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摘要 

 

生物如何適應環境是研究生物多樣性形成的核心問題之一。適應性遺傳變異

來源可以是新形成的突變或是既有的遺傳變異（standing genetic variation），我們

對於兩者的重要性及他們如何共同作用的理解仍然不足。同時，我們也需要更多

的實證研究來釐清生物如何在基因流下達成地區性適應（local adaptation）。了解

這兩個生物適應的問題能增加我們對生物多樣性形成的基本原理。本研究我們以

在臺灣表現出生殖光週期的地區性適應現象的尼泊爾埋葬蟲為對象，透過比較全

年繁殖及季節性繁殖個體間的遺傳差異，我們發現不同族群透過不同的遺傳機制

決定生殖光週期的表現型。而重建親緣關係樹的結果顯示，臺灣現今的尼泊爾埋

葬蟲族群是由多次的遷入事件所構成。族群遺傳結構分析的結果則顯示染色體倒

位幫助了維持族群間的遺傳差異。我們認為多次遷入與染色體倒位共同導致了多

種遺傳調控機制的現象，並且也使得新突變與既有遺傳變異共同幫助了基因流下

的本地適應。本篇研究展示了複雜的族群形成歷史與染色體倒位在地區性適應中

扮演的角色，為生物多樣性的起源機制提供了新的觀點。 

 

 

關鍵字：尼泊爾埋葬蟲、地區性適應、染色體倒位、既有遺傳變異 
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Abstracts 

How organisms adapt to their environment is one of the core questions in studying 

the formation of biological diversity. The source of adaptive genetic variation can either 

be newly formed mutations or standing genetic variations. Our understanding of the 

importance of these two and how they interact is still insufficient. Simultaneously, we 

also need more empirical research to clarify how organisms achieve local adaptation 

under gene flow. Understanding these two questions about biological adaptation can 

enhance our basic principles of the formation of biological diversity. In this study, we 

focused on the Nicrophorus nepalensis, which exhibits locally adapted reproductive 

photoperiodism in Taiwan. By comparing the genetic differences between individuals 

who reproduce throughout the year and those who reproduce seasonally, we found that 

different populations regulate the phenotype of reproductive photoperiodism through 

different genetic mechanisms. The results of reconstructing the phylogenetic tree show 

that the current N. nepalensis populations in Taiwan are composed of multiple 

immigration events. The results of population genetic structure analysis reveal that 

chromosomal inversion helps to maintain genetic differences between populations. We 

believe that multiple migrations and chromosomal inversions have collectively led to 

the phenomenon of multiple genetic regulatory mechanisms. Additionally, they have 
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allowed new mutations and standing genetic variations to jointly assist in local 

adaptation under gene flow. This research demonstrates the roles of complex population 

formation history and chromosomal inversion in local adaptation, providing new 

perspectives on the mechanisms of origin of biological diversity. 

 

Keywords: Nicrophorus nepalensis, Local adaptation, Chromosomal inversion, 

Standing genetic variation.  
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1. Introduction 

 

Why are there such diverse forms of life on Earth? This enduring question has 

fascinated biologists for centuries. Darwin's theory of natural selection posits that 

individuals possessing characteristics more adapted to their environment have a higher 

probability of survival and successful reproduction. Over time, these advantageous traits 

are likely to increase in frequency within a population. If differences among populations 

accumulate gradually over time, it is possible that a wider variety of species may 

evolve. 

For adaptation to occur, there must be various characteristics within the population 

from which to select. While traditional considerations focused on phenotypic diversity 

(Bolnick et al., 2011), the field of evolutionary genetics has increasingly recognized the 

contribution of genetic-level diversity to adaptation. For instance, cryptic genetic 

variation can promote population adaptation when environmental changes occur (Paaby 

& Rockman, 2014). In summary, genetic variation is an indispensable factor in the 

generation of adaptation in populations (Lande & Shannon, 1996). 

The genetic variation that facilitates adaptation may arise from new mutations or 

from pre-existing variation within the population, known as standing genetic variations. 

Increasing research points out that standing genetic variations can enable rapid 
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adaptation in populations (Bitter et al., 2019; Chaturvedi et al., 2021; Marques et al., 

2019), many studies also suggest that most adaptations arise from standing genetic 

variations rather than new mutations (Barrett & Schluter, 2008; Lai et al., 2019). 

Therefore, standing genetic variations to some extent reflect the adaptability and 

vulnerability of organisms in response to changing environments (Jump et al., 2009; 

Prentis et al., 2008), they are also considered to play a significant role in the early stages 

of speciation (Fuhrmann et al., 2023; Jones et al., 2012). Despite the growing body of 

research elucidating the importance of standing genetic variations for adaptation, many 

aspects remain unclear regarding the mechanisms by which standing genetic variations 

arise, and how new mutations and standing genetic variations interact to influence 

adaptation. 

In addition, how populations with gene flow achieve local adaptation is also a 

critical question in the study of adaptation and speciation. Gene flow is considered a 

fundamental force in adaptation and speciation because it can propagate genetic 

variations among populations, providing more genetic diversity for selection 

(Gomulkiewicz et al., 1999; Holt & Gomulkiewich, 1997; Kawecki, 2000). However, 

on the other hand, gene flow is also thought to hinder the formation of local adaptation 

(Bridle & Vines, 2007; Lenormand, 2002; Sanford et al., 2006; Smadja & Butlin, 2011) 
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because it counteracts the genetic differentiation brought about by selection, and it 

might introduce detrimental alleles to the local populations, thus reducing their fitness. 

In order to explore the source of adaptive genetic variation and how species 

maintain local adaptation under gene flow conditions, in this study, we used the 

Nicrophorus nepalensis, which is widely distributed in Asia and shows a local 

adaptation phenomenon in Taiwanese populations, as research material. We aim to 

identify the genetic variations related to adaptation in this population and trace their 

origin and formation mechanisms. 

N. nepalensis is a stenothermic insect (Hwang & Shiao, 2011). In many 

populations inhabiting different latitudes, both field population density surveys and 

laboratory thermal tolerance experiments reveal that these populations possess similar 

thermal niches (with an optimal temperature of approximately 16°C~18°C, Tsai et al., 

2020). However, due the to different latitudes and elevational ranges of their habitats, 

some populations are unable to rely solely on migration to higher elevations to endure 

the relatively hot summer. Therefore, some populations undergo reproductive diapause 

to survive the warm season (Tsai et al., 2020).  

The key factor triggering the diapause response in N. nepalensis is photoperiod 

(Hwang & Shiao, 2011). As mentioned, different habitats have different latitudinal and 

elevational ranges, thus, for different populations, the photoperiod corresponding to the 



doi:10.6342/NTU202302705

4 
 

suitable reproductive season also varies. Accordingly, N. nepalensis in Taiwan 

demonstrates locally-adapted reproductive photoperiodism (Tsai et al., 2020): the 

population in Mt. Hehuan does not enter diapause under long-day stimulation due to the 

mountain's year-round provision of habitats with suitable temperatures for this 

population, in contrast, the upper limit of Wulai mountain's elevation is lower, and it 

cannot provide suitable temperature habitats in summer, some individuals here enter 

diapause under short-day stimulation. Transplant experiments confirm that such 

differentiation in reproductive photoperiodism is the result of local adaptation (Tsai et 

al., 2020). 

In our previous research, following the method of common garden experiment by 

Tsai et al. (2020), we found that N. nepalensis from Mt. Yangming, when reared under 

long-day conditions (14L:10D light conditions), failed to reproduce successfully. On the 

contrary, when reared under short-day conditions (10L:14D light conditions), almost all 

individuals were able to reproduce successfully. Concurrently, our field population 

density surveys showed that there was hardly any N. nepalensis found in Mt. Yangming 

during the warmer months from June to September. Therefore, even without the 

evidence from transplant experiments, we believe that the Mt. Yangming population 

likely exhibits local adaptation in reproductive photoperiodism. 
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In addition, we have observed a chromosomal inversion occurred in the N. 

nepalensis populations in Taiwan and Fujian among all Asian populations. In some 

individuals, an inverted segment of approximately 13MB is present on the third 

chromosome (Figure 1). Moreover, in Taiwan, similar to the distribution of the 

reproductive photoperiod phenotype, the frequency of chromosomal inversions also 

shows a gradual difference among three populations (Mt.Yangming, Wulai, and Mt. 

Hehuan) (Figure 2). That is, no inversion occurs in the populations south of Mt. Lala 

(Mt. Lala, Mt. Hehuan, and Dahan forest road), while it exists at a certain frequency in 

the Wulai population, and is fixed in the Mt.Yangming population.  

However, the genotype of the chromosomal inversion does not completely 

correspond with the reproductive photoperiod phenotype. In the Wulai population, we 

found that a small portion of chromosomal inversion homozygotes can still successfully 

reproduce under long-day conditions. This suggests that we might not fully understand 

the genetic mechanisms that determine the reproductive photoperiodism of N. 

nepalensis in Taiwan. 

Here, we compared the fixation index (FST) of different reproduction 

photoperiodism phenotypes in the Mt. Yangming, Wulai, and Mt. Hehuan populations 

to find genetic variations related to photoperiodic reproduction. We used a random 

forest classifier to examine the actual effects of these variant genotypes on the 
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photoperiodic reproduction trait. At the same time, we used population genetic structure 

analysis and phylogenetic trees to clarify the evolutionary history of Taiwan’s N. 

nepalensis and the gene flow between populations. With this combined evidence, we 

hope this study can provide a possibility for the sources of adaptive genetic variation 

and the reasons for the formation of local adaptation, thus helping us to better 

understand the principles of biodiversity formation. 
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2. Materials and Methods 

 

2.1 Establishment and maintenance of buried insect populations in laboratories 

 

To conduct breeding experiments indoors, we established laboratory populations 

for the various field populations of the N. nepalensis, including those from Mt. 

Yangming, Wulai, and Mt. Hehuan. We trapped wild N. nepalensis individuals from the 

aforementioned locations using hanging traps filled with rotten pork mince and brought 

them back to the lab for breeding to establish the first generation of laboratory 

populations, which we referred to as wild-types. Subsequent generations were called F1, 

F2, and so forth. All the populations were kept at a constant temperature of 17℃ and 

humidity of 83-100%. However, the Mt. Yangming and Wulai populations were raised 

in a 10L:14D light condition, while the Mt. Hehuan population was raised in a 14L:10D 

light condition. Each individual was separately housed in a transparent 320ml plastic 

box filled with fresh potting soil, and the soil humidity was checked weekly. As food, 

we provided superworms (Zophobas morio, Fabricius, 1776). 

When carrying out routine breeding to maintain the populations, we randomly 

selected beetles from different parental generations for pairing. Each pair of beetles 

were placed in a transparent plastic breeding box (21cm x 13cm x 13cm) filled with 



doi:10.6342/NTU202302705

8 
 

10cm of potting soil. A fresh rat carcass weighing 75±7.5 grams was placed on the soil 

surface as a breeding resource. Approximately 14 days later, when the larvae finish off 

the corpse and leave the original position, we moved them into separate transparent 

plastic boxes filled with potting soil for pupation. Once they had completed 

metamorphosis, we recorded their sex and individually placed each adult into a 320ml 

transparent plastic box with potting soil. 

 

2.2 Distinguishing reproductive photoperiodism phenotypes via breeding 

experiments 

 

In order to compare genetic differences between individuals of different 

reproductive photoperiodism phenotypes, we use the reproductive performance of 

individuals under long-day (14L:10D) stimulus as the basis for distinguishing the 

reproductive photoperiodism phenotype of the individuals. In many species exhibiting 

reproductive diapause, the critical period for initiating reproductive diapause (sensitive 

period for diapause) typically falls within a few days after emergence. For instance, in 

Drosophila montana, the sensitive period is approximately within 3 to 9 days after 

emergence (Salminen & Hoikkala, 2013)、while in Leptinotarsa decemlineata, the 

sensitive period is within 5 days after emergence (de Kort, 1990). Therefore, we 
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immediately transferred the larvae to a photoperiod environment of 14L:10D after they 

left the nest. We ensured that the duration of exposure to long-day conditions for our 

experimental individuals adequately covered this sensitive period. This precaution was 

adopted to ensure that our experimental conditions could effectively determine the 

diapause performance of these individuals. 

In the breeding experiment, we randomly paired a male and female individual from 

the same population that came from different parents. Each pair was placed in a 

transparent plastic breeding box (21cm × 13cm × 13cm) filled with 10cm thick culture 

soil. We provided a fresh rat corpse weighing 75±7.5 grams placed on the soil surface 

as a breeding resource and observed the breeding status of each group after 14 days. In 

order to avoid misjudgment of the diapause state of the individual due to a single 

individual in the pair not being sexually mature leading to breeding failure, or the 

individual being physiologically mature but not breeding, we only defined the 

individuals from the experimental pairs where the corpse was not buried and there were 

no signs of hair removal or biting as seasonal breeders. We defined the experimental 

individuals who successfully bred and had larvae hatched as year-round breeders for 

further analysis. 
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2.3 DNA extraction & whole–genome sequencing 

 

After all individuals completed the breeding experiment, the culture soil attached 

to the individuals was removed with a clean brush. While still alive, they were placed in 

clean 1.5 ml centrifuge tubes and stored in a -80°C freezer. We used the MagPurix 

Tissue DNA Extraction Kit (ZP02004, Zinexts Life Science Corp., Taipei, Taiwan) and 

MagPurix 12 EVO (Zinexts Life Science Corp., Taipei, Taiwan) for DNA extraction, 

and the Novaseq 6000 system (Illumina, Inc., CA, USA) was used for paired-end 

sequencing with a read length of 150 bp. 

 

2.3 Read processing and variants calling 

 

After obtaining the original sequencing data, we used Fastqc v0.11.8 (Andrews. 

2010) to check the quality of all samples, then used Trimmomatic v0.36 (Bolger et al., 

2014) for sequence trimming (fa:2:30:10, LEADING:3, TRAILING:3, 

SLIDINGWINDOW:4:15, MINLEN:36), then use bwa-mem2 v2.2.1 (Li & Durbin, 

2009) to map all trimmed reads to the reference genome assembled by (Chen, 2019). 
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For single nucleotide polymorphism (SNPs) calling, we overlap the SNPs set 

generated by GATK v4.4.0.0 (McKenna et al., 2010) with the set generated by 

Samtools v1.17 (Danecek et al., 2021) to make the detected SNPs more credible We 

used GATK HaplotypeCaller to generate the raw variation set and performed base 

quality score recalibration (BQSR) to obtain the recalibrated bam file. Then we used 

GATK and Bcftools mpileup in Samtools to perform SNPs calling again on this bam 

file. Finally, GATK was used to overlap the SNPs datasets generated by two different 

programs to generate the SNPs dataset for subsequent analysis. For structural variation 

(SV) calling, we also overlapped SV sets generated by different methods to produce a 

more credible SV set. We use GATK to intersect SV sets generated by DELLY v1.1.6  

(Rausch et al., 2012), Manta v1.6.0 (Chen et al., 2016) and Lumpy-sv v0.3.1 (Layer et 

al., 2014) for subsequent analysis. 

 

2.4 Population genetic structure and evolutionary history 

 

Understanding the genetic structure and evolutionary history among all samples 

can help us better comprehend the gene flow between populations and the origin of 

genetic variation. Using PLINK v1.90b6.21 (Purcell et al., 2007) we calculated the 

linkage disequilibrium of SNPs from individuals from Malaysia, Vietnam, Sichuan, 
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Fujian, Okinawa, Amami Oshima, Mt. Yangming, Wulai, Mt Lala, Mt. Hehuan, and 

Dahan Forest Road. SNPs with r2 < 0.3 were provided to Admixture v1.3.0 (Alexander 

& Lange, 2011) for population genetic structure analysis with K=2~15. To inspect the 

evolutionary history of the Mt. Yangming, Wulai, and Mt. Hehuan populations, we 

utilized iqtree v2.2.2.3 (Nguyen et al., 2015). The whole-genome reconstructed 

phylogenetic tree employed the optimal model TVM+F+ASC+R4, the tree 

reconstructed with the inversion region utilized the optimal model TVM+F+ASC+R5. 

For the phylogenetic tree reconstructed with the haplotype of the inversion region, we 

employed whatshap v1.6 (Martin et al., 2016) for haplotype phasing, subsequently 

calculating the phylogenetic tree using the optimal model TVM+F+ASC+R6. 

 

2.5 Identifying genetic variations regulating reproductive photoperiod phenotypes 

 

To understand the sources of adaptive genetic variation, it is essential to identify 

genetic variants associated with adaptive traits. We utilized individuals from Mt. 

Yangming, Wulai, and Mt. Hehuan populations bred in the laboratory (Mt. Yangming: 

n = 19, Wulai seasonal breeder: n = 10, Wulai year-round breeder: n = 9, Mt. Hehuan: n 

= 10) in an attempt to discover related variations. As individuals with different 

reproductive photoperiodism phenotypes might be picked from different populations, 
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we carried out comparisons among various population and phenotype combinations to 

sift out differences truly associated with phenotypes from genetic disparities between 

populations. Specifically, we grouped individuals with the same reproductive 

photoperiod phenotype from the same population (e.g., Wulai seasonal breeders as a 

group), and using SNPs and structural variation, set a sliding window size of 1KB to 

calculate the fixation index (FST) between different groups, selecting sites with FST > 0.8 

as candidate loci. We then used BEDTools v2.31.0 (Quinlan & Hall, 2010) to intersect 

these candidate loci with genomic features (Chen, 2019), considering any candidate loci 

within 1KB of known gene fragments as gene-related loci. Finally, we considered these 

gene-related sites that show high FST value in multiple comparisons as key genes 

regulating reproductive photoperiodism phenotypes. 

 

2.6 Relationship of genotype and reproductive photoperiodism phenotype 

 

After identifying the key genes that regulate the reproductive photoperiod, we 

reviewed the genotypes of each individual at the key gene sites using our mapping 

results. Further, we named these genotypes based on their type of variation relative to 

the reference genome, thereby collating the gene pool of N. nepalensis in Taiwan at the 

key gene sites. We then compared the genotype of each individual at the key gene sites 
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with their reproductive photoperiod phenotype, confirming the role of each gene in 

regulating the reproductive photoperiod. In addition, we used Python 3.11.3 to generate 

a random forest classifier to examine whether the key genes we identified could 

determine an individual's reproductive photoperiod. Specifically, we provided the 

genotype of each individual at the key genes, as well as information on their 

reproductive photoperiod phenotype and population for the creation of the random 

forest classifier. To enhance the reliability of the classifier, we also designed PCR 

primers for the key variant sites using primer3 v0.4.0 (Untergasser et al., 2012, Table 

1), amplifying these segments, and then identifying the genotype of some individuals at 

the key genes using Sanger sequencing, thereby increasing the sample size for 

generating the classifier. During the development of the random forest classifier, we 

divided the individual data used to create the model into a 70% training set and a 30% 

test set, generating a classifier composed of 100 decision trees with max depth = 4. We 

assessed its accuracy to quantify the predictive and explanatory power of the key genes 

we identified for the reproductive photoperiod phenotype. 
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2.7 Defining beneficial alleles 

 

Having understood the relationship between the reproductive photoperiodism 

phenotype and the genotypes at each key variant site, we aim to further clarify the 

source of the alleles that contributed to the adaptation of N. nepalansis in Taiwan. To do 

so, we first need to select the beneficial alleles from the identified variants. Specifically, 

if an allele allows a population to express a reproductive photoperiod phenotype adapted 

to the local environment (for example, enabling the Mt. Hehuan population to display a 

year-round breeding phenotype), we would define such an allele as advantageous for 

that population. 

 

2.8 Determining the source of genetic variation 

 

To understand the source of the genetic variation that enables local adaptations 

among the various N. nepalensis populations in Taiwan, we consider the results of the 

phylogenetic tree reconstruction and the distribution of beneficial alleles among 

populations. Specifically, if a beneficial allele is present in both the local and ancestral 

populations, we consider the adaptation as arising from standing genetic variation. If the 
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beneficial allele is found exclusively in the local population, we interpret this as an 

adaptation resulting from new mutation.  
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3. Results 

 

3.1 Population genetic structure of N.nepalensis 

 

 The results of population genetic structure analysis performed on the whole 

genome (Figure 3) show that individuals from Taiwan are all classified into the same 

cluster. Apart from the Vietnamese and Fujian, Sichuan population being classified into 

the same cluster, the other clusters are generally consistent with geographical 

distribution. This suggests that at the whole-genome level, there are certain differences 

in genetic composition among populations, and the differences among Taiwanese 

populations (Mt. Yangming, Wulai, Lalashan, Mt. Hehuan, and Dahanshan Forest 

Road) are relatively small. 

We then carried out population genetic structure analysis on the aforementioned 

groups using the inversion region (Figure 4). The results show that the division of most 

clusters is also generally consistent with geographical distribution. However, the 

Taiwanese populations are no longer classified into the same cluster but align closely 

with the genotype of the inversion. Specifically, most homozygotes present clear 

classifications, while heterozygotes demonstrate complex classification situations. 
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Combining the above two results, we believe that there is a certain degree of gene 

flow among Taiwanese populations, but greater genetic differences are shown within 

the inversion region.  

 

3.2 Taiwan population is composed of multiple immigrations 

 

Understanding the evolutionary history of N. nepalensis populations in Taiwan can 

help us clarify the origins of genetic variation. Here, using the whole-genome 

sequencing data from individuals in Malaysia, Vietnam, Sichuan, Fujian, Amami 

Oshima, Okinawa, Mt. Yangming, Wulai, Mt. Lala, Mt. Hehuan, and Dahan Forest 

Road, we reconstructed the phylogenetic tree of N. nepalensis (Figure 5). The results 

indicated a closer phylogenetic relationship among China (Sichuan and Fujian), Japan 

(Amami Oshima and Okinawa), and Taiwan (Mt. Yangming, Wulai, Mt. Lala, Mt. 

Hehuan, and Dahan Forest Road). Considering the flying capability of N. nepalensis 

and the fact that Taiwan is a young island, we inferred that the N. nepalensis 

populations in Taiwan likely originated from Eurasia, which was connected to Taiwan 

during the glacial period. 

Since chromosomal inversions can reduce recombination, phylogenetic trees based 

on inversion region sequences can effectively help us understand the evolutionary 
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history among populations with gene flow. Therefore, we subsequently reconstructed 

the haplotype phylogenetic tree of the Fujian and Taiwanese populations based on the 

inversion region (Figure 6). The results showed that both copies of all chromosomal 

inversion homozygotes in Taiwan were divided into the same clade, while other 

Taiwanese haplotypes were divided into another clade. We believe this indicates that 

the N. nepalensis population in Fujian might be the common ancestor of the Taiwanese 

populations, and the Taiwanese populations might have been formed by more than one 

immigration event. we believe the clade of chromosomal inversion homozygotes 

belongs to same immigration event (we call it A immigration here), while the clade of 

other Taiwanese individuals belongs to another immigration event (we call it B 

immigration here). This not only shows that chromosomal inversions were introduced 

into Taiwan more than once, but also shows that there are two different genetic 

compositions of chromosomal inversion fragments within the Taiwanese populations. In 

terms of the inversion region, Mt. Yangming belongs to the A immigration, while Mt. 

Hehuan belongs to the B immigration, and Wulai has some individuals from the A 

immigration and some from the B immigration. 

 

3.3 Genetic variation in the regulation of the reproductive photoperiodism 

 



doi:10.6342/NTU202302705

20 
 

After understanding the evolutionary history of N. nepalensis in Taiwan, we then 

tried to identify genetic differences related to adaptive traits. Here, we calculated the FST 

values between different N. nepalensis populations and compared them with genomic 

features to identify genetic variations related to the reproductive cycle. We first 

calculated FST values using single nucleotide polymorphisms (SNPs). The results 

showed that in the comparison between the seasonal breeders and year-round breeders 

in Wulai, there were no sites with FST > 0.8 (Figure 7). This suggests that the 

differences in reproductive photoperiodism phenotypes may not be caused by SNPs, but 

by structural variations or other differences.  

We further calculated FST using structural variation, and the results showed that a 

candidate site was found on chromosome 4 in the comparison between seasonal 

breeders and year-round breeders in Wulai (Figure 8). In the comparison between 

seasonal breeders in Mt. Yangming and year-round breeders in Mt. Hehuan, no 

candidate site was found on chromosome 4, and 153 candidate sites were concentrated 

within an approximately 13 MB region on chromosome 3, which is the inversion region 

(Figure 9). In the comparison between seasonal breeders in Wulai and year-round 

breeders in Mt. Hehuan, there were six candidate sites, five of which were in the 

inversion region, and another was on chromosome 4 (Figure 10). There were 8 

candidate sites between seasonal breeders in Mt. Yangming and year-round breeders in 
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Wulai (Figure 11), and 2 candidate sites between seasonal breeders in Mt. Yangming 

and seasonal breeders in Wulai, located outside the inversion region on chromosome 3 

and on chromosome 4, respectively (Figure 12). 

After identifying the candidate sites, we further intersected these sites with 

genomic features to determine if these sites were related to known genes. The results of 

the intersection showed that 25 candidate sites were related to gene sequences in the 

structural annotation (Table 2), 24 of which were located in the inversion region, and 

the other was on chromosome 4. Among the 24 candidate sites located in the inversion 

region, 23 sites only had high FST values in the comparison between seasonal breeders 

in Mt. Yangming and year-round breeders in Mt. Hehuan. Another candidate site 

(corresponding to the peroxisomal membrane protein PMP34) also showed high FST 

values in the comparison between seasonal breeders in Wulai and year-round breeders 

in Mt. Hehuan. This indicates that this gene may play a significant role in determining 

the reproductive photoperiodism of N.nepalensis. The candidate site on chromosome 4 

(corresponding to the ceh-30 gene) also had high FST values in the comparisons between 

seasonal breeders in Wulai and Mt. Yangming, and between seasonal breeders and year-

round breeders in Wulai. 
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By combining the results of high FST value sites and intersections in each group, 

we believe that the chromosome 3 inversion, PMP34, and ceh-30 are key variations that 

regulate the reproductive photoperiod of N. nepalensis in Taiwan. 

 

3.4 Relationship between genotype and reproductive photoperiodism phenotype 

 

To clarify how specifically the chromosome 3 inversion, PMP34, and ceh-30 affect 

the reproductive photoperiodism phenotype of N.nepalensis in Taiwan (i.e., clarifying 

the relationship between the genotypes and phenotypes of the three key variations), we 

identified the genotypes of these key variations in all individuals with identified 

reproductive photoperiodism phenotypes using the results of read mapping. We named 

them based on their variation types relative to the reference genome to clarify the gene 

pool of key sites in Taiwan's N.nepalensis (Table 3). Next, we summarized the 

relationships between the genotypes, phenotypes, and populations of the key variations 

in these individuals and the genotypes identified by PCR (Table 4). The results show 

that the reproductive photoperiod of the Mt. Yangming and Mt. Hehuan populations is 

determined only by the genotypes of chromosome 3 inversion and PMP34. In contrast, 

the Wulai population is determined by the combined genotypes of chromosome 3 
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inversion, PMP34, and ceh-30. This suggests that there is more than one genetic 

mechanism controlling the reproductive photoperiod in N. nepalensis in Taiwan. The 

results of using random forest model to classify the reproductive photoperiodism 

phenotype of individuals in (Table 4) further confirm this. Classification models that 

include population information as one of the data features perform better than those 

without population information (Table 5). 

 The results of the aforementioned phylogenetic tree show that the gene pool of the 

Wulai population includes the genetic composition of both the A and B immigration. 

We believe this is likely the reason why the regulatory mechanism of reproductive 

photoperiodism of Wulai population differs from those of the Mt. Yangming and Mt. 

Hehuan populations.  

Therefore, based on the previous haplotype phylogenetic tree (Fig. 7), we divided 

the individuals in Taiwan into the A immigration type (Table 6) and the B immigration 

type (Table 7), and generated random forest models respectively. Since the sample size 

is reduced after data segmentation, we not only generated models with original data but 

also duplicated the data of Wulai to triple the number of samples, thus generating 

models with larger sample sizes. This helps stimulate the explanatory power and 

predictive power of each key gene on the reproductive photoperiodism after the actual 

increase in experimental samples.  
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The results show that in the A immigration type model, the accuracy can be 

improved to 1.0 after increasing the sample size (original model = 0.91, duplicated data 

model = 1.0, Table 8), and PMP34 and ceh-30 both have certain importance in this 

model (Fig. 14). However, in the B immigration type model, whether the sample size is 

increased or not, the model's accuracy is not up to 1.0 (original model = 0.83, duplicated 

data model = 8.3, Table 9), and only ceh-30 shows higher importance (Fig. 15). Based 

on the above results, we believe that the A immigration type’s reproductive 

photoperiodism is mainly affected by the genotypes of PMP34 and ceh-30, while the B 

immigration type may also be regulated by other sites with smaller effects apart from 

ceh-30. 

 

3.5 Distribution of beneficial alleles among populations 

 

Based on the relationships between genotypes, phenotypes, and populations in 

Table 4, we believe that the allele "5" on PMP34 in the Mt. Yangming population is a 

beneficial allele that helps the population to display the seasonal breeding phenotype. 

On the other hand, for the Hehuan Mountain population, the alleles "D" and "N" on 

PMP34 are beneficial alleles that enable it to display the seasonal breeding phenotype. 
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We further sorted out the gene pool of the Fujian population on the key variations: 

chromosome 3 inversion, PMP34, and ceh–30 (Table 2). The results show that the 

beneficial allele "5" of the Mt. Yangming population also exists in the Fujian 

population, while the beneficial alleles "D" and "N" of the Mt. Hehuan population do 

not exist in the Fujian population. Therefore, we believe that the Mt. Yangming 

population acquired the necessary alleles for adaptation from standing genetic variation, 

while the adaptation of the Mt. Hehuan population came from new mutations.  
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4. Discussion 

 

4.1 Both standing genetic variations and new mutations contribute to adaptation. 

 

 The distribution of beneficial alleles at the PMP34 locus among different 

populations (Table 2) shows that the genetic variations aiding the adaptation of the 

Taiwanese N. nepalensis encompass both those unique to Taiwan and those shared with 

the Fujian population. This implies that both standing genetic variation and new 

mutations have jointly participated in local adaptation, revealing that even though 

standing genetic variation is considered to dominate in most adaptations (Barrett & 

Schluter, 2008; Hermisson & Pennings, 2005; Lai et al., 2019)the importance of new 

mutations in adaptation should not be overlooked. 

 

4.2 Mutiple immigration events lead to multiple genetic mechanisms 

 

In this study, we discovered that different populations regulate the same functional 

trait through different genetic mechanisms. Specifically, the reproductive photoperiod 

of the Wulai population is influenced by the genotype of ceh–30, while the Mt. 

Yangming and Mt. Hehuan populations are not (Table 4, Table 5). According to the 
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results of models generated separately for the A and B immigration types, we believe 

that the relative importance of key genes may differ between these two types (Figure 13, 

Figure 14). That is, PMP34 and ceh-30 can determine the reproductive photoperiod of 

the A immigration type, while the influence of PMP34 on the reproductive 

photoperiodism of the B immigration type is smaller, and it may be influenced by other 

genes in addition to ceh-30. Although we need to increase the actual experimental 

samples to verify the above points, we believe that these results suggest that the 

phenomenon of multiple mechanisms is likely caused by the two-time immigration. 

This also explains why in the original analysis, the Wulai population has a unique 

regulatory mechanism, as the Wulai population has both the A and B immigration 

genetic composition. 

The results mentioned above highlight the influence of population formation 

history in shaping the current genetic structure and phenotypic diversity. As the process 

of population establishment is composed of a series of historical events, stochastic 

events (such as genetic drift, founder effect, etc.), and selection events, lacking 

understanding of this process may lead to misinterpretations of the reasons behind the 

formation of spatial heterogeneity in the current population's genotype or phenotype 

(Keller & Taylor, 2008). Take the invasion of Butomus umbellatus in North America, 

which exists in diploid and triploid forms as an example, the frequency of diploids in 
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North America was observed to be significantly higher than the frequency in its native 

European population. The initial explanation was that sexual reproduction was favored 

in the new environment, thereby increasing the frequency of diploids in the introduced 

population. However, further genetic analysis found that the genetic diversity within the 

diploid population was extremely low. This indicates that the expansion of the diploid 

population in North America mainly relied on asexual reproduction rather than sexual 

reproduction, and the increase in diploid frequency in the introduced population could 

be caused by the founder effect, not a result of selection (Brown & Eckert, 2005). 

 

4.3 Glacial cycle causes multiple immigration events 

 

 Through the phylogenetic tree reconstructed from the inversion region (Figure 6), 

we found that the N. nepalensis population in Taiwan is constituted of multiple 

immigrations from Fujian. Since Taiwan is a continental island and the phylogenetic 

tree shows that Taiwan's N. nepalensis originated from Fujian, we believe that glacial 

cycle is the cause of this phenomenon. Many studies have shown that species can 

disperse to nearby lands through land bridges formed during glacial period, such as the 

widespread distribution of Nigella arvensis in the Aegean Islands of Greece and the 

European continent (Comes et al., 2008)、the Bering Land Bridge (BLB) allowing the 
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spread of caballine horses in the European continent and North America (Vershinina et 

al., 2021), and the dispersion history of tree frogs between Taiwan and Eurasia (Yu et 

al., 2020). Although we lack dating evidence to support the divergence time on the 

phylogenetic tree corresponding to the disappearance of the land bridge, considering 

that the flying ability of N. nepalensis is unlikely to allow it to cross the ocean for 

dispersion and that many actual cases show that glacial cycles allow organisms to 

migrate from continents to continental islands, viewing the periodic geographical 

isolation phenomenon caused by glacial cycles as the cause of multiple immigration 

events forming Taiwan's N. nepalensis seems to be the most reasonable explanation. 

 

4.4 Cryptic diversity within Taiwan N. nepalensis 

 

This study reveals that for the reproductive photoperiodism of N. nepalensis in 

Taiwan, there is more than one genetic regulatory mechanism, and this phenomenon is 

likely due to the complex history of population formation. Such diversity cannot be 

observed solely from the levels of morphology or behavior, which is somewhat similar 

to the concept of cryptic species: taxonomic groups that are morphologically 

indistinguishable but divergent in evolutionary history (Struck et al., 2018). Early 

studies mainly identified the existence of cryptic species through behavioral differences, 
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such as distinguishing the cryptic species of fireflies through flashing patterns (Lloyd, 

1969) and distinguishing two bat species through differences in echolocation and social 

calls (Russo & Jones, 2000), etc. With the development of DNA sequencing and genetic 

analysis technology, more and more studies are using genetic information to identify 

cryptic species, and their presence is more common than originally thought. For 

example, DNA barcoding revealed that what was previously considered to be the same 

butterfly species, Astraptes fulgerator, is actually a complex composed of at least ten 

cryptic species (Hebert et al., 2004). Research on cryptic species holds significant 

importance in conservation biology. One reason is that when a species is divided into 

different cryptic species, these cryptic species are not as common as originally thought, 

which may turn them into a combination of even more endangered species (Bickford et 

al., 2007), for example, the cryptic species Pongo tapanuliensis, estimated to number 

less than 800, was discovered within the threatened orangutan species Pongo abelii 

(Nater et al., 2017). On the other hand, different species may require different 

conservation strategies (Schönrogge et al., 2002), and different ecotypes of the same 

species (Engelhard et al., 2011), different populations (Visser et al., 2003) or even 

different populations within a metapopulation (Buchinger et al., 2022) may also be 

affected differently by environmental changes. Therefore, we believe that a thorough 

understanding of the functional traits and genetic diversity within a species is 
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indispensable for vulnerability assessment and conservation of organisms. This also 

highlights the importance of clarifying the evolutionary history of adaptive genetic 

variation, as in this study, because this may help us discover the diversity hidden within 

species or even populations. 

 

4.5 Historical climatic events and chromosomal inversion jointly shape the 

sympatric intraspecies diversity 

 

Since gene flow within small spatial scales is often less constrained (Jensen et al., 

2005; Van Strien et al., 2014; Wright, 1943), most past studies on genetic differentiation 

and phenotypic heterogeneity in space have focused on variations at larger spatial scales 

(Eckert et al., 2015; Richardson et al., 2014). However, for our main research 

populations (Mt. Yangming, Wulai, Mt. Hehuan), their geographical range spans less 

than 150 kilometers (from Mt. Yangming to Mt. Hehuan), and even within less than 30 

kilometers, different genetic regulatory mechanisms for the reproductive photoperiod 

are manifested (Mt. Yangming & Wulai). The results of separately examining the 

genetic regulation mechanisms of the A and B immigration types reveal that the 

phenotypic diversity of the reproductive photoperiodism is very likely to have 

originated independently, and immigrated in at different times or places, resulting in 
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two different genetic regulatory mechanisms in Taiwan populations. Meanwhile, the 

population genetic structure also reveals the contribution of chromosomal inversion to 

maintaining genetic differences (Figure 3, Figure 4). Since chromosomal inversion 

captures loci related to adaptation (PMP34), local adaptation of Taiwan N.nepalensis 

can still be maintained even under gene flow. 

The intermittent geographic isolation caused by the glacial cycle and the presence 

of chromosomal inversion allows both standing genetic variation and new mutation to 

play important roles in local adaptation and increase the sympatric intraspecific genetic 

diversity and phenotypic diversity. In summary, our research results provide a 

possibility for the origin of adaptive genetic variation and the maintenance mechanism 

of local adaptation under gene flow.  
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5. Conclusion 

 

This study, through identifying genetic variations that assist in local adaptation in 

Taiwan N. nepalensis populations, found multiple genetic regulatory mechanisms in the 

reproductive photoperiod of Taiwan's N. nepalensis, and both standing genetic variation 

and new mutations helped Taiwan's burying beetles achieve local adaptation. The 

phylogenetic tree further revealed that Taiwan's N. nepalensis was composed of 

multiple migration events, and the population genetic structure showed that 

chromosomal inversion maintained genetic differences among populations. We believe 

that the aforementioned two reasons led to the maintenance of multiple genetic 

mechanisms assisting adaptation within the sympatric species. This study illustrates 

how complex population formation history and chromosomal inversion jointly shape 

intra-species genetic diversity and maintain local adaptation under gene flow, providing 

new insights into the mechanisms of biological adaptation.  
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7. Figures 

 

Figure 1: Map of N. nepalensis populations. The map shows all the populations we 

have collected beetles. Inversion of chromosome 3 has been identified among Fujian 

and Taiwan populations.  
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Figure 2: Chromosome inversion and reproductive photoperiodism of Taiwan  

N. nepalensis populations. 

The location of Taiwan populations, and the chromosome 3 inversion and reproductive 

photoperiodism of Mt.Yangming, Wulai, and Mt.Hehuan populations. For 

Mt.Yangming, chromosome 3 inversion is fixed in the population, and all the beetles 

are seasonal breeder, which diapause in summer. For Mt.Hehuan, no inversion exist and 

all the beetles are year-round breeder. For Wulai, both haplotypes and both phenotypes 

exist in the population.
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Figure 3: Population structure of N.nepalensis.  

Structure analysis with Admixture (K = 5). Each individual is depicted as a vertical bar divided into differently colored genetic clusters. The 

length of each color segment is proportional to the probability of being assigned to that particular cluster. Most clusters largely corresponded 

with geographical divisions. The results show that all individuals from Taiwan are classified within the same cluster. Apart from the populations 

of Vietnam, Fujian, and Sichuan which are grouped together into a single cluster, the partitioning of the remaining clusters largely aligns with 

geographical distribution. This suggests that, at the whole-genome scale, there are certain differences in genetic composition between populations 

from different regions, and the differences among various groups within Taiwan are relatively small. 
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Figure 4: Population structure of the inversion region of N.nepalensis.  

Structure analysis with Admixture (K = 12). Each individual is depicted as a vertical bar divided into differently colored genetic clusters. The 

length of each color segment is proportional to the probability of being assigned to that particular cluster. Most clusters largely corresponded 

with geographical divisions. However, the Taiwan population was classified into different clusters, which generally align with the genotype of 

the inversion. Most homozygotes exhibited clear classifications, while heterozygotes presented complex classification situations. ”+”represent 

the inversion haplotype, and “-“ represent the no inversion haplotype. 
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Figure 5: Phylogenetic tree of N.nepalensis. 

The phylogenetic tree using N. vespilloides as the outgroup for Malaysia, Vietnam, 

Fujian, Sichuan, Okinawa, Amami, Mt.Yangming, Wulai, Mt.Lala, Mt. Hehuan, and 

Dahan Forest Road. This result is similar to the structure analysis, indicating that at the 

whole-genome scale, the genetic differences and divergence among various Taiwanese 

groups are not significant. 
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Figure 6: Phylogenetic tree of inversion region haplotypes. 

The green and blue horizontal lines above indicate the haplotypes with genotypes of A and B immigration we inferred. All haplotype pairs 

belonging to the same individual are within the same area divided by the purple dashed line, and yellow and purple horizontal lines, and the texts 

underneath indicated the inversion genotypes of the individuals, the “+/+” represent inversion homozygotes, “-/-” represent non-inversion 

homozygotes, and “+/-” represent heterozygotes. This indicates that both the inversion haplotype and the non-inversion haplotype flowed into 

Taiwan during the A immigration, while only the inversion haplotype was involved in the B immigration, and there is a certain degree of genetic 

variation between the inverted haplotypes from "+/-" and "+/+" individuals.  
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Seasonal breeder (Wulai) vs. Year-round breeder (Wulai) 

 

Figure 7: FST of SNPs in seasonal breeder (Wulai) vs. year-round breeder (Wulai). 

FST of SNPs in seasonal breeder (Wulai, n = 10) vs. year-round breeder (Wulai, n = 9). 

The pink area in Scaffold 3 represents the inversion region.  
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Seasonal breeder (Wulai) vs. Year-round breeder (Wulai) 

 

Figure 8: FST of structural variation in seasonal breeder (Wulai) vs. year-round 

breeder (Wulai). 

FST of structural variation in seasonal breeder (Wulai, n = 10) vs. year-round breeder 

(Wulai, n = 9). The pink area in scaffold 3 represents the inversion region, red arrows 

point out the sites with FST > 0.8, and the text next to the arrow indicates the name of 

the key gene that the site overlaps with. 
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Seasonal breeder (Mt.Yangming) vs. Year-round breeder (Mt.Hehuan) 

 
Figure 9: FST of structural variation in seasonal breeder (Mt.Yangming) vs. year-

round breeder (Mt.Hehuan). 

FST of structural variation in seasonal breeder (Mt.Yangming, n = 19) vs. year-round 

breeder (Mt.Hehuan, n = 10). The pink area in scaffold 3 represents the inversion 

region, red arrows point out the sites with FST > 0.8. There are actually 24 genes 

overlapped with the high FST site in the inversion region, and no gene overlapped with 

the site at scaffold 7. 
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Seasonal breeder (Wulai) vs. Year-round breeder (Mt.Hehuan) 

 

Figure 10: FST of structural variation in seasonal breeder (Wulai) vs. year-round 

breeder (Mt.Hehuan). 

FST of structural variation in seasonal breeder (Wulai, n = 10) vs. year-round breeder 

(Mt.Hehuan, n = 10). The pink area in scaffold 3 represents the inversion region, red 

arrows point out the sites with FST > 0.8,and the text next to the arrow indicates the 

name of the key gene that the site overlaps with. 
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Seasonal breeder (Mt.Yangming) vs. Year-round breeder (Wulai) 

 

Figure 11: FST of structural variation in seasonal breeder (Mt.Yangming) vs. year-

round breeder (Wulai). 

FST of structural variation in seasonal breeder (Mt.Yangming, n = 19) vs. year-round 

breeder (Wulai, n = 9). The pink area in scaffold 3 represents the inversion region, red 

arrows point out the sites with FST > 0.8. 
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Seasonal breeder (Mt.Yangming) vs. Seasonal breeder (Wulai) 

 

Figure 12: FST of structural variation in seasonal breeder (Mt.Yangming) vs. 

seasonal breeder (Wulai). 

FST of structural variation in seasonal breeder (Mt.Yangming, n = 19) vs. seasonal 

breeder (Wulai, n = 10). The pink area in scaffold 3 represents the inversion region, red 

arrows point out the sites with FST > 0.8, and the text next to the arrow indicates the 

name of the key gene that the site overlaps with. The result indicated that gene ceh-30 

might function differently in Mt. Yangming and Wulai populations. 
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               A-Immigration                             A-Immigration (duplicated data) 

   
 

 

 

Figure 13: Feature importance of random forest model of A-immigration type. 

The relative importance of different features in each model. The “duplicated data” model is generated by duplicating the Wulai data twice 

compared to the original model. 
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               B-Immigration                B-Immigration (duplicated data) 

  

 

 

Figure 14: Feature importance of random forest model of B-immigration type. 

The relative importance of different features in each model. The “duplicated data” model is generated by duplicating the Wulai data twice 

compared to the original model. We didn’t use the inversion type as a feature since all individuals we used have the same type of inversion.
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8. Tables 

 

Table 1: PCR primer for amplifying key loci sequence 

Loci Primer Sequence (5’ to 3’) 

PMP34 
forward CAATAGCATCCGCACCTTTT 

reverse GCTTCAGTTTCATATGACCACCA 

ceh-30 
forward TGGCCAATGAACAGAAAAGA 

reverse AAATCTATAAAACGTGCTTTCAACTAA 
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Table 2: Genes overlapped with high FST loci. 

Gene Name 

homeobox protein ceh-30 

high affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic phosphodiesterase 8A isoform X2 

titin isoform X1 

hemicentin-2-like 

40S ribosomal protein S20 

protein Wnt-5b-like isoform X1 

sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1 isoform X1 

riboflavin kinase 

UTP--glucose-1-phosphate uridylyltransferase isoform X2 

peroxisomal membrane protein PMP34 

neurexin-1 isoform X2 

cytochrome c oxidase subunit 5B, mitochondrial-like 

putative fatty acyl-CoA reductase CG5065 isoform X1 

protein SDE2 homolog 

potassium voltage-gated channel subfamily H member 6-like isoform X4 

E3 ubiquitin-protein ligase AMFR-like 

semaphorin-1A isoform X1 
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Table 3: Gene pool of Fujian and Taiwan population at key loci 

Population inversion PMP34 ceh-30 

Fujian 
+* 

-* 

3 

 5* 

6 

8 

1b 

1f 

2* 

DS* 

DL* 

W* 

S2* 

T2* 

Mt. Yangming +* 
 5* 

D 

2* 

DS* 

W* 

S1* 

Wulai 
+* 

-* 

 5* 

D 

N 

2* 

DS* 

DL* 

W* 

S2* 

T2* 

new 

Mt. Hehuang -* 
D 

N 

DS* 

DL* 

W* 

S1* 

The gene pool of Fujian and Taiwan populations at key loci, “*” represent alleles that 

appear in both Fujian and Taiwan population. The designations of alleles are named 

according to their variations compared to the reference genome. “+”: inversion, “-“: 

wild-type, “D”: duplication, “N”: wild-type, “1b”: 1 SNPs (closer to 3’end than 1f), 

“1f”: 1 SNPs (closer to 5’end than 1b), “2”: 2 SNPs (1f & 1b), DS and DL: shorter and 

longer deletion, W: wildtype, “S1” & ”S2”: different types of substitution, ”T2”: 

translocation and 2SNPs, “new”: A type of deletion different from DS and DL. 
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Table 4: Reproductive photoperiodism phenotype and genotype at key loci of each individual 

ID Population Phenotype inversion PMP34 ceh-30 Genotyping Method 

      allele 1 allele 2 allele 1 allele 2 allele 1 allele 2   

ym_male8 YM seasonal +(Y) +(Y) 5 5 W S1 sequenced by Illumina 

ym_female10 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_female9 YM seasonal +(Y) +(Y) 5 5 W W sequenced by Illumina 

ym_female8 YM seasonal +(Y) +(Y) 5 5 W W sequenced by Illumina 

ym_female1 YM seasonal +(Y) +(Y) 5 5 W S1 sequenced by Illumina 

ym_male1 YM seasonal +(Y) +(Y) 5 5 S1 DS sequenced by Illumina 

ym_female12 YM seasonal +(Y) +(Y) 5 5 W 2 sequenced by Illumina 

ym_male9 YM seasonal +(Y) +(Y) 5 5 W W sequenced by Illumina 

ym_male3 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_female3 YM seasonal +(Y) +(Y) 5 5 W S1 sequenced by Illumina 

ym_female5 YM seasonal +(Y) +(Y) 5 5 W S1 sequenced by Illumina 

ym_female4 YM seasonal +(Y) +(Y) 5 5 W S1 sequenced by Illumina 

ym_male7 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_male2 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_female2 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_male10 YM seasonal +(Y) +(Y) 5 5 W S1 sequenced by Illumina 

ym_male5 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_male6 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_male4 YM seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

ym_female6 YM seasonal +(Y) +(Y) 5 D S1 S1 sequenced by Illumina 
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Table 4: Reproductive photoperiodism phenotype and genotype at key loci of each individual (continued) 

ID Population Phenotype inversion PMP34 ceh-30 Genotyping Method 

   allele 1 allele 2 allele 1 allele 2 allele 1 allele 2  

ym_female7 YM seasonal +(Y) +(Y) 5 D S1 S1 sequenced by Illumina 

ym_female11 YM seasonal +(Y) +(Y) 5 5 2 2 sequenced by Illumina 

wls_female2 WL seasonal +(Y) +(Y) 5 5 S1 DS sequenced by Illumina 

wls_male1 WL seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

wls_female1 WL seasonal +(Y) +(Y) 5 5 S1 S1 sequenced by Illumina 

wls_female4 WL seasonal +(Y) +(Y) 5 5 S1 DS sequenced by Illumina 

wly_male1 WL year-round +(Y) +(Y) 5 5 W W sequenced by Illumina 

wly_female1 WL year-round +(Y) +(Y) 5 5 W W sequenced by Illumina 

wls_female5 WL seasonal +(W) -(W) 5 D S1 DS sequenced by Illumina 

wls_female3 WL seasonal +(W) -(W) 5 N S1 DS sequenced by Illumina 

wls_male4 WL seasonal +(W) -(W) 5 N S1 DS sequenced by Illumina 

wls_male3 WL seasonal +(W) -(W) 5 N S1 S1 sequenced by Illumina 

wls_male2 WL seasonal +(W) -(W) 5 N S1 DS sequenced by Illumina 

wls_female6 WL seasonal +(W) -(W) 5 N S1 DS sequenced by Illumina 

wly_male3 WL year-round +(W) -(W) 5 D W S1 sequenced by Illumina 

wly_female4 WL year-round +(W) -(W) 5 N W W sequenced by Illumina 

wly_male2 WL year-round +(W) -(W) 5 D S1 S1 sequenced by Illumina 

wly_female2 WL year-round +(W) -(W) 5 D S1 S1 sequenced by Illumina 

wly_female3 WL year-round +(W) -(W) 5 D W DS sequenced by Illumina 

wly_male6 WL year-round -(W) -(W) N D W S1 sequenced by Illumina 
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Table 4: Reproductive photoperiodism phenotype and genotype at key loci of each individual (continued) 

ID Population Phenotype inversion PMP34 ceh-30 Genotyping Method 

      allele 1 allele 2 allele 1 allele 2 allele 1 allele 2   

wly_male5 WL year-round -(W) -(W) N D W DS sequenced by Illumina 

wly_male4 WL year-round +(W) -(W) D N W S1 sequenced by Illumina 

wls_female9 WL seasonal + + 5 5 W DS sequenced by Illumina 

wls_male5 WL seasonal + + 5 5 2 S1 sequenced by Illumina 

wly_female5 WL year-round + + 5 5 W W sequenced by Illumina 

wly_female6 WL year-round + + 5 5 W S1 sequenced by Illumina 

wly_male7 WL year-round + + 5 5 W DS sequenced by Illumina 

wls_male6 WL seasonal + + 5 5 W DS sequenced by Illumina 

wls_male7 WL seasonal + + 5 5 S1 new sequenced by Illumina 

wly_female7 WL year-round + + 5 5 W new sequenced by Illumina 

wls_female7 WL seasonal + + 5 D S1 new sequenced by Illumina 

wls_male8 WL seasonal + + 5 5 S1 DS sequenced by Illumina 

wls_male9 WL seasonal + + 5 5 S1 DS sequenced by Illumina 

wls_female8 WL seasonal + + 5 5 W W sequenced by Illumina 

TNY_00300 MH year-round -(M) -(M) N D S1 S1 PCR & sequenced by Sanger 

TNY_00301 MH year-round -(M) -(M) N D DS DS PCR & sequenced by Sanger 

TNY_04844 MH year-round -(M) -(M) N D S1 S1 PCR & sequenced by Sanger 

TNY_04864 MH year-round -(M) -(M) D D S1 S1 PCR & sequenced by Sanger 

TNY_05157 MH year-round -(M) -(M) D D W S1 PCR & sequenced by Sanger 

TNY_05183 MH year-round -(M) -(M) D D W S1 PCR & sequenced by Sanger 
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Table 4: Reproductive photoperiodism phenotype and genotype at key loci of each individual (continued) 

ID Population Phenotype inversion PMP34 ceh-30 Genotyping Method 

      allele 1 allele 2 allele 1 allele 2 allele 1 allele 2   

TNY_02649 MH year-round -(M) -(M) N D W S1 PCR & sequenced by Sanger 

TNY_02659 MH year-round -(M) -(M) N D S1 S1 PCR & sequenced by Sanger 

TNY_01175 MH year-round -(M) -(M) N D S1 DS PCR & sequenced by Sanger 

TNY_01185 MH year-round -(M) -(M) D D S1 S1 PCR & sequenced by Sanger 

TNY_01369 MH year-round -(M) -(M) D D W S1 PCR & sequenced by Sanger 

TNY_01373 MH year-round -(M) -(M) N D W S1 PCR & sequenced by Sanger 

TNY_01400 MH year-round -(M) -(M) N D S1 S1 PCR & sequenced by Sanger 

TNY_01417 MH year-round -(M) -(M) D D S1 S1 PCR & sequenced by Sanger 

TNY_02920 MH year-round -(M) -(M) I D S1 DS PCR & sequenced by Sanger 

TNY_02955 MH year-round -(M) -(M) N N W W PCR & sequenced by Sanger 

TNY_01952 MH year-round -(M) -(M) N N W W PCR & sequenced by Sanger 

TNY_05624 MH year-round -(M) -(M) D D W S1 PCR & sequenced by Sanger 

TNY_05638 MH year-round -(M) -(M) N D W DS PCR & sequenced by Sanger 

TNY_04704 MH year-round -(M) -(M) N D S1 S1 PCR & sequenced by Sanger 

TNY_04717 MH year-round -(M) -(M) N D W W PCR & sequenced by Sanger 

TNY_04727 MH year-round -(M) -(M) D D W W PCR & sequenced by Sanger 

TNY_04738 MH year-round -(M) -(M) N N W S1 PCR & sequenced by Sanger 

For the inversion allele columns, the alphabet in the parentheses represents which clade the haplotype belongs to in the inversion region 

haplotype phylogenetic tree (Fig. 5), “Y” refers to the clade all Mt. Yangming individuals are in, “W” refers to the clade that most of the Wulai 

individuals are in, and “M” refers to the clade all Mt. Hehuan individuals are in. No parentheses mean this individual was not used in the 
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haplotype phylogeny reconstruction. For the population column, “YM” refers to Mt.Yangming, “WL” refers to Wulai, and “MH” refers to Mt. 

Hehuan.  
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Table 5: Summary of random forest classifier of all 77 individuals in Table 4  
With population Without population 

Accuracy 1.00 0.80 

Precision 1.00 0.69 

Recall 1.00 1.00 

F1-score 1.00 0.82 

Matthews Correlation Coefficient 1.00 0.66 

Log-loss 0.17 0.38 

Mean Absolute Error 0.00 0.20 

Mean Squared Error 0.00 0.20 

The accuracy of a random forest classifier generated from the phenotype, alleles, and 

population data of 77 individuals is higher than the random forest classifier generated 

only from the phenotype and alleles data of 77 individuals.
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Table 6: Data for generating random forest classifier of A-immigration type 

ID Population Phenotype inversion PMP34 ceh-30 

    allele 1 allele 2 allele 1 allele 2 allele 1 allele 2 

wls_female5 WL seasonal w+ w- 5 D S1 DS 

wls_female3 WL seasonal w+ w- 5 N S1 DS 

wls_male4 WL seasonal w+ w- 5 N S1 DS 

wls_male3 WL seasonal w+ w- 5 N S1 S1 

wls_male2 WL seasonal w+ w- 5 N S1 DS 

wls_female6 WL seasonal w+ w- 5 N S1 DS 

wly_male3 WL year-round w+ w- 5 D W S1 

wly_female4 WL year-round w+ w- 5 N W W 

wly_male2 WL year-round w+ w- 5 D S1 S1 

wly_female2 WL year-round w+ w- 5 D S1 S1 

wly_female3 WL year-round w+ w- 5 D W DS 

wly_male6 WL year-round w- w- N D W S1 

wly_male5 WL year-round w- w- N D W DS 

TNY_00300 MH year-round *m- *m- N D S1 S1 

TNY_00301 MH year-round *m- *m- N D DS DS 

TNY_04844 MH year-round *m- *m- N D S1 S1 

TNY_04864 MH year-round *m- *m- D D S1 S1 

TNY_05157 MH year-round *m- *m- D D W S1 

TNY_05183 MH year-round *m- *m- D D W S1 

TNY_02649 MH year-round *m- *m- N D W S1 
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Table 6: Data for generating random forest classifier of A-immigration type (continued) 

ID Population Phenotype inversion PMP34 ceh-30 

    allele 1 allele 2 allele 1 allele 2 allele 1 allele 2 

TNY_02659 MH year-round *m- *m- N D S1 S1 

TNY_01175 MH year-round *m- *m- N D S1 DS 

TNY_01185 MH year-round *m- *m- D D S1 S1 

TNY_01369 MH year-round *m- *m- D D W S1 

TNY_01373 MH year-round *m- *m- N D W S1 

TNY_01400 MH year-round *m- *m- N D S1 S1 

TNY_01417 MH year-round *m- *m- D D S1 S1 

TNY_02920 MH year-round *m- *m- I D S1 DS 

TNY_02955 MH year-round *m- *m- N N W W 

TNY_01952 MH year-round *m- *m- N N W W 

TNY_05624 MH year-round *m- *m- D D W S1 

TNY_05638 MH year-round *m- *m- N D W DS 

TNY_04704 MH year-round *m- *m- N D S1 S1 

TNY_04717 MH year-round *m- *m- N D W W 

TNY_04727 MH year-round *m- *m- D D W W 

TNY_04738 MH year-round *m- *m- N N W S1 

Data of WL(Wulai) individuals have been additionally copied twice while generating the model, and we didn’t use population as a feature. 

Individuals with “*” in inversion were not used in the haplotype phylogeny reconstruction, and we inferred their inversion type is “m-” since all 

the Mt. Hehuan individuals are “m-” type in the haplotype phylogenetic tree (Fig. 7).



doi:10.6342/NTU202302705

65 
 

Table 7: Data for generating random forest classifier of B-immigration type 

ID Population Phenotype inversion PMP34 ceh-30 

    allele 1 allele 2 allele 1 allele 2 allele 1 allele 2 

wls_female2 WL seasonal y+ y+ 5 5 S1 DS 

wls_male1 WL seasonal y+ y+ 5 5 S1 S1 

wls_female1 WL seasonal y+ y+ 5 5 S1 S1 

wls_female4 WL seasonal y+ y+ 5 5 S1 DS 

wly_male1 WL year-round y+ y+ 5 5 W W 

wly_female1 WL year-round y+ y+ 5 5 W W 

wls_female9 WL seasonal *y+ *y+ 5 5 W DS 

wls_male5 WL seasonal *y+ *y+ 5 5 2 S1 

wly_female5 WL year-round *y+ *y+ 5 5 W W 

wly_female6 WL year-round *y+ *y+ 5 5 W S1 

wly_male7 WL year-round *y+ *y+ 5 5 W DS 

wls_male6 WL seasonal *y+ *y+ 5 5 W DS 

wls_male7 WL seasonal *y+ *y+ 5 5 S1 new 

wly_female7 WL year-round *y+ *y+ 5 5 W new 

wls_female7 WL seasonal *y+ *y+ 5 D S1 new 

wls_male8 WL seasonal *y+ *y+ 5 5 S1 DS 

wls_male9 WL seasonal *y+ *y+ 5 5 S1 DS 

wls_female8 WL seasonal *y+ *y+ 5 5 W W 

ym_male8 YM seasonal y+ y+ 5 5 W S1 

ym_female10 YM seasonal y+ y+ 5 5 S1 S1 
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Table 7: Data for generating random forest classifier of B-immigration type (continued) 

ID Population Phenotype inversion PMP34 ceh-30 

    allele 1 allele 2 allele 1 allele 2 allele 1 allele 2 

ym_female9 YM seasonal y+ y+ 5 5 W W 

ym_female8 YM seasonal y+ y+ 5 5 W W 

ym_female1 YM seasonal y+ y+ 5 5 W S1 

ym_male1 YM seasonal y+ y+ 5 5 S1 DS 

ym_female12 YM seasonal y+ y+ 5 5 W 2 

ym_male9 YM seasonal y+ y+ 5 5 W W 

ym_male3 YM seasonal y+ y+ 5 5 S1 S1 

ym_female3 YM seasonal y+ y+ 5 5 W S1 

ym_female5 YM seasonal y+ y+ 5 5 W S1 

ym_female4 YM seasonal y+ y+ 5 5 W S1 

ym_male7 YM seasonal y+ y+ 5 5 S1 S1 

ym_male2 YM seasonal y+ y+ 5 5 S1 S1 

ym_female2 YM seasonal y+ y+ 5 5 S1 S1 

ym_male10 YM seasonal y+ y+ 5 5 W S1 

ym_male5 YM seasonal y+ y+ 5 5 S1 S1 

ym_male6 YM seasonal y+ y+ 5 5 S1 S1 

ym_male4 YM seasonal y+ y+ 5 5 S1 S1 

ym_female6 YM seasonal *y+ *y+ 5 D S1 S1 

ym_female7 YM seasonal *y+ *y+ 5 D S1 S1 

ym_female11 YM seasonal *y+ *y+ 5 5 2 2 
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Data of WL(Wulai) individuals have been additionally copied twice while generating the model. Individuals with “*” in inversion were not used 

in the haplotype phylogeny reconstruction, and we inferred their inversion type is “y+” since all the inversion heterozygous are “y+” type in the 

haplotype phylogenetic tree (Fig. 7). We didn’t use population as a feature while generating the model, and we didn’t use the inversion type as a 

feature either since all individuals here have the same type of inversion. 
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Table 8: Summary of random forest model of A-immigration type  

A-immigration 
A-immigration 

(duplicated data) 

Accuracy 0.91 1.00 

Precision 1.00 1.00 

Recall 0.90 1.00 

F1-score 0.95 1.00 

Matthews Correlation Coefficient 0.67 1.00 

Log-loss 0.14 0.18 

Mean Absolute Error 0.09 0.00 

Mean Squared Error 0.09 0.00 
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Table 9: Summary of random forest model of B-immigration type  

B-immigration 
B-immigration 

(duplicated data) 

Accuracy 0.83 0.83 

Precision 0.00 1.00 

Recall 0.00 0.50 

F1-score 0.00 0.67 

Matthews Correlation Coefficient 0.00 0.63 

Log-loss 0.52 0.44 

Mean Absolute Error 0.17 0.17 

Mean Squared Error 0.17 0.17 

 


