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Abstract 

Bac kgr ound: Resear c h on the mechanism of starvation resistance can help reveal how animals adjust their physiology and behavior 
to adapt to the uncertainty of food resources. A low metabolic rate is a significant c har acteristic of spider physiological activity and 

can increase spider starvation resistance and adapt to complex ecological environments. 

Results: We sequenced the genome of Heteropoda venatoria and discov er ed significant expansions in gene families related to lipid 

metabolism, suc h as cytoc hrome P450 and steroid hormone biosynthesis genes, through comparative genomic analysis. We also 
systematicall y anal yzed the gene expr ession c har acteristics of H. venatoria at differ ent starv ation r esistance sta ges and r e ported that 
the fat body plays a crucial role during starvation in spiders. This study indicates that during the earl y sta ges of starvation, H. venatoria 
relies on glucose metabolism to meet its energy demands. In the middle stag e, g ene expr ession sta bilizes, wher eas in the late stage 
of starv ation, pathw ays for fatty acid meta bolism and pr otein de gr adation ar e significantl y acti v ated, and autopha gy is incr eased, 
serving as a survi v al str ate gy under extr eme starv ation. Nota b l y, anal ysis of expanded P450 gene families r ev ealed that H. venatoria 
has many duplicated CYP3 clan genes that ar e highl y expr essed in the fat body, which may help maintain a lo w-ener gy metabolic 
state, allowing H. venatoria to endure longer periods of starvation. We also observed that the motifs of P450 families in H. venatoria are 
less conserved than those in insects are , whic h may be related to the greater polymorphism of spider genomes. 

Conclusions: This resear c h not onl y pr ovides important genetic and transcriptomic evidence for understanding the starvation mech- 
anisms of spiders but also offers new insights into the adapti v e ev olution of arthropods. 

Ke yw ords: starvation resistance, Heteropoda venatoria , gene family expansion, cytochrome P450, transcriptomics 
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Introduction 

Spiders, as widely distributed arthropods, possess remarkable sur- 
vival abilities and occupy a unique ecological niche in nature [ 1 ].
T hey pla y dual roles in the food chain as both predators and prey,
whic h underscor es their critical importance in ecological systems 
[ 2 ]. For a long time, the ability of spiders to spin silk and inject 
venom has been the main feature of interest [ 3–8 ], particularly 
their unique ability to produce up to 7 distinct types of silk, an 

unmatched feat in nature [ 3 , 9 ]. 
In addition to their predatory tactics involving silk spinning 

and venom injection, spiders have evolved robust starvation re- 
sistance to cope with unstable food supplies. Spiders typically 
adapt to a sedentary lifestyle, waiting for prey while remaining 
lar gel y motionless, whic h highlights the significance of the rest- 
ing metabolic rate throughout their life cycle [ 10 ]. Food supply 
constr aints significantl y sha pe the ecology and behavior of spi- 
ders, leading to r elativ el y low metabolic rates [ 11 ]. The presence 
of tr ac heae plays a significant r ole in spiders, whic h hav e well- 
de v eloped tr ac heal systems, as most spiders exhibit metabolic 
rates far below what would be expected on the basis of their body 
weight, especially those with 2 pairs of lungs [ 12 ]. Other factors,
such as sex, life span, reproduction, developmental status, type 
of prey captured, and high anaerobic energy acquisition capabili- 
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ies, also significantly influence resting and active metabolic rates.
or example, spiders with a life span exceeding 1 year have lo w er
etabolic rates than those with a 1-year life cycle [ 12 , 13 ]. Energy

omeostasis is ac hie v ed by balancing ener gy expenditur e and en-
rgy intake. Cellular autophagy is a self-degradative process that 
s crucial for maintaining energy homeostasis during periods of 
tarv ation [ 14–16 ]. Researc h has shown that the evolution of social
piders is linked to nutritional metabolism and autopha gy, whic h
egulate metabolic processes and mitigate the threat of cannibal- 
sm to ensure an adequate energy supply [ 17 ]. 

Starv ation r esistance is an ada ptiv e tr ait e volv ed by or gan-
sms to survive in environments with food scarcity. The starvation
esistance of spiders allows them to extend their survival time
nder conditions of prey scarcity thr ough v arious physiological
ec hanisms, suc h as reducing metabolic rates, decreasing activ-

ty le v els, and utilizing stor ed ener gy [ 18 , 19 ]. Additionall y, the star-
 ation r esistance of spiders may be associated with specific be-
avior al ada ptations, suc h as alterations in predation strategies,
ptimization of energy allocation, and improvement in the tim- 
ng of r epr oductiv e inv estment [ 18 ]. The starv ation r esistance of
piders, as a core component of their surviv al str ategy, not onl y
ir ectl y impacts individual survival rates but also profoundly in-
uences energy flow and material cycling within ecosystems [ 18 ].
 Open Access article distributed under the terms of the Cr eati v e Commons 
unrestricted reuse, distribution, and reproduction in any medium, provided 
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Table 1: Characteristics of the Heteropoda venatoria genome 
assembly 

Estimated genome size (bp) 5,366,399,622 
Heterozygosity (%) 0.96 
Length of genome assembly (bp) 5,521,825,687 
N50 of scaffolds (bp) 253,943,846 
N50 of contigs (bp) 2,391,191 
GC content (%) 35.07 
Complete BUSCOs a (%) 96.3 
Number of genes 31,547 
Av er a ge gene length 45,334 
Repeat content (%) 63.58 

a B USCO anal ysis was based on the metazoan linea ge of pr otein-coding genes. 

t  

h  

a  

4  

g
 

a  

r  

o  

g  

c  

g  

y  

o  

g  

r  

l  

p  

q  

b  

m  

h  

t  

o  

f  

n  

p  

r

G
W  

c  

g  

s  

s  

b  

i  

a  

H  

a  

c  

r  

t  

t  

P  

m  

W  
s global climate change accelerates and habitat fragmentation
ntensifies, understanding how spiders adapt their physiological
nd behavioral strategies to cope with the unpredictability of food
esources is crucial for predicting ecosystem responses and adapt-
bility. Research on plant stress resistance is plentiful and has fo-
used primarily on drought resistance, salt tolerance, chilling tol-
rance, and other biotic stresses [ 20–24 ]. In contrast, studies on
nimal str ess r esistance ar e r elativ el y r ar e, and the starv ation r e-
istance of spiders is highly important in research on ecological
daptation. With the continuous advancement of biological re-
earch methods and the development of sequencing technologies
 25 , 26 ], we have the opportunity to investigate the mechanisms
f spider starvation resistance from molecular, physiological, and
ehavioral ecological perspectives, as well as the ecological and
volutionary significance of this phenomenon. 

Heteropoda venatoria (NCBI:txid152925) is a hunting spider char-
cterized by well-de v eloped limbs and extr emel y fast movement.
. venatoria does not spin webs; it is known for hunting live insects
ith exceptional agility and speed during the night. Additionally,

he av er a ge life span of male H. venatoria is 465 da ys , whereas fe-
ales live for approximately 580 days [ 27 ], both of which clearly

urpass 1 year; these spiders can ther efor e be classified as spi-
ers with a low metabolic rate [ 12 ]. Our observations revealed
hat H. venatoria has an extraordinary ability to endure starvation
nd is capable of surviving for more than 4 months without food
s long as the humidity is maintained. Ho w e v er, ther e is v ery lit-
le r esearc h on the starv ation endur ance of spiders . To date , re-
earch on H. venatoria has focused mainly on its venom [ 28–31 ],
nd there is no high-quality genome sequence available for fur-
her exploration of the molecular mechanisms underlying its star-
 ation r esistance. A high-quality genome sequence is crucial for
nderstanding how H. venatoria regulates its metabolism and sur-
ival under starvation conditions. With a genome, we can more
ffectiv el y identify key genes and regulatory elements, thereby
 e v ealing genes and molecular pathways associated with star-
 ation r esistance; this helps us gain a deeper understanding of
he underlying mechanisms in volved. T herefore , this study aimed
o investigate the expression of functional genes associated with
tarv ation r esistance in H. venatoria through genomic and tran-
criptomic data, explore its response strategies to environmental
 hanges, and outline futur e r esearc h dir ections, with the goal of
roviding a scientific basis for the conservation of biodiversity and
he maintenance of ecosystem functions. 

esults 

igh-quality genome assembly and annotation 

f H. venatoria 

he female H. venatoria spider has 22 c hr omosomes in its hap-
oid set (2n = 44) [ 32 ]. To assess the complexity of the H. venatoria
enome, we initially sequenced the female H. venatoria genome
ia Illumina technology and obtained approximately 184 Gb of
 aw data. K -mer anal ysis r e v ealed that the genome size was 5.37
b, with a repeat proportion of 46.3% and a heterozygosity rate of
.96% ( Supplementary Fig. S1C ). 

To ac hie v e high-quality genome assembly for H. venatoria , we
mplo y ed HiFi sequencing, which resulted in approximately 127
b of raw sequencing data. The initial assembly yielded a 5.95-
b contig genome, with an N50 of 2.4 Mb. Using Hi-C for contig
ounting, we ultimately obtained a genome consisting of 22 c hr o-
osomes, with a scaffold N50 of 253.94 Mb and a genome size of

.52 Gb (Table 1 ), which was closely aligned with the 5.37 Gb ob-
ained via a genome survey. The Hi-C map clearly demonstrated
igh continuity in the c hr omosome assembl y (Fig. 1 A). B USCO
nal ysis r e v ealed an assembl y completeness of 96.3%, with onl y
.0% duplicated BUSCOs (Table 2 ), indicating that the high-quality
enome assembly was suitable for subsequent analyses. 

In terms of genome annotation, we identified 31,547 genes with
n av er a ge length of 45 kb (Table 1 ), ac hie ving a completeness
ate of 94.3%. The functional annotations included Gene Ontol-
gy (GO) terms for 13,857 genes and KEGG pathways for 9,488
enes. With respect to re peat annotation, re peat sequences ac-
ounted for 63.58% of the genome (Table 1 ), which is significantly
reater than the proportion of repeats estimated by k -mer anal-
sis ( Supplementary Fig. S1C ). The impact of repeat sequences
n genome size is significant [ 33–37 ]. Given the r elativ el y high
enome size and proportion of repeat sequences in H. venato-
ia compared with those in other spiders, we additionally col-
ected genomic data from 12 other spider species and one scor-
ion to identify their r epeat sequences. Anal ysis of r epeat se-
uences across 14 spider genomes revealed a strong correlation
etween genome size and the presence of TcMar and LTR ele-
ents (Fig. 1 C–E). Notably, these 2 types of repeat sequences also

ad the highest pr e v alence in H. venatoria . Inter estingl y, we found
hat in H. venatoria c hr omosomes, r egions with a high proportion
f repeats also presented an increase in GC content (Fig. 1 B). We
urther quantified the GC content of the repeat region and the
onr epeat r egion and found that the GC content of the whole re-
eat region was significantly greater than that of the nonrepeat
egion ( Supplementary Fig. S1D ). 

ene family expansion and contraction 

e gathered genomic data and annotations for 1 scorpion and 11
 hr omosome-le v el spider genomes using the scorpion as an out-
roup [ 38–49 ]. Using the maximum likelihood method, we con-
tructed a phylogenetic tree encompassing these 12 ar ac hnid
pecies. Phylogenetic analysis revealed that H. venatoria is a mem-
er of the RTA clade, which is consistent with r ecent r esearc h find-

ngs [ 50 ]. Additionall y, thr ough the a pplication of CAFE5 for the
nalysis of gene family expansion and contraction, we found that
. venatoria has expanded to a total of 748 gene families (Fig. 1 F
nd Supplementary T able S4 ). T o elucidate the functional impli-
ations of these expanded families, we performed functional en-
ic hment anal ysis on the genes associated with those families
hat had undergone significant expansion. Our findings revealed
hat pathways related to lipid metabolism, including cytoc hr ome
450 [BR:k o00199], ster oid hormone biosynthesis, and linoleic acid
etabolism, wer e significantl y enric hed in H. venatoria (Fig. 1 G).
e speculate that the formidable starvation tolerance of H. vena-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
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Figure 1: Chromosomal-scale genome assembly and genomic characteristics of Heteropoda venatoria . (A) Hi-C assembly map of H. venatoria . (B) Circular 
dia gr am depicting the genomic features of H. venatoria . (C) Correlations between genome size and the prevalence of different types of repeats. (D, E) 
Linear relationships of DNA. TcMar and LTR. Gypsy with genome size. (F) Phylogenetic tree of a scorpion and 12 spider species, along with the 
contraction and expansion of gene families. (G) KEGG functional enrichment of the expanded gene families in H. venatoria. 
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Table 2: B USCO anal ysis of the Heteropoda venatoria genome as- 
sembly and annotation 

Genome 
assembly 

Genome 
annotation 

Complete BUSCOs a (%) 96 .30% 94 .30% 

Complete and single-copy BUSCOs 92 .30% 90 .60% 

Complete and duplicated BUSCOs 4 .00% 3 .70% 

Fr a gmented B USCOs 1 .70% 1 .50% 

Missing BUSCOs 2 .00% 4 .20% 

a B USCO anal ysis was based on the metazoan linea ge of pr otein-coding genes. 
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oria may be associated with the expansion of gene families re-
ated to lipid metabolism pathways within its genome. 

ranscriptome design for starvation resistance in 

. venatoria 

o further investigate the reasons behind the exceptional star-
 ation r esistance of H. venatoria , the H. venatoria samples sub-
ected to starvation treatments were divided into 6 groups ac-
ording to the duration of treatment. Principal component anal-
sis (PCA) r e v ealed that the expr ession pr ofiles of the fat body
r anscriptome wer e mor e closel y corr elated with the dur ation of
tarvation in H. venatoria (Fig. 2 A), whereas the whole-body tran-
criptome sho w ed some ov erla p between differ ent tr eatments
 Supplementary Fig. S2A ), likely due to the inclusion of numer-
us tissues, whic h r esulted in tissue-specific v ariations ov ershad-
wing treatment effects. After abnormal samples wer e r emov ed
rom the whole-body transcriptome, the results revealed that, ex-
ept the 14- and 19-week samples, which presented obvious differ-
nces from the other samples, the remaining samples presented
 elativ el y minor expression variations (Fig. 2 B). 

According to the PCA of fat body expression, the samples were
lustered into 4 distinct groups (Fig. 2 A). Notably, the 4- and 8-
eek samples clustered closely, with the CK and 2-week samples
eing r elativ el y pr oximal, wher eas the 14- and 19-week samples
er e markedl y div er gent. We hypothesize that 14 and 19 weeks
 epr esent the later stages of starvation, when H. venatoria ’s great-
st gene activity is heightened, leading to greater transcriptomic
ifferences in these samples. For subsequent analysis, we di-
ided the starvation process into 3 phases: early starvation (CK
nd 2 weeks), middle starvation (4 and 8 weeks) and late star-
ation (14 and 19 weeks). Both fat body and whole-body expres-
ion anal yses r e v ealed that the 19-week samples wer e ob viousl y
iffer ent fr om the other samples (Fig. 2 A, B). Ther efor e, in addi-
ion to the 3 main phases, the 19-week samples were analyzed
epar atel y. 

ifferential transcriptomic analysis during the 

arly, middle, and late stages of starvation in H. 
enatoria 

n our study of the fat body transcriptome of H. venatoria during 3
istinct stages of starvation (early, middle, and late), we observed
he following expression patterns: 

During the early stage of starvation (from CK to 2 weeks),
an y genes, specificall y those involv ed in o xidati ve phosphory-

ation and thermogenesis pathwa ys , wer e upr egulated (Fig. 2 E).
nter estingl y, pathways r elated to neur odegener ation wer e also
pr egulated. An ov erla p anal ysis of genes in these pathways r e-
ealed that most genes related to neur odegener ativ e pathways
r e also involv ed in o xidati ve phosphorylation and thermogene-
is ( Supplementary Fig. S2C ). In the middle starvation phase (from
 to 8 weeks), the number of differ entiall y expr essed genes (DEGs)
as the lowest. Some downregulated genes were significantly en-

iched in the hippo signaling pathway and protein kinases (Fig. 2 F).
uring the late starvation phase (from 14 to 19 weeks), path-
a ys in volv ed in pr otein tr ansport and pr ocessing within the en-
oplasmic reticulum become particularly active (Fig. 2 G). Inter-
stingly, while the hippo pathway was upregulated at this stage,
he k e y gene YAP (Hv en08G09310) was pr esent onl y in the down-
egulated hippo pathway during the middle-starvation period
 Supplementary Table S7 ). 

As PCA r e v ealed a str ong corr elation between the expr ession
rofiles of the adipose tissue transcriptome and starvation toler-
nce duration in H. venatoria , we conducted a weighted gene coex-
ression network analysis (WGCNA) of the fat body transcriptome
 51 ]. Clustering of the 18 fat body samples via WGCNA yielded a
otal of 9 modules, including the gray module ( Supplementary Fig.
3A ). Notably, the blue and brown modules exhibited significant
orrelations with the entire starvation process ( Supplementary
ig. S3C , D ). These 2 modules are hypothesized to play a domi-
ant role in starvation tolerance. In the blue module, the majority
f genes presented increased expression with prolonged starva-
ion duration ( Supplementary Fig. S4A ), whereas a subset of genes
 as do wnr egulated. Conv ersel y, most genes in the brown mod-
le presented the opposite trend ( Supplementary Fig. S4B ). Func-
ional enric hment anal ysis of the genes in these 2 modules re-
ealed that, in addition to the previously mentioned AMPK signal-
ng pathwa y, insulin resistance , and the adipocytokine signaling
athway, whic h ar e activ e in the later sta ges, the citr ate cycle and
er oxisome pr olifer ator-activ ated r eceptor (PPAR) signaling path-
ay also exhibited heightened activity during the late stages of

tarvation. 

inal starv a tion stage in H. venatoria 

 he PC A r esults fr om both the fat bod y and whole-bod y tran-
criptomes indicated that the H. venatoria transcriptome at 19
eeks of starvation was markedly distinct from that at other

tages (Fig. 2 A, B). Compared with that in the other periods, the
xpression in the fat body and whole body was significantly cor-
elated at 19 weeks (Fig. 2 C and Supplementary Fig. S2B ). Con-
equently, we conducted a differential analysis of the transcrip-
ome at 19 weeks. Differential analysis of fat body tissue at 19
eeks r e v ealed 612 upr egulated genes and 647 downr egulated
enes ( Supplementary Fig. S7A and Supplementary Table S5 ). The
unctional enric hment r esults r e v ealed that onl y tr ansporters and
utopha gy wer e significantl y upr egulated at 19 weeks, whereas
ner gy-consuming pathways suc h as DNA r eplication and the
ell cycle were essentially inactive ( Supplementary Fig. S7B and
upplementary Table S5 ). 

WGCNA of the fat body r e v ealed that the lysosomal pathway is
nriched in multiple modules in H. venatoria , indicating that the
xpression of different functional lysosomes during starvation in
. venatoria is also distinct. Specifically, the 6 genes in the blue
odule and the 11 genes in the brown module presented similar

xpression patterns during starvation, essentially showing con-
inuous downregulation ( Supplementary Fig. S4A , B , D , E ), and the
unctional annotation results for these 17 genes indicated that
hey encoded mainly glycosidases , lipases , and proteases in the
ysosome ( Supplementary Table S3 ). 

Inter estingl y, 24 genes of the lysosomal pathway in the
urquoise module exhibited a sharp increase in expression at 14
eeks ( Supplementary Fig. S4E , F and Supplementary Table S2 ).
ompared with the aforementioned 17 genes, this group included
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Figure 2: Transcriptomic analysis results of the fat body and whole-body responses to starvation resistance in Heteropoda venatoria . (A, B) PCA results of 
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mor e pr oteases. Mor e importantl y, 3 genes r elated to sulfatases 
were identified ( Supplementary Table S3 ). The primary function 

of lysosomal sulfatases is to degrade sulfated glycosaminoglycans 
and glycolipids. 

In contrast, the whole-body transcriptome at 19 weeks showed 

a substantial increase in upregulated genes, which was signifi- 
antl y gr eater than that in any other period (Fig. 3 A). The func-
ional enrichment results revealed that, in addition to the upreg-
lation of pathways such as transporters and lysosome pathwa ys ,
athways such as cytoc hr ome P450 [BR:k o00199], ster oid hormone
iosynthesis, and linoleic acid metabolism pathways also exhib- 

ted significant upregulation (Fig. 3 B). These pathways have un-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
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ergone notable gene family expansion in H. venatoria and are all
elated to lipid metabolism. 

An ov erla p anal ysis of the genes enric hed in these 3 expanded
athways and the genes upregulated at 19 weeks r e v ealed 11
hared genes (Fig. 3 C). The functional annotations of these 11
enes r e v ealed that they ar e all associated with P450 (cytoc hr ome
450), and inter estingl y, all ar e located on Chr4. We hypothesize
hat P450 genes play crucial roles in the starvation response of H.
enatoria . Consequently, we conducted an identification analysis
f P450 genes in H. venatoria and 11 other spider species. 

hanges in the expression of genes related to the
ysosome, autophagy, and apoptosis pathways 

cross various stages of starv a tion resistance 

 study of the silkworm ( Bombyx mori ) r e v ealed that pr olonged
tarv ation pr omotes both autopha gy and a poptosis [ 52 ], with au-
opha gy r equiring degr adation within l ysosomes [ 53 ]. Giv en the
arge number of genes involved in the l ysosome, autopha gy, and
poptosis pathways but the relatively limited number of signifi-
antl y enric hed genes identified via differ ential expr ession anal-
ses across various starvation stages, we aimed to more clearly
bserve the expression dynamics of all the genes annotated to
hese 3 pathways during starvation in H. venatoria . To ac hie v e
his goal, we conducted an expression trend analysis of all genes
ssociated with these pathways at various stages of starvation.
he results revealed 3 major expression trends for these path-
ays in the fat body: (i) expr ession le v els wer e r elativ el y low

n the early and middle stages, peaked at 14 weeks, and then
har pl y declined at 19 weeks ( Supplementary Fig. S9A , C , D, I );
ii) expression levels gradually decreased as starvation progressed
 Supplementary Fig. S9E , H ); and (iii) expression levels gradually
ncreased as starvation progressed ( Supplementary Fig. S9B ). In
he whole body, the expr ession tr ends for these 3 pathw ays w ere
 uc h mor e distinct: most genes pr esented low expr ession le v els

uring the early and middle stages of starvation, follo w ed b y a
har p incr ease beginning at 14 weeks, or a gradual increase start-
ng from the middle stage and persisting through the late stage of
tarvation ( Supplementary Fig. S10A , C , D , E , H , I ). 

450 genes in 12 spiders 

he identification of P450 genes across 12 spider species r e v ealed
 total of 1,108 P450 genes encoding 1,270 P450 proteins. Among
hese, H. venatoria has the greatest number of P450 genes, totaling
41, whereas Pardosa pseudoannulata , which is also part of the RTA
lade, has only 82 P450 genes. Phylogenetic tree construction re-
ealed that spider P450 genes can be classified into the CYP2 clan,
he CYP3 clan, the CYP4 clan and the mitochondrial clan (Fig. 4 A
nd Supplementary Fig. S11 ). Notably, all 11 genes from the 3 en-
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F igure 4: Ev olutionary analysis of c ytoc hr ome P450 genes. (A) Phylogenetic tr ee of P450s in Heteropoda venatoria and Tetranyc hus urticae . (B) Phylogenetic 
tree of the CYP3 clan genes in 12 spider species and T. urticae . (C) Collinearity relationships of a subset of CYP3 clan genes in 12 spider species . T he gra y 
bands r epr esent the connectivity between c hr omosome karyotypes and syntenic bloc ks, wher eas the r ed lines indicate the collinearity of CYP3 genes. 
The numbers r epr esent c hr omosome numbers, and NW_026,558,465.1 r efers to a contig that has not been anc hor ed to a c hr omosome. 
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iched pathways mentioned earlier belong to the CYP3 clan. The
hylogenetic tree for the CYP3 clan across these spiders r e v ealed
hat 25 CYP3 clan genes from H. venatoria (r epr esenting 27 pro-
eins) are located within a region of less than 2.5 Mb on Chr4 and
luster on the same br anc h (Fig. 4 B). This finding also indicates
ignificant expansion of the CYP3 subfamily in H. venatoria . These
ene expansions likel y r eflect enhanced environmental adaptabil-
ty in spiders, potentially influencing their metabolic capabilities,
r edation str ateg ies, or ecolog ical ada ptations. We ther efor e con-
ucted a synteny analysis of the proteins on this branch and the
r otein Ectatosticta_davidi_00,009,731_1 fr om Ectatosticta davidi ,
hich is the closest relative to this branch. 
Synten y anal ysis r e v ealed that H. venatoria has an increased

umber of c hr omosomes due to extensive chromosomal fragmen-
ation. In Uloborus diversus , members (gene-LOC129223072_1 and
ene-LOC129233267_1) of this subfamil y ar e located on Chr5 and
ave an unanchored scaffold. After chromosomal fragmentation,
he main fr a gments of U. diversus Chr5 corr esponded to Chr3 and
hr4 in H. venatoria , and significant gene duplication occurred on
hr4, leading to the expansion of the CYP3 subfamily (Fig. 4 C). 

Resear ch has sho wn that a subfamily within CYP3, specifically
YP3A, can inhibit the metabolic rate of glucose in female mice,

eading to an increase in fat [ 54 ]. As most genes of the CYP3 sub-
amily in H. venatoria are expressed in the fat body during various
ta ges of starv ation, we speculate that the numerous copies of the
YP3 subfamily genes maintain relatively low energy metabolism.
 his adaptation ma y allow H. venatoria to survive for extended pe-
iods without feeding. To further investigate the CYP3 subfamily
n H. venatoria , we conducted additional sequence analyses. 

onserved domains in P450s 

nsect P450s are known to contain 5 conserved motifs: the helix
 motif (WxxxR), the helix I motif (GxE/DTT/S), the helix K motif

ExLR), the PERF motif (PxxFxPE/DRE), and the heme-binding motif
PFxxGxRxCxG/A) [ 55 , 56 ]. 

In H. venatoria , these 5 motifs are also found, but some of
he amino acids within these motifs differ from those in in-
ects . T her efor e, we r enamed P450 motifs in H. venatoria based on
heir c har acteristics: WxxxR, GxxTx, ExxR, P/AxxF/YxPxRF/W, and
FxxGxRxCxG/A (Fig. 5 A and Supplementary Figs. S14 , S15 ). Com-
ared with the conserved motifs in insects, the motifs in spiders
xhibit greater variability at many positions. Additionally, the syn-
enic relationships among spider genomes reveal extensive chro-

osomal br eaka ge and fusion e v ents (Fig. 4 C), whic h undoubtedl y
ncrease the number of genomic polymorphisms in spiders; this
ikely contributes to the reduced number of conserved sites in spi-
er P450 genes. 

igh expression of P450 genes in the fat body 

o further investigate the function of P450 genes, we analyzed
he expression profiles of 4 P450 clans in various tissues of H.
enatoria . The heatmap indicates that the CYP2, CYP3, and mi-
ochondrial genes are predominantly expressed in the fat body,
hereas the CYP4 genes are expressed not only in the fat body
ut also at significant le v els in the pedipalps and legs (Fig. 5 B).
n comparison, in P. pseudoannulata , which belongs to the same
TA br anc h, the CYP2 and CYP3 genes are also highly expressed

n the fat body, but the mitochondrial genes are not significantly
xpressed in the fat body [ 57 ]. Since transcriptomic data for the
at body of Trichonephila clavata are a vailable , we also examined
he expression of P450 genes in the fat body and other tissues of
. clav ata . The anal ysis r e v ealed that the CYP2, CYP3, and some
YP4 genes are highly expressed in the fat body in this species,
her eas mitoc hondrial genes ar e pr edominantl y expr essed in the

vary ( Supplementary Fig. S13 ). 

iscussion 

n summary, our study is the first to systematicall y anal yze gene
xpr ession differ ences in H. venatoria during v arious sta ges of
tarv ation r esistance, r e v ealing metabolic pathways and signal-
ng pathways associated with starvation tolerance . T hrough com-
ar ativ e anal ysis of the whole-body transcriptome and fat body
ranscriptome, we found that changes in the fat body transcrip-
ome str ongl y corr elated with starv ation dur ation, suggesting that
he fat body ma y pla y a crucial role in the starvation response of
. venatoria . In the early stages of starvation resistance, the up-

egulation of o xidati ve phosphorylation and thermogenic path-
ays indicates adequate functionality. Inter estingl y, we observ ed
 significant downregulation of the k e y gene in the Hippo path-
ay , YAP , during the middle stage of starvation resistance. YAP
as been found to be important for fat energy storage and ex-
enditur e [ 58 ]. Researc h on the Hippo signaling pathway and the
egulation of cellular metabolism is increasing [ 58–60 ], leading us
o hypothesize that this pathway, particularly the YAP gene, is vi-
al in the starvation resistance process of H. venatoria . In the late
tages of starvation resistance, the body faces significant energy
uppl y pr essur e due to the substantial r eduction in fat content. At
his point, the upregulation of the AMPK pathway in the fat body
ims to promote the oxidation of the remaining fatty acids [ 61 ]. 

Although the fat body of H. venatoria provides ample energy
 eserv es, it m ust maintain a r elativ el y low metabolic rate to
low energy consumption, allowing a starvation period of nearly
 months. Inter estingl y, we found that P450 families play an
mportant role in the fat body, with most P450 genes showing
igher expression in this tissue than in other tissues . T his pat-
ern was observed not only in H. venatoria and T. clavata (Fig. 5 B
nd Supplementary Fig. S13 ) but also in P. pseudoannulata [ 57 ]. Dur-
ng the starvation experiment, most P450 genes were expressed
t v arious sta ges in the fat body ( Supplementary Fig. S12A ). How-
 v er, the r esults fr om the whole-body tr anscriptome anal ysis wer e
arkedl y differ ent, with P450 genes showing higher expression

t 19 weeks than at other times ( Supplementary Fig. S12B ). On
he basis of existing r esearc h showing that some P450 families
an reduce metabolic rates or participate in the regulation of lipid
etabolism [ 54 , 62–64 ], we hypothesize that during most starva-

ion periods in H. venatoria , P450 genes are expressed primarily in
he fat body to inhibit metabolic rates. As starvation progresses to
he final stage (19 weeks), when energy reserves in the fat body are
epleted, various H. venatoria tissues r el y primaril y on autopha gy
o function, with P450 gene expr ession trigger ed in most tissues
o suppress metabolic rates. 

The phylogenetic tree of spider P450 genes indicates that many
piders gener ate numer ous copies within their genomes after
450 genes are acquired from their ancestors. H. venatoria shows
he most significant expansion, with 25 clustered copies of the
YP3 family on Chr4, highlighting the crucial role this expan-
ion plays in its survival in complex en vironments . T his expan-
ion significantly enhances the starvation tolerance of H. venato-
ia , making it more adept at coping with environmental changes
nd str esses. Mor eov er, the lar ge number of gene copies increases
 edundancy, ther eby pr otecting H. venatoria fr om the effects of
armful mutations. If 1 gene copy loses its function, other copies
an still perform the necessary functions [ 65 ]. Synteny analysis
 e v ealed that these genes originated from U. diversus CYP3 clan

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
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Figure 5: Analysis of conserved motifs in P450 genes and their expression across various tissues in Heteropoda venatoria . (A) The 5 common conserved 
motifs of the partial P450 genes and a specific sequence of the CYP3 genes in H. venatoria . (B) P450 gene expression in fat body (Fat) and other tissues 
(whole body of adult females [HvF], pedipalps [Ped], legs [Leg], epidermis [Epi], venom glands [Ven], ovaries [Ova], major ampullate glands [Ma], minor 
ampullate glands [Mi], tubuliform glands [Tu], aciniform glands [Ac], ducts of major ampullate glands [Duct], sacs of major ampullate glands [Sac], 
and tails of major ampullate glands [Tail]) in H. venatoria. 
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genes. Ho w e v er, how these CYP3 clan genes in H. venatoria are du- 
plicated and whether this duplication is related to complex c hr o- 
mosomal br eaka ge and fusion phenomena in spiders r equir e fur- 
ther r esearc h and explor ation. 

To increase the efficiency of fatty acid and amino acid trans- 
port, amino acid–related enzymes and transporters are upreg- 
ulated sync hr onousl y during starv ation in H. venatoria , pr omot- 
ing the transport of fatty acids and amino acids for energy; this 
may constitute an optimized energy utilization strategy, allow- 
ing the body to pr eserv e crucial protein synthesis mechanisms in 

extr eme envir onments. The gr adual upr egulation of the insulin- 
esistant and tricarboxylic acid (TCA) cycle indicates that fats and
roteins become the primary energy sources in the middle to late
ta ges of starv ation. This metabolic r eor ganization r e v eals ada p-
iv e r egulation in H. venatoria under extr eme ener gy constr aints. 

T he autophagy pathwa y pla ys a critical role in the late stage
f starvation in H. venatoria . We observed that a significant num-
er of genes in the autopha gy, l ysosome, and a poptosis pathways
xhibited a sharp increase in expression in the whole-body tran-
criptome from 14 to 19 weeks ( Supplementary Fig. S10A , D , I ).
nter estingl y, man y genes in these pathways presented a sharp de-
rease in expression during the same period in the fat body tran-
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criptome ( Supplementary Fig. S9A , C , D , I ). We speculate that, as
he primary ener gy-suppl ying or gan in H. venatoria , the fat body
as nearl y full y depleted of its ener gy r eserv es thr ough normal
 xidati ve metabolism by 14 weeks. At this stage, the fat body could
nl y r el y on autopha gy and a poptosis to pr ocess its r emaining tis-
ue . T his explains why many genes in these pathways reached
heir peak expression levels at this time. Ho w ever, energy produc-
ion through these processes in the fat body alone was insufficient
o sustain an organism’s overall energy demands. Consequently,
utopha gy and r elated r esponses in other tissues of H. venato-
ia became incr easingl y activ e and continued to intensify until
9 weeks. At this time, the fat body was essentiall y inca pable of
uppl ying ener gy, forcing most tissues in H. venatoria to depend on
utopha gy and a poptosis pathways for ener gy pr oduction, lead-
ng to the peak activity of these 3 pathwa ys . Moreo ver, the up-
egulation of genes involved in sulfatase activity in the lysoso-

al pathway indicates that H. venatoria may begin to break down
ts internal connective tissues for energy under extr eme starv a-
ion. T hese findings ha ve significant ecological implications , as
hey provide insight into how H. venatoria and potentially other re-
ated species manage to survive in habitats with fluctuating food
vailability. Understanding the physiological and genetic mech-
nisms underlying starvation resistance in these spiders can in-
orm broader ecological studies on pr edator–pr e y d ynamics, re-
ource allocation, and ener gy mana gement within ecosystems
 66 ]. Additionally, the ability to withstand prolonged periods of
ood scarcity might offer H. venatoria a competiti ve ad v anta ge in
olonizing diverse and unpredictable en vironments , thereby in-
uencing their distribution and ecological roles in different habi-
ats. Understanding this physiological regulatory mechanism un-
er se v er e ener gy constr aints may be important for understand-

ng the survival strategies and adaptive limits of arthropods. 

ethods 

enome and Hi-C sequencing 

e selected mature female H. venatoria whole tissue for library
onstruction. Using PacBio HiFi sequencing for library prepara-
ion, we obtained high-quality full-length DNA for the entire
enome . T he DN A w as fr a gmented using Megaruptor and then
orted by Sage ELF for 13–16 K fr a gments, follo w ed b y adapter lig-
tion to obtain a SMRTbell library [ 25 ]. 

Next, we pr epar ed the Hi-C libr ary [ 67 ]. First, formaldehyde was
sed to fix DNA–protein or pr otein–pr otein complexes that wer e
atur all y cr oss-linked or spatiall y close within H. venatoria cells.
hromatin was subsequently digested and separated using the re-
triction enzyme DpnII, with end repair and biotin labeling of the
r a gment ends. DNA ligase was used to connect the ends, forming
 circular chimeric molecule . T hese cir cular molecules w ere puri-
ed and then fr a gmented into DNA fr a gments. Finall y, the biotin-

abeled tar get DNA fr a gments wer e ca ptur ed using a biotin pr e-
ipitation technique, and DNA fragments of appropriate size were
elected to establish the Hi-C libr ary, whic h was then sequenced
sing the DNBseq platform for paired-end sequencing. 

ranscriptome sample processing 

e selected mature female adult H. venatoria for this study. Pre-
iminary tests of the starv ation toler ance cycle r e v ealed that the
tarvation period of H. venatoria was a ppr oximatel y 18 to 20 weeks.
her efor e, the samples wer e divided into 6 gr oups according to
he starv ation sta ge: just after feeding (CK), 2 weeks after feeding
2 W), 4 weeks after feeding (4 W), 8 weeks after feeding (8 W), 14
eeks after feeding (14 W), and 18–20 weeks after feeding (deter-
ined by the spider’s condition). The environmental temperature
as set at 22 ± 2 ◦C during the day (9:00–19:00) and 16 ± 2 ◦C at
ight (19:00 to next day at 9:00), with a humidity of 70 ± 10% and
 natural light cycle. Both the adipose tissue and the entire spi-
er were sampled from each group for transcriptome sequencing.
efore the formal starvation experiment, preliminary processing
as necessary to ensure that there were enough samples that

ould feed within the same time frame. After the samples were
btained, unrestricted feeding was allowed during the first week,
nd feeding was stopped in the second week for 1 week to ensure
hat most of the spiders were in a state of hunger. On the first day
f the third week, formal feeding commenced, and samples were
elected for subsequent experiments within 3 hours . T he spiders
ere divided into 6 groups, with 8 spiders in eac h gr oup (includ-

ng 2 as backups). In the first group (CK), the adipose tissue and
he entire spider were sampled from 3 samples each 3 hours af-
er feeding; in the second group, the tissues were sampled after 2
eeks of starvation, with 3 replicates totaling 6 samples and so on.
ampling was conducted when the last group began to show spi-
er death, and ultimately the spiders died during the 19th week of
tarvation; thus, the last group was set as 19 weeks of starvation.
n total, we obtained 6 groups of fat body samples and 6 groups of
hole-body samples, totaling 36 samples. 

ranscriptome sequencing 

 certain amount of RNA sample was taken and used to obtain
RN A from total RN A using oligo(dT). The mRN A w as then fr a g-
ented, and random primers were subsequently used for cDNA

ynthesis. During the synthesis of the second strand of cDNA,
UTP was used instead of dTTP. The double-stranded cDNA was
ubjected to end re pair, “A” ad dition, and adapter ligation. The en-
yme UDG was used to digest the U-ta gged second-str and tem-
late, follo w ed b y PCR and PCR pr oduct r ecov ery. The libr ary qual-

ty was assessed, and upon qualification, the product w as cir cular-
zed. The cir cular DN A molecules w ere subjected to rolling circle
eplication to form DNA nanoballs (DNBs) [ 68 ], which were then
equenced on the DNBSEQ platform. 

enome assembly 

ifiasm v0.16.1 ( RRID:SCR _ 021069 ) softw are w as used with de-
ault parameters to perform an initial assembly of HiFi reads
 26 ], resulting in contigs . T he ra w Hi-C reads were subsequently
ltered using Hic-pro v3.1.0 ( RRID:SCR _ 017643 ) [ 69 ], and the fil-
er ed Hi-C r eads wer e subsequentl y anal yzed with Juicer v1.6
o obtain a Hi-C interaction matrix [ 70 ]. 3D-DNA v201008 was
hen emplo y ed to scaffold the contigs, yielding an initial pseudo-
 hr omosomal genome [ 71 ]. Finally, manual corrections were ap-
lied using Juicerbox v1.11.08 to produce the final c hr omosomal
enome. 

epea t annota tion 

epeat annotation consists of 2 parts, namely, utilizing an ex-
sting repeat library for repeat identification and constructing a
 epeat libr ary fr om the genome itself for r epeat identification,
ith the results from both parts being combined. Re peatMask er
4.1.2 ( RRID:SCR _ 012954 ) [ 72 ] was used with the known repeat li-
rary Repbase v20181026 ( RRID:SCR _ 021169 ) [ 73 ] for preliminary
epeat identification. The construction of a self-derived repeat
ibrary was subsequently carried out using MITE Tracker v2.7.1
 RRID:SCR _ 017030 ) with default parameters to construct the mite
ibrary [ 74 ], follo w ed b y LTR anal ysis using ltrharv est v1.6.2

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf019#supplementary-data
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( RRID:SCR _ 018970 ) [ 75 ] and LTR_FINDER_parallel v1.1 ( RRID: 
SCR _ 018969 ) [ 76 ], and the LTR library was integrated using 
LTR_r etrie v er v2.9.5 ( RRID:SCR _ 017623 ) [ 77 ]. RepeatModeler v2.0.2 
( RRID:SCR _ 015027 ) was used for r epeat anal ysis to obtain the re- 
peat library [ 78 ]. The repeat libraries obtained from these tools 
were then integrated, and redundant sequences were removed us- 
ing vsearch v2.23.0 ( RRID:SCR _ 024494 ) to produce the final repeat 
library [ 79 ]. Repeat identification was then performed using the 
re peatmask er parameter (-lib) specifying this library, and the re- 
sults from both identification processes were consolidated using 
the ProcessRepeats script included with RepeatMasker. 

Gene structure annotation 

Initially, de novo gene structure prediction was performed us- 
ing Augustus v3.4.0 ( RRID:SCR _ 008417 ) [ 80 ] and SNAP ( RRID:SCR _ 
007936 ) [ 81 ]. The assembled transcripts were subsequently ob- 
tained using HISAT2 v2.2.1 ( RRID:SCR _ 015530 ) [ 82 ] and StringTie 
v2.2.1 ( RRID:SCR _ 016323 ) [ 83 ]. Transcriptomic evidence annota- 
tion was then conducted with PASA v2.5.2 [ 84 ]. Homology anno- 
tation was carried out using exonerate v2.4.0 ( RRID:SCR _ 016088 ) 
[ 85 ] and GeMoMa v1.9 ( RRID:SCR _ 017646 ) [ 86 ] with proteins from 

closel y r elated species. Finall y, the r esults fr om these 3 anno- 
tation methods wer e integr ated using MAKER v3.01.04 ( RRID: 
SCR _ 005309 ) [ 87 ] to produce the final annotation. 

GO functional annotation 

Using BLASTP v2.12.0 ( RRID:SCR _ 001010 ) (e value ≤ 1e-5) [ 88 ],
spider protein sequences were aligned against homologous pro- 
tein sequences in the UniProt ( RRID:SCR _ 002380 ) Knowledgebase 
(UniProtKB) database [ 89 ], with the best alignments selected on 

the basis of bit score values . T he GO annotations for the species 
were determined based on the annotation information of the sim- 
ilar pr oteins. ID ma pping was performed using the IDmapping file,
where the first column represents the UniProtKB ID and the eighth 

column contains the GO annotations [ 90 ]. 

KEGG annotation 

KEGG annotation of genes was performed using KofamScan v1.3.0 
[ 91 ], with the output format set to mapper and an e-value thresh- 
old of 1e-5. 

Genome size and repeat correlation analysis 

In addition to the H. venatoria genome, the genome sequences of a 
scorpion and 12 other spider species were collected and subjected 

to repeat analysis . T he correlation between the proportions of dif- 
ferent types of repeat sequences and genome size across the 14 
species was calculated using the cor function from the R package 
stats v4.2.2 [ 92 ], with the analysis method set to Pearson. A cor- 
r elation heatma p was gener ated using the corr plot v0.92 pac ka ge 
[ 93 ]. 

Phylogenetic tree construction 

To reconstruct the evolutionary history of H. venatoria , a dataset 
comprising 12 Araneae species and a Scorpiones outgroup ( Cen- 
truroides sculpturatus ) was utilized for maximum likelihood tree 
construction. First, we ran OrthoFinder v2.5.4 [ 94 ] to infer or- 
thologs using BLASTP v2.12.0 [ 88 ] with a P value threshold of < 1e- 
5, resulting in the identification of 1,764 one-to-one orthologous 
sequences. Orthologs were aligned using MAFFT v7.520 ( RRID: 
SCR _ 011811 ) [ 95 ] with the accurate option (L-INS-i) and trimmed 

using trimAl v1.4.r e v15 [ 96 ] with the automated1 par ameter. The 
trimmed alignments were then concatenated to serve as input for 
Q-TREE v2.2.2.7 ( RRID:SCR _ 017254 ) [ 97 ], using ModelFinder Plus
MFP) mode and 1,000 bootstr a p r eplicates. 

ene family expansion and contraction analysis 

e used CAFE5 v5.1.0 to investigate gene family expansion and
ontr action acr oss selected species [ 98 ]. An ultr ametric species
ree was obtained using the MCMCTREE program in PAML v4.10.7
 RRID:SCR _ 014932 ) [ 99 ]. The calibration of the div er gence time
or species was derived from Magalhaes , Timetree , and Paleo-
iodb with Scorpiones stem (418–423 million years ago [Mya]); 
he split between E. davidi and 11 other spiders (242–299 Mya);
nd the split between U. diversus and H. venatoria (173–240 Mya)
 100 , 101 ]. 

The gene family results were acquired from OrthoFinder, with 

nly those families containing no more than 100 gene copies re-
ained for further analysis. In CAFE5, the base model and unspec-
fied Poisson distribution were used to conduct calculations . T he
ignificantly expanded families ( P < 0.05) in H. venatoria were an-
lyzed for functional enrichment using the R package clusterPro- 
ler v4.10.1 ( RRID:SCR _ 016884 ) [ 102 ]. 

r anscriptome anal ysis 

CA was conducted using the R pac ka ge FactoMineR v2.10 ( RRID:
CR _ 014602 ) [ 103 ], and differential transcriptomic analysis was
erformed with the DESeq2 v1.42.1 pac ka ge [ 104 ]. For the differ-
ntial analysis of fat body stages (early, middle, and late), tak-
ng the early stage as an example, DEGs were identified for both
he control (CK) and 2-week samples relative to the middle- and
ate-stage samples . T he logFoldChange threshold was set at 1,
nd a P value of 0.05 was considered to indicate statistical sig-
ificance . T he intersection of the 2 sets of DEGs was taken as
he earl y-sta ge DEGs . T he middle and late sta ges wer e anal yzed
imilarly. 

DEGs at the 19-week stage in the fat body and whole-body tis-
ues wer e anal yzed r elativ e to those at other stages. Using the fat
ody as an example, DEGs were calculated separ atel y for 19 weeks
 elativ e to the CK, 2-w eek, 4-w eek, 8-w eek, and 14-w eek periods.
he intersection of these 5 sets of DEGs was considered to rep-
esent the DEGs at 19 weeks in the fat body. The logFoldChange
hreshold was set at 0.5, and a P value of 0.05 was considered sig-
ificant for fat body differential analysis. For whole-body analysis,
he logFoldChange threshold was also set at 0.5, with a P value of
.05 considered indicative of statistical significance. 

WGCN A w as performed on the fat body transcriptome via the
 pac ka ge WGCNA v1.72.5 [ 51 ], with the minimum module gene
ount set at 30 and the soft threshold po w er in fit indices set at 10.
or functional enric hment anal ysis , KEGG pathwa y enrichment
as performed using the clusterProfiler v4.10.1 package, with a 

orrected P -adjust value less than 0.05 considered indicative of
tatistical significance. 

To observe the gene expression trends of the autophagy, lyso-
ome , and apoptosis pathwa ys at differ ent sta ges of starv ation
 esistance, we extr acted the expression matrices of all genes an-
otated to these 3 pathways from the fat body and whole-body
ranscriptomes. We performed gene expression clustering based 

n the fuzzy c-means algorithm via the R pac ka ge Mfuzz v2.62.0
 RRID:SCR _ 000523 ) [ 105 ]. Finally, we visualized the results using
he mfuzz.plot2. 

ytochrome P450 family analysis 

hr ee a ppr oac hes wer e utilized to identify putativ e CYP genes.
irst, w e do wnloaded kno wn CYP amino acid sequences of

https://scicrunch.org/resolver/RRID:SCR_018970
https://scicrunch.org/resolver/RRID:SCR_018969
https://scicrunch.org/resolver/RRID:SCR_017623
https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/RRID:SCR_024494
https://scicrunch.org/resolver/RRID:SCR_008417
https://scicrunch.org/resolver/RRID:SCR_007936
https://scicrunch.org/resolver/RRID:SCR_015530
https://scicrunch.org/resolver/RRID:SCR_016323
https://scicrunch.org/resolver/RRID:SCR_016088
https://scicrunch.org/resolver/RRID:SCR_017646
https://scicrunch.org/resolver/RRID:SCR_005309
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 arthr opods, namel y, A pis mellifera , Bombyx mori , Drosophila
elano gaster , Po gonomyrmex barbatus , and Tetranychus urticae , from

he Cytoc hr ome P450 Homepa ge. We used the pr otein sequences
f 12 Araneae species as queries to perform BLASTP v 2.12.0 +
nal ysis a gainst kno wn CYPs, emplo ying a threshold of P < 1e-
0. Second, we used the hmmersearch program within HMMER
3.3.2 ( RRID:SCR _ 005305 ) [ 106 ]. The P450 domain (PF00067) was
earc hed a gainst the candidate gene fr om the BLAST r esults,
hic h r equir ed both full sequence and domain scores > 100. Fi-
all y, we manuall y r emov ed the sequences that lac ked an y 1
f the 5 conserved motifs of CYPs (WxxxR, Gx[ED]T[TS], ExLR,
xxFxP[ED]RF, PFxxGxRxCx[GA] in Insecta). 

F or CYP family ph ylogeny, sequences of Araneae species and
etranychus urticae were aligned with MAFFT (L-INS-i) and trimmed
ith trimAl (gapp y out method). The trimmed sequences w ere

hen input to IQTREE2 (MFP mode), and a CYP phylogenetic tree
as constructed. All trees presented in our article were visualized
sing iTOL v6 ( RRID:SCR _ 018174 ) [ 107 ]. 

ynten y anal ysis 

o assess the genomic synteny between H. venatoria and other
pecies, w e emplo y ed the JCVI v1.3.8 MCScan application for the
alculations [ 108 ]. We have highlighted a specific clade within the
YP clan 3 members in the figure instead of a synteny block. 

dditional Files 

upplementary Fig. S1. Image and relevant statistics of Het-
ropoda venatoria . (A) Image of a female H. venatoria. (B) Length
tatistics of the HiFi sequencing reads . (C) Results of the genome
urvey. (D) Significance statistics of the GC content in repet-
tive sequences, as well as the LTR and TcMar sequences,
ompar ed with nonr e petiti ve sequences in the genome of
. venatoria . 
upplementary Fig. S2. Tr anscriptomic anal ysis r esults of the fat
ody and whole body of Heteropoda venatoria . (A) Principal com-
onent anal ysis (PCA) r esults of the starv ation r esistance of all
hole-body samples. (B) Correlation analysis of the transcrip-

omes of the fat body and whole body acr oss v arious sta ges of star-
 ation r esistance. (C) Ov erla p of genes enric hed in pathways r e-
ated to thermogenesis, o xidati ve phosphorylation, and neurode-
ener ativ e diseases. (D) Soft thresholds of the fat body and whole
ody in WGCNA. 
upplementary Fig. S3. The results of WGCNA. (A) The modules
lustered of WGCNA in fat body tr anscriptomes. (B) Corr elations
etween modules and tr aits. (C, D) Scatter plot of gene significance
y-axis) vs. module membership (x-axis) in the blue and brown

odules. 
upplementary Fig. S4. The expression and KEGG functional en-
ic hment r esults of modules with WGCNA. (A–C) The expr es-
ion of the blue, brown, and turquoise modules. (D–F) KEGG
unctional enric hment r esults of the blue, br own, and turquoise

odules. 
upplementary Fig. S5. The analysis results of the blue module in
GCNA. (A) The expr ession tr ends of the genes enriched in the 4

athways during the early, middle, and late periods of starvation
esistance. (B) Network of transporter pathway-related genes en-
iched in the blue module. (C) Network of 4 energy metabolism-
elated pathway (AMPK, the TCA cycle, PPAR, and insulin resis-
ance) genes enriched in the blue module. 
upplementary Fig. S6. The expr ession tr ends of pathways en-
iched with DEGs in the fat body transcriptome of Heteropoda ve-
atoria during a 19-week starvation period. 
upplementary Fig. S7. Heatmap and KEGG pathway enrichment
nalysis of DEGs in the fat body transcriptome of Heteropoda vena-
oria after 19 weeks of starvation resistance. 
upplementary Fig. S8. The expression of all genes involved in
he autopha gy, l ysosome, and a poptosis pathways acr oss v ari-
us stages of starvation resistance in Heteropoda venatoria . (A–C)
eatmap of autophagy pathway, lysosome pathway, and apopto-

is pathway in the fat body tr anscriptome. (D–F) Heatma p of au-
opha gy pathway, l ysosome pathway, and a poptosis pathway in
he whole-body transcriptome. 
upplementary Fig. S9. Tr end anal ysis of the expression of all
enes involved in the autophagy, lysosome, and apoptosis path-
ays in the fat body across various stages of starvation resistance

n Heteropoda venatoria . (A–C) Trend analysis of the expression of
he autopha gy pathway, l ysosome pathway, and a poptosis path-
ay, with 67, 139, and 61 genes, r espectiv el y, expr essed in the fat
ody. 
upplementary Fig. S10. Tr end anal ysis of the expression of all
enes involved in the autophagy, lysosome, and apoptosis path-
ays in the whole body across various stages of starvation resis-

ance in Heteropoda venatoria . (A–C) Tr end anal ysis of the expres-
ion of the autophagy pathway, lysosome pathway, and apoptosis
athway, with 68, 141, and 61 genes, r espectiv el y, expr essed in the
hole body. 
upplementary F ig. S11. Ph ylogenetic tree of all P450 genes in 12
piders and Tetranychus urticae . 
upplementary Fig. S12. The expression of P450 genes in the fat
ody and whole body across various stages of starvation resis-
ance in Heteropoda venatoria. 
upplementary Fig. S13. The expression of P450 genes in various
issues of Trichonephila clavata. 
upplementary Fig. S14. The 5 common conserved motifs of all
450 genes and a specific sequence of CYP3 genes in Heteropoda
enatoria . 
upplementary Fig. S15. The seqLogo of conserved motifs of P450
enes in spiders. 
upplementary Table S1. The functional enrichment results of
xpanded family genes. 
upplementary Table S2. The functional enrichment results of
he blue, brown, and turquoise modules. 
upplementary Table S3. KEGG annotations of lysosome genes
ith blue, brown, and turquoise modules. 
upplementary Table S4. The list of expanded family genes. 
upplementary Table S5. DEGs and their functional enrichment
esults of the fat body and whole-body transcriptomes of Het-
ropoda venatoria at the 19-week starvation period . 
upplementary Table S6. GC contents of repeat region, nonre-
eat region, LTRs, and TcMar elements in the Heteropoda venatoria
enome. 
upplementary Table S7. The functional enrichment results of
EGs in the fat body transcriptome during the early, middle, and

ate stages of starvation resistance. 
upplementary Table S8. The list of genes annotated to the au-
opha gy, l ysosome, and a poptosis pathwa ys . 
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