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Abstract

Background Understanding genome organization and evolution is important for species involved in transmission
of human diseases, such as mosquitoes. Anophelinae and Culicinae subfamilies of mosquitoes show striking dif-
ferences in genome sizes, sex chromosome arrangements, behavior, and ability to transmit pathogens. However,
the genomic basis of these differences is not fully understood.

Methods In this study, we used a combination of advanced genome technologies such as Oxford Nanopore Tech-
nology sequencing, Hi-C scaffolding, Bionano, and cytogenetic mapping to develop an improved chromosome-scale
genome assembly for the West Nile vector Culex quinquefasciatus.

Results We then used this assembly to annotate odorant receptors, odorant binding proteins, and transposable
elements. A genomic region containing male-specific sequences on chromosome 1 and a polymorphic inversion

on chromosome 3 were identified in the Cx. quinquefasciatus genome. In addition, the genome of Cx. quinquefas-
ciatus was compared with the genomes of other mosquitoes such as malaria vectors An. coluzzi and An. albimanus,
and the vector of arboviruses Ae. aegypti. Our work confirms significant expansion of the two chemosensory gene
families in Cx. quinquefasciatus, as well as a significant increase and relocation of the transposable elements in both Cx.
quinquefasciatus and Ae. aegypti relative to the Anophelines. Phylogenetic analysis clarifies the divergence time
between the mosquito species. Our study provides new insights into chromosomal evolution in mosquitoes and finds
that the X chromosome of Anophelinae and the sex-determining chromosome 1 of Culicinae have a significantly
higher rate of evolution than autosomes.
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Conclusion The improved Cx. quinquefasciatus genome assembly uncovered new details of mosquito genome evo-
lution and has the potential to speed up the development of novel vector control strategies.

Keywords Mosquito, Genome assembly, Annotation, Genome evolution

Background

Mosquitoes pose serious health problems for humans
serving as vectors for various pathogens including
malarial parasites, dengue, Zika, West Nile viruses, and
filarial worms [1, 2]. Global climate change, increased
urbanization, travel, trade, and other human activities
raise a concern about re-emergence and expansion of
mosquito-borne diseases [3]. In response to this threat,
novel genome-based strategies have been proposed to
significantly improve existing tools for mosquito control
[4]. Thus, the number of sequenced mosquito genomes
available through public databases is rapidly increas-
ing. Progress in advanced genome technologies, such
as long-read technologies from Pacific Biosciences
(PacBio) [5], and Oxford Nanopore Technology (ONT)
sequencing [6, 7], Hi-C scaffolding [8, 9], and optical
mapping [10] have enabled the development of new,
high-quality, chromosome-scale assemblies [11]. Nev-
ertheless, many mosquito genomes are still far from
complete, containing hundreds of relatively short scaf-
folds with low overall continuity. Before our study, one
of such species was the West Nile [12] vector Culex
quinquefasciatus.

Most of the mosquitoes with chromosome-level assem-
blies belong to the subfamily Anophelinae [13-20]. Due
to the large genome sizes and lack of good-quality poly-
tene chromosomes, the development of chromosome-
scale assemblies for mosquitoes from the Culicinae
subfamily remains challenging. Only three chromosome-
scale genome assemblies, assembled to the chromosome
level, has been constructed for a species in this subfamily:
the genome of Aedes aegypti [21], and recently published
genomes of Cx. pipiens molestus and Cx. p. palens [22].
However, the recent genome assembly attempts for Cx.
tarsalis (23] and improved versions of the Ae. albopic-
tus genome [24, 25] did not generate chromosome-scale
assemblies.

The original sequencing of the genomes of Anopheles
gambiae [26], Ae. aegypti [27], and Cx. quinquefascia-
tus [28] revealed some important insights into mosquito
evolution. Mosquitoes diverged from other dipterans
approximately 250 million years ago (MYA). A major split
in the mosquito family occurred about 150 MYA, giving
rise to two subfamilies: malaria mosquitoes Anopheli-
nae and vectors of arboviruses Culicinae. The Culicinae
subfamily further diverged into two tribes, Culicini and
Aedini. Interestingly, the genomes of some Culicines have

increased up to 5 times in size due to dramatic expan-
sions of transposable elements and other repeats. Initial
studies showed that the Cx. quinquefasciatus genome
size of 579 Mb [28] is about 2-fold larger than the 270 Mb
genome of the malaria vector An. gambiae [26]. In con-
trast, the Cx. quinquefasciatus genome is about 2-fold
smaller than the 1376 Mb genome of the dengue vector
Ae. aegypti [27]. Repeat contents were originally esti-
mated at 16, 29, and 50% in the genomes of An. gambiae,
Cx. quinquefasciatus, and Ae. aegypti, respectively [28].
Later estimates based on chromosome-scale assembly
increased the percentage of transposable elements (TEs)
in the Ae. aegypti genome to 54.9% [21].

Comparison of the first-generation mosquito genome
assemblies suggested significant gene-family expansions
in Cx. quinquefasciatus, including olfactory and gusta-
tory receptors, salivary gland genes, and genes associated
with xenobiotic detoxification [28] compared to An. gam-
biae [26] and Ae. aegypti [27]. However, only ~9% of the
original Cx. quinquefasciatus genome was assigned to
chromosomes. Due to high fragmentation of the genome,
subsequent use of classical physical and genetic map-
ping insignificantly increased the mapped portion of the
genome to 13% [29]. Although the original Cx. quingue-
fasciatus genome scaffolds were eventually assembled
to the chromosome level using Hi-C technology [8], the
underlying sequence contigs remained short and their
annotation required further improvement. Moreover, a
comparison of chromosome-scale genome assemblies
from the major evolutionary lineages of mosquitoes has
never been performed.

Unlike Drosophila [30] and other insects [31], mosqui-
toes have a remarkably conserved karyotype, with the
total number of chromosomes (2n) equaling 6 for nearly
all mosquitoes. The only known exception is Chagasia
bathana (Anophlenae subfamily), in which 2n equals 8
[32]. However, the sex chromosome/autosome arrange-
ments differ between the two mosquito subfamilies. In
the Anophelinae subfamily, the chromosomal comple-
ment consists of 2 heteromorphic sex chromosomes, X
and Y, and 2 pairs of autosomes. Culicines, in contrast,
have three pairs of autosomes, one of which contains a
sex-determining locus. In the Anophelinae lineage, auto-
somes have undergone multiple autosomal arm trans-
locations and the gene order within all chromosomes
was significantly reshuffled due to multiple paracentric
inversions [33]. In addition, a large inter-chromosome
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translocation was discovered between the mosquitoes
from the Anophelinae and Culicinae subfamilies [28].
According to the current hypothesis, a part of chromo-
some 2, represented by the 2R arm in An. gambiae, was
translocated to chromosome X resulting in the for-
mation of homomorphic sex-determining autosome
1 that carries the male-sex determining locus M in Cx.
quinquefasciatus [34] and Ae. aegypti [35]. Availability of
chromosomal level assemblies for all major taxa of mos-
quitoes provide a unique opportunity to further investi-
gate their chromosomal evolution.

Because only a female mosquito can bite and transmit
diseases, studying the M-locus and other sex-determin-
ing genes may potentially provide the foundation for
mosquito control methods that convert female mosqui-
toes into harmless males. In Ae. aegypti, a chromosome
quotient approach was used to identify male-biased genes
including the male-determining factor Nix [35, 36] and
myo-sex, a gene that encodes a duplicated myosin heavy
chain protein [37] important for male flight [36]. Both
Nix and myo-sex are in a 1.3-Mbp-long M locus located
near the centromere of chromosome 1, which also con-
tains more than 20 non-coding RNA genes [21]. No such
region has been reported for Cx. quinquefasciatus.

In this study, we used advanced genome technologies
such as ONT sequencing, Hi-C scaffolding, Bionano
optical mapping, and FISH-based cytogenetic mapping
to develop a significantly improved Cx. quinquefasciatus
genome assembly. This assembly was employed to rean-
notate several important gene families. A polymorphic
inversion on chromosome 3 and a genomic region that
contains male-specific sequences including a homolog
of myo-sex on chromosome 1 were identified in the Cx.
quinquefasciatus genome. We also apply this assem-
bly together with three other available chromosome-
scale assemblies for An. coluzzii, An. albimanus, and Ae.
aegypti to better understand genome evolution in the
major mosquito lineages and to clarify divergence times.

Results

Genome assembly development, metrics, and features

We developed an improved genome assembly for the
JHB strain of Cx. quinquefasciatus VPISU-Cqui_1.0_pri_
paternal (J5) anchored to chromosomes [38] (Fig. 1A).
The JHB strain, which was also used for the develop-
ment of previous genome assemblies J2 [28] and J3 [8],
maintains high levels of heterozygosity, posing a chal-
lenge for assembly construction. We turned this poten-
tial pitfall into an advantage by employing a trio-binning
sequencing approach [39]. The concept of this approach
is shown in Fig. 1B. A total of 139-Gb shotgun Illumina
sequencing reads from the FO parents and approximately
89-Gb-long ONT sequences from F1 male siblings were
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obtained (Fig. 1B). ONT sequences were separated into
paternal and maternal reads based on Illumina sequences
derived from the FO father (45.8 Gb used) and mother
(46.8 Gb used). All ONT paternal reads plus unseparated
reads were used to obtain a paternal assembly by Canu
[39], which was then polished using the FO Illumina reads
by Pilon [40].

The assembly was scaffolded using Bionano optical and
physical maps [41], followed by Hi-C [20]. Hi-C analy-
sis was performed based on 0.5 Gb raw data from the
Hi-C libraries, from which 0.32 G (64.7%) were unique.
The scaffolding process is shown in Additional file 1:
Fig. S1. The 3D-DNA application was employed to gen-
erate a draft assembly followed by visual inspection and
~150 manual corrections [42] that allowed scaffolds to be
assigned to six chromosomal arms (1p, 1q, 2p, 2q, 3p, 3q).
The chromosomal arms were further validated, oriented,
and assembled to chromosome scale (Fig. 1C) using phys-
ical mapping data (Fig. 1A, Additional file 2: Table S1).
Physical genome mapping was performed independently
based on previously sequenced BAC clones from JHB
colony [43] which were assigned to the mitotic chromo-
somes of Cx. quinquefasciatus (Fig. 1D). A total of 143
markers were mapped to chromosomes (Additional file 2:
Table S1). The final physical map included 53 genome
coordinates assigned to the boundaries between chromo-
somal bands (Fig. 1A).

Interestingly, a visual inspection of chromatin interac-
tions in the Hi-C contact map allowed us to identify a
large polymorphic inversion 3qB on chromosome 3 with
a total length of 8.4 Mb. The heatmap showed a clear
“butterfly” pattern far from the main diagonal where
genomic positions of connecting points mark inversion
breakpoints (Fig. 1C). Approximate breakpoint coordi-
nates were determined as 108,955,000—117,355,000 bp on
chromosomal arm 3q of the J5 genome. The resolution of
the Hi-C map used for breakpoint identification was ~5
kb, which means these breakpoints carry an uncertainty
of +5kb. The described inversion appears to be polymor-
phic in JHB since interactions near the breakpoints on
the main diagonal were not completely disrupted despite
the increased number of interactions seen at the “butter-
fly” center [44]. This inversion was previously identified
in a cytogenetic study of Cx. quinquefasciatus and was
called the 3Rb inversion [45].

Our study identified a region that was enriched in
male-specific sequences using the chromosome quo-
tient (CQ) approach [46]. We sequenced pooled females
and males from the JHB strain and mapped the result-
ing reads to the J5 assembly. As shown in Fig. 1E, a small
region from ~58.9 to 61.9 Mb on chromosome 1 was
enriched for male-specific fragments as indicated by
a CQ less than 0.05. Interestingly, this region contains
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Fig. 1 Physical mapping and Hi-C scaffolding of the Culex quinquefasciatus genome. A The physical genome map. Numbers 1, 2, and 3

above the chromosomes stand for the chromosome numbers and letters p and g indicate chromosomal arms. Cytogenetic regions

of the chromosomes are shown at the left side of the idiograms. Genomic coordinates in Mb are shown at the right side of the idiograms. B The
crossing scheme to generate data by TrioCanu. Only M/m loci are shown, m1-m3 refer to possible variants in m sequences. The two parents were
sequenced separately using lllumina. F1 males were sequenced by ONT. C A final Hi-C heat map for the Cx. quinquefasciatus genome. The position
of the chromosomal inversion 3Rb is indicated by a rectangle. “Butterfly” shaped structure associated with inversion 3Rb is indicated by arrows.
Centromere and breakpoint positions are shown by dashed lines. D An example of fluorescence in situ hybridization on mitotic chromosomes.
Arrows indicate positions of the two BAC clones of interest. Hybridization of three other BAC clones is seen as red signals on 1g and 3q arms

and blue signals on 2g arm. E Chromosome quotient (CQ). Each dot indicates a 1-kb fragment that showed a CQ value less than 0.05, indicating
male specificity. Fragments with CQ values higher than 0.05 are not shown. The analysis was performed using repeat masked sequences and details
are described in the” Methods” section. F Fluorescence in situ hybridization of myoM gene and rDNA in chromosomes of male. Red and blue signals
of the probes indicate location of the probes for myoM gene, a homolog of the Ae. aegypti M locus gene myo-sex, and rDNA, respectively

myoM, a homolog of the Ae. aegypti M locus gene myo-
sex which is required for male flight [36, 37]. This gene
was mapped to chromosomes using FISH in the region
1p11 close to the centromere and also on arm 2q where
an autosomal paralog of this gene was also found in the
genome (Fig. 1F). The chromosome 1 signal was seen
only on the male-determining copy of chromosome 1; it
was missing on the female copy of chromosome 1. How-
ever, sequences homologous to the Ae. aegypti male-
determining factor Nix [35, 36] were not found in this
region nor any other location in the genome. Although
the region between 58.9 and 61.9 Mb likely includes the
M locus in Cx. quinquefasciatus, the precise borders
of the M locus remain to be determined and will likely
require comparison of haplotype-resolved paternal and
maternal assemblies.

Gene content of the new assembly

The new assembly was annotated by NCBI with the auto-
mated RefSeq Eukaryotic Genome Annotation Pipeline
[47] using 2.8 billion reads from 46 RNA-seq runs and

proteins from mosquitoes and other insects as evidence.
Substantial improvements were noted for the J5 assem-
bly over the previous J2 [28] and J3 [8] assemblies in
terms of contiguity (N50: the length of the shortest read
in the group of longest sequences that together represent
at least 50% of the nucleotides in the set of sequences),
completeness (BUSCO: Benchmarking Universal Sin-
gle-Copy Orthologs), and accuracy (QV: Quality Value)
scores (Table 1). The total of 15,081 protein-coding genes
were identified in the new J5 genome assembly. While
this represents a 20% decrease compared to the annota-
tion of the prior ]2 assembly [28], the new annotation is
a considerable improvement by several metrics. Average
protein length is increased by 26% (from 436 aa to 550 aa)
when considering the longest protein per gene. For pro-
tein-coding genes, overall exon coverage of the genome
(6.4 vs 4.7%, Fig. 2A), median exon length (284 bp vs 199
bp, Fig. 2B top), and average number of exons per gene
(4.4 vs 3.8, Fig. 2B bottom) are all increased compared
to the previous release. Alternate splice isoforms and
untranslated regions (UTRs) were also added. The new
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Table 1 Quality comparison of the Cx. quinquefasciatus genome assemblies. J2 represents the original assembly [28], which was then
scaffolded using Hi-C data to generate J3 [8]. J5 is the new genome assembly presented here

Assembly BUSCO v3.0.2 diptera_odb10 Contig N50 Scaffold N50 Total Length Qv
12 (:93.9%][S5:89.9%,D:4.0%)],F:1.7%,M:4.4%,n:3285 28,546 486,756 579,042,118 19.495
J3 all scaffolds C93. S%[S 91.2%,D:2.3%),F:1.9%,M:4.6%,n:3285 28,546 190,989,159 560,547,476 18.921
J3 chromosomes 19%[5:90.29%,D:0.9%)],F:1.7%,M:7.2%,n:3285 28,546 190,989,159 523,187,415 18.905
J5 all scaffolds (:93.8%[5:93.1%,D:0.7%)],F:0.8%,M:5.4%,n:3285 2,875,282 201,550,677 573,230,032 29.201
J5 chromosomes C:93.6%[5:92.9%,D:0.7%)],F:0.8%,M:5.69%,n:3285 2,875,282 201,550,677 559,588,684 29.201
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annotation is more complete as measured by BUSCO
(Table 1) and is comparable to two other mosquitos [21,
48] annotated by NCBI as shown in the assembly report
based on BLASTp (Basic Local Alignment Search Tool,
protein) alignments to Drosophila proteins [49]. Part of
the decrease in protein-coding gene count is explained
by incorporating 2935 old genes into others as part of the
annotation process, reflecting a mixture of combining
partial annotations (previously on different scaffolds or
neighboring on the same scaffold) and redundant haplo-
types. To further support that the fraction of gene models
from the current genome resulted from the merging of
gene models from the previous assembly, we compared
the number of protein products that were composed of 3
or more protein products in the old and new versions of
the genome annotation (Fig. 2C). We found that 824 gene
models in the current J5 genome corresponded to 1888
gene models from J3 assembly while only 161 models of
J5 derived from splitting of 72 genes from the previous J3
assembly. Thus, the merging of gene models can explain
the absence of 983 of the ~3.8k genes originally present
in the older assembly. In addition, we examined multi-
gene families in the proteomes of J3 and J5 assemblies of
Cx. quinquefasciatus in comparison to the proteomes of
Ae. aegypti, An. albimanus, and An. coluzzii. We found
that the proportion of the multi-gene families with at
least three members is comparable between J3 (2.7%), J5
(2.5%), and Ae. aegypti (2.7%) proteomes, and exceed the
same fraction in An. albimanus (1.4%) and An. coluzzii
(2.1%) (Fig. 2C). Therefore, our analysis does not support
the previously proposed idea that multigene families have
expanded significantly in Cx. quinquefasciatus when
compared to Ae. aegypti [28]. Finally, detailed analysis
of the tRNA genes indicated that the new assembly pro-
vided additional sequences that were not present in the
older assemblies (Additional file 1: Fig. S2A).

With the improved Cx. quinquefasciatus genome anno-
tation in hand, we conducted orthology-based analy-
ses to identify a core set of genes that are present in Cx.
quinquefasciatus but not in four other mosquito species
nor in the vinegar fly D. melanogaster. These unique
genes are enriched for those involved in chemical sen-
sation (Fig. 2D), which is unsurprising given the high
variability and rapid evolution of genes associated with
chemical reception in insects [50], as well as several other
biological processes.

Genome quality validation

To further evaluate the new assembly, we collected
whole-genome shotgun sequencing reads from ten Cx.
quinquefasciatus mosquitoes recently captured in south-
ern California (Additional file 2: Table S2) and mapped
them to the three chromosomal scaffolds of both the J3
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and J5 assemblies. More reads mapped to the J5 assem-
bly than to the J3 assembly when considering all reads,
properly paired reads, or reads with high mapping quality
(Fig. 3A). Moreover, fewer mate pairs mapped to differ-
ent chromosomes in the J5 assembly (Fig. 3A). Analysis
of reads that mapped to only the J5 assembly spanned
regions with moderate to high genic content and low
to moderate repeat content (Fig. 3B) and were spread
relatively evenly across each chromosome (Fig. 3C top),
likely reflecting the substantial improvement in conti-
guity (Table 1). Reads that mapped only to J3 tended to
congregate in particular places along each chromosome
(Fig. 3C bottom), suggesting the presence of several dis-
crete gaps in the new assembly and thus room for further
improvement.

To assess this new annotation, we directly compared
the quality of RNA-seq alignments to J3 and J5 annota-
tions using data from two previous studies [51, 52]. For
both datasets, a higher proportion of reads uniquely
mapped to annotated genes in the current assembly rela-
tive to the previous assembly (Fig. 3D, additional file 1:
Fig. S3A) and more genes were identified as differen-
tially expressed (Fig. 3D, Additional file 1: Fig. S3B, D).
We also observed a two-fold decrease in the proportion
of multiple-mapped reads (from 7.1 to 3.8% on average
for all datasets), suggesting that the previous assembly
contained alternative haplotypes or models which split
among smaller contigs or scaffolds. Moreover, map-
ping of RNA-seq reads to the current genome yielded an
increase in both the number of total spliced alignments
and the number of spliced alignments that match anno-
tated splice junctions (Fig. 3D, Additional file 1: Fig. S3A).
Taken together, these analyses indicate that the cur-
rent genome assembly and annotation provide a marked
improvement over the previous genome release [8].

Annotation of odorant receptor and odorant binding
protein genes

We further assessed the new assembly via detailed
reannotation of two large chemosensory gene fami-
lies—odorant receptors (ORs) and odorant-binding
proteins (OBPs)—with the help of newly collected
bulk antennal and proboscis transcriptome data. These
genes comprise some of the largest multigene families
in insect genomes [53] and comparison of OR and OBP
content in old and new assemblies can help highlight
assembly improvements that likely also affect other
genes. We identified 149 full-length, ligand-specific OR
genes on the three chromosomal contigs of the new
assembly, as well as 10 fragments encoding proteins
<350 amino acids long (Additional file 1: Fig. S4). Two
full-length genes (Or105 and Or205) showed evidence
of alternative splicing with distinct initial exons spliced
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of J5-specific (top) or J3-specific (bottom) reads. J3 chromosomes are 5-10% shorter than their J5 counterparts but plotted proportionally to take
up the same total space in the panel. Vertical, colored, dotted lines show the locations of odorant receptors (ORs) and odorant-binding proteins
(OBPs) that were new or unplaced in J5. Note that only 17 of 19 unplaced ORs were located on the chromosomal scaffolds of J3 and are thus
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and 3 males

to shared final exons—a pattern also seen in ORs from
other insects [54]. When comparing the new anno-
tations to the union of two previous OR annotation
efforts [55, 56], we found that 119 of our ligand-specific
ORs were also annotated as single genes on the chro-
mosomal contigs of the J3 assembly (Fig. 4A, “remain”),

while 17 correspond to two or three very similar genes
in the previous annotation that likely represent alter-
native haplotypes (Fig. 4A, “merged”). We consider
the remaining 23 ORs in our annotation set to be new
because they were not present and/or annotated on
the chromosomal scaffolds of the J3 assembly (Fig. 4A).
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Conversely, 19 ORs from the previous annotation were
absent from the new assembly (Fig. 4A, “unplaced”).
A search for these “unplaced” genes in the sequence
data from earlier stages of the new assembly pipe-
line revealed that they exist in the raw data but were
excluded by the program Canu during assembly of raw
Oxford Nanopore reads into contigs. These “unplaced”
genes were found in a draft assembly [57] obtained
using the FLYE algorithm [58] and the paternal-specific
ONT reads obtained from TrioCanu. The “unplaced”
genes were excluded by the program Canu during
assembly of raw Oxford Nanopore reads into con-
tigs, not during subsequent scaffolding steps. Consist-
ent with the idea that at least some of these genes are
located in gaps in the new assembly, 14 of 19 unplaced
ORs fall in narrow windows of the J3 assembly where
gDNA reads from wild-caught mosquitoes mapped to

the chromosomal scaffolds of J3, but not J5 (Fig. 3C
bottom).

Taken together, the final tally of full-length, ligand-
specific ORs in Cx. quinquefasciatus is 168 (149 genes
present in J5 plus 19 unplaced genes). This represents a
substantial gene family expansion relative to Ae. aegypti
(n=113 full-length ORs), and An. gambiae (n=75 full-
length ORs) (Fig. 4B), corroborating the analysis of novel
gene content (Fig. 3D). We inferred the phylogenetic
relationships among Cx. quinquefasciatus ORs alongside
those from the other two mosquito species, revealing
many Culex-specific expansions, in addition to 11 ORs
with 1-to-1 orthologs in all three species (Fig. 4C, Addi-
tional file 1: Fig. S5). To facilitate future functional stud-
ies, the Cx. quinquefasciatus names for these 11 highly
conserved ORs were changed to match those used in
the other mosquitoes (see Additional file 2: Table S3 for
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renaming details). Metadata, coding sequences, proteins
sequences, and annotation details for all ORs can be found
in the Additional files (Additional file 2: Table S3, meta-
data; Additional file 3, coding sequences; Additional file 4,
protein sequences, Additional file 5, annotation gff).

Annotation of OBPs in the J5 assembly also revealed
genome improvements, through identification of novel
genes and merging of allelic variants (Fig. 4A). One hun-
dred and sixteen OBPs were identified on the three Cux.
quinquefasciatus chromosomes (Fig. 4A,B, Additional
file 1: Fig. 4). Of these, 101 OBPs present in J3 chromo-
somes or extra-chromosomal scaffolds, were also pre-
sent in the new assembly. Twelve were newly identified
and could be classified as classic (n = 4), plusC (n = 3),
minusC (n = 2), and atypical (n = 3) according to the
conserved number and spacing of cysteine residues in
the peptide sequence [59, 60] (Additional file 2: Table S4).
Three of the previously described OBPs (18, 30, and 56)
each aligned to two distinct regions of the new assembly
with high sequence similarity. The two copies identified
for OBPs 18 and 56 were found in tandem, consistent
with a recent duplication event, yet the copies of OBP30
appeared on separate chromosomes. Four pairs of previ-
ously described OBPs were identified as alternate alleles
found on redundant haplotypes in the old assembly
(OBPs 38-40, 54), and were merged with OBPs 33-36 in
the new assembly. Altogether, this resulted in a total of
101 OBPs present as a single gene in J3, 15 newly anno-
tated (12 newly identified + 3 duplicate) OBPs, and 4
merged OBPs (Fig. 4A, right). Four of the previously
described 109 OBPs could not be located in the new
assembly. As in the case of the missing OR genes, these
OBP genes were found in the raw reads but excluded dur-
ing Canu assembly. Assembly improvements and RNA-
sequencing data also allowed for identification of new
OBP transcript variants. Two novel OBPs, 118 and 121
each had 2 transcript variants, and 7 of the original 109
OBPs had transcript variants that were predicted by Ref-
Seq annotation. Former OBP 70 had high sequence simi-
larity to OBP 69 in the new assembly and was designated
a transcript variant (OBP 69_v2). As a resource for the
community, we used the new OR and OBP annotations to
estimate gene expression in chemosensory tissues from
male and female mosquitoes using new and previously
published RNA-seq data (Additional file 1: Fig. S6, S7,
Additional file 2: Table S5).

Genome content evolution in mosquitoes

We used the new assembly to compare the abundance
and chromosomal distribution of various genomic fea-
tures, such as genes, TEs, low-complexity DNA, and sat-
ellites in Cx. quinquefasciatus (Additional file 1: Fig. S8),
An. coluzzi [18], An. albimanus [17], and Ae. aegypti [21]
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(Fig. 5A). The proportion of single-copy DNA, which
does not harbor repeats, was much higher in the An.
albimanus (92.6%) and An. coluzzii (68%) genomes than
in Cx. quinquefasciatus (41.3%) and Ae. aegypti (21.8%).
To analyze the distribution of various genomic features
along the chromosomes, the chromosomal arms of all
four mosquitoes were divided into a set of equal num-
ber of bins. We used traditional chromosomal element
nomenclature, wherein the chromosomal arms of An.
coluzzi X, 2R, 2L, 3R, and 3L were considered as chro-
mosomal elements el, e2, e3, e4, and e5, respectively
[33]. Genomic features were compared across bins on the
homologous chromosomal elements. Among all features,
only genes were distributed relatively evenly along chro-
mosomes with a slight decrease in gene density in peri-
centromeric regions for all species (Fig. 5B).

To explore the basis of the large differences in
genome size among mosquitoes, we identified and
annotated TEs, satellites, and low-complexity ele-
ments in the new Cx. quinquefasciatus assembly
(Additional file 1: Fig. S8) and the three other species
(Fig. 5). The study included both the known TE fami-
lies from RepBase [61] and TEfam [62] databases and
novel TE families discovered using the EDTA pipe-
line [63] for all species. In agreement with previous
observations [21, 28, 64], we found that the repeat
fraction of the genome varied drastically across the
mosquitoes, reaching 7.4, 32, 58.7, and 78.7%, in An.
albimanus, An. coluzzi, Cx. quinquefasciatus, and Ae.
aegypti, respectively (Fig. 5A). Although the eleva-
tion of the TE content occurred among the genomes
in the Anophelinae subfamily, the most significant TE
expansion took place in the Culicines. DNA transpo-
sons with terminal inverted repeat sequences (TIRs),
including MITEs (Miniature Inverted-repeat Trans-
posable Elements), have undergone the most dramatic
increase in the genomes of both culicines Cx. quinque-
fasciatus (35% of the genome) and Ae. aegypti (38% of
the genome). For comparison, TIRs, including MITEs
occupied only 1 and 7.4% of the An. albimanus and An.
coluzzi genomes, respectively. Among the most abun-
dant TIR’s superfamilies were Sola (6.5%) and hAT (5%)
in Cx. quinquefasciatus and MULE-MuDR (5.9%) and
hAT (4.9%) in Ae. aegypti (Additional file 1: Fig. S9). In
contrast, the LTR (Long Terminal Repeats) and LINE
(Long Interspersed Nuclear Elements) retrotranspo-
sons had a relatively low density in the Cx. quinque-
fasciatus genome (4% of LTRs and 4.7% of LINEs) than
in Ae. aegypti (15.8 and 15.5%, Fig. 5). The same was
true for Copia elements that covered only 0.3% of the
Cx. quinquefasciatus genome but 0.8 and 5.1% of An.
coluzzi and Ae. aegypti genomes (Additional file 1: Fig.
S9). The genome of Cx. quinquefasciatus contained
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up to 7.5% low-complexity regions, characterized by
stretches of one or two out of four possible nucleotides,
while the other genomes contained no more than 2.5%.
Satellites, composed of extended arrays of tandemly
repeating non-coding DNA, were slightly enriched only
in An. coluzzi, covering 7.3% of its genome in compari-
son to 2.2-3.5% of the other mosquito genomes.

Similar to the gene distribution, we examined the dis-
tribution of repeats along chromosomes. Unlike genes,
the distribution of repeats differed remarkably among the
species. In the genomes of both Anophelines, TIR trans-
posons were located mostly in pericentromeric areas
with 5-10% coverage per bin, while reaching only 3%
coverage per bin in euchromatic regions (Fig. 5B). In Cx.
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quinquefasciatus, TIRs were distributed across the whole
chromosomes, but their density gradually decreases from
pericentromeric regions (10-15% per bin) toward telom-
eres (7% per bin). In contrast, TIRs were evenly distrib-
uted along the chromosomes of Ae. aegypti at the level
of ~13% per bin without any enrichment near the peri-
centromeric regions. The distribution of LTR and LINE
retrotransposons across mosquito chromosomes was
similar to TIRs (Fig. 5B). They were highly enriched in
the pericentromeric regions of Anopheles, while their
accumulation is less pronounced in the pericentromeric
regions of Cx. quinquefasciatus. LTR and LINE elements
were evenly distributed along the chromosomes at the
same levels of ~15% per bin without enrichment at the
pericentromeric regions of Ae. aegypti. It is worth men-
tioning that the pericentromeric regions of Cx. quinque-
fasciatus also have a high abundance of low-complexity
repeats. In contrast, pericentromeric regions in Anoph-
eles species were enriched in satellites (Fig. 5B).

We also investigated whether the TE expansion in
the Culicinae genomes occurred by transposon fam-
ily diversification or by proliferation of existing fami-
lies (Additional file 1: Fig. S9). Some DNA transposons,
such as CMC, hAT, MuDR-MULE, and some LTR retro-
transposon, such as Bel-Pao, evolved by increase in both
the genome coverage and a number of families from
An. albminanus to An. coluzzii, then to Cx. quinque-
fasciatus, and finally to Ae. aegypti. For example, the
CMC superfamily was represented by 19, 70, 134, and
353 families that covered 0.13, 0.56, 2, and 4% in the
genomes of An. albminanus, An. coluzzii, Cx. quinque-
fasciatus, and Ae. aegypti, respectively. In contrast, the
DNA transposon Sola had lower diversity in the genome
of Cx. quinquefasciatus (8 families) relative to that of
Ae. aegypti (14 families) but as a result of proliferation
this element covered 6.5% in the Cx. quinquefasciatus
genome but only 2.9% of the Ae. aegypti genome. The
5-fold increase in the genome coverage of LINE retro-
transposons RTE and R1 between An. coluzzii and Ae.
aegypti from 0.8 and 0.75% to 3.1 and 4%, respectively,
was accompanied by only a minor difference in family
diversity. Thus, both the appearance of new transpo-
son families and the proliferation of existing families
were involved in increasing TE abundance in culicine
genomes (Additional file 1: Fig. S9).

Interestingly, a comparison of tRNAs between the
mosquitoes and other Dipteran species indicated much
higher numbers of predicted tRNA genes in species of
Culex and Aedes versus Anopheles and other species of
Diptera (Additional file 1: Fig. S2B). tRNAs linked to
specific isotypes showed a similar trend as the total pre-
dicted tRNA genes were mostly linked to a specific amino
acid, except for selenocysteine that was enriched in Culex
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and Aedes (Additional file 1: Fig. S2C). Lastly, at the anti-
codon levels, a general enrichment occurred in Culex and
Aedes compared to other mosquitoes and fly species out-
side of Stomoxys calcitrans (Additional file 1: Fig. S2D),
but it was anticodon specific that likely reflects codon
bias for each species.

Phylogeny and chromosomal evolution in mosquitoes

We took advantage of the chromosome-level genome
assemblies of Cx. quinquefasciatus, An. coluzzi [18], An.
albimanus [17], and Ae. aegypti [21] to rebuild the phy-
logeny and estimate more precisely the evolutionary
distances among mosquitoes from two major mosquito
subfamilies Anophelinae and Culicainae, and two tribes
Culicini and Aedini. We applied maximum likelihood
phylogenetic analysis to multiple alignments of 2842 uni-
versal single-copy protein orthologs revealed by BUSCO.
The time calibrated tree demonstrated that Culicinae and
Anophelinae diverged ~136 MYA while Cx. quinque-
fasciatus and Ae. aegypti had a common ancestor ~69
MYA (Fig. 6A). In comparison, another estimation based
on phylogenomic analysis of 709 single-copy ortholog
groups from 256 mosquito species assessed the diver-
gence time between Culicinae and Anophelinae subfami-
lies as ~147-213 MYA and Culicini and Aedeomyiini
tribes as ~109-162 MYA [65].

The genome analyses provide some new insights into
chromosomal rearrangements in Cx. quinquefascia-
tus and other mosquitoes. We compared the details of
chromosomal evolution among the species from diver-
gent evolutionary lineages: Cx. quinquefasciatus, Ae.
aegypti, An. coluzzi, and An. albimanus [33]. Single-copy
orthologs were then identified and the genomic positions
and orientation of conserved syntenic blocks were deter-
mined. Here, we defined a conserved syntenic block as a
locus in which at least two single-copy orthologs identi-
fied by BUSCO analysis are located near each other with
conserved relative orientation. In total, we found 2842
shared orthologs forming 1415 non-overlapping anchor
points that were arranged into 504 conserved syntenic
blocks. The correspondence between the chromosomal
elements in Cx. quinquefasciatus and the other mosqui-
toes included in this study were determined based on
reshuffling of the conserved syntenic blocks.

A scheme of chromosomal rearrangements between
the species is shown in Fig. 6B. In this figure, the chro-
mosomal arms X, 2R, 2L, 3R, and 3L of An. coluzzi are
traditionally considered as chromosomal elements el,
e2, e3, e4, and e5, respectively, and labeled with different
colors [33]. Our study supports the previous observation
that whole-arm translocations are common across dif-
ferent mosquito lineages [33]. For example, autosomal
arm exchanges between An. albimanus and An. coluzzii
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[15] and between Cx. quinquefasciatus and Ae. aegypti
[27] were confirmed. Accordingly, An. coluzzii and Cx.
quinquefasciatus have the e2+e3 and e4+e5 autosomal
arm associations, An. albimanus has e2+e4 and e3+e5
associations, while Ae. aegypti has e3+e4 and e2+e5
associations. In addition, Cx. quinquefasciatus and Ae.
aegypti have el+e2 association, which is not present
in Anopheles. The comparison between Culicinae and
Anophelinae revealed that chromosome arm 2R (e2) in
An. coluzzi is a mosaic of 1p and 3p fragments from Cux.
quinquefasciatus, while the other chromosomal arms are
mostly homologous among the species. Analysis of spe-
cies pairs: Ae. aegypti versus An. coluzzii, An. albimanus
versus An. coluzzii, and An. albimanus versus An. coluzzi
(Fig. 6C, D, Additional file 1: Fig. S10A) demonstrated
that the mosaicism of e2 occurred before the split of An.
coluzzi and An. albimanus suggesting either a whole-
arm translocation from the chromosome 1 in Culicinae
genome to another chromosome (current 2R arm or e2
of An. gambiae) or a translocation of a part of the current
2R arm (e2) in An. gambiae to the X chromosome (el)
forming two-arm chromosome 1 in Culicinae.

In this study, we discovered a new rearrangement
in chromosome 1, a pericentric inversion between the
arms of Cx. quinquefasciatus and Ae. aegypti (Fig. 6C).
The size of this inversion equals 9.3 Mb and 11.2 Mb in
Cx. quinquefasciatus and Ae. aegypti, respectively. This
chromosomal rearrangement changed the position of
the MyoM gene in Cx. quinquefasciatus compared to a
homologous Myo-sex gene in the male sex-determining
locus M in Ae. aegypti [21]. As a result, this gene was
moved from 1p arm (el) in Ae. aegypti to the nonho-
mologous 1p (e2) arm in Cx. quinquefasciatus (Fig. 6C).
Although the ribosomal locus is not resolved in the cur-
rent Cx. quinquefasciatus assembly, the same rearrange-
ment likely changed the position of the ribosomal locus
that localizes in nonhomologous arms 1q in both species
[29, 64].

In addition to inter-chromosome and inter-arm rear-
rangements, our study identified multiple paracentric
inversions that reshuffled gene order within chromo-
somal arms of the studied species, the number of which
varied across lineages (Additional file 1: Fig. S10). Here,
we determined the rates of rearrangement for each of
the four mosquito lineages. First, we reconstructed the
order of the syntenic blocks in each arm in the common
ancestor of An. coluzzi, An. albimanus, Cx. quinquefas-
ciatus, and Ae. aegypti [68]. Second, we calculated the
rate of the rearrangements for each arm as the ratio of
inversion frequency along each lineage and the estimated
divergence time from the common ancestor equal to 136
MYA (Fig. 6F). We estimate that the X chromosome has
evolved 5.6 and 3.4 times more rapidly than autosomes
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in the An. albimanus and An. coluzzi lineages, respec-
tively (Fig. 6F) supporting previous work [16, 33, 69, 70].
The sex-determining chromosome 1 has also evolved at a
higher rate than other chromosomes in the Culicines—
particularly in Cx. quinquefasciatus. Chromosome arms
1p and 1q evolved 2.5 and 2.3 times more rapidly than
the other arms in Cx. quinquefasciatus, but only 1.2 and
1.7 times more rapidly than the other chromosomes in
Ae. aegypti (Fig. 6F). This smaller difference in the rate
of evolution between the chromosome 1 and autosomes
in Culicinae species was also demonstrated by the paired
comparison of rearrangement rates between Cx. quinqgue-
fasciatus and Ae. aegypti taking into account their esti-
mated divergence time equal to 62.3 MYA (Fig. 6F, right
panel). The paired comparison also revealed that arm
3p, a part of e2 after inter-chromosomal rearrangement
during divergence between Anophelinae and Culicinae,
has the lowest number of inversions relative to other
arms (Additional file 1: Fig. S10B). In fact, this is the only
chromosome arm that has three extended regions of syn-
tenic blocks in the same order in both Cx. quinquefascia-
tus and Ae. aegypti (Additional file 1: Fig. S10B). These
regions encompass ~50% of the chromosome arm and
indicate that 3p has experienced fewer rearrangements
than other chromosome arms after the split between the
two species.

Discussion

High-quality chromosome-scale genome assemblies
are fundamental for the development of novel genetics-
based vector control strategies [21]. The mosquito Cx.
quinquefasciatus, the major vector of West Nile virus,
has a genome with high levels of heterozygosity, enriched
with repetitive DNA sequences, and lacking high-qual-
ity polytene chromosomes [28]. All these features make
sequencing, assembling, and mapping of the genome
challenging. In this study, the combination of Illumina
and ONT sequencing, Hi-C scaffolding, Bionano, and
cytogenetic mapping allowed us to overcome limita-
tions of individual techniques and create an improved,
chromosome-scale genome assembly for Cx. quinquefas-
ciatus (Fig. 1). Specifically, the combination of ONT long
reads and Illumina short reads allowed us to generate
long contigs that were then polished with more accurate
short reads. The use of trio binning [39] turned the high
heterozygosity problem into an advantage in assembling
the paternal genome. As shown in Table 1, the improve-
ment was demonstrated in the completeness, contiguity,
and accuracy of the current assembly. The integration
of Bionano, Hi-C, and cytogenetics allowed verification
of the scaffolding and further increased the accuracy of
the assembly with 97.67% genome placement to chromo-
some positions. However, some gaps likely remain in the
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current J5 genome assembly, as revealed by the identifi-
cation of small number of chemosensory genes that were
annotated in the previous assembly but cannot be found
in the current version of the genome.

The combination of long-read sequencing, Hi-C scaf-
folding, and physical mapping has proven to be suc-
cessful for assembly of other mosquito genomes with
high repeat content. For example, the AaegL5 genome
assembly for Ae. aegypti was obtained by employing
PacBio sequencing, Hi-C scaffolding, and physical map-
ping, resulting in placement of 94% of the genome along
chromosomes [21]. Several chromosome-level Anoph-
eles genomes were also successfully developed by com-
bining short- and long-read sequencing data with Hi-C
[17, 18, 20, 48], demonstrating the practical value of
using Hi-C method as a reliable scaffolding tool. Over-
all, among all genome assemblies recently created for
other mosquito species, the current J5 genome assembly
of Cx. quinquefasciatus is the third after An. albimanus
and An. atroparvus in terms of the percentage of the
genome (97.67%) anchored to the chromosomes. For
comparison, the percentage of the genome mapped to
chromosome is 99.57 and 98.49% for the An. albimanus,
An. atroparvus, [20]; 94% Ae. aegypti [21], 94.78% and
97.02% for Cx. p. molestus and Cx. p. pallens genomes
[22]. These results highlight the importance of cytoge-
netic mapping for quality validation that have been per-
formed specifically for these mosquito species.

Because the complexity of the Culex genome affects the
quality of its polytene chromosomes, the identification of
chromosomal rearrangements in this genus is difficult.
Few inversions have been described in Culex [45, 71, 72].
In this study, Hi-C scaffolding led to identification of a
polymorphic chromosomal inversion 3gB in the long arm
of this chromosome in Cx. quinquefasciatus. We surmised
that this inversion is polymorphic in the JHB strain, used
for genome assembly, given the presence of an undis-
rupted main diagonal of contacts near the breakpoint loci
in our Hi-C data (Fig. 1C). Thus, further investigation of
this inversion in natural populations would be interest-
ing. Previously, the development of a cytogenetic map
for the salivary gland polytene chromosomes of the JHB
strain of Cx. quinquefasciatus demonstrated the presence
of two distinct paracentric chromosomal inversions [45].
One of them was 3Rb in subdivisions 58C-59C. Physical
mapping based on FISH identified a marker CPIJ000458,
which was found inside the inverted region. In the new
J5 assembly, this gene is located within the inversion we
identify with Hi-C on 3q. We therefore conclude that the
inversion found in our Hi-C data is the same 3Rb inver-
sion discovered by cytogenetic analysis. Although Hi-C
is mostly used as an approach to characterize chroma-
tin structure, we think that it also represents a reliable
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method for detecting chromosomal rearrangements in the
genomes of Culicinae mosquitoes. In fact, this approach
has already been used to detect and characterize chro-
mosomal rearrangements in species of Anopheles [20, 44]
and other organisms [73]. Thus, our study highlights the
utility of the Hi-C approach for the identification of chro-
mosomal inversions in the repeat-rich Culicinae genomes,
which lack high-quality polytene chromosomes. Fur-
ther application of this method will help us understand
whether any chromosomal rearrangements are associ-
ated with species, subspecies, and/or ecotypes within the
Culex pipiens complex [74] and thus potentially involved
in adaptation of natural populations of these mosquitoes.

Our study identified a small region with the genome
coordinates from ~58.9 to 61.9 Mb on chromosome 1
that is enriched for male-specific fragments (Fig. 1E) and
contains myoM, a homolog of the Ae. aegypti M locus
gene myo-sex [36, 37]. However, the precise borders of
the M locus remain to be determined for Cx. quinque-
fasciatus. A homolog of the Ae. aegypti male-determin-
ing factor Nix was not found in this region or anywhere
in the genome. In a recent survey of 14 species from 4
diverse tribes in the subfamily Culicinae, Nix has been
found in all species except for Cx. quinquefasciatus [75].
The absence of Nix in Cx. quinquefasciatus was sup-
ported by analysis of raw reads, contigs, as well as assem-
blies [75]. The identity of the male-determining factor
in Cx. quinquefasciatus, a basal member of the subfam-
ily Culicinae, is a fascinating question that remains to be
resolved.

The availability of a high-quality genome for Cx.
quinquefasciatus in addition to other major mosquito
taxa allowed us to uncover some interesting features of
genome evolution in mosquitoes and provide insights
into future perspectives in this field of studies. Our
study confirmed a previously detected expansion of ORs
and OBPs compared to other mosquito species, which
could be related to the unique ecological or behavioral
challenges faced by Culex mosquitoes or to changes in
genome size and duplication dynamics (Fig. 4). Because
the Cx. quinquefasciatus genome is about two times
larger than that of An. gambiae [26] but less than half
of the Ae. aegypti genome size [21], unique aspects of
transposable element content, distribution, or recency in
activity may have led to higher rates of OR duplication or
lower rates of OR deletion. More functional studies will
be necessary to understand exactly what fraction of the
~180 ORs found in Cx. quinquefasciatus are functionally
expressed and relevant to behavior.

Indeed, the most dramatic differences in genome evo-
lution across four key taxa were related to the expan-
sion of TEs in the genomes of Culicine mosquitoes
(Fig. 5). Thus, we specifically focused on annotation
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and comparison of TEs for An. albimanus, An. colluzzii,
Cx. quinquefasciatus, and Ae. aegypti. Previous analy-
sis of earlier genomic assemblies for An. albimanus, An.
coluzzii, and Cx. quinquefasciatus suggested that TEs
comprise 2, 17.8, and 43.6% of the genomes, respectively
[28, 33, 76]. Our analysis of improved assemblies has
demonstrated similar or slightly higher TE content, at
2.3, 23.2, and 48.9%, respectively (Fig. 7). In contrast, the
TE content in Ae. aegypti was significantly higher (73.4%)
in our study than in the previously published report
(54.9%) [21]. We think that this difference is related to
our approach that predicted significantly more TIRs
(37% vs 21%) and LTR (17.8% vs 12%) transposons. The
previous annotation of the novel TEs in the Ae. aegypti
genome was performed with RepeatModeler (v.1.08)
software that utilized a homology-based approach for TE
discovery [21] and was unable to effectively predict LTR
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and T1IR transposons [63, 77]. Instead, we used the EDTA
pipeline that includes several structurally based modules
that allow it to discover TIRs and LTR transposons with
high sensitivity [63].

The expansion of transposons in a genome is widely
considered to be harmful to an organism and therefore
expected to be prevented by innate defense systems [78].
This raises the question of why Culicinae mosquitoes are
tolerant to the increase of transposons in their genomes?
Extensive studies conducted mostly on D. melanogaster
have elucidated the powerful system preventing trans-
poson and virus propagation. The core activity of this
system includes small non-coding RNAs, mainly Piwi-
interacting RNAs (piRNAs), and proteins from the Argo-
naute (Ago) family. piRNAs guide PIWI proteins from
the Ago family to cleave target RNA, methylate DNA,
and promote heterochromatin assembly [79, 80]. piRNAs
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were originally identified as factors that have the ability
to silence transposons but later their function as sup-
pressors of endogenous protein-coding genes and virus
expression was also discovered [81-83]. There is another
class of small RNAs called short interfering RNAs (siR-
NAs) that in complex with Ago also initiate the cleav-
age of complementary endogenous or viral RNAs due to
the nuclease activity of Ago. The piRNA-based silenc-
ing mechanism is highly conserved and found in all ani-
mals, including mosquitoes and other arthropods and is
active in a broad range of cell types, including somatic
and germline tissues [84—86]. The notable exception is
D. melanogaster, in which the piRNA system is restricted
to the germline. PIWI proteins have expanded in Culi-
cine mosquitoes, while Anophelines retain single Dros-
ophila orthologs [86, 87]. In contrast to D. melanogaster
and Anophelinae, the Culicinae mosquitos are also major
vectors of viruses. The negative impact of viruses on the
organism is partly prevented by mosquito antiviral siR-
NAs and piRNAs [86]. The presence of multiple PIWI
genes in Culicinae may hint at a history of selection for
resistance to the harmful effects of transposon propaga-
tion [86, 87].

We might ask why transposons have greatly prolifer-
ated during evolution in the Culicine genomes? It has
been shown that the short-term effective population size
(N,) of Ae. aegypti is about 400—600 on average, which is
lower than that of many other insects including Anoph-
eles species [88]. In comparison, N, of An. gambiae has
been estimated to be an order of magnitude greater than
the estimates for Ae. aegypti [89]. Small N, accelerates the
pace of genetic drift, with a corresponding decrease in the
efficacy of selection including purifying selection against
TE insertions. In contrast, larger effective population size
of Anophelinae facilitated strong positive selection for
increased recombination to remove TE insertions and to
keep the genome size small. It is possible that Culicines
have accumulated transposable elements by chance due
to genetic drift in ancestral populations.

Another intriguing possibility is that TE expansion in
Culicines is related to the ability of these mosquitoes to
transmit a large variety of arboviruses. Mosquitoes com-
bat transposons and viruses with the same Ago and small
RNA-based defense systems. Small RNAs generated
against viral transcripts might decrease the abundance
of small RNAs against transposons in the cellular pool.
The integration of viruses into the genomes will lead to
the inheritance of the viral genomic fragments and to
the change of small RNA repertoire throughout gen-
erations, thus affecting the ability of the innate immune
system to prevent the transposon expansion. Indeed, a
study in D. melanogaster demonstrated that viral infec-
tions affect transposon transcript levels via modulations
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of piRNA and siRNA repertoires [90]. The genomes of
Culicinae, unlike the Anophelinae genomes, are enriched
in endogenous viral elements (EVEs) indicating that inte-
gration of viruses into the genomes and changes of small
RNA repertoire might have happened continuously in
the past. It was also noted that the proportion of small
RNAs corresponding to the transposons is relatively low
in Culicines in comparison with other dipteran insects.
While only 12% of the D. melanogaster genome is occu-
pied by transposons [91], almost 18% of small RNAs in
their ovaries (mostly piRNAs) correspond to the trans-
posons [86]. In contrast, transposons occupy 58-78%
of genomes of Cx. quinquefasciatus and Ae. aegypti, but
only 5-10% of small RNAs were derived from transpo-
sons [86, 92]. The loss of transposon-derived small RNAs
in Culicine mosquitoes (potentially driven by viral infec-
tions) may have permitted transposons to proliferate that
led to increase of the genome size during evolution. By
contrast, poor ability of Anophelines to transmit arbovi-
ruses together with their effective removal TE genomic
insertions via recombination have not resulted in expan-
sion of PIWI proteins. Further studies are required to test
these hypotheses, but as these would likely require multi-
ple generations over many years these studies linking TE
insertions with viral infection may be challenging.

Unlike other insects, mosquitoes have conserved kar-
yotype 2N equal 6 represented by X and Y sex chromo-
somes and 2 autosomes in the subfamily Anophelinae but
by 3 autosomes in the subfamily Culicinae, in which male
sex is determined by a locus on one of the autosomes,
so called homomorphic sex-determining chromosomes
(Fig. 6) [93]. This karyotype has been preserved during
260 MYA of mosquito evolution [33]. For comparison, in
other insects, such as Hemiptera, the number of chromo-
somes may significantly vary from 4 to 74 [94]. In Dros-
ophila species, the number of chromosomes changes as
a result of fusion and fissions of the chromosomal arms
whereas the number of chromosomal arms or, so called,
Muller elements is preserved between the species [95,
96]. A similar pattern of chromosomal evolution through
fusion and fission was shown for Lepidoptera species
[97, 98]. In mosquitoes, whole-chromosome fusion and
fissions were not detected. Mosquito chromosomal evo-
lution is largely shaped by multiple whole-arm trans-
locations among autosomes (Fig. 6B) and paracentric
chromosomal inversions (Fig. 6D, E, Additional file 1:
Fig. 10) within chromosomal arms [33, 64, 99]. Although
comparison of An. albimanus and An. coluzzii identified
only whole-arm translocations, a comparison of these
species with An. atroparvus detected partial-arm trans-
locations between the autosomal arms that involve the
genetic material of the pericentromeric regions [16]. Our
work additionally reveals pericentric inversions between
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chromosomal arms, including one affecting the homo-
morphic sex-determining chromosomes in Cx. quinque-
fasciatus and Ae. aegypti.

Only one large translocation was identified between
one of the arms of chromosome 1 in Culicinae mosqui-
toes (1p arm in Cx. quinquefasciatus or 1q arm in Ae.
aegypti) and the biggest autosomal arm in Anophelinae
mosquitoes €2 (2R arm in An. coluzzii) [28, 64]. As a
result of this rearrangements, the Anophelinae chromo-
somal element e2 represents a mosaic of the 1p and 3p
arms of Cx. quinquefasciatus suggesting two alternative
scenarios of chromosomal evolution depending of which
karyotype is considered ancestral (Fig. 7). In both scenar-
ios, the ancestral karyotype has homomorphic sex chro-
mosomes as has been demonstrated by the analyses of
retro-transposition events [100, 101]. In the first scenario,
the ancestral karyotype was similar to the modern karyo-
type of Culicinae mosquitoes with metacentric homo-
morphic sex-determining chromosomes 1 (Fig. 7A). In
the lineage that led to the ancestor of Anophelinae mos-
quitoes, the whole arm of the chromosome 1, which has
the genetic material of e2, was translocated to one arm
of the chromosome 2 creating the largest element in
the Anopheles karyotype. As a result, the sex-determin-
ing chromosome became acrocentric. Later, the joined
genetic material was reshuffled by paracentric inversions
creating the modern 2R arm in An. gambiae. Addition-
ally, one homolog of the acrocentric sex-determining
chromosome began to degenerate, eventually becoming
the Y chromosome. In the second scenario, the ancestral
karyotype was different from the modern karyotypes of
both Culicinae and Anophelinae mosquitoes (Fig. 7B). It
had acrocentric homomorphic sex chromosomes before
the origin of Culicinae and Anophelinae lineages. In the
lineage leading to Anopheles, one homolog of the acro-
centric sex-determining chromosome began to degen-
erate and became the Y chromosome. No X-autosomal
translocations happened in the genus Anopheles. In the
lineage leading to Culicinae, a part of the genetic mate-
rial of e2 was translocated from an autosome to the
sex-determining chromosome 1. As a result, the sex-
determining chromosome 1 became metacentric in Culi-
cine mosquitoes.

Based on the number of rearrangements affecting
different chromosomal arms, we compared the rate of
chromosomal evolution in different mosquito linages.
Our data support previous observation of the more
rapid evolution of the X chromosome versus autosomes
in Anophelinae mosquitoes [33]. In the Culicine line-
ages, both arms of the homomorphic sex determining
chromosome have also evolved faster than the other
autosomes but the difference is smaller. Accelerated
evolution of the Drosophila X chromosome is not as
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dramatic as that affecting the Anopheles X [33], more
in line with the difference between homomorphic sex-
determining chromosome 1 and other autosomes in Ae.
aegypti. Interestingly, some groups of insects, including
Hemiptera with holocentric chromosomes, show the
opposite trend, with sex chromosomes evolving slower
than autosomes [94].

Conclusions

In this study, the integration of advanced genome
sequencing technologies with molecular and cytoge-
netic mapping allowed us to construct a high-quality
genome assembly for the vector of West Nile virus Cx.
quinquefasciatus with 97.67% genome placement to
chromosome positions. Genome quality validation using
whole genome resequencing and RNA-seq data dem-
onstrated significant improvements in mapping to the
new J5 genome versus the previous J3 genome, though
some assembly gaps may remain. The comparison of the
newly developed genome assembly of Cx. quinquefascia-
tus with the chromosome-scale genome assemblies of
the malaria vectors An. coluzzi and An. albimanus and
the arbovirus vector Ae. aegypti uncovered new details
of mosquito genome evolution. We confirmed a signifi-
cant expansion of odorant receptor (OR) and odorant-
binding protein (OBP) genes in the Cx. quinquefasciatus
genome, resulting this species having nearly 50% more
ORs than Ae. aegypti despite having a much smaller
genome. Hi-C mapping allowed the identification of a
polymorphic chromosomal inversion in Cx. quinquefas-
ciatus highlighting the utility of this method in charac-
terizing chromosomal rearrangements in mosquitoes
with poor-quality polytene chromosome. Chromosome
quotient analysis enabled the approximate location of the
male-determining locus, close to the centromere on the p
arm of the male-determining chromosome 1. A dramatic
expansion of the transposable elements (TEs) was docu-
mented in both Cx. quinquefasciatus and Ae. aegypti.
While TEs are concentrated in pericentromeric regions
in the genomes of Anopheles species, they have spread
along the arms toward the telomeres in Cx. quinquefas-
ciatus and become evenly distributed along the chro-
mosomes of Ae. aegypti. Our work also clarifies details
in chromosomal evolution of mosquitoes that included
(1) multiple paracentric inversions within chromosomal
arms and whole-arm translocations in all mosquito lin-
eages; (2) a large translocation between autosome e2
in Anophelinae and sex-determining chromosome 1
in Culicinae mosquitoes; (3) a pericentric inversion in
chromosome 1 of Cx. quinquefasciatus and Ae. aegypti.
Finally, the X chromosome in An. coluzzii and the sex-
determining chromosome 1 in Cx. quinquefasciatus and
Ae. aegypti have evolved significantly more rapidly than
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other autosomes in each species. The enhanced under-
standing of mosquito genome organization generated by
this study will guide further efforts to development novel
genome-based strategies for the vector control.

Methods

Assembly development and annotation

Mosquito strain

The Johannesburg (JHB) strain of Cx. quinquefasciatus
was utilized for the mosquito sequencing. This strain has
been previously used for the initial genome sequencing
project [28], for the development of the genetic map [34],
and for the integration of genetic, genome, and chromo-
some maps in this species [29]. Later, the initial genome
of this strain was improved using Hi-C technology [8].

Generation of a paternal TrioCanu assembly

DNA from two parents (mother and father mosquitoes)
was sequenced separately using Illumina HiSeqX (100X
each) as previously described [17]. Briefly, genomic DNA
was isolated using the QiaAMP DNA micro kit (Qia-
gen, Germantown, MD, USA). Approximately 300 ng
of genomic DNA was used to prepare DNA sequencing
libraries for each parent following using the NEBNext
Ultra II FS DNA Library Prep Kit for Illumina (New Eng-
land Biolabs, Ipswich, MA, USA). The libraries were sent
for sequencing [102]. More than 50 Gb of 2x150 bp reads
were obtained from the father and mother. Pooled F1
males from a single pair parent were used as the source
for ONT sequencing (Fig. 1B). Genomic DNA was iso-
lated using a Qiagen Genomic Tip DNA Isolation kit
(Qiagen, Germantown, MD, USA) similar to previously
described method [17]. The purity, approximate size, and
concentration of the DNA were tested using a nanodrop
spectrophotometer, 0.5% agarose gel electrophoresis, and
Qubit dsDNA assay, respectively. Approximately 1ug of
DNA was used to generate a sequencing library using
the SQK-LSK109 library preparation kit from Oxford
Nanopore. Both MinON and PromethION runs were
used to obtain approximately 89 Gb of reads. Base call-
ing was performed using either albacore or Guppy [103]
with the default filtering setting of Qscore >7. The long
ONT sequences from F1 male siblings were successfully
separated into paternal (~48.1%) and maternal (~48.9%)
reads by TrioCanu according to paternal-specific and
maternal-specific k-mers identified from the paternal and
maternal Illumina reads (Additional file 2: Table S6). The
hemizygotic nature of the M locus ensures that M reads
(and reads from a larger M-linked haplotype) are seg-
regated into the paternal fraction. All paternal-specific
reads plus unseparated reads are used to obtain a pater-
nal assembly by Canu [39] and then polished using the FO
[llumina paternal reads by three rounds of Pilon [40]. The
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new assembly was annotated by NCBI via an automated
the NCBI Eukaryotic Genome annotation Pipeline [47].

Bionano mapping

To perform Bionano mapping ultra-high molecular
weight (WHMW) nuclear DNA was isolated from pooled
male siblings as previously described [17]. Data collec-
tion for optical mapping was performed in a Bionano
Saphyr platform as previously described [104]. Mol-
ecules were stretched, separated, imaged, and digitized
using software installed in a Bionano Genomics Saphyr
System and server according to the manufacturer’s rec-
ommendations [105]. The molecules were assembled
into maps by the Bionano Solve Version 3.3, Tools Ver-
sion 1.3, RefAligner Version 7989 and Pipeline Version
7981 software. Bionano (BNG) maps were aligned to the
described sequence assembly to generate hybrid scaf-
folds using the Bionano Solve V3.3 suite. The alignment
produced only 56 scaffolds, with a total scaffold length
of 781.37 Mbp (Additional file 2: Table S7). Sequence
was manually curated to trim sequence overlaps,
remove secondary contigs due to heterozygosity, and
break up mis-assemblies.

Hi-C scaffolding

The protocol for in situ Hi-C experiment was described
in details elsewhere [106], and it was slightly modified
in this study. In brief, ~1000-2000 embryos from JHB
colony were collected at the 16-18-h developmental
stage. Mosquito eggs were incubated in 70% bleach-water
solution for 5 min. After that, they were fixed with para-
formaldehyde-based buffer and homogenized with tissue
homogenizer, followed by cell lysis. The chromatin was
digested by Mbol restriction enzyme (New England Bio-
labs, Ipswich, MA, USA), DNA ends were marked with
biotin-14-dATP (Thermo Fisher Scientific, Waltham,
MA, USA), and ligated with T4 ligase (New England Bio-
labs, Ipswich, MA, USA). The crosslinks were reversed,
DNA was purified and sonicated with COVARIS M220
(Covaris Limited, Woburn, MA, USA) followed by bio-
tin pull-down and Illumina library preparation. The Hi-C
libraries were prepared and sequenced with Illumina
HiSeq4000 PE150. Raw Hi-C reads were processed using
Juicer protocol to create contact matrices [42]. Then, the
3D-DNA pipeline [8], with ]3 genome used as a reference,
was applied for developing the draft genome assembly.
The draft assembly was visually inspected and recon-
structed manually with Juicebox Assembly Durand Tools
[107] according to their 3-dimensional contacts. Multiple
misassemblies were detected and fixed, haplotigs were
identified and removed from the main assembly (Addi-
tional file 2: Table S7). The complete Hi-C statistics can
be found in Additional file 2: Table S8.
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Physical mapping

Physical genome mapping was performed using fluo-
rescence in situ hybridization (FISH) on mitotic chro-
mosomes from 4th instar larvae of Cx. quinquefasciatus
[108]. A total of 143 markers were mapped to chromo-
somes (Additional file 2: Table S1). DNA from Bacterial
Artificial Chromosome (BAC) clones from Notre Dame
JHB library [43] were labeled with either Cy3- or Cy5-
dUTP (Enzo Life Sciences Inc., Farmingdale, NY, USA)
by nick translation and utilized as a DNA probe for FISH.
A landmark-based two-color physical mapping approach
was utilized for localizing BAC positions in mitotic chro-
mosomes [29, 64]. After FISH chromosomes were stained
with YOYO-1 iodide and mounted in a small amount
of Prolong Gold antifade reagent under a cover slip
(Thermo Fisher Scientific, Waltham, MA, USA). Because
chromosome arms in this species are almost equal in
size, three molecular landmarks for q arms of each chro-
mosome were used in addition to two BAC clones of
interest [29, 64]. Finally, MyoM gene and rDNA probes
were developed as previously described [29]. Probes were
labeled with Cy3- and Cy5-dUTP (Enzo Life Sciences
Inc., Farmingdale, NY, USA) and hybridized to the chro-
mosomes [108]. Slides were analyzed using a Zeiss LSM
510 Laser Scanning Microscope (Carl Zeiss Microimag-
ing, Inc., Thornwood, NY, USA) at X600 magnification.

Chromosome quotient analysis

We used CQ [46] to identify the region surrounding
the M locus. Pooled females and males from the JHB
strain were sequenced respectively for mapping to the J5
assembly. The entire genome was masked using Repeat-
Masker [109] with the repeat library described in this
manuscript. This process was repeated two more times to
reduce residual repeat sequences. The masked assembly
was split into 1-kb fragments. The fragmented genome
was used as the reference for mapping Illumina reads
obtained from pooled females and males, respectively.
The CQ value for each fragment was calculated by the
number of female alignments divided by the number of
male alignments (Additional file 2: Table S9). To mitigate
the potential bias introduced by a small denominator,
fragments showing less than 10 male alignments were
excluded from the analysis [21]. We used 0.05 as the cut-
off for male-specific fragments [21].

Assembly and annotation validation

Analysis of newly collected shotgun genome sequence data
from field specimens

Whole-genome resequencing data from field-caught Cx.
quinquefasciatus mosquitoes were mapped of the chro-
mosomal contigs of the new (J5) and old (J3) assemblies
in order to assess mappability. Ten Cx. quinquefasciatus
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mosquitoes were captured in Santa Barbara (n=6) and
San Diego (n=4), California using Gravid traps, EVS
traps, or larval dip collections. DNA was extracted using
the NucleoSpin 96 DNA RapidLyse kit (Macherey-Nagel,
Germany), and individuals were identified to species via
multiplex PCR of the ACE2 locus [110]. DNA sequenc-
ing libraries were prepared using Illumina DNA Prep
Kits (Illumina, USA) with dual-unique barcodes. Librar-
ies were then pooled and sequenced at Novogene on an
[llumina Novaseq 6000 PE150. Sample metadata, includ-
ing collection dates and GPS coordinates and individual
genome-wide coverage, can be found in Additional file 2:
Table S2.

Raw reads were assessed for quality using FastQC
[111]. Low-quality bases and adapters were trimmed by
Trimmomatic [112]. Trimmed reads were mapped onto
the three chromosomal scaffolds of both the J3 and J5
assemblies (excluding extrachromosomal contigs). We
used bwa-mem to map the reads with default setting
[113] and marked optical and PCR duplicates with Picard
MarkDuplicates (Broad Institute, n.d., Cambridge, MA,
UK). We calculated coverage after de-duplication using
Mosdepth [114] and used the de-duplicated reads for all
analyses. First, samtools [115] was used to calculate the
fraction of (1) mapped reads, (2) properly mapped paired
reads, (3) mapped with MQ>30, and (4) reads whose
mates were mapped to different chromosome(s) for each
individual and assembly. We further identified reads that
did not map to the J3 assembly and tried to map them
onto J5. For comparison, we reciprocally identified reads
that did not map to J5 and tried to map them onto J3. The
re-mapping employed the same pipeline described above,
except that any reads with MQ<10 were additionally fil-
tered out. We then calculated the fraction of ‘covered’
bases in non-overlapping 1-Mb windows across each
assembly, where covered bases are defined as the fraction
of bases within a given window that had at least 1x cov-
erage of reads that did not map to the other assembly. To
examine if the fraction of covered bases is impacted by
genomic context, fractions of repeats and genic content
across the same genomic windows were calculated.

RefSeq annotation

Annotation of the new genome assembly of Cx. quinque-
fasciatus was generated for NCBI’s RefSeq dataset [116]
using NCBI's Eukaryotic Genome Annotation Pipe-
line [117]. The annotation, referred to as NCBI Culex
quinquefasciatus Annotation Release 100, includes pre-
dicted gene models for protein-coding and non-coding
genes and pseudogenes and is available from NCBI’s
genome FTP site and web resources. Models were pre-
dicted using NCBI's Gnomon algorithm using alignments
of transcripts, proteins, and RNA-seq data as evidence.
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The evidence datasets used for Release 100 are described
at [49] and included alignments of available Cx. quinque-
fasciatus mRNAs and ESTs, 2.8 billion RNA-seq reads
from 46 SRA runs from a wide range of samples, and
RefSeq proteins from Ae. aegypti and other insects. The
annotation was compared through assembly alignments
to the previous annotation provided by the Broad Insti-
tute in order to track gene and transcript identifiers and
identify merged genes.

Analysis of publicly available RNAseq data

To determine if RNA-seq analyses helped to significantly
improve the updated assembly, two experimental data-
sets were analyzed, which consisted of a comparative
embryo study (PRJNA454000) and a comparative study
of male and female brain (PRJNA612100) that were repli-
cated [51, 52]. Reads were mapped to the current version
of the Cx. quinquefasciatus genome J5 and the previ-
ously available J3 version [8] with STAR using recom-
mended settings [118] to allow for assessing total number
of reads that map to specific genes and splice junction
identification. Significant differences in expression lev-
els were compared with using DeSeq2 [119]. Genes with
significantly different expressions in the updated and old
assemblies were compared to establish overlap. Lastly,
similarities between the expressional analyses were com-
pared with the use of a Pearson correlation analysis [120]
to ensure that the general fold changes are comparable
between mapping to this current and the old genome
assembly.

Gene content and gene family expansion

The genomic annotations and proteomes of An. albi-
minus, An. coluzzii, Ae. aegypti, and Cx. quinquefas-
ciatus J3 and J5 releases were fetched from VectorBase
v.57 [121]. Only the longest transcript for each gene
was considered for the protein product clustering, the
estimation of lengths and number of exons, and count-
ing of merging of gene models. To identify merging of
gene models the annotated proteome from one genomic
release were searched against the proteome of the other
genomic release using diamond (--evalue le-5 --mask-
ing 0 --outfmt 6 --max-hsps 5 --very-sensitive -k 0 --no-
self-hits --id 80 --subject-cover 80) [122], and the fused
events were analyzed with mosaicFinder [123]. To ana-
lyze the expansion of gene families only orthologs from
families having at least one member protein in each of
the three mosquito species were considered (9528 pro-
teins of An. albiminus, 9827 of An. coluzzii, 11,046 of Ae.
aegypti, and 11,848 of Cx. quinquefasciatus J3 and 10,265
Cx. quinquefasciatus ]5). Each proteome of four mos-
quito genomic assemblies was clustered with mmseq2
cluster [124] in all-against-all sequence comparisons with
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length cut-off 70% and identity threshold of 50% (--min-
seq-id 0.5 -c 0.7 -s 7.5). In order to focus on multi-gene
families, only clusters with more than three members
were retained.

Chemosensory gene annotations and analyses

Collection of new RNAseq data from antennae and proboscis
New RNA-seq data was collected from chemosensory tis-
sues of the JHB strain of Cx. quinquefasciatus to facilitate
the annotation of chemosensory genes. Sharp forceps were
used to remove the antennae (pedicel and flagellum) from
two groups of ~30 females and two groups of ~30 males,
and to remove the distal half of the proboscis from a single
group of ~30 females. All animals were reared to 7-9 days
post-eclosion, housed in mixed-sex cages, and given access
to 10% sucrose solution, but not blood. Dissected tissue
was stored at —80°C until RNA extraction with the Zymo
Quick-RNA™ MiniPrep Plus Kit. Libraries were prepared
using the Illumina® NEBNext® Ultra™ II RNA Library
Prep Kit for ultra-low input RNA and sequenced on a
NovaSeq 6000 PE150 flow cell. We obtained an average
of 28.5Gb data per library with 92.72% of reads having a
score >Q30. The quality of raw sequence data was checked
using FastQC [111] (default parameters), and adapters
were soft clipped using Paired end (PE) trimmomatic [112]
(ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:keepBothReads).
Reads smaller than 40bp were dropped. HiSat2 [125] was
used to align trimmed reads to the three chromosomal
contigs of the new assembly with max intron length of
40,000bp. Raw RNAseq data were deposited at NCBI
(accession PRJNA939628).

Odorant receptor annotations and analyses

Full details on odorant receptor annotations and analyses
can be found in the supplement (Additional file 6). Briefly,
InsectOR [126] was used to generate first-pass gene
models on the three chromosomal scaffolds of the new
J5 assembly based on homology to existing OR protein
annotations from Ae. aegypti and An. gambiae. The first-
pass gene models were then manually refined using new
(see above) and previously published RNA-seq data from
Cx. quinquefasciatus (NCBI accessions PRJNA939628,
PRJNA219477) as well as raw tBlastN homology [127] to
published mosquito and Drosophila ORs. New OR anno-
tations were matched to those from the previous assembly
[55, 56] using reciprocal blastp searches [127] and inspec-
tion of a gene phylogeny that included all OR coding
sequences from both the old and new annotations, result-
ing in classification of newly annotated ORs as “remain,’
“merged,” “new;” or unplaced. A subset of Cx. quinquefas-
ciatus ORs with 1-to-1 orthologs in both Ae. aegypti and
An. gambiae were renamed to match the names used in
the other species. Metadata, coding sequences, proteins
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sequences, and full details on OR classification and nam-
ing can be found in the Additional files (Additional file 2:
Table S3, Additional files 3, 4 and 5).

The evolutionary relationships among newly anno-
tated Cx. quinquefasciatus OR proteins and those from
Ae. aegypti and An. gambiae were inferred following the
methods described in [21], which involved alignment
using CLUSTAL Omega [128], trimming using Phyl-
emon2 [129, 130], phylogenetic inference using PhyML
v3.0.0 [131], and visualization using Figtree [132]. The
expression of newly annotated odorant receptor and
odorant-binding protein genes was estimated in key tis-
sues using the new antennal and proboscis RNA-seq
data described above as well as previously published
data (Additional file 2: Table S5). The new OR and OBP
annotations were merged with the new RefSeq annota-
tion for the J5 assembly using a custom script (Additional
file 6). We then used the featureCounts command from
the RStudio [133] package Rsubread [134], followed by
the DESeq2 package [119] to obtain expression estimates
(Additional file 2: Table S10). See Additional file 3 for full
details of tree building and expression estimation.

Odorant binding protein gene models

OBP gene models produced by the RefSeq annotation
pipeline using available genomic DNA, protein sequence
data from 109 Cx. quinquefasciatus odorant binding
protein sequences, and antennal RNA-sequencing data
were refined manually. Fasta-formatted OBP peptide
sequences were available from previously published data
in Supplemental Fasta Files [59], and raw tblastn homol-
ogy were used to identify each known Cx. quinquefas-
ciatus OBP in the new assembly. Existing gene models
from the RefSeq annotation pipeline were named after
[59], if tblastn revealed high query coverage > 75% and
sequence similarity > 75% and a per exon e-value of
le—10. Modifications to existing gene models were made
according to tblastn results and guidance from spliced
antennal RNA-seq reads. Gene models that were miss-
ing from the RefSeq annotation, but that could be identi-
fied by tblastn homology, antennal RNA-seq alignment,
and cysteine residue number and spacing were added
manually. For 6 known OBPs, no high-quality tblastn hit
was found. For these genes, genomic DNA sequences
were downloaded from Vectorbase (Release 61, accessed
Feb 2023), and blastn homology was used to identify and
annotate 2 of these 6 OBPs. As was done for ORs, when
a gene model showed high sequence similarity to 2 pro-
teins, >95% sequence similarity [59], they were merged
into a single OBP in the new annotation. In some cases,
previously undescribed putative OBPs were annotated
by the RefSeq pipeline. These annotations were con-
firmed to be OBPs and classified into one of the OBP
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subfamilies or subgroups according to the conserved
number and spacing of cysteine residues in the peptide
sequence [59].

Comparative genomics of mosquitoes

Phylogeny reconstruction

To estimate the phylogeny of mosquitos we have used
the assemblies of An. coluzzi [18)], An. albimanus [17],
Ae. aegypti [21], and current assembly of Cx. quinque-
fasciatus ]5. Each assembly was subjected to BUSCO
v.4.1.4 [135], analysis to identify the universal single-
copy orthologs from OrthoDB (dipteria_odb10 data-
base) [136]. The genomic assembly of D. melanogaster
(GCF_000001215.4) was also analyzed by BUSCO for
further usage as an outgroup. A total of 2842 universal
single-copy and non-redundant orthologs, which were
present in all four species, were selected for the phyloge-
netic analysis. The concatenated multiple sequence align-
ments of the orthologous proteins using MAFFT v7.471
[137] followed by alignment trimming with trimAl v.1.4
[130], (-gt 0.5) resulted in 583,441 amino acid columns
that were used to estimate the maximum likelihood spe-
cies phylogeny using RAXML v.8.0 [138] with the PROT-
GAMMAJTT model, rooted with D. melanogaster. We
then used r8s [139] to estimate branch lengths in terms
of millions of years with two calibration points: 260 MYA
for the common ancestor of mosquitos and D. mela-
nogaster and 100 MYA for the common ancestor of An.
albimanus and An. coluzzii [33, 140].

Identification of transposable elements and satellites

The identification of low-complexity regions and tandem
repeats was performed using mdust [141] and Tandem
Repeat Finder programs [142]. The genomes masked
by satellites and low-complexity regions were further
used for the transposable element discovery. The known
transposable elements were identified using Repeat-
Masker (v 4.0.9) [109] with default parameters against
the custom non-redundant library prepared from the
mosquito RepBase (rb20181026) [61] and TEfam [62]
databases. The discovery and annotation of the novel
transposable elements was performed with EDTA pipe-
line (v. 1.9.4) [63]. To generate consensus sequences, the
output of the EDTA was manually curated to remove
redundancy and false-positive predictions. The man-
ual curation included the removing of the nested and
already known transposable elements, and making the
non-redundant dataset of the consensus sequences.
RepeatMasker was employed for the final annotation
the genome sequences, using the consensus sequence of
known and newly identified TEs.
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Identification of tRNA genes among mosquitoes

To identify putative tRNA genes, the genomes of each
species were subjected to tRNA-scan 2.0 [143] with set-
ting modified for mosquitoes [144]. An initial minimum
quality score of 50 (default is set to 20) was used to obtain
high-quality tRNAs that was set to search for eukaryotic
tRNA along with displaying an output of structural com-
ponents of the tRNA. The output of predicted tRNAs
from the initial analyses were then vetted through the
recommended Eukaryote Confidence Filter under the
default conditions as suggested to remove tRNA-derived
repetitive elements from tRNAs that function in protein
translation [143]. This yielded a high confidence set of
tRNA genes for each organism which were considered for
comparison.

Gene ontology

To identify species-specific orthogroups, annotated
proteins from Ae. aegypti, An. albimanus, An. coluzzii,
Cx. quinquefasciatus, and D. melanogaster were ana-
lyzed by sequence alignment and phylogenetic orthol-
ogy inference-based method in OrthoFinder v2 [145].
The number of single-copy orthogroup/orthologous
proteins (one-to-one) and co-orthologous and paralo-
gous proteins were identified (one-to-many; many-to-
one; many-to-many). Following the identification of
species-specific orthogroups, g:Profiler [146] was used
to identify enriched gene ontology (GO) categories
unique for Cx. quinquefasciatus. The enriched GO cat-
egories were clustered into functionally related aspects
with Revigo [147].

Chromosomal rearrangements

To identify single-copy orthologs between pairs of the
species, we retrieved protein sequences of the genes
and selected the longest isoform for each gene. Then
the single-copy orthologs were identified with the
OrthoFinder software [145]. The circular plots were
produced for each pair of species with Circos software
[148] based on the orthology table and species annota-
tion files.

The rate of the chromosomal rearrangements

The reconstruction of rearrangements in chromo-
somal elements was conducted independently for each
of them by recreating the architecture of ancestral
chromosomal elements followed by their comparison
with chromosomes of An. coluzzi, An. albimanus, Cx.
quinquefasciatus, and Ae. aegypti. A non-redundant
set of 2842 single-copy orthologs, which were com-
mon for all four analyzed species, was identified from
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OrthoDB by BUSCO and utilized in this analysis.
Since BUSCO does not output the strands on which
the orthology genes are located, their orientation in
the chromosomes were revealed by mapping back of
the protein sequences in the genomes with tblastn
[149]. The synteny blocks common for all species were
identified for each chromosomal elements separately
by running first GRIMM_Anchors algorithm to iden-
tify non-overlapped anchors (1415 in total for all ele-
ments) and then GRIMM_Synteny v.2.0.2 [150] with
the requirements of at least two anchors per block (-n)
and total gap distance (-G) equal to 750 kb. The cal-
culation of the architecture of ancestral elements was
performed with MRG [68] with taking into account
the determined topology of species and under the
switches “-L, indicating linearity of chromosomes,
and “-H2, which allows MGR to detect the small-
est inversions first. For each element, the determined
number of inversions occurred during speciation was
normalized to the number of synteny blocks, the size
of repeat-masked chromosomal arm (Mb) and diver-
gence time from their last common ancestor (134.6
MYA). Because TEs in the genomes may have their
own independent evolutionary trajectories different
from non-repetitive parts of the chromosomes, we
repeat-masked the genomes for calculating the rate of
rearrangements.
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