a measure of
variation between populations. The low Fst values between the
Diannan population from southern tropical China and the other pop-
ulations analyzed (Figure 1e) suggest that either the Diannan group
has a common origin with the other populations collected or there is
mixing between the southern and central China populations.

Phylogenetic construction (Figure 2) shows two main clades,
one composed of the combined Tibet and Diannan groups (C1) and
one composed of the other bees collected. The remainder of the
collection contains two clades, one from central and eastern China
(C2), and one of mostly “Mountain” bees from Western and north-
ern China (C3). The bootstrap values are low for several of the sub-
populations presented. STRUCTURE, principal component, and FST
analyses show a clear central China population consisting of DaMt,
ZheFuH, WuMt, YiMt, and ShenFr groups (Figure 2). While the
Diannan and Tibet groups form a sister taxon to the bees from the
remaining locations, they are not closely related based on genetic
distance (Figure 1e). We infer from this that due to their isolation of
the Himalayas-Hengduan mountains and very different habitat, the
Tibetan bees have a higher level of genetic difference from all other
bees in this study as shown by the FST analysis.

Both the population and phylogenetic analyses are consistent
with the idea that the eastern honeybee spread from tropical Asia
into central China near ShenFr, resulting in a central China popula-
tion consisting of ZheFuH, JingMt, DaMt, WuMt, YiMt, and ShenFr.
From there some of the central China population may have moved
south, forming the JingMt, XunPn, and Hinanld populations. A sec-
ond group moved from central China into the more mountainous re-
gions and migrated into the WsichPl and north forming the MaiMt,
TaiLvMt, and ChangMt populations. We find high bootstrap values
within these two groups. The MaiMt, TaiLvMt, and ChangMt in the
North form a clade with a 100% bootstrap value and 5 of the moun-
tain populations (MaiMt, TaiLvMt, ChangMt, DaMt, and WSichPlI)
form a clade with a 91% bootstrap value. The central C2 group
where the HainanlID, XunPn, ZheFuH, and JingMt populations form
a clade with a 97% bootstrap value (Figure 2).
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The possible origin of A.mellifera has been discussed extensively
(Han et al., 2012; Sheppard & Meixner, 2003; Wallberg et al., 2014;
Whitfield et al., 2006). While a more recent study supports an origin
for A. mellifera in the Middle East or North Eastern Africa (Cridland
et al., 2017), fewer studies address the origin of A.cerana, a close
relative to A. mellifera thought to have diverged from A. melifera be-
tween 6 and 25 million years ago (Arias & Sheppard, 1996). Based on
our results, the geographic origin of A.cerana in China is the southern
tropics. Our results along with the evidence that tropical Asia is a
center of honeybee diversity support the origin of A. cerana in the
tropics of Asia. Additional samples of A. cerana from diverse areas
are needed in order to determine the origin of this species. A.cerana
has a wide distribution in all of the countries along China's southern
border. Determining the evolutionary history and expansion of A.
cerana over its entire range is a work in progress. Whether the hon-
eybees from Myanmar or Vietnam belong to the Dianan group, and
the relationship between honeybees from the Southern Himalayas
and Tibetan plateau is still not resolved. A previous study concluded
that the honeybees of Hainan island, most of Indonesia, Papua New
Guniea, and Sri Lanka may form a single morphocluster, based on
multivariate morphometric analysis (Radloff, Hepburn, Fuchs, Otis,
et al., 2005). The relationships among the A.cerana populations from
the oceanic south Asia (Indonesia, Papua New Guniea, Malaysia,
Philippines) and their relationships with the Hainan island population
need to be examined and should yield interesting results.

Our genomic comparison of the Western Sichuan highland pop-
ulation (WSichPI) from an alpine canyon at 3,000 m and the tropical
Diannan population revealed 151 genes that are subject to selec-
tion. Some of the identified genes such as TPS, I(2)efl and GK genes
play a role in cold stress, indicative of the adaption of A. cerana to
abiotic stress in the cold plateau environments (Park & Kim, 2014;
Qin, 2012; Xia et al., 2019). The role of GABA is to inhibit neural
activity thus lowering the body's response to stress. Three genes
(two AcGABA , and one AcVIAAT) in A. cerana involved in the GABA
transport pathway are undergoing selection in the population from
the western Sichuan highland. We show that AcVIAAT (vesicular
inhibitory amino acid transporter) plays a role in the response to
abiotic stress including cold and oxidative stress, based on the tran-
scriptome analysis, gPCR, and knockout experiment. To our knowl-
edge, this is the first time the potential function of a gene related to
environmental adaption has been described for A. cerana.

Genes undergoing positive selection related to hypoxia have
been reported from a number of organisms including mammals,
birds, and fish (Beall et al., 2010; Ge et al., 2013; Huerta-Sanchez
et al., 2014; Qiu et al., 2012; Qu et al., 2013; Simonson et al., 2010;
Yang et al., 2015; Yi et al., 2010). In this study, we show that a
gene coding for 6-phosphofructokinase (Pfk1, APICC_02409) is
under positive selection. This gene is involved in the hypoxia-in-
ducible transcription factors (HIFs) signaling pathway and has been
shown to sense and respond to hypoxia (Azevedo et al., 2011; Gorr
et al.,, 2006; Harrison et al., 2018). Among the 151 genes that we
found to be subject to selection pressure between the two popula-

tions analyzed, some were involved in the response to environmental

factors such as cold stress and hypoxia stress. However, many of
the genes under selection pressure may be changing in response to
biotic factors such as parasites, predators, and insect-plant interac-
tions. Asian honeybees are a good model insect for examining the
genes involved in adapting to variations in abiotic and biotic factors
in the environment. Asian honeybees are a good model insect for ex-
amining the genes involved in adapting to variations in abiotic and bi-
otic factors in the environment. The genes identified in this study as
being under selective pressure will provide a valuable starting place

for more detailed laboratory and field studies of A. cerana.
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