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basis of adaptation to high temperature
in a cosmopolitan pest

Shijun You,1,2,3 Gaoke Lei,1,2,3 Huiling Zhou,1,2,3 Jianyu Li,1,2,3 Shaoping Chen,1,2,3 Jieling Huang,1,2,3

Liette Vasseur,1,2,4 Geoff M. Gurr,1,2,5 Minsheng You,1,2,3 and Yanting Chen1,2,3,6,*
SUMMARY

Understanding a population’s fitness heterogeneity and genetic basis of thermal adaptation is essential
for predicting the responses to global warming. We examined the thermotolerance and genetic adapta-
tion of Plutella xylostella to exposure to hot temperatures. The population fitness parameters of the hot-
acclimated DBM strains varied in the thermal environments. Using genome scanning and transcription
profiling, we find a number of genes potentially involved in thermal adaptation of DBM. Editing two
ABCG transporter genes, PxWhite and PxABCG, confirmed their role in altering cuticle permeability
and influencing thermal responses. Our results demonstrate that SNP mutations in genes and changes
in gene expression can allow DBM to rapidly adapt to thermal environment. ABCG transporter genes
play an important role in thermal adaptation of DBM. This work improves our understanding of genetic
adaptation mechanisms of insects to thermal stress and our capacity to predict the effects of rising global
temperatures on ectotherms.
INTRODUCTION

As small ectotherms, insects are profoundly affected by variation in air temperatures, influencing their survival, distribution, and population

dynamics.1,2 Ongoing global warming is predicted to increase mean temperatures and the frequency of heat waves.3 Climate change has

already had significant biological impacts on insects, including affecting physiological, behavioral, and life history traits, shifting distribution

and phenology and altering population dynamics and changing biotic interactions.2,4,5 The susceptibility of insects to extreme temperature

events is largely determined by degree of thermotolerance and temperature acclimation.5–8 In response to increasing environmental temper-

ature, species may adapt with greater basal thermal tolerance (genetic/evolutionary responses), greater induced thermal tolerance (plastic

response), and more efficient thermoregulation behavior.9

In the face of global climate change, understanding the genetic adaptability of species is key to predicting their future distribution and

impacts. By studying the genes involved in regulating the expression of thermotolerant phenotypes and the genes that harbor allelic variation

that contributes to differences in thermal plasticity, researchers can identify the genetic basis of thermal adaptation that allows organisms to

adapt to different temperatures.10 For example, whenDrosophila simulans is exposed to high temperatures for 60 generations, themetabolic

systems are modified to adapt to the new thermal environment.11

Currently, transcriptomic approaches are used to study environmental effects on gene expression.12,13 Although transcriptomics can

provide valuable insights, differences in gene expression have not been able to provide direct evidence for adaptive evolution in organ-

isms.10 Changes in allele frequency within a population should provide the raw material for selection to drive adaptive evolution.10,14

Several genes, particularly heat shock proteins, have been implicated in thermal tolerance mechanisms.12,15,16 Notably, a more

robust HSP response in Drosophila melanogaster compared to Drosophila subobscura contributes significantly to the enhanced heat toler-

ance of D. melanogaster.16 Various strains of D. melanogaster have been the subject of genomic studies to investigate thermal adaptation,

thermal plasticity, and thermal tolerance.17 This previous work provides a platform for investigating similar phenomena in other insect

species.
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Figure 1. Age-stage specific survival rate (Sxj) of the control strain (CS) and hot-evolved strain (HS) of P. xylostella

CS (A) represents DBM kept under favorable temperature; and HS1(B), HS5 (C), HS10 (D), HS20 (E) and HS30 (F) represent the 1st, 5th,10th, 20th, 30th generations

of DBM kept under high temperature.
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The diamondback moth (DBM, Plutella xylostella) is a major pest of cruciferous vegetables and wild plants. Previous studies have shown

that the diamondbackmoth exhibits significant genetic plasticity and high levels of genomic variation, allowing it to adapt rapidly to different

environments.18 In previous work, we have provided evidence for the genetic basis of climatic adaptation and predicted that most DBM pop-

ulations have a high tolerance to future climates.19 Previous analyses were based on genomic data from field DBMpopulations collected from

tens of sites across the world. Tracking evolutionary changes in a laboratory setting is a better approach to define the genotype-phenotype

relationship.11,20–23 Integrated analysis of genome resequencing data and gene expression profiling can reveal allelic variation, mutations,

and their effects on the regulation of gene expression.20–22 Therefore, in our study, we used this approach to study the genetic adaptation

of DBM to thermal stress.

In the present work, life history traits (lifespan and fecundity) were measured in hot-evolved and control populations of DBM. Transcrip-

tomic and genomic approaches were used to identify the genes harboring allelic variants and changes in expression involved in thermal

adaptation. Further, CRISPR/Cas 9 was used to study the function of two ABCG genes in thermal adaptation.

RESULTS

Population fitness of hot-evolved and control strains

The control strain of DBM was maintained on the constant favorable temperature of 26�C. The control strain of DBM (CS) was kept under the

elevated temperatures of 27�C for 12 h (dark) and 32�C for 12 h (light) as hot-evolved strain (HS) for one year. The duration of the preadult

stage for all generations of the HS strain was significantly shorter than that of the CS strain (p < 0.001). The preadult duration of HS30 (CS

under elevated environment for 30 generations) was significantly longer than that of HS1 (p = 0.003), HS5 (CS under elevated environment

for 5 generations) (p < 0.001) and HS10 (CS under elevated environment for 10 generations) (p = 0.010). The longevity of females did not differ

between strains for any generation. The total longevity of CS (15.9 G 0.1 d) was significantly longer than that of HS for all generations (HS1:

13.4 G 0.1 d; HS5: 13.2 G 0.1 d; HS10: 13.5 G 0.1 d; HS20: 13.5 G 0.1 d; HS30: 13.6 G 0.1 d) (p < 0.001) (Table S1).
2 iScience 27, 109242, March 15, 2024
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Figure 2. Age-stage specific life expectancy (exj) of control strain (CS) and hot-evolved strain (HS) of P. xylostella

CS (A) represents DBM kept under favorable temperature; and HS1 (B), HS5 (C), HS10 (D), HS20 (E), and HS30 (F) represent the 1st, 5th,10th, 20th, 30th

generations of DBM kept under high temperature.
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The age-stage survival rate (sxj) represents the probability of a newborn individual surviving to age x and stage j. The survival rate of HS10,

HS20 (CS under elevated environment for 20 generations) and HS30 was 0.822 G 0.001, 0.856G 0.037 and 0.844G 0.038, respectively, and

significantly higher than that of CS, HS1 and HS5 (Figure 1).

The age-stage specific life expectancy (exj) is the total time that an individual of age x and stage j is expected to survive. The life expectancy of

HS1 and HS5 was lower than that of CS. There was no significant difference in this parameter (exj) between other generations of HS and CS

(Figure 2).

Population fitness parameters include intrinsic rate of increase (r), net reproductive rate (R0), finite rate of increase (l), andmean generation

time (T). The r values of HS10, HS20 andHS30were significantly higher than that of CS (HS10: p = 0.002; HS20: p < 0.001; HS30: p = 0.007). Only

for HS1 was the R0 value significantly lower than those of CS (HS1: p = 0.024). The T values for different generations of HS were all significantly

lower than that of CS (HS1: p < 0.001; HS5: p = 0.005; HS10: p < 0.001; HS20: p < 0.001; HS30: p < 0.001). Except for HS1, the l values of other

generations of HS were all higher than that of CS (HS5: p = 0.049; HS10: p = 0.002; HS20: p < 0.001; HS30: p = 0.006) (Table 1).
Responses of HS to high temperatures

The survival rate of CS andHS under high temperatures (39�C, 40�C, 41�C, 42�C, 43�C and 44�C) for 2 h was calculated, respectively. The results

showed thatboth temperature and strainwere the critical factors that affecting the survival rateofDBMatextremely high temperatures (TableS2).

ComparedwithCS, the survival rateof HSwas significantly increasedunder high temperatures (39�C, 40�C, 41�C, 42�C, 43�Cand 44�C) (Figure 3).
Molecular phenotypes of HS and CS

The transcriptomesof hot-evolvedpopulations (the 33rd generationofHS,HS33) andCSwere compared.Of 20,694geneswith reliable expres-

sion signals in the two strains, 7,174weredifferentially expressedbetweenHSandCS.Of these, 3,414were up- and 3,760weredownregulated.
iScience 27, 109242, March 15, 2024 3



Table 1. Population fitness parameters of control strain (CS) and hot-evolved strain (HS) of P. xylostella

Parameter CS HS1 HS5 HS10 HS20 HS30

r (d�1) 0.27 G 0.01c 0.28 G 0.01bc 0.30 G 0.01abc 0.32 G 0.01ab 0.33 G 0.01a 0.31 G 0.01a

R0 74.92 G 10.90ab 45.43 G 7.03c 53.02 G 7.73b 70.30 G 9.00ab 83.32 G 10.06a 83.32 G 10.06ab

T (d) 15.9 G 0.1a 13.4 G 0.1b 13.2 G 0.1c 13.5 G 0.1b 13.5 G 0.1b 13.6 G 0.1b

l (d�1) 1.31 G 0.01c 1.33 G 0.02bc 1.35 G 0.02ab 1.37 G 0.01a 1.39 G 0.01a 1.37 G 0.01ab

CS represents DBM kept under favorable temperature; and HS5, HS10, HS20 and HS30 represent the 1st, 5th,10th, 20th, 30th generations of DBM kept under

high temperature. Different letters indicate significant differences among different treatments (p < 0.05).
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Contrasting CS to HS, we identified a significant enrichment in several Gene Ontology (GO) categories and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathways. Genes downregulated in HS were enriched for more GO categories than upregulated genes enriched. Up-

regulated genes exhibited enrichment for several functional categories, including DNA integration, structural constituent of cuticle, cation

transport and ion transport (Figure 4A). These genes were also significantly enriched in numerous KEGG signaling pathways, including

AMPK, insulin, neurotrophin, PI3K-Aktc and FoxO, as well as other pathways related to oxidative phosphorylation and fatty acid metabolism

(Figure 5A). Downregulated genes were enriched for a large number of functions and pathways, such as ribosome and spliceosome

(Figures 4B and 5B).
Identification of candidate genes

To identify the candidate genes that underlie population differentiation, we estimated pairwise FST, p and allele frequency differentiation for

all polymorphic SNPs. We identified 13,356 SNPs whose FST values fell into the top 5% of the FST distribution (FST > 0.178); and 14,105 SNPs

whose p values fell into the top 5% of the distribution (p > 2.378). In total, 2,156 SNPs were distributed in 445 genes, whose FST and p values

were both in the top 5%. Then, we identified 47,306 SNPs whose allele frequency between CS and HS fell into the top 1% of the distribution

(>0.515). Among them, 19,693 SNPs were distributed in 461 genes, whose -log10 (p-value) were >10 (Figure 6). Eventually, 82 genes involved

the SNPs that fitted all the above conditions.

Considering the genes with population differentiation and different expressions between CS and HS, we defined 27 genes as candidates

selected by high temperature, which included 3 ABCG transporter proteins (Px008370, Px008371 and Px012058), mannose transferase

(Px003963), trehalose transporter (Px007098) and rhodopsin (Px008529) (Table S3).
SNP mutation and gene expression variation

We sequenced PxWhite and PxABCG in HS to confirm the mutant SNPs in these candidate genes. We found that 77 SNPs in PxWhite of HS

were high-frequency mutations, among which, the mutation rates of 44 SNPs were 100% (Figure 7A). Fifty SNPs in PxABCG of HS were iden-

tified to be high-frequency mutation (Figure 7B).

To verify the function of PxWhite and PxABCG in mediating adaptation of DBM to extreme temperature, we performedRT-qPCR to profile

the gene expression under different temperature regimes using the wild-type strain (WT/CS). At 40�C, 4�C, and �17�C, the expression of

PxWhite in females was significantly lower than that under 26�C (40�C: t = 10.973, df = 4, p < 0.001; 4�C: t = 10.142, df = 4, p = 0.001;

�17�C: t = 9.945, df = 4, p = 0.001). Only at 4�C, PxWhite expression of males significantly lower than that at 26�C (t = 3.128, df = 4, p =

0.035). At 40�C, PxABCG expression in females was significantly higher than that at 26�C (t = �3.492, df = 4, p = 0.025) (Figure 8).
A B

Figure 3. Effect of extremely high temperature on the P. xylostella survival rates of CS and HS

Survival rates of P. xylostella are presented for females (A) and males (B) after exposure to high temperatures. CS represents DBM kept under favorable

temperature; and HS represents DBM kept under high temperature. Survival rates are represented as mean G SE. Twenty individuals were used for each

replicate, with four replicates in each treatment. The curves were generated from the equation log[p/(1-p)] = a + b T, where T is temperature (�C).
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Figure 4. GO ontology classification of DEGs with up- and downregulated patterns

(A) GO enrichment analysis of DEGs with upregulated profiles; and (B) GO enrichment analysis of DEGs with downregulated profiles.
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Functional validation of ABCG transporter genes

Using CRISPR/Cas9 genome editing, we successfully knocked out PxWhite and PxABCG in the WT. A mixture of Cas9 protein and sgRNA of

PxWhite or PxABCG was injected into 216 and 214 eggs, respectively. Among these, 10 and 25 eggs successfully matured to adulthood,

respectively. Having been individually crossed with WT, we confirmed site-specific mutagenesis in 30% (3/10) and 24% (6/25) of G0 moths,
Figure 5. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis of DEGs with up- and downregulated patterns

(A) KEGG pathway enrichment analysis of DEGs with upregulated profiles; and (B) KEGG pathway enrichment analysis of DEGs with downregulated profiles.

iScience 27, 109242, March 15, 2024 5



Figure 6. Distribution of㏑ratio (qp, CS/qp, HS) and FST
Red dots represent windows fitting the selected regions requirement (corresponding to ratio (qp, CS/qp, HS) > 0.866, FST > 0.178).
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respectively. After mutation screening, one homozygous mutant strain with a 1-bp insertion in PxWhite exon 3 and one homozygous mutant

strain with a 4-bp deletion in PxABCG exon 4 were generated (Figure 9).

We examined the difference in the percentage of larvae that could develop into pupae after heat shock between the strain of the

wild-type and the PxWhite mutant or PxABCG mutant. At 42�C or 43�C for 2h, we found that fewer fourth instar larvae of the PxWhite-

MU and PxABCG-MU strains developed into pupae than those of CS (Figure 10A). We then examined the difference in survival

rate between the CS, PxWhite-MU, and PxABCG-MU adults under high temperatures (40�C, 41�C, 42�C and 43�C). Compared with

CS, survival of the PxWhite-MU and PxABCG-MU were significantly reduced under high temperatures (Tables S4 and S5;

Figures 10B and 10C).

To assess the impact of PxABCG and PxWhite mutations on cuticle permeability, we employed Eosin Y staining. The resulting image

(Figure 11) provides a clear visual representation of the differential permeability patterns. In wild-type (WT) larvae, most body surfaces

were impermeable to Eosin Y, with staining restricted to the head, the third abdominal leg, and the fifth anal leg. In contrast, larvae of

both mutant strains exhibited a compromised surface barrier, allowing Eosin Y to penetrate the entire body, as evidenced by the extensive

staining observed in PxWhite-MU and PxABCG-MU larvae (Figure 11).

DISCUSSION

Temperature is a major factor influencing the behavior, physiology, and genetics of ectotherms. Our experimental DBM populations, pre-

adapted to elevated temperature, showed highly significant differences in gene expression and SNPmutants. A number of genes were iden-

tified that are involved in the thermal adaptation of this global pest. Using CRISPR/Cas9 genome editing, two ABCGgenes were shown to be

involved in the adaptation of DBM to elevated temperatures.

The fitness parameters of DBM under thermal stress were monitored for 30 generations and the intrinsic rate of increase recovered after

five generations and was not significantly lower than that of the control strain. The finite rate of increase (l) of HS was higher than that of CS.

After 10 generations of acclimation under thermal environment, the net reproductive rate (R0) was obviously increased. Our observations indi-

cate that DBM in fitness are able to adapt to substantially higher temperatures within 5–10 generations. In addition, heat-adaptedDBMhave a

higher thermal tolerance than the control DBM.

We then combined transcriptomic and genomic approaches to explore the genetic adaptation of DBM to the thermal environment. After

33 generations of high temperature acclimation, the DBM populations displayed highly significant differences in gene expression. Most pre-

vious studies of thermal plasticity in insects have focused on short-term heat shock, corresponding to a short exposure to high temperature for

tens of minutes or hours.24–26 However, the genetic adaptation in nature usually takes a relatively long time. Studies of long-term acclimation

have mainly focused on the model organism D. melanogaster, with several cases of environmental temperature affecting gene expression

profiles11 and protein profiles.27,28 Mallard et al.11 show that the metabolism of D. melanogaster is rewritten after 60 generations in a hot

environment, involving two key genes, Sestrin and SNF4Ay, implicating AMPK. Here, we also found that the AMPK signaling pathway was

enriched in upregulated genes in hot-evolved populations.
6 iScience 27, 109242, March 15, 2024
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Figure 7. The mutant SNPs of PxWhite and PxABCG in CS and HS DBM

(A) The allele frequency of mutant SNPs of PxWhite; and (B) The allele frequency of mutant SNPs of PxABCG. pos indicates position of SNPs in gene. CS

represents DBM kept under favorable temperature; and HS represents DBM kept under high temperature. The colors represent: black: G base; blue: C base;

red: T base; green: A base.
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In the present study, we focused on the change in gene expression resulting from the genetic change. Therefore, a commongarden exper-

iment was performed to determine the change in gene expression between CS and HS. We then combined the transcriptomic and genomic

data to identify the genes that changed at both RNA and DNA levels. Twenty-seven genes were identified as being involved in the thermal

adaptation of DBM. These genes are predicted to cover a wide range of functions. Among them, some genes were previously documented

with regulating the response of species to temperature. For example, the long-chain fatty acid-CoA ligase 1 (Px017708) was involved in cata-

lyzing the conversion of long-chain fatty acids to active acyl-CoA and synthesis of cellular lipids, which plays an important role in the response

of animals to cold.29,30 Trehalose transporter (Px007098) was responsible for releasing of trehalose from the insect’s fat body into the

hemolymph and transferring it to other tissues to balance the trehalose content in the hemolymph.31 Trehalose could help insects resist tem-

perature stress.32–34 The expression of trehalose transporter inAnopheles gambiae is upregulated at high temperatures and after RNAi of this

gene, the thermal tolerance of A. gambiae is reduced.33

Three of the previously documented genes were members of the ABC transporter subfamily G (http://59.79.254.1/DBM/index.php). In

our study, we have only confirmed the functions of two ABCG transporter genes (Px008371/PxWhite and Px012058/PxABCG), as we could

not establish the strain of the Px008370 mutant. The gene expressions of PxWhite and PxABCG under high temperature (40�C) were signif-

icantly different from that under favorable temperature for DBM (26�C). Furthermore, the SNP mutation of these two genes was higher in

the hot-evolved populations. We then used the CRISPR/Cas 9 technique to generate PxWhite knockout and PxABCG knockout DBM

strains. The thermal tolerance of DBM was reduced after PxWhite and PxABCG knockout. In Drosophila, the white gene is involved in

the vesicular transepithelial transport of guanosine 30-50 cyclic monophosphate, which indirectly affects the lipid transport.35 The white

gene mutants in D. melanogaster have defects in olfactory learning and cholesterol homeostasis, potentially due to alterations in lipid

composition and/or distribution.36 TcABCG-4C of Tribolium castaneum acts as a transporter of cuticular lipids deposited in the outer

epicuticular layer to prevent water loss.37 The epicuticular lipid layer of insects plays a fundamental role in insect fitness and acts as a se-

lective barrier against water loss, thus preventing lethal desiccation.38–41 However, under extremely high temperatures, water loss is an

important cause of insect death.42 In our study, we also speculated that PxWhite and PxABCG might be involved in thermal adaptation
iScience 27, 109242, March 15, 2024 7
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Figure 8. Effect of extreme temperatures on the relative expression level of the PxWhite and PxABCG genes in the wild-type DBM strain (WT)

(A) Expression level of PxWhite in females.

(B) Expression level of PxWhite in males.

(C) Expression level of PxABCG in females.

(D) Expression level of PxABCG in males. Temperature treatments included two high-temperatures treatments: (1) 40�C for 30 min, (2) 43�C for 30 min; and two

low-temperature treatments: (1) 4�C for 30 min, and (2) �17�C for 30 min. Expression of PxWhite/PxABCG at 26�C was arranged as control with a relative

expression value = 1. Error bars represent the standard error of the mean. Expression of PxWhite/PxABCG in each treatment was statistically compared with

control using independent t-test. * denotes significant difference between control and each of the treatments (t-test, p < 0.05).
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by altering the cuticle permeability of DBM. Therefore, we used Eosin Y staining to verify that PxWhite and PxABCG mutants improved the

cuticle permeability of DBM, which could maintain the water balance of insect body. Further research is needed to explore how PxWhite

and PxABCG to alter the cuticle permeability of DBM.

This is the first report suggesting that ABCG subfamily genes are involved in thermal tolerance and adaptation of insects. Currently, studies

on the ABCG transporter of DBM are related to eye color and Bt resistance. The white gene is required for normal eye pigmentation in many

insects,43,44 including DBM. In our study, we observed the white-eyed DBM in the PxWhitemutant strain. PxWhite is also involved in Cry1Ac

resistance in DBM.45 Several ABCG transporters have been shown to be involved in lipid transport and cholesterol homeostasis.46–49

The absence of overlap between the candidate genes identified in this study and those from our previous landscape genomics analysis of

DBM’s genomic variation and climate variables19 can be attributed to the distinct selection pressures experienced by the respective popu-

lations. In the previous study, DBM samples were collected from the wild, where they were subjected to a multitude of environmental factors,

while the laboratory-developed population in the current study was exposed solely to temperature-based selection. This difference in

selective environments likely accounts for the divergent sets of candidate genes identified in the two studies.

Limitations of the study

Rapid phenotypic evolution is common in nature and observed in evolution experiments. It can be attributed to either subtle frequency

changes in genetic polymorphisms acrossmany loci50–52 or to a few loci or genes with large effects.53 In our laboratory evolution, we observed

extensive frequency changes in genetic variants, suggesting that both polygenic and oligogenic factors may have driven rapid evolution.

Further functional verification of the candidate genes identified in our study will provide more critical information insights into the genetic

mechanisms underlying rapid evolution. Allelic replacement using CRISPR/Cas9 technology enables the investigation of the relationship

between SNP mutations and thermal adaptation. Thus, further work is needed to understand the role of SNP mutations in candidate genes

in the adaptation of DBM to the thermal environment.

Conclusions

In the face of global warming, it is important to understand how insect pests respond and adapt to increased temperatures in order to predict

future risks and identify potential, novel targets for insecticidal or genetic control. We integrated analysis of changes in SNP and gene expres-

sion levels in laboratory-evolved populations to identify the genes involved in the thermal adaptation of DBM. PxWhite and PxABCG
8 iScience 27, 109242, March 15, 2024
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Figure 9. Mutagenesis of PxWhite and PxACBG induced by CRISPR/Cas9

Representative sequencing trace of the PCR fragment from mutated G0 adults with multi-peaks at the cleavage site and representative sequence of the diverse

indel mutations flanking the sgRNA target sites of PxWhite (A) and PxABCG (B) in the G0 individuals. (A) The base in the dotted box denotes the insertion

mutation kept establishing the PxWhite mutant strain. (B) The dotted line denotes the deletion mutation kept establishing the PxABCG mutant strain.
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regulated DBM susceptibility to high temperature by altering cuticle permeability. This suggests that ABCG transporter genes play an impor-

tant role in the thermal adaptation of DBMand potentially other insect pests for which new controlmethods are needed to combat insecticide

resistance and prevent crop losses.
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Figure 10. Effect of extremely high temperature on survival rates of the wild-type, PxWhite-deficient and PxABCG-deficient diamondback moth

(A) The percentage of fourth-instar larvae of DBM developed into pupae after exposure to high temperatures. Survival rates of DBM are presented for females

(B) and males (C) after exposure to high temperatures. Survival rates are represented as mean G SE. Twenty individuals were used for each replicate, with four

replicates in each treatment. The curves were generated from the equation: log[p/(1-p)] = a + b T where T is temperature (�C). The significant test was in the

Tables S4 and S5.
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Figure 11. The larvae of WT, PxABG-MU and PxWhite-MU were stained with Eosin Y
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

DNeasy Blood and Tissue Kit Qiagen Cat#69504

Eastep� Super Total RNA Extraction kit Promega Cat#LS1040

GoScriptTM Reverse Transcription System Promega Cat#A5001

Phanta Max Super-Fidelity DNA Polymerase Vazyme Cat#P505-d1

Gel Extraction Kit Omega Cat#D2500-01

SYBR Green Supermix Promega Cat#A6001

HiScribe� T7 Quick High Yield RNA Synthesis Kit New England Biolabs Cat#E2040S

TiANamp Genomic DNA Kit TIANGEN Cat#DP304-02

0.5% Eosin Y Scientific Phygene Cat#PH0720

Deposited data

Whole genome resequencing data This paper CRA014483, https://ngdc.cncb.ac.cn/gsa

Transcriptome data This paper CRA014495,https://ngdc.cncb.ac.cn/gsa

Experimental models: Organisms/strains

WT/CS Storage in lab N/A

HS Storage in lab N/A

Pxwhite-MU Storage in lab N/A

PxABCG-MU Storage in lab N/A

Oligonucleotides

Primer for PCR in SNP mutant detecting: PxWhite: forward:

ATGACGGCGGGAAATGAGGAGCAGGAGC; reverse:

TTATTTCGCCCTGCGCGTCCTCAGGACCAG

This paper N/A

Primer for PCR in SNP mutant detecting: PxABCG: forward:

AGTGCGTCGTGCTATAGTGGG; reverse:

AGTGCGTCGTGCTATAGTGGG

This paper N/A

Primer for RT-qPCR: PxWhite: forward:

AGAAGTCATATCGGAGTTG; reverse:

GTATAACATTCTGTGCCATAA

This paper N/A

Primer for RT-qPCR: PxABCG: forward:

CAAGTTGGGTAGTGAGCTCGG; reverse:

ATGGAGAGCCGCTTGTACTGC

This paper N/A

Primer for obtaining the templates for in vitro

transcription of the sgRNAs: PxWhite: forward:TAATA

CGACTCACTATAGGTCAGCGAGTTGAGGAGTGG

TTTTAGAGCTAGAAATAGCAAGTTAA

This paper N/A

Primer for obtaining the templates for in vitro

transcription of the sgRNAs: PxABCG:

TAATACGACTCACTATAGGAGCATCGC

GACACTCGCTCGGTTTTAGAGCTAGA

AATAGCAAGTTAAAATAAGGCTAGTCC

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer for obtaining the templates for in vitro

transcription of the sgRNAs: reverse: AAAA

GCACCGACTCGGTGCCACTTTTTCAAGTT

GATAACGGACTAGCCTTATTTTAACTTGC

TATTTCTAGCTCTAAAA

This paper N/A

Primer for PCR in base insertion or deletion

after genome editing: PxWhite: forward: CAAA

CCCTTCACACCGACATT; reverse: CAATGAA

CAGGTCCTGTTGTTG

This paper N/A

Primer for PCR in base insertion or deletion after

genome editing: PxABCG: forward:ACTTTATCC

AAGCAAACCTCAGT; reverse: ACGCCAACGT

AGTCACTTTTA

This paper N/A

Software and algorithms

TWOSEX-MSChar Chi et al.54 http://140.120.197.173/Ecology/Download/

Twosex-MSChart-exe-B100000.rar

SOAPnuke1.5.6 Chen et al.55 https://github.com/BGI-flexlab/SOAPnuke

Burrows-Wheeler Aligner BWA Li and Durbin56 https://maq.sourceforge.net/

SAMtools Li et al.57 https://maq.sourceforge.net/

RepeatMasker www.repeatmasker.org

PoPoolation 1 Kofler et al.58 http://code.google.com/p/popoolation/

PoPoolation2 Kofler et al.59 http://code.google.com/p/popoolation2/

Bowtie2 v2.2.5 Langmead and Salzberg60 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

RSEM Li and Dewey61 https://github.com/deweylab/RSEM/

archive/v1.3.1.tar.gz

DESeq2 Love et al.62 http://www.bioconductor.org/packages/release/

bioc/html/DESeq2.html.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to andwill be fulfilled by the lead contact, YantingChen (fafucyt@126.com).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� The source data is available as listed in the key resources table.
� No original code was generated for this paper.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Insect

The control strain of DBM, WT/CS, was obtained from the Institute of Zoology, Chinese Academy of Sciences (Beijing) in 2012. Since then, it

has been maintained on artificial diet at a constant favorable temperature of 26�C in a climate incubator (DRX-400-DG, Ningbo Saifu Exper-

imental Instrument CO., LTD, China). Approximately 1,000 control strain individuals were then kept under the elevated temperatures of 27�C
for 12 h (dark) and 32�C for 12 h (light) in a climate incubator. The elevated temperature regimes utilized in this study were based on a study by

Liu et al. that investigated the relationship between temperature and developmental rate in DBM, demonstrating their ability to survive and

develop at temperatures of a maximum of 32�C.63 Five replicate and independent hot-evolved populations were created. These hot-evolved
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populations were originally from a favorable-temperature (26�C) population, which are genetically homogenous and maintained under the

same temperature condition of 32�C for one year. They were therefore taken to be a single strain or and termed as the hot-evolved strain (HS).

METHOD DETAILS

Fitness parameters

The life tables of CS strain and the 1st, 5th, 10th, 20th and 30th generations of HS strain were established for investigating and comparing their

development times, rates of survival, and rates of reproduction when maintained under favorable and high temperature conditions. Thirty

newly laid eggs (< 12 h old) were placed in plastic Petri dishes (9 cm in diameter) with 3 replications (total 90 eggs), and thenmaintained under

favorable and high temperature conditions. The three repeats were sampled from five hot-evolved populations. The number of larvae

hatched from eggs was counted. Survival and development of each treatment was recorded every 12 h until all individuals died. The larvae

were fedwith artificial diet. After pupal emergence, all females andmales in one repeat were transferred to plastic boxes formating and laying

eggs. Adults were provided with 10% honey. Eggs laid by females were counted every 12 h until all females died.

Life table data of CS and HS strains were analyzed using TWOSEX-MSChar.54 The age-stage specific survival rate (sxj), age-specific survival

rate (lx), age-specific fecundity (mx), age-stage specific life expectancy (exj) and age-stage specific reproductive value (vxj) were calculated.
64,65

The population parameters, including net reproductive rate (R0), intrinsic rate of increase (r), finite rate (l) and mean generation time (T), were

also calculated. The variances and standard errors of these parameters were estimated using bootstrap technique with 100,000 times. Paired

bootstrap tests were used to compare the difference between these parameters in CS and HS strains at a 5% significance level.

Responses to high temperature

Responses of CS and HS strains were tested using adults from the 56th generation. Female or male individuals emerged within 24 h were

placed singly into 1.5 mL clear plastic vials (4.0 cm height) with a pinhole in the side wall for aeration. For each strain, twenty vials with females

and twenty withmales were then put into a plastic container (16.5 cm length, 11.5 cmwidth, 3.5 cm height). Four plastic containers with CS and

four with HS DBM adults were placed into a climate incubator (DRX-400-DG, Ningbo Saifu Experimental Instrument CO., LTD, China) and

subjected to one of the following heat shock treatments: 39�C, 40�C, 41�C, 42�C, 43�C, and 44�C, for 2 h. After each heat shock treatment,

the plastic containers were removed from the climate incubator and placed in a temperature-controlled room at 26�C for 24 h, after which

survival rate was recorded.

Logistic regressionmodels were statistically fitted to the survival data to test the response of DBM to different temperatures. The results of

the heat-shock experiment were numerically analyzed using themodel log [p/(1�p)] = ajk + bjk T, where j is the strain (CS or HS), k is sex (male

or female), and T is temperature (�C) used as a continuous predictor.

DNA sequencing, mapping, and data processing

Genomic DNA of CS and HS strain DBMwas extracted for pool sequencing, respectively. The 33rd generation DBM of HS were sampled. For

each population, DNA was extracted from 300 females with 10 replicates (30 females in each repeat). Two replicates were sampled for each

evolved HS population (10 replicates in total). Genomic DNA was extracted using DNeasy Blood and Tissue Kit following the manufacturer’s

protocol (Qiagen, 69504). Genomic resequencing was performed with Illumina HiSeq 2000 at BGI, Shenzhen, China. Each sample

was sequenced with a 10 3 coverage. Sequencing libraries for each sample were constructed according to the manufacturer’s protocol.

SOAPnuke1.5.6 was used to eliminate the raw reads with adapters, unknown and low-quality bases, by the following parameters: -n 0.1

-l 20 -q 0.5 -Q 2 –G.55 Trimmed sequences were mapping to the DBM reference genome using Burrows-Wheeler Aligner BWA.56 The

mapping results in SAM format were converted into BAM format using SAMtools57 and filtered for a minimum mapping quality of 30.

BAM files were transformed to pileup and mpileup files using SAMtools. Simple sequence repeats were identified using RepeatMasker

(www.repeatmasker.org) with default sensitivity parameters but without interspersed repeats (option: -noint). Indels and 5 bp downstream

and upstream every indel were identified using the script identify-genomic-indel-regions.pl from PoPoolation 1.58 Then pileup files were con-

verted to the PoPoolation2-specific sync format using the scriptmpileup2sync.jar fromPoPoolation 2.59 Indels and simple sequence repeats in

sync files were subsequently removed using the script filter-sync-by-gtf.pl from PoPoolation 2.59

RNA sequencing and data analysis

Prior to RNA sequencing, the hot-evolved populations (the 33rd generation of HS, HS33) and CS were maintained at constant 26�C for two

generations to eliminate environmental effects.11 Individual pupae were placed into 1.5 mL clear plastic vials. Female adults emerging within

6 h were sampled and frozen in liquid nitrogen. For each strain, ninety vials with females were evenly put into three 1.5 mL tubes as three

repeats (each tube with 30 females). All tubes with frozenmoth samples were stored at -80�Cbefore RNA extraction. Total RNAwas extracted

using Eastep� Super Total RNA Extraction kit (LS1040, Promega, USA), following themanufacturer’s protocol. A NanoDrop Spectrophotom-

eter (ND2000, Thermo Scientific, USA) and 2% agarose gel electrophoresis were used to determine the quality and quantity of RNA.

Transcriptome sequencing was performed with BGISEQ-500 at BGI, Shenzhen, China. mRNA libraries for each sample were constructed

according to the manufacturer’s protocol. Raw data with low quality, adaptor-polluted and high content (> 5%) of unknown base (N) reads

were filtered using SOAPnuke1.5.6.55 Clean reads were stored in FASTQ format. HISAT was used to preform de novo assembly with clean

reads of high quality to obtain transcripts. Then Bowtie2 v2.2.560 was used to perform map clean reads to reference genome. Finally,
16 iScience 27, 109242, March 15, 2024
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RSEM61 was used to calculate the gene expression levels of genes and transcripts. Differentially expressedgenes (DEGs) were identified using

DESeq262 after adjustment for false-discovery rate (Q-values < 0.05). Gene Ontology (GO) enrichment and KEGG pathway analysis of DEGs

were both implemented using phyper in R. The P values were adjusted by false discovery rate (FDR). The term with FDR less than 0.05 was

defined as significant enrichment.

Identification of candidate genes

To identify genes likely to be differentiated, we used a two-pronged method to identify the most strongly differentiated alleles. The pairwise

FST was calculated using the script fst-sliding.pl with the following parameters. The site with a read depth lower than 203 and higher than 98%

coverage were excluded from the analyses. A minor allele count of 6 was used as cutoff of SNPs to be called. To avoid increased stochastic

error rates, FST was estimated for non-overlapping windows with setting window size and step size as 1000. Using the parameters described

above, FST was also obtained for coding and non-coding regions. We then estimated the population parameter p to characterize genome

wide patterns of variation and differentiation. Variance-sliding.pl in PoPoolation2 was used to estimate p. We assumed a minimum count of

two, window size and step size of 1000 and used unbiased estimators for pooled data that corrected for pool size and coverage.59,66 Further,

snp-frequence-dif.pl was used to calculate the allele frequency differentiation across all SNPs. Only those falling into the upper 5% tail of the

distribution were considered to be truly differentiated. The called SNPs were eventually subjected to two-sided Fisher’s exact test (FET) using

fisher-test.pl.

We defined candidate genes as those meet all the following criteria: (1) contained SNPs whose FST-value fell into the top 5% of the FST
distribution; (2) contained SNPs whose p fell into the top 5% of the p distribution; (3) statistically significant allele frequency differentiation

between populations with -log 10 (p-value) > 10; and (4) significantly different gene expression between CS and HS.

SNP mutant detecting

Nine females from the 44th generation of HS (HS44) were randomly selected from five independent hot-evolved populations to extract RNA.

Total RNA was extracted using Eastep� Super Total RNA Extraction kit (LS1040, Promega, USA), following the manufacturer’s protocol. The

quality and quantity of RNAwere determined by aNanoDrop Spectrophotometer (ND2000, Thermo Scientific, USA) and 2% agarose gel elec-

trophoresis, respectively. cDNA was synthesized using GoScriptTM Reverse Transcription System (A5001, Promega Corporation, USA).

PCR was performed with a 25 mL total reaction mixture, including 12.5 mL 2 3 reaction buffer, 0.5 mL dNTP mix, 1.0 mL of primers (PxWhite:

forward: 5’-ATGACGGCGGGAAATGAGGAGCAGGAGC-3’, reverse: 5’-TTATTTCGCCCTGCGCGTCCTCAGGACCAG-3’; PxABCG: for-

ward: 5’-AGTGCGTCGTGCTATAGTGGG-3’, reverse: 5’-AGTGCGTCGTGCTATAGTGGG-3’), 0.5 mL DNase, 7.5 mL nuclease-free water,

and 2.0 mL cDNA, using the Phanta Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China). The PCR conditions were set as follow:

95�C for 5min; 35 cycles of 95�C for 15s, 70�C (PxWhite) / 61�C (PxABCG) for 15 s, 72�C for 2 min (PxWhite) / 1 min (PxABCG); and 72�C
for 5min. PCR products were purified using Gel Extraction Kit (Omega, Morgan Hill, GA, USA) and then Sanger sequenced by Biosune Comp-

ony (Fuzhou, China). Snap Gene software was used to compare the sequences of PxWhite and PxABCG between CS and HS. The allele fre-

quencies of all SNPs in PxWhite and PxABCG were calculated to detect the mutant SNP.

Gene expression analysis

We used one control with CS DBM under favorable temperature at 26�C and four with CS DBM under four different temperature treatments.

For the treatments, emerged adults were individually placed in a 1.5 mL plastic vial with a pinhole in the side wall and exposed to one of the

following temperature treatments: two high-temperature treatments of 40�C for 30 min (H1) and 43�C for 30 min (H2); and two low-temper-

ature treatments 4�C for 30 min (L1) and -17�C for 30 min (L2). Each temperature treatment and control included 15 vials with females and 15

vials with males. After each treatment, the vials were immediately frozen in liquid nitrogen and then stored at -80�C before RNA extraction.

Total RNA was extracted, and the quality and quantity of RNA were determined. Then cDNA was synthesized with 1.0 mg of total RNA.

RT-qPCR was performed using the target gene-specific primers (PxWhite: forward: 5’-AGAAGTCATATCGGAGTTG-3’, reverse: 5’-GTATAA

CATTCTGTGCCATAA-3’; PxABCG: forward: 5’-CAAGTTGGGTAGTGAGCTCGG-3’, reverse: 5’- ATGGAGAGCCGCTTGTACTGC-3’), which

was designed using Oligo 7. The PxRPL32 was as reference gene for normalization. RT-qPCR was conducted with a 20 mL total reaction

mixture, including 2 mL cDNA, 0.4 mL of forward and reverse primer, 0.15 mL CXR reference dye, 7.05 mL nuclease-free water and 10 mL

SYBR Green Supermix (A6001, Promega Corporation, USA) using QuantStudioTM 6 Flex real-time PCR system (ThermoFisher Scientific,

USA). PCR conditions were set as follow: 95�C for 10 min, 40 cycles of 95�C for 15 s, 60�C for 30 s and then for a melt curve: 95�C for 15 s,

60�C for 1 min, 95�C for 15 s. The relative expression level of PxWhite and PxABCG in each treatment was normalized to the expression level

of samples under control temperature, using 2�DDCt method.67

CRISPR/Cas9-based genome editing

The CS was used for functional validation of PxWhite and PxABCG. We selected sgRNA target sites 5’ - GGAGCATCGCGACACTCGCT - 3’ in

PxABCG exon 3 and 5’ - GGTCAGCGAGTTGAGGAGTG - 3’ in PxWhite exon 3 according to the principle of 5’ - N20NGG - 3’ (with the PAM

sequence underlined). To obtain the templates for in vitro transcription of the sgRNAs, PCRwas performedwith a 50 mL total reactionmixture,

including 25 mL 2 3 buffer, 1.0 mL dNTP, 1.0 mL DNA polymerase, 1.5 mL of primer pairs (forward:5’-TAATACGACTCACTATAGGTCAGC

GAGTTGAGGAGTGGTTTTAGAGCTAGAAATAGCAAGTTAA-3’ (PxWhite) / 5’-TAATACGACTCACTATAGGAGCATCGCGACACTCGC
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TCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCC-3’(PxABCG); reverse: 5’-AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAA-3’) and 20 mL nuclease-free water. PCR conditions were set as fol-

lowed: 95�C for 3min; 35 cycles of 95�C for 15 s, 68�C for 15 s, 72�C for 30 s, and then 72�C for 5min. The PCRproducts were purified usingGel

Extraction Kit (Omega, Morgan Hill, GA, USA). In vitro transcription was performed to generate sgRNAs using HiScribeTM T7 Quick High

Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA, USA) in a 15 mL total reaction mixture, including 1.0 mL T7 RNA polymerase

mix, 5.0 mL NTP buffer mix, 250 ng in vitro transcription templates of sgRNA, and added nuclease-free water to 15 mL. The reaction mixture

was incubated under 37�C overnight. Then 1 mL DNase was added and incubated under 37�C for 30 min to get the sgRNA. The synthesized

sgRNA was stored at -80�C for use after purification with phenol-chloroform extraction and ethanol precipitation.

For CRISPR knockout, a reaction mixture of 100 ng/mL Cas9 protein (GenCrispr, Nanjing, China), 300 ng/mL sgRNA, 0.5 mL 103 reaction

buffer and adding nuclease-free water to 10 mL was first prepared. The mixture was then incubated under 37�C for 20 min. Fresh eggs,

laid within 15 - 20min, fromWT females were injected with this mixture using an IM 300Microinjector (Narishige, Tokyo, Japan). Microinjected

eggs were then incubated at 26�C. Themicroinjected eggs that could successfully hatch andmature from larvae to adults were defined as G0.

Newly emerged G0 adults were individually mated with control stain CST adults. After mated females laid eggs (G1), the gDNA of G0 moths

were individually extracted using TiANamp Genomic DNA Kit (TIANGEN, China). Then PCR amplification with specific primers (PxWhite:

forward: 5’-CAAACCCTTCACACCGACATT-3’, reverse: 5’- CAATGAACAGGTCCTGTTGTTG-3’; PxABCG: forward:5’-ACTTTATCCAAG-

CAAACCTCAGT-3’; reverse: 5’-ACGCCAACGTAGTCACTTTTA-3’) and sequencing were performed. The offspring of G0 with mutations

were kept. The remaining G1moths were paired individually to generate G2 progeny. When paired G1 female and male had the same allelic

mutation (Aa), their offspring (G2) were preferentially kept. Three G2 lines could be generated, including nomutation (aa), mutation in single-

strand DNA (Aa) and double-stranded DNA (AA). The remaining G2 moths were also paired individually to generate G3 progeny. When

paired G2 female and male had the same lines (AA), their offspring (G3) were homozygous mutant, and considered to develop the homozy-

gous mutant strain. If homozygous individuals could not be obtained in G3, mutation screening was continued to perform until obtaining the

homozygous mutant strain (Pxwhite mutant strain (Pxwhite-MU) and PxABCG mutant strain (PxABCG-MU)).
Bioassay: Responses of mutant DBM to high temperatures

DBM strains used in this assay were CS, Pxwhite-MU and PxABCG-MU fourth instar larvae and adults. Twenty fourth instar larvae of CS,

PxWhite-MU, and PxABCG-MU strains were put into a Petri dish (90 mm diameter). Then the Petri dishes were placed into the climate incu-

bator where temperatures were set as 40�C, 41�C, 42�C, 43�C, and 44�C, for 2 h. Each treatment was repeated four times. After each heat

shock treatment, the Petri dishes with larvae were removed from the climate incubator and placed in a temperature-controlled room at

26�C. The artificial diet was provided for the larvae. The number of larvae that could develop into pupae was recorded. The bioassay method

for the adults was the same as the bioassay for responses of HS to high temperatures.
Eosin Y staining

To investigate the effect of PxABCG and PxWhitemutants on cuticle permeability, Eosin Y staining was performed on fourth instar larvae. Ten

larvae were used for each strain. The larvae were put into a 2 mL microcentrifuge tube containing 1.5 mL dye solution (0.5% Eosin Y, PH0720,

Scientific Phygene) and kept under 45�C for 2 h. Then, the larvae were washed using water until no Eosin Y was on the surface. Finally, the

larvae were photographed with stereomicroscope (Lycra DMi8).
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