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Gene family expansions

in Antarctic winged midge

as a strategy for adaptation to cold
environments
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Sanghee Kim'** & Seung Chul Shin**

Parochlus steinenii is the only flying insect native to Antarctica. To elucidate the molecular
mechanisms underlying its adaptation to cold environments, we conducted comparative genomic
analyses of P. steinenii and closely related lineages. In an analysis of gene family evolution, 68

rapidly evolving gene families, involved in the innate immune system, unfolded protein response,
DNA packaging, protein folding, and unsaturated fatty acid biosynthesis were detected. Some gene
families were P. steinenii-specific and showed phylogenetic instability. Acyl-CoA delta desaturase

and heat shock cognate protein 70 (Hsc70) were representative gene families, showing signatures of
positive selection with multiple gene duplication events. Acyl-CoA delta desaturases may play pivotal
roles in membrane fluidity, and expanded Hsc70 genes may function as chaperones or thermal sensors
in cold environments. These findings suggest that multiple gene family expansions contributed to the
adaptation of P. steinenii to cold environments.

Antarctica is one of the most extreme environments for life. The continent is isolated from the Southern Hemi-
sphere by the Southern Ocean and atmospheric circulation, and most of the area, over 99.6%, is covered by
snow or ice. As a result, Antarctic terrestrial biodiversity is low and ecosystems restricted to low-altitude coastal
regions of the Antarctic Peninsula, where seasonal snowmelt occurs?. Among the estimated 5.5 million spe-
cies of insects worldwide?, only three species, Belgica antarctica, Eretmoptera murphyi, and Parochlus steinenii,
have been recorded in the maritime Antarctic region®. These species belong to the family Chironomidae and
overwinter in their larval stage. B. antarctica, which is native to Antarctica, and E. murphyi, a well-established
invasive species, are freeze-tolerant wingless midges. P. steinenii has wings and is not freeze-tolerant but shows
limited cold tolerance with a lower lethal temperature of around — 3 °C*%; accordingly, is expected to have dif-
ferent strategies for cold adaptation compared to the other two species.

The genome of B. antarctica has been sequenced and transcriptome analyses of larvae have provided insight
into its adaptation to the extreme environment of Antarctica*”®. However, genetic studies of P. steinenii are
lacking. We previously reported the draft genome of P. steinenii® as well as an improved genome assembly and
annotation method using nanopore sequencing and genome polishing tools'. The genome of P. steinenii is about
145.37 megabases (Mb), which is about 46 Mb larger than the compact genome of B. antarctica (99 Mb)”. In
our previous study, focusing on the improvement of assembly using nanopore reads, we did not investigate the
mechanisms underlying P. steinenii cold-adaptation. In the present study, we aimed to use high-quality assem-
bly and annotation for comprehensive genomic analyses using recent tools, and perform comparative genomic
analyses of P, steinenii and closely related lineages to elucidate these mechanisms.
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Final assembled genome
Initial assembled genome'’ (this study)

Gene assembly
Assembler SMARTdenovo!! NextDenovo (v.2.4.0)
Polishing Nanopolish (v.0.10.1) + Pilon (v.1.22) | NextPolish (v.1.3.1)
Assembly size (Mb) 145.37 144.22
Scaffolds (#) 162 56
Scaffold N50 (Mb) 1.989 6.945
Maximum scaffold length (Mb) 9.64 17.38
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Average exon length (bp) 392 454
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Table 1. Comparison of assembly and annotation statistics for the new and previously reported P. steinenii
genomes.

Results

Genome assembly and annotation. In this study, a genome assembly of P. steinenii with a superior qual-
ity to that of the previous reported genome was obtained (Table 1). The final assembled genome of P. steinenii
consisted of 56 scaffolds with a total size of 144.22 Mb, an N50 value of 7 Mb, and a maximum scaffold length of
17.38 Mb. The genome was similar in size to the previously reported genome (145.37 Mb)' but had fewer scaf-
folds, higher N50 values, and a longer maximum scaffold length.

The assembled genome of P. steinenii was annotated using the MAKER annotation pipeline based on protein
homology and EST data. A total of 12,461 protein-coding genes were predicted in the assembled genome, and
10,985 protein-coding genes were assigned functions by searches against EggNOG (Supplementary Data 1).
Repeat prediction using a de novo RepeatModeler repeat library confirmed that 12.56% of the assembled genome
was repeat sequences. Additionally, 492 tRNAs were predicted (Supplementary Table 1). The number of genes,
and average intron and exon length were slightly increased in the new assembly compared to the previously
reported genome (Table 1). In particular, BUSCO analyses with two datasets (Eukaryote odb9 and Insecta odb9)
indicated that the gene set completeness using AUGUSTUS was markedly better than that of the previously
reported genome (Table 1). These results indicate that the quality and completeness of the assembled genome
were sufficiently high to ensure reliable subsequent genomic analyses (Fig. 1a).

Evolution of gene families in P. steinenii. Protein sequences of Aedes aegypti (GCF_002204515,
NCBI), Anopheles gambiae (GCF_000005575, NCBI), B. antarctica (ASM77530v1, Ensemble), Clunio marinus
(GCA_90005825, NCBI), and Drosophila melanogaster (GCF_000001215, NCBI) were used for gene family
analysis, and isoforms were discarded prior to analysis. The total proteins of the six dipteran species were catego-
rized into 13,482 gene families using OrthoVenn2 (v.2019-05-26)"2. A total of 5,214 gene families were shared
by the six dipteran species, whereas 313 gene families were specific to P. steinenii (Fig. 1b and Supplementary
Data 2). In a phylogenetic analysis based on shared orthologous gene families from the six dipteran species, the
estimated divergence time between P. steinenii and other Chironomidae species (B. antarctica and C. marinus)
was about 124.05 million years ago (Fig. 1¢). In the P. steinenii lineage, 806 significantly expanded gene families,
2,567 significantly contracted gene families, and 68 significantly rapidly evolving gene families were identified
(Supplementary Table 2).

To infer functions of rapidly evolving gene families, we performed GO enrichment analyses. The rapidly
evolving gene families in P. steinenii were significantly enriched in GO categories related to the defense response
to Gram-positive bacterium, mRNA cleavage, and DNA packaging (Fig. 2a).

P. steinenii-specific gene family expansion. We identified 25 rapidly evolving gene families that were
found only in P, steinenii. The function and amino acid sequence of these gene families may be similar to other
orthologous gene families of the six dipteran species but these 25 rapidly evolving gene families were divided
into other gene families (Supplementary Table 2). In an analysis of over-represented GO terms for P. steinenii-
specific gene families, we found enrichment for various biological processes, such as sensory perception of pain,
unsaturated fatty acid biosynthetic process, and protein folding (Fig. 2b). These enriched GO terms were derived
from the expanded acyl-CoA delta desaturase, heat shock cognate protein 70 (Hsc70), and pickpocket protein
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Figure 1. BUSCO assessment of gene set and Comparison of P. steinenii protein-coding genes. (a)
Completeness assessment of gene sets using BUSCO. The BUSCO dataset of the Insecta 0odb9 were used to
assess the gene sets predicted from the initial assembled genome using SNAP and the gene sets from the final
assembled genome using SNAP or AUGUSTUS. (b) Venn diagram of orthologous gene families among six
dipteran genomes. (c) Lineage-specific gene gains and losses in six dipteran genomes. The number of gene
gains, losses, and the rapidly evolving gene families were marked in red, blue, and green, respectively. E, M, O,
and P denote Eocene, Miocene, Oligocene, and Paleocene, respectively. The aligned sequences of orthologous
gene families were used to construct a phylogenetic tree using FastTree (v.2.1.10) and divergence time between
species was inferred using TimeTree.

28 gene families, respectively. Among them, the acyl-CoA delta desaturase gene family (group1599) and Hsc70
(group513) families may facilitate P. steinenii adaptation to the cold environments.

A maximum likelihood phylogenetic analysis of these two gene families along with orthologous gene families
of the six dipteran species and Caenorhabditis elegans was conducted. P. steinenii-specific gene families formed
an independent clade with low similarity to orthologous gene families in the six dipteran species (Figs. 3a, 4a).
We speculated that the sequence divergence resulted from positive selection by gene duplication. To confirm this,
we calculated the dy/d; ratios (i.e., w) for these gene families (Table 2). Since the p value for H, (i.e., divergence
between P. steinenii-specific and orthologous gene families) over H, was less than 0.001, it can be inferred that
the w value of the P. steinenii-specific gene family was different from that of the orthologous gene family. To find
potential coding sites under positive selection for acyl-CoA delta desaturase and Hsc70, we used Bayes empiri-
cal Bayes (BEB) (Table 3). Two and thirteen amino acid sites were under positive selection in acyl-CoA delta
desaturase and Hsc70, respectively, with strong support for the BEB posterior probability (>99%).

When comparing the predicted gene structures of the expanded acyl-CoA delta desaturase genes and ortho-
logues against that of rat SCD1, the two acyl-CoA delta desaturase gene families in orthologues completely shared
eight histidine site for the primary coordination sphere of the dimetal unit essential to the function of rat SCD1
on gene structure, and did not appear to be inferior in function compared to SCD1 (Supplementary Fig. 1).
However, when comparing the amino acid sequences of the expanded acyl-CoA delta desaturase orthologous
group, similarities ranged from 43 to 58% (Fig. 3b), and half of CoA binding sites were different (Supplementary
Fig. 1). When compared to rat SCD1, the expanded acyl-CoA delta desaturase gene family had amino acid dif-
ferences (Tyr104—Glycine, Alanine, Isoleucine, and Methionine; Alal108—Isoleucine and Valine) at the Tyr104
and Ala108 positions", which affect the length of the acyl chain in the substrate. In the case of the expanded
Hsc70 gene family, when comparing P. steinenii Hsc70 and orthologous sequences, amino acid similarities ranged
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Figure 2. Enriched GO term of rapidly evolving gene families in P, steinenii. (a) TreeMap summarized from the
redundant GO terms using REVIGO for all GO terms linked to rapidly evolving gene families. (b) GO terms
linked to 25 P. steinenii-specific gene families. Enriched biological process terms were visualized using REVIGO.
The terms “detection of mechanical stimulus involved in sensory perception of pain,” “larval turning behavior,”
“sensory perception of pain,” and “sodium ion transport” were related to expansions of pickpocket protein

28 gene family (group51) and group6074. “Positive regulation of cholesterol esterification,” “fatty-acyl-CoA
biosynthetic process’, and “unsaturated fatty acid biosynthetic process” were related to the expanded acyl-CoA
delta desaturase gene family (group1599), and “protein folding” was related to the expanded Hsc70 gene family

(group513).

from 51 to 55% (Fig. 4b). The nucleotide-binding domain (NBD) in the substrate-binding domain was highly
conserved; however, the substrate-binding domain (SBD) of P. steinenii-specific Hsc70 genes had a relatively
lower similarity than that of the NBD and lacked the EEVD motif and lid comprising the G/P-rich C-terminal
region' (Supplementary Fig. 2).

Patterns of gene duplication in the P. steinenii genome. As shown in Table 4, dispersed duplica-
tion events in the P. steinenii genome appeared to play an important role in gene family evolution, accounting
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Figure 3. The expanded acyl-CoA delta desaturase gene family of P. steinenii. (a) Phylogenetic analysis of
acyl-CoA desaturase genes in the P, steinenii-specific gene family (group1599) and orthologous gene family
(group2588). Orthologous gene families in C. elegans were designated as outgroups. Numbers at nodes are
bootstrap values from 1000 replicates and GenBank accession numbers are indicated at the ends of branches.
(b) Amino acid sequence similarity matrix of acyl-CoA delta desaturase genes. P. steinenii-specific acyl-CoA
delta desaturase (group1599), orthologous groups of acyl-CoA delta desaturase among in six insect species
(group2588), stearoyl-CoA desaturase NP_005054.3 (Homo sapiens), and NP_033153.2 (Mus musculus) were
used for the similarity matrix. Percent identities were calculated using the result of BlastP. (c) Expanded acyl-
CoA delta desaturase gene families identified in the P, steinenii genome. P. steinenii-specific gene families are
indicated by green arrows and orthologous genes are indicated by red arrows. Other genes are indicated in blue
arrows. Each arrow indicates a gene orientation (5'—3').

for 47.60% of duplication events, similar to the frequency in the B. antarctica genome (Supplementary Table 3).
In the rapidly evolving gene families, tandem duplications were most frequent in the P. steinenii genome. The
expanded acyl-CoA delta desaturase and Hsc70 gene families mainly exhibited tandem and dispersed duplica-
tions, respectively (Figs. 3c, 4c).

Discussion

Rapidly evolving gene families with high divergence among closely related species tend to be more closely related
to adaptation than other genes'. Based on this, we speculated that the rapidly evolving gene families in the P.
steinenii genome contributed to survival and adaptation to the harsh Antarctic environment. Unlike B. antarctica,
which has a compact genome size with few repetitive elements and reduced intron length due to an extreme
environment’, P. steinenii has an estimated genome size (144.2 Mb) similar to that of Drosophila melanogaster
(139.5 Mb), suggesting that it used different strategies from those of B. antarctica.
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Figure 4. The expanded Hsc70 gene family of P. steinenii. (a) Phylogenetic analysis of Hsc70 genes in the P.
steinenii-specific gene family (group513) and orthologous gene family (group441). Orthologous gene families

in C. elegans were designated as outgroups. Numbers at nodes are bootstrap values from 1000 replicates and
GenBank Accession numbers are indicated at the ends of branches. (b) Amino acid sequence similarity matrix
of Hsc70 genes. P, steinenii-specific Hsc70 (group513), orthologous groups of Hsc70 genes among in six insect
species (group441), NP_006588.1 (H. sapiens), NP_034609.2 (M. musculus), and NP_503068.1 (C. elegans) were
used for the similarity matrix. Percent identities were calculated using the result of BlastP. (¢) Expanded Hsc70
gene families identified in the P. steinenii genome. P, steinenii-specific gene families are indicated by pink arrows
and orthologous genes are indicated by yellow arrows. Other genes are indicated in blue arrows. Each arrow
indicates a gene orientation (5’ —3').

Prior to gene family analysis, we attempted to improve the completeness of genome assembly and gene
prediction using the latest tools. We changed the assembler from SMARTdenovo to NextDenovo (v.2.4.0). For
polishing, NextPolish was used instead of Nanopolish (v.0.10.1) and Pilon (v.1.22). The assembly statistics were
slightly improved by the change of assembler. However, as shown in Fig. 1a, the effects of NextPolish on BUSCO
assessment of the gene set were unclear although it was reported to correct insertions and deletions better than
Pilon'®. The gene set completeness of the final assembled genome using SNAP (v.2006-07-28) for ab initio gene
prediction in the MAKER annotation pipeline was lower than that of the initial assembled genome. The improve-
ment of the gene set completeness of the final assembled genome appears to be due to AUGUSTUS (v.3.2.3).
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‘ Wag ‘ Way ‘ Wpo ‘ Wp; ‘ InL ‘ LRT ‘ p value
Acyl-CoA delta desaturase
H, 0.0827 | 0.0827 |0.0827 |0.0827 |-6020.116 - -
(Wp9 =W, = Wpy = Wpp)
H, 0.0595 |0.0595 |0.1168 |0.1168 | -6012.082 16.068 | <0.001
(a9 =W, # Wpy = Wpp)
Hsc70
H, 0.05 0.05 0.05 0.05 -19,093.435 | - -
(a9 =Wy, = Wp; = py)
H, 0.0316 |0.0316 |0.1159 |0.1159 |-19,016.043 |77.393 | <0.001
(a9 =Wy # Wp; = Wpy)

Table 2. Selective pressures in acyl-CoA delta desaturase and Hsc70. The null hypothesis (H0) and the
alternative hypothesis (H1) were defined as the case where dy/ds () values are identical in P. steinenii-

specific and orthologous gene families and when w differs between P. steinenii-specific and orthologous gene
families, respectively. The w (w,q, w4}, Wp, and wp,) indicates the dy/ds ratio for the corresponding branch
(Supplementary Fig. 3). All p values were calculated using a log-likelihood (InL) values and likelihood ratio test
(LRT) and adjusted false discovery rate (FDR).

Site class®
0 1 ‘ 2a ‘ 2b InL LRT p value
Acyl-CoA delta desaturase
Null model A
Proportion® 0.821 |0.044 0.129 0.007
Background w? 0.084 | 1.000 0.084 1.000 —-6002.098 - -
Foreground w! 0.084 | 1.000 1.000 1.000
Model A®
Proportion 0.831 | 0.044 0.119 0.006
Background w 0.085 | 1.000 0.085 1.000 —5997.198 9.8 0.002
Foreground w 0.085 | 1.000 135.506 | 135.506
Positively selected sites: 8 Q**, 10 S*, 11 G*, 17 F*, 54 N**, 77 V*, 118 A*, 123 F*, 137 G*
Hsc70
Null model A
Proportion 0.775 0.053 0.160 0.011
Background w 0.0574 1.000 0.0574 1.000 —-19,037.180 | - -
Foreground w 0.0574 1.000 1.000 1.000
Model A
Proportion 0.795 0.056 |0.139 0.010
Background w 0.059 1.000 | 0.059 1.000 -19,026.171 | 11.008 | <0.001
Foreground w 0.059 1.000 |7.343 7.343
Positively selected sites: 18 F*, 28 F**, 36 I**, 40 D*, 52 Q¥, 54 Q*, 55 N**, 203 K*, 208 L**, 223H*, 242 $**, 250
K**, 265 Q**, 307 A*, 358 C**, 373 I*, 375 T*, 421 §**, 423 K*, 446 E**, 463 L**, 470 M* 476 T**, 479 N**

Table 3. Branch-site test of positive selection on P, steinenii-specific acyl-CoA delta desaturase and Hsc70.
All p values were calculated using InL and LRT values and adjusted using the FDR (**p-value <0.01 and

*p value < 0.05). *Branch-site model for both gene families is run under the assumption of four site classes:
class 0 =sites under negative selection in all gene family branches; class 1=sites evolving neutrally in all gene
family branches; class 2a =sites positively selected at P. steinenii-specific gene family branches, but negatively
selected at other orthologous gene family branches; class 2b =sites positively selected on P. steinenii-specific
gene family branches, but neutrally evolving on other orthologous gene family branches. ®The branch-site
model are defined two types of model: Model A allowing positive selection along P. steinenii-specific gene
family branches; Null Model A allowing neutral evolution and negative selection. “The proportion indicates
the fraction of sites within the gene family that belongs to each of the four site classes. ‘Foreground and
background w are the dN/dS ratio for the P. steinenii-specific gene family branches and all other orthologous
gene family branches, respectively.

The major biological processes identified in a GO enrichment analysis of the rapidly evolving gene families
in P, steinenii (i.e., defense response to Gram-positive bacterium, mRNA cleavage, and DNA packaging; Fig. 2a)
provide insight into the mechanisms underlying survival in cold environments. Among rapidly evolving gene
families in the P, steinenii genome, several serine protease-related gene families (e.g., serine protease, serine pro-
tease Persephone, serine protease trypsin, and venom serine protease) were involved in the defense response to
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WGD/segmental
Singleton | Dispersed duplication | Proximal duplication | Tandem duplication | duplication
Total gene families 3,136 4700 567 1,403 67
g (31.76%) | (47.60%) (5.74%) (14.21%) (0.68%)
Rapidly evolving gene | 0 337 141 388 26
families 0.00% (37.78%) (15.81%) (43.50%) (2.91%)
Acyl-CoA delta 0 1 1 5 0
desaturase (0.00%) (14.28%) (14.28%) (71.44%) 0.00%
Hsc70 0 7 1 1 0
(0.00%) (55.56%) (22.22%) (22.22%) (0.00%)

Table 4. Gene duplication in the P. steinenii genome. Proportions according to origins of the duplicate gene
categories are shown in parentheses and the highest result in each row is indicated in bold.

Gram-positive bacterium. Innate immune systems act as the first defense barrier against a variety of infections
by rapidly recognizing foreign threats'’. The Toll pathway is a major signaling pathway for the robust innate
immune response of insects and is mainly responsible for the recognition of Gram-positive bacteria, fungi, and
virulence factors and the production of certain antimicrobial peptides secreted into the insect hemolymph'®??.
When infected with gram-positive bacteria, Toll receptor is activated by a serine protease cascade, leading to the
cleavage of Spaetzle. Cleaved Spaetzle then binds to the Toll receptor®, generating the Toll-induced signaling
complex, which is composed of MyD88, Tube, and Pelle. Signaling from the Toll-induced signaling complex is
transmitted to Cactus, ultimately leading to the nuclear translocation of Dorsal-related immunity factor (DIF)
and activation of genes encoding antimicrobial peptides*??. Immune system function is critical for surviving
bacterial infection and regulate gut bacteria, and it has been reported to be related to cold stress*. In Drosophila,
immune activation by cold was suggested as a mechanism to compensate for the reduced immune function due
to cold?, and it is also reported that environmental temperature significantly effect on the immune response and
on the energetic costs of immunity in Tenebrio molitor larvae®.

In P, steinenii, rapidly evolved gene families related to the immune response, including modular serine pro-
tease, Persephone like protein, and phenoloxidase-activating factor, might be required in the harsh environment
to maintain stable immune function. In addition, inositol-requiring enzyme (IRE1) and serine/threonine-protein
kinase/endoribonuclease IRE1a families were associated with mRNA cleavage and the unfolded protein response
(UPR), a critical adaptive function in cold environments identified in a previous study of the P, steinenii genome’.
Excessive cellular disturbances (e.g., malnutrition and hypoxia) disrupt protein folding in the endoplasmic
reticulum (ER), leading to the accumulation of misfolded proteins (known as ER stress). When these misfolded
proteins accumulate and exceed a certain threshold, the UPR, a signal transduction pathway, is activated to
restore homeostasis?®. IRE-1 and serine/threonine-protein kinase/endoribonuclease IRE1a activate the UPR
and maintain ER homeostasis*”*%. The cold environment of Antarctica can also cause cellular disturbances, and
the IRE-1 and serine/threonine-protein kinase/endoribonuclease IREla families may have rapidly adapted for
increased UPR activateion to prevent misfolded proteins and restore homeostasis. The rapid evolution of histone-
related gene families (e.g., histone H3 and histone H4) involved in DNA packaging was also detected in the P
steinenii genome, and these genes are expected to stabilize DNA in cold environments.

Among 25 P. steinenii-specific gene families, 14 gene families showed no similarity against protein databases
and were considered lineage-specific, and the remaining 11 gene families categorized as P. steinenii-specific using
Orthovenn2 (Supplementary Table 2) were distantly related to orthologous genes. These gene families could be
grouped with other gene families sharing similar functions. These results indicated “phylogenetic instability;”
defined as incongruence between the gene family phylogeny and the species tree. Phylogenetic instability can be
caused by environmental changes during a speciation event and has been observed in genes related to responses
to the environment, the immune response, and detoxification®. We further investigated the expanded acyl-CoA
desaturase and Hsc70 gene families which have well-known functions. First, we used JBrowse to evaluate gene
structures to verify the following: (1) whether each gene was located at independent positions in the assembled
genome and (2) whether there is corresponding RNA evidence for the gene. Since all gene families in the acyl-
CoA delta desaturase and Hsc70 families met these conditions, we conclude that they were naturally occurring
genes in the P. steinenii genome.

Using dN/dS analysis, we inferred that positive selection by gene duplication occurred at the divergence
branch between P. steinenii-specific and orthologous gene families in acyl-CoA delta desaturase and Hsc70.
Tandem and dispersed duplications were identified as the major duplication types for these gene families, respec-
tively. Gene duplication plays an important role in the emergence of new traits and physiological adaptations to
extreme environmental conditions®'. Positive selection events may promote favorable mutations in the context
of rapid environmental changes®?. In tandem duplication, a DNA segment is duplicated and inserted adjacent to
the original segment, resulting in a structural rearrangement®®. Dispersed duplication generates unpredictable
and random patterns by DNA or RNA-based mechanisms, with two gene copies that are neither adjacent to
each other in the genome nor within homologous chromosomal segments®. The species-specific 70 kilo Dalton
heat-shock protein (Hsp70) family has been found in the genome of Halicephalobus mephisto, which lives in a
warm fluid-filled aquifer of a South African gold mine®. Positive selection has occurred in several branches of
Hsp70 to enable survival under thermal stress. Similar to H. mephisto, positive selection after duplication events
in the P. steinenii genome may be a survival strategy to overcome severe low temperatures.
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Acyl-CoA delta desaturase, also known as Stearoyl-CoA desaturase, is a fatty acid-modifying enzyme that
catalyzes the insertion of a carbon-carbon double bond in saturated fatty acyl-CoA substrates, resulting in the
desaturation of fatty acids. An increase in the proportion of unsaturated fatty acids reduces the phospholipid and
fatty acid packing density, lowering the liquid to gel phase transition temperature and maintaining the function
of the fluid bilayers even at low temperatures®. In addition, the expression of acyl-CoA delta desaturase affects
the fatty acid composition of cholesterol esters® and the observed gene family expansion may be related to cho-
lesterol and lipoprotein homeostasis against extreme cold. Furthermore, the expanded acyl-CoA delta desaturase
gene family is related to “defense response to Gram-positive bacterium”. We confirmed that nutrient-related GO
terms (e.g., cellular response to nutrient levels, response to nutrient, response to fatty acid, and cellular response
to nutrient) are associated with the acyl-CoA delta desaturase gene family, suggesting that this gene family plays
an important role in the growth of P. steinenii as well as adaptation to cold environments. Indeed, previous stud-
ies have shown that essential polyunsaturated fatty acid (PUFA) synthesized by acyl-CoA delta desaturase, is
positively correlated with the growth of marine shrimp®” and that PUFAs in insects (e.g., eicosapentaenoic acid
and docosahexaenoic acid) influence larval growth and development®. Furthermore, we previously reported
the presence of novel stearoyl-CoA desaturases in Antarctic marine copepod, suggesting that they serve as a
physiological adaptation to maintain cellular membrane fluidity by increasing monounsaturated fatty acids®.

The two amino acid sequences of the expanded acyl-CoA delta desaturases showed positive selection at a
BEB posterior probability threshold of 99% in the site-model. The positively selected amino acid residues of the
expanded acyl-CoA delta desaturase were associated with the CoA binding site, providing a basis for further
studies of adaptation to cold environment in Antarctica (Supplementary Fig. 3).

Rat SCD1, which performs as same role as acyl-CoA delta desaturase, has four transmembrane helices (TM1,
TM2, TM3, and TM4), and residues 104 and 108 on TM2 are critical factors for the binding acyl chain length.
Tyr104 is highly conserved in SCD1 of most animals, and rat SCD1 activity is highest for 17-19 acyl chains.
However, if Threonine (as observed in ChDes1 from Calanus hyperboreus, a copepod in the northern Atlantic)
replaces Tyrosine at the corresponding position, fatty acyl-CoA with 22-26 acyl chains is obtained, instead of
fatty acyl-CoA with 18 acyl™*. In the case of acyl-CoA delta desaturase orthologues, Tyr104 is present in rat
SCD1 but various amino acids, such as Glycine, Alanine, Isoleucine, and Methionine, exist at the corresponding
position in the expanded acyl-CoA delta desaturase gene family. Two genes (PS_09233 and PS_09234) among
expanded acyl-CoA delta desaturaese genes had Isoleucine and Valine at the position corresponding to Ala108,
identical to mutant rat SCD3 interacting with a relatively short fatty acyl-CoA with 14 acyl chains'?, suggesting
that they react with fatty acyl-CoA with 16 acyl chains (Supplementary Fig. 1). Thus, some of the expanded acyl-
CoA delta desaturase genes had amino acids differences at the Tyr104 and Ala108 positions, suggesting that the
chain length of fatty acyl-CoA binding to these genes may differ. The fatty acyl chain length control membrane
fluidity*. Though somewhat speculative, these genes, which react with different acyl chain lengths of fatty acyl-
CoA, are predicted to play a role regulating membrane fluidity to withstand cold environments in Antarctica.

The P, steinenii-specific Hsc70 family lacks the G/P-rich amino acid sequence Glu-Glu-Val-Asp (EEVD motif)
in the C-terminal region of the substrate-binding domain. These regions are involved in the binding of co-
chaperones and other heat shock proteins (Hsp) and the EEVD motif affects the ATPase activity of Hsc70. The
EEVD motif is highly conserved in all eukaryotic Hsc70 and Hsp70 family members'*, and loss of the EEVD
motif weakens the chaperon function of Hsp70*2. The amino acid sequence similarity of the substrate-binding
domain was lower than that of the NBD (Supplementary Fig. 2). The chaperone function of Hsc70 in P, steinenii
without the EEVD motif and G/P-rich region, and the low similarity in the SBD should be evaluated in further
studies. Hsc70 is a constitutively expressed chaperone protein in most organisms, with important roles in physi-
ological processes, such as protein folding and degradation, endocytosis and exocytosis, and autophagy'*. It may
also function as a thermal sensor; the unfolded protein binding ability of Hsc70 is temperature-dependent and
is reduced under 30 °C*. In a study of familial cold autoinflammatory syndrome, the reduced binding ability of
Hsc70 at low temperatures causes the hyperactivation of caspase-1 in NLRC4-H443P mutants**. For P. steinenii
in Antarctica, at temperatures below 20 °C, functioning chaperone proteins as well as thermal sensors sensitive
to different temperature ranges may be essential for survival. The expanded P. steineniispecific Hsc70 gene family
showing phylogenetic instability could confer these functions.

We also attempted to identify common mechanisms underlying cold tolerance in P. steinenii and B. antarctica.
GO enrichment analysis was performed for P. steinenii genes, which were included in gene families containing
only P, steinenii and B. antaractica genes, against total P, steinenii genes. GO terms such as “O-glycan processing”,
“trehalose transport’, “regulation of Toll signaling pathway”, and “tissue development” were enriched (Supple-
mentary Fig. 4). The GO term “regulation of Toll signaling pathway” was derived from one gene family among the
68 rapidly evolving gene families, and similarities in proteins used for trehalose transport between B. antarctica
and P. steinenii were very low (below 45%). These results were insufficient to support the existence of a shared
mechanism for cold tolerance between these two species, and further analyses are required.

The winged midge P. steinenii survives in the harsh environments of Antarctica. To identify mechanisms
contributing to cold adaptation, we obtained a high-quality assembled genome. Compared with the genomes of
closely related dipteran species, 68 significantly rapidly evolving gene families including 25 P. steinenii-specific
gene families were identified. These gene families are involved in the innate immune system, UPR, protein stabil-
ity, unsaturated fatty acid metabolism, and DNA packaging. The extended acyl-CoA delta desaturase and Hsc70
gene families were found to contain the signatures of phylogenetic instability and positive selection following
multiple gene duplication events. The expanded acyl-CoA delta desaturase gene family might be involved in
membrane fluidity maintenance and nutrient-related responses in cold environments. Several positively selected
amino acids were detected and differences in the amino acid sequences were predicted to determine fatty acyl
chain lengths based on comparisons with orthologous gene families in mammals. The expanded Hsc70 gene fam-
ily in P. steinenii lacks the C-terminal region and showed low sequence similarity in the SBD but had a conserved
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nucleotide-binding domain. Though we could not identify whether the functions of the P, steinenii-specific Hsc70
gene family were retained, the expansion of gene family might improve protein folding or thermal sensing in the
cold environment. Our results suggest that P. steinenii, native to Antarctica, underwent gene family expansion
via multiple gene duplications for adaptation to the cold environments.

Methods

Sample collection and sequencing. To obtain a high-quality P. steinenii genome, Oxford Nanopore long
reads generated from a previous study were used'’. P. steinenii samples were collected from a freshwater lake on
King George Island, South Shetland Islands, Antarctica (62°14' S, 58°47" W) in January 2018 (Supplementary
Fig. 5a,b). Total DNA was extracted from 50 adult midges using a DNeasy Tissue Kit (Qiagen, Valencia, CA,
USA). All library construction and sequencing procedures using Oxford Nanopore technology were performed
by Phyzen Co. Ltd. (Seongnam, Korea).

Genome assembly. The Oxford Nanopore long reads and Illumina short reads obtained from a previous
study of P, steinenii”'* were assembled using NextDenovo (v.2.4.0) (https://github.com/Nextomics/NextDenovo)
and polished using NextPolish (v.1.3.1)!¢ (Supplementary Table 4). The completeness of the assembled genome

was evaluated using Benchmarking Universal Single-Copy Orthologs (v.5.1.3) (BUSCO)*.

Repetitive sequence annotation. Repetitive sequences in the assembled genome were annotated using
RepeatMasker (v.4.0.7)*%. A de novo repeat library for the identification of repeat elements was constructed using
RepeatModeler (v.1.0.11)*. The tRNA genes were identified using tRNAscan-SE (v. 2.0)* with default parameter
settings.

RNA sequencing and transcriptome assembly.  For RNA extraction, P, steinenii larvae collected at the
same location as adults were transferred into conical tubes and acclimated at 4 °C at least 1 h prior to experi-
ments. Thereafter, all P. steinenii larvae were divided into three temperature groups (4 °C, —20 °C, and 20 °C)
(Supplementary Fig. 5c). The larval samples in each group were exposed to the corresponding temperature for
30 min and then stored in RNAlater (Ambion, Inc., Austin, TX, USA) solution. The samples were immediately
crushed in RNAlater using tissue grinder pestle. There were two (4 °C, and 20 °C) or three biological replicates
(—20 °C) for each treatment. Total RNA was extracted from 20 larvae in each group using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions. Total RNA was used for library construction and
sequencing was performed on the Illumina HiSeq 2000 platform (Supplementary Table 5). The paired-end reads
(151 bpx2) obtained for total RNAs of P. steinenii samples were trimmed using FASTX-Toolkit (v.0.0.11) with
the parameters “-t 30, “-180,” and “-Q 33” and then assembled with reads (SRX1976254-SRX1976255) obtained
from adults in a previous study'® using Trinity (v.2.11.0)*.

Gene annotation. Protein-coding genes in the assembled genome were predicted using the MAKER anno-
tation pipeline (v.2.31.10)*. AUGUSTUS (v.3.3.1)°! was used to predict gene loci in the P, steinenii genome. To
increase the accuracy of gene prediction, protein homology evidence was obtained from five assembled genomes
of dipteran species closely related to P. steinenii: Aedes aegypti (GCF_002204515, NCBI), Anopheles gambiae
(GCF_000005575, NCBI), B. antarctica (ASM77530v1, Ensemble), Clunio marinus (GCA_90005825, NCBI),
and Drosophila melanogaster (GCF_000001215, NCBI). Transcriptome assembly data were also used in the gene
prediction process as expressed sequence tag (EST) evidence. The final gene model for P. steinenii was estab-
lished by merging all gene models predicted by the above approaches. The annotation quality for the final gene
model was assessed by verifying the gene completeness using BUSCO*. P. steinenii genes were annotated using
Diamond BLASTp (v.2.0.8)>? against the EggNOG>* and KAAS™ databases.

Gene ontology (GO) enrichment analysis. A Gene Ontology (GO) enrichment analysis of specific gene
families was performed using the BINGO (v.3.0.3) package® in Cytoscape (v.3.7.2). Significantly enriched GO
terms were validated using Fisher’s exact test and the p values were adjusted by the Benjamini & Hochberg
procedure. Finally, significantly enriched GO terms for each gene were plotted using the stand-alone version of
REVIGO (v.2015-02-17).

Gene family analysis. OrthoVenn2 (https://orthovenn2.bioinfotoolkits.net)'? was used to identify orthol-
ogous genes across the P. steinenii assembled genome and five dipteran genomes (A. aegypti, A. gambiae, B.
antarctica, C. marinus, and D. melanogaster), which were used in analyses of protein homology for gene predic-
tion. Protein sequences from the six dipteran genomes were clustered with an E-value of le-5 and inflation value
of 1.5. CAFE (v.4.2.1)*® was used with default parameters to identify rapidly evolving gene families among the
orthologous gene families, which were confirmed using OrthoVenn2. The sequences of genes in orthologous
gene families were aligned using MAFFT (v7.475)*° and the aligned sequences were used to construct a phylo-
genetic tree using FastTree (v.2.1.10)® for CAFE input data. The divergence time between species was inferred
using TimeTree®!.

Construction of phylogenetic trees based on acyl-CoA delta desaturase and Hsc70. Phylo-
genetic analyses of the P. steinenii-specific acyl-CoA delta desaturase and Hsc70 gene families were performed
with orthologous gene families from six dipteran species (A. aegypti, A. gambiae, B. antarctica, C. marinus, D.
melanogaster, and P. steinenii). All protein-coding gene sequences were aligned using PRANK (v.170427)%* with
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the “~-DNA -codon” option and ambiguously aligned regions were eliminated using Gblocks (v.0.91b)%* with
the “-t=c -e=-gbl -b4=5 -d=y” option. The phylogenetic trees for the rapidly evolving gene families were also
built using FastTree (v.2.1.10), and the orthologous gene family in C. elegans was designated as the outgroup.

Analysis of sequence divergence in the acyl-CoA delta desaturase and Hsc70 gene fami-
lies. To determine the level of divergence between P. steinenii-specific acyl-CoA delta desaturase and Hsc70
gene and orthologous gene families in other taxa due to gene duplication, dy/ds (w) values for these gene families
were estimated using Codeml (PAML v.4.4). In the dy/ds analysis (Supplementary Fig. 3), the null hypothesis
(H,) was that w is identical in P. steinenii-specific and orthologous gene families (w,=w,; =wp; = wpy; using
model=0 in Codeml). The alternative hypothesis (H,) was that w differs between P. steinenii-specific and orthol-
ogous gene families (w,=w,, # wWp; = Wpy; using model =2 in Codeml). In addition, changes at sites under posi-
tive selection on the branch between P. steinenii-specific and orthologous gene families were estimated using dif-
ferent options in Codeml (Null model A: model =2, NSsites=2, fix_omega=1; Model A: model =2, NSsites=2,
fix_omega =0, respectively). The p values were calculated using a likelihood ratio test (LRT) and adjusted using
the false discovery rate (FDR).

Structural analysis of the acyl-CoA delta desaturase gene family.  For a detailed structural analysis
of the expanded acyl-CoA delta desaturase family, multiple protein sequence alignments and gene structure pre-
dictions were conducted, using structurally well-known rat stearoyl-CoA desaturase protein sequences (SCD1)
and acyl-CoA delta desaturase orthologues in the six dipteran genomes. The alignment and structure informa-
tion for acyl-CoA delta desaturase gene families were obtained from Bai et al.'>. Multiple sequence alignments
were generated using ClustalW in BioEdit (v.7.2.5)%.

Identification of gene duplications. The output of the all-versus-all Blast for the six dipteran genomes
and the gff file were used as inputs for MCScanX (version Nov. 11, 2013)%. Then, ‘duplicate_gene_classifier’ was
used to detect duplication types (e.g., singleton, dispersed, proximal, tandem, and whole genome/segmental
duplication) with default settings.

Data availability

The raw sequencing data were deposited in NCBI Sequence Read Archive (SRA) with accessions SRX8008992,
SRX8008993, SRX8008994, SRX8008995, SRX8008996, SRX8008997, SRX8008998, SRX8008999, and
SRX8009000. The assembled genome sequence, protein sequence, transcript sequence, annotation informa-
tion, Cuffdiff results, and Gene Ontology enrichment results for differentially expressed genes were deposited
in Figshare®®.
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