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A high heterozygosity genome assembly R

of Aedes albopictus enables the discovery
of the association of PGANT3 with blood-
feeding behavior
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Abstract

The Asian tiger mosquito, Aedes albopictus, is a global invasive species, notorious for its role in transmitting dangerous
human arboviruses such as dengue and Chikungunya. Although hematophagous behavior is repulsive, it is an effec-
tive strategy for mosquitoes like Aedes albopictus to transmit viruses, posing a significant risk to human health.
However, the fragmented nature of the Ae. albopictus genome assembly has been a significant challenge, hindering
in-depth biological and genetic studies of this mosquito. In this research, we have harnessed a variety of technologies
and implemented a novel strategy to create a significantly improved genome assembly for Ae. albopictus, designated
as AealbF3. This assembly boasts a completeness rate of up to 98.1%, and the duplication rate has been minimized

to 1.2%. Furthermore, the fragmented contigs or scaffolds of AealbF3 have been organized into three distinct chro-
mosomes, an arrangement corroborated through syntenic plot analysis, which compared the genetic structure

of Ae. albopictus with that of Ae. aegypti. Additionally, the study has revealed a phylogenetic relationship suggesting
that the PGANT3 gene is implicated in the hematophagous behavior of Ae. albopictus. This involvement was prelimi-
narily substantiated through RNA interference (RNAI) techniques and behavioral experiment. In summary, the AealbF3
genome assembly will facilitate new biological insights and intervention strategies for combating this formidable
vector of disease. The innovative assembly process employed in this study could also serve as a valuable template

for the assembly of genomes in other insects characterized by high levels of heterozygosity.
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Introduction

The Asian tiger mosquito, Aedes albopictus, is recognized
as an aggressive hematophagous insect, playing a criti-
cal role as a vector for various serious human diseases.
Its presence significantly amplifies public health concerns
on a global scale [1-3]. The impact of Aedes albopictus
on human health is exacerbated by its rapid and aggres-
sive expansion from its native habitat, coupled with its
remarkable ecological adaptability across a range of
traits, including feeding behavior, diapause, and vector
competence [4, 5]. Ae. albopictus is a competent vector
for at least 26 arboviruses, and it is particularly adept at
transmitting diseases such as dengue fever and Chikun-
gunya [6, 7]. It is also implicated as a vector of filarial
nematodes of veterinary and zoonotic significance [8,
9]. As a crucial vector, the fragmented genome assem-
bly of Ae. albopictus has evidently impeded its biological
research.

The high heterozygosity of the Ae. albopictus genome,
estimated at around 5.29% (Fig. 1A), presents a sig-
nificant challenge in the assembly process. This level of
genetic variation can complicate the identification and
removal of duplicated sequences, which is a critical step
in obtaining a clean and accurate genome assembly. Tools
like Purge_haplotigs (v1.1.2) [9], Purge_dups (v1.2.5) [10],
and Khaper [11] are designed to help with the removal
of duplicated sequences. However, even with these pro-
fessional packages, the high heterozygosity can make
it difficult to effectively filter out duplicated sequences
from the Ae. albopictus draft genome. To overcome these
challenges, it is necessary to employ additional strategies
that not only facilitate assembly but also effectively filter
out duplicated sequences. In the context of this study,
we used a specialized workflow that led to the success-
ful creation of a high-quality genome assembly for Ae.
albopictus, referred to as AealbF3. This assembly boasts
a higher level of completeness compared to previous ver-
sions. Additionally, we preliminary verified the role of
PGANTS3, an O-glycosyltransferase, in the hematopha-
gous behavior of Ae. albopictus. This is a significant find-
ing as it is the first time that PGANT3 has been linked to
the blood-feeding behavior of this mosquito species.

On the other hand, when comparing the newly gen-
erated AealbF3 genome with the previously published
AealbF1 and AealbF2 genome [12, 13], several improve-
ments have been noted. One of the key advancements
is the increased completeness of the assembly, with
fragmented sequences now organized into three chro-
mosomes. This more refined assembly allows for the
identification of a greater number of non-redundant tran-
scripts. Additionally, the AealbF3 genome shows a high
degree of similarity with the previously published Ae.
albopictus genome in terms of various genomic features,
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such as the presence and distribution of transposable ele-
ments (TEs), the length of coding DNA sequences (CDS),
exons, and introns. This consistency across different
assemblies suggests that the AealbF3 genome is a reli-
able reference for further research into the biology of Ae.
albopictus. The improved quality of the AealbF3 assembly
can facilitate more accurate functional annotations, com-
parative genomics, and evolutionary analyses. It can also
aid in the identification of genes and pathways involved
in the mosquito’s biology, including those related to its
hematophagous behavior. This, in turn, could lead to the
development of novel strategies for the prevention and
control of this species.

Results

Successfully assembled Ae. albopictus genome using

a special workflow

Predicting the genome size of Ae. albopictus using the
C-value and k-mer analysis is a common approach in
genomics. The predicted C-value for the Ae. albopictus
genome ranged from 0.62 to 1.66 picograms (pg), which
translates to an estimated genome size of approximate
1.34 to 1.63 gigabases (Gb) [14]. This estimate was highly
consistent with the k-mer prediction that genome size
was 1.588 Gb (Fig. 1B). Our predicted genome size was
in line with the results from previous cytofluorimetric
studies, which suggested that the genomic haploid length
of Ae. albopictus was between 1.190~1.275 Gb [13, 15].
Thus, our prediction of genome size was reasonable.

The impact of genomic heterozygosity on genomic
assembly is a significant factor to consider, particularly
for species with high levels of genetic variation [16]. In
this study, the prediction of heterozygosity across a range
of insect genomes revealed that a substantial proportion
of these genomes exhibit high heterozygosity (Supple-
mentary Table 1), with over 60% (173 out of 287) showing
heterozygosity levels higher than 3 (Fig. 1A). The fact that
only about 23.34% (67 out of 287) of these insect genomes
had been assembled into the chromosome level (Fig. 1A)
underscored the difficulty of assembling genomes with
high heterozygosity. The high heterozygosity of Ae.
Albopictus, estimated at 5.29%, indeed presented a sig-
nificant challenge for genome assembly. The high num-
ber of contigs (509,843, Fig. 1C) in AealbF1 assembly
suggested a highly fragmented assembly and indicated
a higher duplication rate (~76.1%, Fig. 1C and Supple-
mentary Fig. 1C). The AealbF2 assembly, while showing
improvements with longer sequences and a lower dupli-
cation rate (Fig. 1C), still did not reach the chromosomal
level. Therefore, a high-quality genome assembly would
accelerate biological and genetic researches, and the
improved reference genome for Ae. albopictus became
indispensable.
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Fig. 1 Genomic evaluation and workflow of genome assemble. a Heterozygosity prediction for insect genomes. The Dotted line represented
heterozygosity levels equivalent to 3. b Genomic prediction for the Ae. albopictus genome. ¢ Treemaps showed the completeness of the Ae.
albopictus genomes. The length of contigs or scaffolds was plotted. d Workflow chart for the newly assembled genome. e Clustering of contigs
and separation of potential chromosomes of the Ae. albopictus genome based on Hi-C alignment. Three chromosomes were identified. The blue
square indicated chromosomal boundaries. Chromosomal coverage was determined using Hi-C and lllumine short-reads, respectively. Genes Nix
and myo-sex were utilized to further define chromosome 1

We initially processed approximate 627 Gb of Pacbio
long reads (418% coverage) using MECAT2 with default
parameter [17], obtaining~ 167 Gb of high-quality and
clean reads, which corresponds to approximate 111
times coverage (111x). These cleaned reads was then

assembled into a draft genome using four different
assembly packages. The consistency of results from each
package suggested that the assembly process was robust
across different algorithms (Supplementary Fig. 1B and
Supplementary Table 3, upper). The observation that the
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duplicated pattern of single-copy genes (SCGs) from the
BUSCO dataset was almost identical (Supplementary
Fig. 1B), with approximate 82.9% SCGs being duplicated
at least two times (Supplementary Fig. 1C), indicated a
high level of duplication in the genome of Ae. albopictus.
However, the difficulty in completely removing genomic
duplication, despite the use of professional packages
like Purge_haplotigs (v1.1.2) [18], Purge_dups (v1.2.5)
[10], and Khaper [11], highlighted the challenges associ-
ated with assembling genomes with high heterozygosity
and duplication rates. The implication that conventional
assembly procedures might not be suitable for the newly
assembled Ae. albopictus genome (AealbF3) suggested
that new strategies or improvements may be necessary.

The observation that SCGs might act as “traffic hubs”
connecting flanking sequences around them suggested
a complex interplay between gene duplication and the
surrounding genomic context (Supplementary Fig. 1D).
Meanwhile, BLAST results from BUSCO estimation
showing different alignment scores for the same SCG
across diverse contigs or scaffolds implied a high degree
of sequence variation within the genome, which might
induce duplication (See “Method and material” section).
Based on our deduction, flanking sequences (> 15,000 bp)
around duplicated SCGs with higher BLAST alignment
scores were extracted. Following a special workflow
(Fig. 1D), Hi-C data were aligned to the extracted flank-
ing sequences, and the best Hi-C contact map (0.hic)
from 3d-dna (v180922) [19] was used to separate poten-
tial chromosomes (Supplementary Fig. 2). Finally, using
ALLHIC (v0.9.8) [11], the flanking sequences clustered
into potential chromosomes were further orientated
and assembled. The successful assembly of the AealbF3
genome into three chromosomes, with lengths of approx-
imate 304 million base pairs (Mbp) for chromosome
1, 494 Mbp for chromosome 2, and 463 Mbp for chro-
mosome 3, represents a significant advancement in the
genomics of Ae. Albopictus (Fig. 1E and Supplementary
Fig. 3). The result was consistent with flow cytometry
results described by Palatini U et al. [13], and along with
the anticipated genome size of approximate 1.23 GbThe
high coverage (~90%) of the three chromosomes by both
Hi-C (high-resolution chromosome conformation cap-
ture) and Illumina short-read data (Fig. 1E), as well as
the further definition of chromosome 1 by the location of
two specific genes, Nix (the dominant male-determining
factor, MN364861.1) and myo-sex (myosin heavy chain
protein, XM_019707039.1), provided strong evidence
for the preliminary completion of the chromosome-level
assembly in the AealbF3 genome (scaffold N50: 463.2M)
using our specialized workflow.
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Evaluation and annotation of the newly assembled
AealbF3

The assessment of the AealbF3 genome assembly’s accu-
racy through comparison with other dipteran species
such as Aedes aegypti, Drosophila Melanogaster, and
Culex quinquefasciatus, had demonstrated its high qual-
ity and completeness. The syntenic plots constructed
using homologous genes indicated a well-assembled
genome, particularly in the comparison with Ae. aegypti
(Fig. 2A). Comparative genome alignment analyses fur-
ther supported this, showing a reasonable degree of
homogeneity, with the closest relationship observed
between Ae. albopictus and Ae. aegypti, and the most
distant between Ae. albopictus and D. melanogaster (Sup-
plementary Fig. 4). The consistency in the contents of
tandem repeat elements (TE), such as DNA transposons
and SINE, across different versions of the Ae. Albopictus
genome, despite variations in duplication ratios, also sug-
gested a reliable assembly (Fig. 2B, upper panel). Slight
variations observed in LINE and LTR elements (Fig. 2B,
lower) were noted but do not significantly impact the
overall quality.

The use of BUSCO (v3.0.2) with the diptera_odb10
dataset, which includes 3285 SCGs, further validated
the completeness of the AealbF3 genome assembly.
Compared to previous versions AealbF1 and AealbF2,
AealbF3 showed a higher level of completeness (98.1%),
with lower rates of duplication (~1.2%) and missing
genes (~1.2%) (Fig. 2C). This improved assembly had
enabled the identification of more non-coding RNAs
(Supplementary Table 5) than in our previous study
(AealbF1) [12]. Gene annotation analysis revealed that
AealbF3 contained approximate 17,098 protein-cod-
ing genes (including 42,480 non-redundant transcripts
(Fig. 2D). The average lengths of CDS, introns, and exons
were 1,828.69 bp, 2,941.9, and 465.73 bp, respectively.
These values were comparable to those of AealbF1 and
AealbF2 (Fig. 2E). Moreover, 99.56% of the CDS were
complete, and the completeness of protein sequences in
AealbF3 was comparable to that of AealbF2 but superior
to AealbF1 (Supplementary Fig. 5). This indicated that
the AealbF3 assembly not only maintained gene quality
but also provided a richer set of transcripts for further
research, which is crucial for understanding the biology
of Ae. Albopictus and its role as a vector for diseases.

Identification of positively selected genes associating

with dipterous hematophagous behavior

The hematophagous behavior of Ae. albopictus is a cru-
cial foundation for the transmission of diseases that
threaten human health [20, 21]. However, the evolution-
ary and molecular basis of this behavior might not be
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entirely clear. Due to the conservation of mitochondrial
DNA, we compared the phylogenetic trees of single-
copy homologous genes and mitochondria, predicting
that hematophagous and non-hematophagous dipter-
ous insects likely underwent evolutionary separation
between 174.9 and 86.1 million years ago (Myo) during
the Pleistocene epoch (Fig. 3B and Supplementary Fig. 6).
The evolution pressure, represented by the Ka/Ks value,
indicated a significant difference between hematopha-
gous and non-hematophagous dipterous insects (Fig. 3A
and Supplementary Fig. 7A), implying that these two
groups had experienced diverse selective pressure [22].

Consequently, we identified 93 positively selected genes
(PSGs) in the hematophagous branch using PAML (v4.9)
(Supplementary Fig. 7). To focus on the PSGs that might
be more critical for dipterous hematophagous behavior,
we employed the WGCNA algorithm (Weighted Gene
Co-expression Network Analysis) and identified five
critical PSGs: ACC (acetyl-CoA carboxylase), ATP6VIEI
(ATPase H+transporting V1 subunit E1), DYNCIHI
(dynein heavy chain), PGANT3 (a-N-acetylgalactosami
nyltransferases 3), and Dve-1 (homeobox protein dve-1),
which were involved in two separated co-expressional
modules (Fig. 3C and Supplementary Table 6). Module
1, containing Dve-1, PGANT3, and DYNCIH]I, was pri-
marily associated with the biosynthesis of mucin-type
O-glycan (module names: M00056) in the golgi appara-
tus and endoplasmic reticulum (Fig. 3D and Supplemen-
tary Fig. 7B), which was involved in serine and threonine
metabolism [23, 24]. This pathway is one of the most
important posttranslational modifications of proteins,
participating in protein conformation, sorting, develop-
mental processes, and modulation of enzymatic activi-
ties, as verified in vertebrates and invertebrates [25-27].
Additionally, module 2, containing ACC and ATP6VIEI,
is primarily involved in metabolic pathway such as fatty
acid, propanoate, and pyruvate metabolism (Fig. 3D and
Supplementary Fig. 7B). The higher expression of these
genes in female carcasses (Fig. 3E) suggested they may be
associated with some physiological function preceding a
blood meal.

However, mosquito-specific mutations are likely criti-
cal drivers of hematophagous behavior. We investigated
whether the five critical PSGs contained mosquito-spe-
cific mutations in their protein domains. After compari-
son with the Pfam database, we found at least five typical
mosquito-specific mutations in the “Glycos transf 2”
domain of PGANTS3 (Fig. 3F). Similar findings were also
observed in the protein domains of other genes, such as
ATP6VIEI, ACC, and DYNCI1H1 (Supplementary Fig. 8).
Collectively, these findings suggested that the five genes
with mosquito-specific mutations may be associated with
hematophagous behavior of mosquitoes.
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Silenced PGANT3 impacted on mucin type O-glycan
biosynthesis

The a-N-acetylgalactosaminyltransferases PGANT3 plays a
significant role in the biosynthesis of mucin-type O-glycan
and regulated O-linked glycosylation (GalNAcal-O-S/T)
[28], which is crucial for posttranslational modifications
of proteins. These modifications are important for protein
conformation and developmental processes [29, 30]. Addi-
tionally, O-glycan are required for normal nervous system
development and function [31, 32], as well as cell-cell com-
munication [33, 34]. Given these roles, we investigated the
impact of PGANT3 on the hematophagous behavior of
Ae. albopictus. Our initial findings showed a significant
difference in PGANT3 expression between carcasses and
ovaries (Fig. 4A), and among the five previously identi-
fied PSGs, only PGANT3 was upregulated at least twofold
in both blood-fed and non-blood-fed carcasses (Fig. 4B,
C). To determine the specific tissues expressing these
PSGs, we performed real-time RT-PCR and found that
ACC was primarily expressed in the thorax and fat body,
while ATP6VIEI, Dve-1 and DYNCIHI were more highly
expressed in the head and ovaries (Fig. 4D). Notably, the
PGANT3 expression was significantly increased in the
head (Fig. 4D).

Further investigation into the function of PGANT3
through RNAi experiment and RNA-seq revealed that
silencing PGANT3 led to the downregulation of 1278
genes (Fig. 4E). These genes are involved in O- or N-gly-
can biosynthesis and influence protein processing in the
endoplasmic reticulum (Fig. 4F), aligning with our earlier
prediction (Fig. 3D and Supplemental Fig. 7B). Addition-
ally, related metabolic pathways, such as fatty acid, pyru-
vate, and amino acid metabolism, were also attenuated
(Fig. 4F). The spliceosome, which affects mRNA alterna-
tive splicing and protein diversity [35], was also weakened
(Fig. 4F). These results suggested that PGANT3 was likely
involved in mosquito behavior related to host-seeking by
influencing O-glycan biosynthesis and protein function.

Silenced PGANT3 weaken Ae. albopictus’s hematophagous
behavior

Mosquito brains are known to drive host-seeking behav-
ior, as described in studies on vampire bats [36]. We
could conceptually divide the hematophagous behavior
of Ae. albopictus into two stages, similar to the blood-
feeding process of vampire bat [37]: the “consciousness
stage”, which drives host-seeking before the blood meal,
and the “digestion stage’, which involves assimilating
blood protein after blood meal. Genes involved in the
consciousness stage are typically expressed in the brain
or eye, while those involved in digestion stage are pri-
marily found in the liver, intestines, stomach, or other
digestive organs [37]. Therefore, the high expression of
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PGANTS3 in the head of Ae. albopictus suggested it might
influence hematophagous behavior during the conscious-
ness stage.

To test this hypothesis, we conducted a behavioral
experiment to estimate to estimate the blood-feeding
behavior of mosquitoes injected with dsRNA targeting
PGANT3 (ds-PGANTS3), in comparison to wild-type

(WT) and sham (dsRNA-GFP) groups. The detailed
workflow was shown in Fig. 5A. After RNAi, the
expression level of PGANT3 was significantly reduced
(Fig. 5B). Interestingly, the blood-feeding behavior of
mosquitoes in the ds-PGANT3 group was also notably
weakened (Fig. 5C, WT: 0.2818+0.0569, dsRNA-GFP:
0.3692£0.0669, ds-PGANT3: 0.4499+0.0241). This
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Fig. 5 Functional evaluation of PGANT3 after RNAi through Ae. albopictus’ hematophagous behavior. a workflow indicated the experiment

of blood meal. b Real-time RT PCR detected the expression of PGANT3 after

RNAI. ¢ Statistics of RNAi-mosquito after blood meal. d WGCNA showed

the relative genes of PGANT3 after RNAI. e Metabolic pathway of relative genes after ds-PGANT3 interference. Color was consistent with Fig. 5d

reduction in blood-feeding behavior might be associ-
ated with attenuated pathways, such as starch, sucrose,
and galactose metabolism (Fig. 5D, E). Collectively, these
results suggested that PGANT3 was likely associated
with the hematophagous behavior of Ae. albopictus, sup-
porting the initial prediction.

Discussion

An accurate and complete genome assembly is essen-
tial for understanding the unique aspects of mosquito
biology and for developing control strategies to reduce
their capacity to spread pathogens [31, 38]. Fragmented
genome assemblies have historically made it challenging
to deeply investigate the biological functions of genes,
which is crucial for formulating more effective preven-
tion and control strategies against Ae. albopictus. The
high genome heterozygosity of Ae. albopictus is a signifi-
cant factor that has impeded genome assembly efforts.
In this study, we leveraged various assembly software
and implemented a specialized workflow to successfully
generate a new, more complete genome assembly for Ae.
albopictus, designated as AealbF3. Despite some minor
translocations identified through Hi-C assembly, we
have provided a method to address assembly challenges
in insects with high heterozygosity. Using AealbF3, we
compared homologous genes between hematophagous

and non-hematophagous dipterous insects and identified
a gene, PGANT3, in mosquitoes. While previous stud-
ies had shown that PGANTS3 is an O-glycosyltransferase
involved in biosynthesis of O-glycosylation and impacts
cell adhesion during Drosophila development [28-30, 39,
40], its role in mosquito hematophagous behavior was
not well understood. Therefore, we conducted prelimi-
nary experiments to investigate the function of PGANT3
in relation to Ae. albopictus’s hematophagous behavior.
These findings require further verification and may offer
new avenues for exploring the biology of Ae. albopictus
and developing strategies to mitigate its impact on public
health.

Method and material

Text 1. Species information

The study utilized 15 dipteran genomes, which included 8
hematophagous mosquito species and 7 non-hematopha-
gous fly species (Supplementary Table 2). The mosquito
species comprised Aedes albopictus (with one newly
assembled genome AealbF3 and two previously pub-
lished genomes AealbF1 and AealbF2, specifically the
Chinese Foshan strain), Aedes aegypti, Anopheles dar-
lingi, Anopheles dirus, Anopheles sinensis, Anopheles
funestus, Drosophila melanogaster, Anopheles gambiae,
Drosophila yakuba, Culex quinquefasciatus, Ceratitis
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capitate, Musca domestica, Lucilia cuprina, Bactrocera
cucurbitae, and Bactrocera latifrons. Caenorhabditis
elegans was used as an outgroup for comparison. The
complete mitochondrial genomes of these species can be
accessed through the Eukaryota Mitochondrial Genomes
Database (https://www.ncbi.nlm.nih.gov/genomes/).

Text 2. Do novo genome sequencing, assembly, annotation
and evaluation of new AealbF3 genome

Mosquitoes

The Ae. albopictus strain utilized in this study was orig-
inally isolated in 1981 from the wild in Foshan County,
Guangdong Province, China, and was sourced from the
Guangdong Provincial Center for Disease Control and
Prevention (CDC). The mosquitoes were maintained
under standard insectary conditions, which included a
temperature of 27+ 1 °C, relative humidity ranging from
70 to 80%, and a photoperiod of 14 h light followed by
10 h of darkness. The larval stage of the mosquitoes was
reared in pans, fed with a diet consisting of finely ground
fish food mixed with yeast powder in a 1:1 ratio. Adults
mosquitoes were provided with a carbohydrate source
in the form of a cotton wick soaked in 0.2 g/ml sucrose
solution. Adult females mosquitoes were given the
opportunity to feed on blood meals using a blood-soaked
pledget technique approximate 3 ~4 days after emerging
from their pupal stage. The blood meals contained com-
mercially available defibrinated sheep blood mixed with
1% sucrose, as described in our previous study [41].

Sample collection, DNA extraction, genome sequencing

In our previous study (AealbF1), DNA was extracted
from a single pupa to perform sequencing [12]. The
DNA for the recently published genome AealbF2 was
sourced from pupae of inbred single pair mosquitoes
[13]. However, the level of heterozygosity and duplica-
tion did not show significant change, indicating that the
gender of pupae was not associated with heterozygosity
and genomic duplication during assembling. In the cur-
rent study, we collected a total of 100 live pupae, washed
them three times in sterile water, and extracted at least
30 pg of genomic DNA manually following the provided
instructions. Two libraries ware prepared with average
length of 20 Kb and 40 Kb, respectively. Whole-genome
sequencing was conducted using Single Molecule Real-
Time (SMRT) sequencing technology from Pacific Bio-
sciences, USA. The sequencing libraries were prepared
using the SMRTbell Template Prep Kit 1.0 and sequenced
on a Pacific Biosciences Sequel instrument. The sequenc-
ing was carried out by Beijing BerryGenomics Co., Ltd
(Beijing, China), resulting in approximate 627 Gb of raw
long sequences in FASTA formal. Additionally, DNA was
digested with Dpnll, and Hi-C data, approximate 1030
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Gb in FASTQ formal, were generated using pair-end
sequencing with a read length of 150 bp.

Prediction of genome size

C-value The C-value refers to the total amount of DNA
present in a single set of chromosomes within a cell. To
covert the C-value into base pairs, which represent the
genome size, the conversion factor of 1 pg of DNA being
equivalent to 978 Mbp is commonly used. According to
the genome size database (www.genomesize.com), the
C-value for the Ae. albopictus genome, as determined
from sperm, ranges from 0.62 to 1.66 pg. Using the
conversion factor, this would translate to an estimated
genome size of approximate 1342 ~ 1638 Mbp (since 0.62
pg * 978 Mb/pg=605.76 Mbp and 1.66 pg * 978 Mb/
pg=1624.48 Mbp). Additionally, it has been verified
that Ae. albopictus has a diploid chromosome count of 6,
which means that the genome is composed of these six
chromosomes [14].

k-mer analysis The Illumina shortgun DNA reads,
which have an average length of 90 bp, were obtained
from a single pupa DNA sample in our previous study
[12]. These reads were utilized for k-mer frequency anal-
yses. A k-mer is a subsequence of a DNA sequence con-
sisting of a specific number of consecutive nucleotides,
denoted as ‘K’ In this context, k-mers are used to analyze
the sequencing reads by dividing them into segments of
‘K’ bases. The frequency of each k-mer can be determined
from the genome sequence reads, and k-mer analysis can
be employed to estimate genome size using the formula
G =k_num/k_depth, where G represents the genome size
in gigabases (Gb), k_num is the total number of unique
k_mers, and k_depth is the average coverage depth of
these k_mers. In this analysis, different k-mers sizes (such
as k=17, 19 and 21) were used, and the calculations were
performed using Jellyfish (v2.3.0) [42] and GenomeScope
[43]. The results showed that the relationship between
k-mer frequency and sequence depth follows a Poisson
distribution, which is a common pattern observed in
sequencing data. Based on this analysis, the estimated
haploid genomic size of Ae. albopictus ranged from 1.245
Gb to 1.588 Gb.

Calculation of heterozygosity

The genome data for the selected species were obtained
from the Sequence Read Archive (SRA) database, as
detailed in Supplementary Table 1. The raw sequencing
data were processed using the FASTQ-dump tool from
the SRAtoolskit (v2.11.2) [44] to extract FASTQ files.
To ensure data quality, low-quality reads and adaptor
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sequences were filtered out using Cutadapt (v1.9.1)
with the following parameter: -q 20 -m 60 --trim-n -O 5
[45]. This step helps to remove reads with a Phred qual-
ity score below 20 and trims reads to a minimum length
of 60 bases after removing any N’s (ambiguous bases)
from the ends of the reads. Subsequently, duplicated
reads and reads containing more than 10% N’s were fil-
tered using PRINSEQ (v0.0.12) with the parameter:
-derep 1 and -ns_max_p 10, respectively [46]. The -derep
1 parameter is used to remove duplicated reads, while
-ns_max_p 10 sets the maximum proportion of ambigu-
ous bases allowed in a read. The resulting clean reads in
FASTQ format were then converted into FASTA format
using FASTOOL (v0.1.4) [47]. This conversion is neces-
sary for subsequent analysis using tools like Jellyfish and
GenomeScope, which are employed to estimate genomic
heterozygosity.

Genome de novo assembly

Based on the predicted genome size and heterozygo-
sity, we planned to use four different assembly tools:
MECAT?2 [17], Canu [48], Wtdbg [49], and Flye [50], to
assemble the genome. The raw long reads were corrected
and trimmed using MECAT?2 with default parameters,
resulting in approximate 167 Gbp (111x) of high-qual-
ity and clean reads. These clean reads were then assem-
bled using the four assembly packages with their default
parameters. Despite the high heterozygosity, the assem-
bly results were quite similar across the different pack-
ages: the estimated genome size was around 4.5 Gbp,
the GC content was approximate 40.4%, the complete-
ness was about 97%, and the duplication rate was around
82.9% (Supplementary Table 3, upper).

Using BUSCO (v3.0.2) [51], we identified single-
copy genes (SCGs) in the dataset, which are distrib-
uted throughout the genome and serve as a measure of
genomic completeness. We considered contigs or scaf-
folds containing SCGs as the primary sequence in the
draft genome. After filtering, the newly draft genomes
were re-estimated, and similar results were found for
completeness, duplication, and GC content (Supple-
mentary Table 3, lower). The genome size was in perfect
agreement with our prediction, especially the results
from Canu, which contained the most accurate genome
size and the longest contigs (Supplementary Table 3,
lower). The newly filtered draft genome from Canu was
then further assembled into chromosome.

However, regardless of the assembly package used, we
found that approximate 82.9% of SCGs were embedded
in at least two or more contigs or scaffolds (Supplemen-
tary Fig. 1B, C). This suggested that SCGs may act as
“traffic hubs” connecting flanking sequences (Supple-
mentary Fig. 1D). Another possibility is that the same
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SCGs have different sequence similarities between con-
tigs or scaffolds, which was comfirmed by BLAST results
from BUSCO (as is full_table.tsv).

To address this, flanking sequences (>15,000 bp)
around SCGs with higher BLAST scores were extracted.
These sequences, along with other contigs or scaffolds
without duplicated SCGs, were aligned with Hi-C data
using BWA (0.7.17-r1188) [52], and the mapped SAM file
(mapping ratio: 85.14%) was processed with Juicer (v1.7)
[53]. The merged_nodups file from Juicer was then used
to generate a Hi-C heatmap using 3d-dna (v180922) with
default parameters [19]. The de-duplicated and unpol-
ished genome yielded a better Hi-C contact map (0.hic,
Supplementary Fig. 2), which was visualized in Juicer-
box (v1.11.08) [54]. Utilizing ALLHIiC for orientation
[11], the contigs of scaffolds (>15,000 bp) in potential
chromosome were separated and assembled. For fur-
ther correction, single nucleotide polymorphism and
indels (insertions and delections) were polished with
Racon (v1.5.0) [55] using long reads and Pilon (v1.24)
[56] using shortgun reads. The assembly workflow was
divided into six steps: 1) Correction and trimming of
raw reads; 2) Assembly of clean reads; 3) Evaluation and
extraction based on BUSCO evaluation; 4) Clustering
contigs or scaffolds into potential chromosome accord-
ing to the Hi-C contact map using 3d-dna; 5) Orientated
and assembly of potential chromosomes using ALLHiC;
6) Re-evaluation; and 7) Polished. This comprehensive
approach aimed to improve the quality and accuracy of
the genome assembly, particularly for species with high
heterozygosity like Ae. albopictus.

Evaluation of genome completeness with BUSCO

BUSCO (v3.0.2) was widely used to assess the genome
completeness of newly assembled genomes of Ae. albop-
ictus, as well as all selected insect genomes described in
this study. It estimated the percentage of expected single
copy conserved orthologs, referring to the diptera_odb10
BUSCO set. Additionally, Ca. elegans, serving as an out-
group, was evaluated using nematoda_odb10 dataset.

Genome annotation

Repeat annotation We initially employed LTR_FINDER
(v1.0.6) [57] and RepeatModeler (v1.0.11) [58] for de
novo prediction of repeats. Subsequently, RepeatMas-
ker (v4.0.7, with the parameters: -nolow -no_is -norna
-parallel 20) [59] was used to identify known transpos-
able elements (TEs) by searching against the Repbase
(v16.10) [60]. This approach was applied for DNA-level
identification based on homology. Tandem repeats across
the genome were then identified using Tandem Repeats
Finder (TRF v4.09, with settings: 2 7 7 80 10 50 500 -h -d)
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[61]. Additionally, RepeatProteinMask software (v4.0.7,
with parameters: -noLowSimple -pvalue 0.0001) was uti-
lized to identify proteins element related to TEs. The var-
ious categories of repeat elements are depicted in Fig. 2B.

Identified of non-coding RNA Insect genomes were
aligned with the Rfam database [62] to identify potential
non-coding RNAs (ncRNAs) using INFERNAL (v1.1.2)
[63] with default parameters. The outputs from INFER-
NAL were filtered based on an E-value threshold of less
than 0.05 to ensure the significance of the matches. The
ncRNAs, including tRNA, snRNA, C/D box snoRNA,
miRNA, and rRNA, were identified through this process
(Supplementary Table 5).

Gene annotation To predict the protein-coding genes
of the Ae. albopictus genome (AealbF3), we employed
a combination of homology-based, ab initio predic-
tion methods, and transcriptomic data. The quality of
the data was assessed using FastQC (v0.11.5) [64]. To
ensure alignment accuracy across all reads, we initially
used Cutadapt (v1.9.1, with parameters: -q 20 -m 50 —
trim-n -O 5) to filter out potential adapter sequences
and low-quality reads. The automatic eukaryotic genome
annotation was carried out using Braker2 (v2.1.6) [65],
which utilized homology proteins from various species,
including Ae. albopictus, Ae. aegypti, Dr. melanogaster,
An. gambiae, and Cx. quinquefasciatus. Following this,
low-quality sequences, such as those with short lengths
(<50 aa), low percent identity (<25%), and prematurely
terminating genes, were excluded from the consensus
gene set. Redundant sequences were further removed
using CD-HIT with parameters: -c 0.85 -d 0 -T 20 -aS
0.8 [66]. Lastly, low-quality gene locations were filtered
using GFF3Clear.pl script. The package ANGEL was uti-
lized to evaluate the completeness of the annotated gene
into three categories: completeness, 3’ partial, and 5’ par-
tial. This comprehensive approach ensures a high-quality
gene annotation that can be used for further functional
analysis and comparative genomics studies.

Whole genome synteny Genomic syntenic relation-
ships between the AealbF3 genomes and those of Ae.
aegypti, An. gambiae, Cu. Quinquefasciatus, and Dr.
melanogaster suggested that the AealbF3 genome is well-
assembled. Initially, protein sequences from each species
were aligned with those of Ae. albopictus using diamond
(v2.0.14) [67]. Alignments with at least 80% identity were
retained, and a circos plot was generated using TBtools
(v1.0987671) [68].

To further confirm these genomic syntenic relation-
ships, we identified syntenic blocks using MUMmer4
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(v4.0.0rcl) [69]. Each genome was aligned to the AealbF3
genome using “nucmer” command with the parameters:
--threads 32 --mum -D 5. Subsequently, the “delta-filter”
command was applied to the output.delta file to create an
output.best.delta, using the parameters: -i 60 -1 500 -1 -o
70, to refine the syntenic blocks. Finally, the “best.delta”
file was converted into a PNG-format file using mum-
merplot (v3.5) with the parameter: -t png.

Text 3. Phylogenetic analysis and gene families calculation
Phylogenetic tree construction

Mitochondrial tree 'We initially used the mitochondrial
genome sequence, which was downloaded from Eukary-
ota mitochondrial genomes database (https://www.ncbi.
nlm.nih.gov/genomes/GenomesGroup.cgi?opt=organ
elle&taxid=2759), to construct phylogenetic tree. MUS-
CLE (v3.8.31) [70] with default parameters was employed
to perform the alignment, and the resulting PHYLIP-
format alignment was further used to estimate the tree
using RAXxML (v8.2.12, with parameters: -f a -N 1000 -x
12,345 -p 12,345 -m GTRGAMMA) with 1000 bootstrap
replicates [71]. The best tree, with the maximum likeli-
hood (ML) value, was selected and is shown below:

((Anodir:0.02708640910277367031,(((Anodar:0.071
71013819654634136,Ano0sin:0.043300558
45067067727):0.01167026592036247458,
(((Luccup:0.07072473540443263706,Mus
dom:0.08478027589104210338):0.050833444266-
47806030,((Dromel:0.04598054077149545
116,Droyak:0.03814999952770091463):0.0
9445567733971520219,((Baccuc:0.090763
29966439963814,Baclat:0.12696118996287-
286684):0.05422553669688405520,C
ercap:0.07320567119813506385):0.0818166690
7864505733):0.02154268557325686798):0.1718
3869488311212526,(Aedalb:0.084546690415293
14089,(Culqui:0.06617818908814639134,Aedae
g:0.03833484278876195944):0.02439059847325
333180):0.04520042781239510393):0.04900769
936872210325):0.00731589533520718947,(Ano
fun:0.06563534419406583109,Anogam:0.05927470
386085681442):0.01036247115248725009):0.03719
538367087871916):6.58159522014559783543,Cae
ele:6.58159522014559783543);

Orthologous gene tree We retrieved protein-cod-
ing sequences for 15 dipteral species (Supplemen-
tary Table 2) and one outgroup (C. elegans) from the
NCBI database. For each gene model with multiple iso-
forms, the longest sequence was selected to perform an
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all-against-all search algorithm to identify orthologous
gene. A total of 551 single-copy orthologous gene groups
were identified using OrthoFinder (v2.3.7, with param-
eters: -t 40 -a 1000 -S blast -1 1.5) [72]. These groups were
aligned using MUSCLE and concatenated into supergene
sequences using in-house Perl scripts. A PHYLIP-format
alignment file containing all single-copy orthologous
genes was then generated. The supergene sets were fur-
ther used to estimate a phylogenetic tree using RAXML
(v8.2.12, with parameters: -f a -N 1000 -x 12,345 -p
12,345 -m GTRGAMMA) with 1000 bootstrap replicates.
The tree with the maximum likelihood (ML) value was
selected as the best tree and is showed below:

(((((Cercap:0.11978024798387100491,
(Baclat:0.06696957820661558758,Bac
cuc:0.05632958289609005936):0.0733641
7104858808380):0.1684125868923671554
0,(Luccup:0.17511956663335589979,Mus
dom:0.18385908353407340310):0.14021734839-
310945331):0.17178379806079713266,(Droyak:0.
03527297194386659618,Dromel:0.035127509136
65669411):0.24882860791157671021):0.2995485
9069716599507,(((((Anofun:0.133513905870305
12180,Anogam:0.08476925479208108349):0.028
22623896493825155,Ano0dir:0.092133585651041
26652):0.04318593994596637425,Anosin:0.13994-
779989026320810):0.03108203873331032499,Ano
dar:0.16948983534538120121):0.1227503340163
6810393,(Culqui:0.14922185359818096462,(Aed
aeg:0.08909641128962357548,Aedalb:0.07166413443
289476604):0.12555362049699445026):0.0787074582
1588201463):0.31406745566655314139):2.559041177
38638259283,Caeele:2.55904117738638259283);

Calculated of Ka/Ks

Pairwise alignment blocks from whole genome align-
ments were utilized to calculate the Ka/Ks ratio to pre-
dict evolutionary pressure. Self-alignments of each
insect genome were performed using LAST (v992) with
the parameter settings “lastal -E 0.05 index_name fasta-
sequence-file >result.maf” [73]. The resulting MAF-
format files were then converted into AXT-format using
the maf-convert script. Furthermore, syntenic blocks in
AXT-format (>1000 bp and with an identity <99%) were
used to calculate Ks values (synonymous substitutions
per synonymous site) using KaKs_Calculator (v2.0) [74].
We compared the Ka/Ks ratios among dipteral species,
with the outgroup serving as a reference. The results
indicated that the selective pressure in hematophagous
species differed from that of non-hematophagous spe-
cies (Fig. 3A). A Ka/Ks>1 indicated positive selection,
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Ka/Ks=1 represented neutral selection, and Ka/Ks<1
signified purifying selection.

Divergence time calibration

We utilized the mitochondrial tree and orthologous gene
trees described above to calibrate divergence times. The
best tree was selected for estimating divergence times
using the MCMCTREE program within PAML (v4.9),
employing Bayesian approaches [75]. Five fossils calibra-
tions estimated by Timetree (http://www.timetree.org/)
were incorporated, including those for Ba. latifrons and
Ba. cucurbitae (73 Mya, 22~86 Mya), Lu. cuprin and
Mu. domestica (55 Mya, 47 ~71 Mya), Cu. quinquefas-
ciatus and Ae. aegypti (150 Mya, 2 ~ 174 Mya), Ae. albop-
ictus and Ae. aegypti (37 Mya, 20.3~57.2 Mya), and Dr.
yakuba and Dr. melanogaster (6.2 Mya, 4.2 ~ 8.6 Mya).

Text 4. Genomic features related to dipterous
hematophagous evolution

Identification of positively selected genes (PSGs)

We employed orthologous genes to identify PSGs, apply-
ing a series of rigorous filtering criteria: (1) the longest
isoform was selected; (2) frame-shift indels within the
CDSs were removed; (3) CDSs containing premature
stop codons were excluded; and (4) genes with Ks val-
ues exceeding two in the identified gene groups were
excluded. After these filtering steps, a total of 7,553
orthologous genes groups were retained. The tree topol-
ogy depicted in Fig. 3B served as the prior tree topology.
To estimate the lineage-specific evolutionary rate for each
branch, we ran the Codeml program from the PAML
package (v4.9) with the free-ratio model (model=1) for
each orthologous group.

Positive selection signals on genes along specific lin-
eages were detected using the optimized branch-site
model. A likelihood ratio test (LRT) was performed to
compare a model that permitted positive selection at
sites on the foreground branch with a null model allow-
ing for neutral and purifying selection at these sites.
The p-values were calculated using the Chi-square sta-
tistic, and genes with p-valuees<0.05 were considered
as positive candidates. We identified 93 common PSGs
at the hematophagous branch (Supplementary Fig. 7A).
Functional enrichment analysis of these PSGs was con-
ducted using KOBAS, with a false discovery rate (FDR)
correction applied to the p-values, setting a threshold of
FDR<0.05.

Identification of mosquito specific mutations

Protein sequences of selected PSGs were compared
against the Pfam-A database using Pfam with default
parameters (v1.6) [76] to ascertain whether the mutations
were located within protein domain. Due to variations
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among the different selected genomes, some sites in the
protein sequences might be missing. A specific amino
acid substitution was defined as the mosquito-specific if
the amino acids in the mosquito differed from those of all
other species, and only if at least 13 species (>80%) had
valid amino acid information. We identified four PSGs
(ACC, ATP6VIE1, PGANT3, and DYNCI1H]I) with mos-
quito-specific mutations in protein domains (Fig. 3F and
Supplementary Fig. 8).

Text 5. Analysis of gene function related to dipterous
hematophagous behavior

Transcriptomic data processed

Transcriptomic data obtained from RNA interference
(RNAIi) experiments were preprocessed to remove low-
quality reads. Initially, low-quality data were filtered
using Cutadapt (v1.9.1) with the parameters: -q 20 -m
60 --trim-n -O 5 [45]. Subsequently, duplicate reads
and reads containing more than 10% ambiguous bases
were filtered using PRINSEQ (v0.0.12) with the param-
eters: -derep 1 and -ns_max_p 10, respectively [46]. The
cleaned reads were then aligned to the newly assembled
AealbF3 genome using tophat2 (v2.1.0) [77]. Read counts
were calculated using FeatureCounts (v2.0.3) [78], and
differential expression analysis was performed using
DESeq2 [79]. All plots were generated by R (v4.2.1).

Weighted gene co-expression network analysis (WGCNA)

The WGCNA is commonly used to investigate gene
networks with similar expression patterns, which can
also help to focus on critical genes [80]. The expression
matrix of PSGs was further analyzed using WGCNA to
identify co-expression modules. A soft-threshold of 12,
determined by mean connectivity, was applied, and mod-
ules with high correlation were identified (Supplemen-
tary Fig. 9). The connectivity among genes within each
module was visualized using Cytoscape (v3.7.1) [81], and
critical genes were identified using the Cytohubba pack-
age within Cytoscape.

RNA interference (RNAi) and real-time PCR

The gene PGANT3 encodes a-N-acetylgalactosaminyl
transferases, enzymes that regulate synaptic O-linked
glycosylation (GalNAcal-O-S/T). The loss of PGANT3
can influence neurotransmission strength and sup-
press activity-dependent facilitation, augmentation, and
posttetanic potentiation in Drosophila [28]. Addition-
ally, PGANTS3 regulats posttranslational modifications of
proteins, affecting protein conformation and cell adhe-
sion [29, 30]. Due to these reasons, it is appropriate to
perform RNA interference to avoid affecting mosquitoe
growth after gene knockout.
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Complementary DNAs containing the T7 promoter
sequence for PGANT3 were used to synthesize dsRNA
using the MEGAscript T7 Kit (Ambion, USA). Green
fluorescent protein (GFP) dsRNA served as a control. At
least 800 ng of newly synthesized dsRNA was injected
into 24-hour-old adult female mosquitoes through the
intersegmental thoracic membrane using a drawn-out
capillary (1 mm o.d.) with a 40 mm tip aperture con-
nected via Teflon tubing to a 50 ml syringe mounted to
a syringe pumTotal RNA was extracted from individual
mosquitoes at 2 days post-injection, as this was the time
of strongest interference efficiency (Fig. 5B). Residual
DNA was removed using RNAase-free DNAase I treat-
ment. The dsRNA primers with T7 promoter (underline)
are showed below:

GFP-T7-F:
GGATCCTAATACGACTCACTATAGGAATGGG
CACAAATTTTCTGTCAGT

GFP-T7-R:
GGATCCTAATACGACTCACTATAGGCCGGAC
TTGTATAGTTCATCCATGC

Pgant3-T7-F:
GGATCCTAATACGACTCACTATAGGCAGCGA
AGCGTTAGAAGTAGC

Pgant3-T7-R:
GGATCCTAATACGACTCACTATAGGATGCTT
ACCACAACCGGAAG

Triplicate real-time PCR experiments were con-
ducted using miScript SYBRR Green PCR Kit (QIA-
GEN, Valencia, CA) and the products were analyzed on
an MX3005P™ Real Time PCR System (Stratagene, La
Jolla, CA, USA). Results were analyzed using the 2742¢T
method. The amplification conditions were as follows:
initial denaturation at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s, 62 °C for 30 s, and 72 °C for 30 s.
The Ae. albopictus rpS7 gene was served as a house-keep-
ing control. The PCR primers for five PSGs were shown
below:

PGANT3-F: CGTTGGACATTACGTGGGGA
PGANT3-R: GCAGCAGATCTTTCGCTTGG
ACC-F: TTCCGGACGGATACCTCTGT
ACC-R: ACGGAAGCAATCTGCTGTGA
ATP6VI1EL-F: ATGTCGTTGTCACCCTGGAC
ATP6V1E1-R: ACCTTGATGCGAGACGACTG
Dve-1-F: TTTCCTGCTTTGCGAAGTGC
Dve-1-R: TCGGTACGGGCCTTCTTTTC
DYNCIH1-F: GGCTCGCCAAATCGACAATC
DYNCIH1-R: GGACAGTTTGGCACGGAAAC
RpS7-F: ATGAACTCGGACCTGAAG

RpS7-R: TTCTTGCTGTTGAACTCG
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Behavior experiments

To further investigate the function of PGANT3, we con-
ducted blood-feeding experiments using female mos-
quitoes that had been injected with approximate 40-70
ng of dsRNA and were active. Mosquitoes were selected
for dsRNA injection within 24 h after eclosion, as pre-
viously described. The mosquitoes were divided into
three groups: wild-type (WT), GFP dsRNA-injected,
and PGANT3 dsRNA-injected. Two days post-injection,
when the dsRNA interference efficiency was expected
to be at its peak (as indicated in Fig. 5B), the mosqui-
toes were placed in translucent cages and fed on blood
meals as described earlier. After a strict 6-hours blood
meal period, the mosquitoes were anaesthetized with
carbon dioxide. We visually assessed which mosqui-
toes had taken a blood meal, categorizing them as the
“blood group” Subsequently, mosquitoes without obvi-
ous abdominal distention were dissected under a stereo-
scope, and those with blood in their mid-guts were also
included in the “blood group” The percentage of blood-
fed or non-blood-fed mosquitoes relative to the total
number of mosquitoes was used to calculate the blood-
feeding rate. Triplicate experiments were performed to
ensure reliability.
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