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Abstract 

Competition shapes the evolution of life and determines how organisms 

live now. Carcasses are nutritious but unpredictable and transient resources 

that drive intense competition among scavengers and microbiomes. 

Burying beetles (Coleoptera: Silphidae: Nicrophorus) are one of the unique 

scavenging insects which use small vertebrate carcasses as the sole 

resources to reproduce. To compete against the major interspecific 

competitor, blowflies, they formed cooperative groups on carcasses. This 

study used a series of field and laboratory experiments to clarify the 

mechanism of group formation in burying beetles and found that 

interspecific competition drove Nicrophorus nepalensis to use a sulfur-

containing organic volatile compound, dimethyl disulfide (DMDS) as the 

cue to indicate interspecific competition and form social groups on 

carcasses. On the other hand, the interspecific competition also drove N. 

nepalensis to evolve two breeding types, i.e., continuous breeding (CB) 

and seasonal breeding (SB), among populations. To understand the 

transition in the molecular mechanism between two breeding types, I 

performed the genomic comparison among N. nepalensis and 14 Hexapoda 

species and the transcriptomic comparisons between two N. nepalensis 

populations. The results showed the insects of two breeding types had 

convergent evolution at gene levels, respectively, and N. nepalensis shared 

breeding-type specific genes with both breeding types. These two studies 

provide evidence to demonstrate how N. nepalensis adapt to interspecific 

competition in terms of cooperative behavior and also adjusting breeding 

seasons. When the pressure of interspecific competition increases, N. 
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nepalensis shifts from intraspecific competition to cooperation to compete 

with interspecific competitors. Because N. nepalensis has both breeding-

type specific gene features in its genome, N. nepalensis can adjust the 

breeding season to avoid interspecific competitors when the competitive 

pressure is too high. Differentiation in the length of breeding seasons 

implies N. nepalensis has local adaptation among populations. In future 

work, the study would be focused on the molecular evolution among 

populations using genomic data in order to further understand the local 

adaptation and its driving forces in N. nepalensis. 

Keywords: social evolution, cooperative behavior, comparative 

genomics, seasonal breeder, continuous breeder, burying beetle 
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Chapter 1 – Introduction 

Evolution driven by competition 

Competition is an interaction between individuals in which both are 

harmed. Resource competition is one of major types of competition. When 

resource, usually food, is limited, individuals using the same resource 

always need to compete for it. Defeated individuals not only lose the 

chance to access resources but most likely lose the chance to pass their 

genes to the next generation. Therefore, competition is a strong selective 

force determining how organisms live now. 

The carcass is a nutritious but unpredictable and transient resource. 

The vertebrate carcass contains 7-11% nitrogen per gram of dry weight, 

which releases 18 to 24 calories while decompoding1,2. It also contains 

essential elements such as potassium, sulfur, sodium, calcium, magnesium, 

and phosphorus1,2. Because of the rich nutrients, a large number of 

scavengers and microbial decomposers compete for a carcass rapidly when 

it shows up. When a carcass appears on the soil surface, the soft tissue takes 

a few days to a few weeks to be completely consumed, leaving only the 

hard tissue that is difficult to decompose1-3. In order to compete for such 

precious and nutrient-rich resources, many scavengers have evolved 

unique behaviors to preserve carcasses and exclude other competitors from 

using carcasses. 

The burying beetle is one of these unique scavengers. The burying 

beetle belongs to Coleoptera: Silphidae: Nicrophorus. The genus 

Nicrophorus contains about 70 to 80 species, mainly distributing in the 
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northern hemisphere4. Only a few species are distributed to South Asia or 

Latin America, and all of them are montane rather than lowland species4. 

The phylogenetic tree shows that the burying beetle originated from the 

temperate zone of the old world5-7. Burying beetles use small vertebrate 

carcasses as the sole breeding resource. Their unique way of preserving a 

carcass is to bury a small vertebrate carcass into the soil and then roll it 

into a meatball to prevent other animal competitors from discovering and 

approaching the carcass4. During processing a carcass, they also smear 

their gut microbiota to the surface of the carcass to prevent other 

microbiota from corrupting the carcass8. When burying beetles reproduce, 

they form a cooperative group of more than one pair of males and females9. 

It is generally believed that cooperative breeding is also evolved to resist 

competitors within and between species10-16. This thesis mainly reports 

how competition affects the evolution of burying beetles from the 

perspective of behavioral mechanisms and comparative genomics. 

Behavioral mechanisms of group formation 

Understanding the mechanism of forming a cooperative group has always 

been the core of social evolution studies. Previous studies have shown that 

many ecological factors, such as ecological constraint and environmental 

fluctuation, have led to the evolution of cooperative groups17-20. What 

proximate promoters can trigger animals to form cooperative groups is still 

little known. In preliminary observations, it was found that Nicrophorus 

nepalensis in Taiwan did not form a cooperative group in the simple 

condition of laboratories, only one pair of burying beetles could use a rat 

carcass. However, N. nepalensis formed cooperative groups in fields. I 
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speculated that the behavioral differences between laboratories and fields 

could be related to inter-species competitions. In the second chapter of this 

thesis, I used a series of experiments to show that N. nepalensis formed 

cooperative groups on the carcasses in the present their primary 

competitors, maggots of blowflies. The formation of cooperative groups is 

triggered by a volatile organic compound emitted by the decomposing 

carcasses. I also used behavioral and thermal videos to identify the 

hierarchy ranks of N. nepalensis individuals. The individuals with higher 

ranks spent more time dealing with carcasses and have more conflicting 

behaviors toward lower-ranking individuals, and also maintained a higher 

body temperature to keep themselves in an active condition. 

Genomic and transcriptomic comparisons in breeding 

regulations 

Being capable of reproduction is one of the definitions of life. All animals 

must reproduce offspring to pass their genes to the next generation. 

Depending on the length of the breeding season, animals can be divided 

into two major breeding types, the continuous breeder (CB) and seasonal 

breeder (SB)21-29. CB can breed throughout a year, but SB only breeds in 

the most favorable season. So far, no studies have compared the transition 

in the molecular mechanisms between these two breeding types. Previous 

studies showed that different N. nepalensis populations belonged to 

different breeding types, and the main cause of such differences in breeding 

seasons is interspecific competition. In the third chapter of this thesis, I 

compared the de novo assembled N. nepalensis genome with the genomes 
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of 6 CB and 6 SB insects. The results show that there are convergent 

evolutions at the gene level in the CB or SB insects, respectively. Both 

breeding types of insects share breeding-type-specific orthologues or 

enriched protein families, respectively. Moreover, N. nepalensis shared a 

partial of breeding-type-specific genes with both breeding types. Analyses 

of transcriptomes between two breeding types of N. nepalensis show that 

a high proportion of the genes which shared with either breeding types have 

differentially expressed patterns between two breeding types. It implies 

that these shared genes are involved in the molecular regulation of two 

breeding types in N. nepalensis. In addition to confirming the importance 

of shared genes, the transcriptomic comparison also reveals the top 20 

genes most involved in gene regulation of both breeding types. 

 



5 
 

References 

1 Parmenter, R. R. & MacMahon, J. A. Carrion decomposition and 

nutrient cycling in a semiarid shrub–steppe ecosystem. Ecological 

Monographs 79, 637-661 (2009). 

2 Carter, D., Yellowlees, D. & Tibbett, M. Cadaver decomposition in 

terrestrial ecosystems. Naturwissenschaften 94, 12-24 (2007). 

3 Sun, S.-J. et al. Climate-mediated cooperation promotes niche 

expansion in burying beetles. eLife 3 (2014). 

4 Scott, M. P. The ecology and behavior of burying beetles. Annual 

Review of Entomology 43, 595-618 (1998). 

5 Sikes, D. S., Madge, R. B. & Trumbo, S. T. Revision of Nicrophorus 

in part: new species and inferred phylogeny of the nepalensis-group 

based on evidence from morphology and mitochondrial DNA 

(Coleoptera : Silphidae : Nicrophorinae). Invertebrate Systematics 

20, 305-365 (2006). 

6 Sikes, D. S., Vamosi, S. M., Trumbo, S. T., Ricketts, M. & Venables, 

C. Molecular systematics and biogeography of Nicrophorus in 

part—The investigator species group (Coleoptera: Silphidae) using 

mixture model MCMC. Molecular Phylogenetics and Evolution 48, 

646-666 (2008). 

7 Sikes, D. S. & Venables, C. Molecular phylogeny of the burying 

beetles (Coleoptera: Silphidae: Nicrophorinae). Molecular 

Phylogenetics and Evolution 69, 552-565 (2013). 

8 Shukla, S. P. et al. Microbiome-assisted carrion preservation aids 

larval development in a burying beetle. Proceedings of the National 

 



6 
 

Academy of Sciences 115, 11274-11279 (2018). 

9 Prokopy, R. J. & Roitberg, B. D. Joining and avoidance behavior in 

nonsocial insects. Annual Review of Entomology 46, 631-665 (2001). 

10 Eggert, A.-K. & Müller, J. Joint breeding in female burying beetles. 

Behavioral Ecology and Sociobiology 31, 237-242 (1992). 

11 Eggert, A.-K. & Sakaluk, S. K. Benefits of communal breeding in 

burying beetles: a field experiment. Ecological Entomology 25, 262-

266 (2000). 

12 Robertson, I. C., Robertson, W. G. & Roitberg, B. D. A model of 

mutual tolerance and the origin of communal associations between 

unrelated females. Journal of Insect Behavior 11, 265-286 (1998). 

13 Scott, M. P. Competition with flies promotes communal breeding in 

the burying beetle, Nicrophorus tomentosus. Behavioral Ecology 

and Sociobiology 34, 367-373 (1994). 

14 Trumbo, S. T. Monogamy to communal breeding: exploitation of a 

broad resource base by burying beetles (Nicrophorus). Ecological 

Entomology 17, 289-298 (1992). 

15 Trumbo, S. T. & Fiore, A. J. Interspecific competition and the 

evolution of communal breeding in burying beetles. American 

Midland Naturalist 131, 169-174 (1994). 

16 Trumbo, S. T. & Wilson, D. S. Brood discrimination, nest mate 

discrimination, and determinants of social behavior in facultatively 

quasisocial beetles (Nicrophorus spp.). Behavioral Ecology 4, 332-

339 (1993). 

17 Emlen, S. T. The evolution of helping. I. An ecological constraints 

 



7 
 

model. The American Naturalist 119, 29-39 (1982). 

18 Emlen, S. T. Benefits, constrainsts and the evolution of the family. 

Trends in Ecology & Evolution 9, 282-285 (1994). 

19 Jetz, W. & Rubenstein, D. R. Environmental uncertainty and the 

global biogeography of cooperative breeding in birds. Current 

Biology 21, 72-78 (2011). 

20 Rubenstein, D. R. & Lovette, I. J. Temporal environmental 

variability drives the evolution of cooperative breeding in birds. 

Current Biology 17, 1414-1419 (2007). 

21 Bauer, R. T. Continuous reproduction and episodic recruitment in 

nine shrimp species inhabiting a tropical seagrass meadow. Journal 

of Experimental Marine Biology and Ecology 127, 175-187 (1989). 

22 Bronson, F. H. Mammalian reproduction: an ecological perspective. 

Biology of Reproduction 32, 1-26 (1985). 

23 Dawson, A., King, V. M., Bentley, G. E. & Ball, G. F. Photoperiodic 

control of seasonality in birds. Journal of Biological Rhythms 16, 

365-380 (2001). 

24 Goodbody, I. Continuous breeding in three species of tropical 

ascidian. Proceedings of the Zoological Society of London 136, 403-

409 (1961). 

25 Goodbody, I. Continuous breeding in populations of two tropical 

crustaceans, Mysidium Columbiae (Zimmer) and Emerita 

Portoricensis Schmidt. Ecology 46, 195-197 (1965). 

26 Mavrikakis, P. G., Economopoulos, A. P. & Carey, J. R. Continuous 

winter reproduction and growth of the Mediterranean fruit fly 

 



8 
 

(Diptera: Tephritidae) in Heraklion, Crete, Southern Greece. 

Environmental Entomology 29, 1180-1187, 1188 (2000). 

27 Somoano, A., Ventura, J. & Miñarro, M. Continuous breeding of 

fossorial water voles in northwestern Spain: potential impact on 

apple orchards. Folia Zoologica 66, 29-36, 28 (2017). 

28 Verhulst, S. & Nilsson, J.-Å. The timing of birds' breeding seasons: 

a review of experiments that manipulated timing of breeding. 

Philosophical Transactions of the Royal Society B: Biological 

Sciences 363, 399-410 (2008). 

29 Visser, M. E., Caro, S. P., Oers, K. v., Schaper, S. V. & Helm, B. 

Phenology, seasonal timing and circannual rhythms: towards a 

unified framework. Philosophical Transactions of the Royal Society 

B: Biological Sciences 365, 3113-3127 (2010). 

 

 



9 
 

Chapter 2 – A chemically-triggered transition from conflict 

to cooperation in burying beetles 

Abstract 

Although interspecific competition has long been recognized as a major 

driver of trait divergence and adaptive evolution, relatively little effort has 

focused on how it influences the evolution of intraspecific cooperation. 

Here we identify the mechanism by which the perceived pressure of 

interspecific competition influences the transition from intraspecific 

conflict to cooperation in a facultative cooperatively breeding species, the 

Asian burying beetle Nicrophorus nepalensis. In their natural environment 

in central Taiwan, N. nepalensis is typically aggressive to conspecifics and 

only cooperate with others of their own species at critical carcass resources 

in the presence of blowflies, their primary competitors. We demonstrate 

that beetles form larger groups and are more cooperative in carcass 

preparation in warmer environments where the pressure of interspecific 

competition with blowflies is highest. To test the hypothesis that the 

presence of blowflies promotes beetle cooperation and to identify the 

mechanism by which this occurs, we manipulated blowfly larvae on 

carcasses in the lab. We not only found that beetles are more cooperative 

at carcasses when blowfly maggots have begun to digest the tissue, but that 

this social cooperation appears to be triggered by a single chemical cue, 

dimethyl disulfide (DMDS), emitted from carcasses consumed by 

blowflies but not from control carcasses lacking blowflies. Our results 

provide experimental evidence that interspecific competition promotes the 
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transition from intraspecific conflict to cooperation in N. nepalensis via a 

surprisingly simple social chemical cue that is a reliable indicator of 

interspecific competition. 
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Introduction 

Unraveling the mechanisms that shift individuals from being competitive 

to cooperative is critical for understanding not only the evolution of 

sociality but also of biological organization at many scales1. Interspecific 

competition has long been recognized as a major driver of trait divergence 

and adaptive evolution2-4. However, the proximate mechanisms affecting 

how individuals perceive the pressure of interspecific competition, which 

in turn shapes their cooperative and competitive strategies, remain poorly 

understood. Burying beetles (Nicrophorus spp.) use small vertebrate 

carcasses as their sole resource for reproduction and often face intense 

intra- and interspecific competition for access to these precious but limiting 

resources5-7. Previous work has suggested that the key benefit of 

cooperation in the Asian burying beetle N. nepalensis is that cooperative 

carcass preparation-including carcass cleaning, shaping, and burial, as well 

as the elimination of competing species5-8—enables beetles to outcompete 

their primary competitor, blowflies (family Calliphoridae), particularly in 

warmer environments where blowflies are most abundant. By 

experimentally manipulating burying beetle group size along an 

elevational gradient, we showed that in cooler environments where the 

pressure of interspecific competition is low, beetles in large groups are 

more aggressive toward same-sex conspecifics and often engage in intense 

and even lethal fights that result in a single individual monopolizing the 

carcass and having a higher probability of breeding successfully than those 

in large groups9. In contrast, in warmer environments where blowflies are 

more common, burying beetles cooperate with conspecifics to more 
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quickly bury carcasses and escape blowfly competition10, ultimately 

gaining greater reproductive success9. Although the presence of blowflies 

at carcasses appears to facilitate a shift from competitive to cooperative 

behavior in N. nepalensis, it remains unclear what drives this transition in 

beetle social behaviour and how individuals know to reduce conflict and 

tolerate conspecifics. 
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Results 

Group size, social investment and conflict along the environmental 

gradient 

To determine how ecology influences inter- and intraspecific social 

interactions in natural burying beetle populations, we first quantified beetle 

social behavior and dynamics by video recording their breeding behaviors 

at 25 sites along two elevational gradients in eastern and western Taiwan, 

each spanning more than 1000 m in elevation. We calculated the time that 

beetles spent on cooperative carcass preparation (hereafter cooperative 

investment) both in terms of total investment (i.e. the cumulative time of 

the social group) and on a per capita basis for large (groups larger than the 

median size) and small groups (groups smaller than the median size), as 

well as in cool (<14.5°C) and warm environments (>14.5°C). We found 

that group size peaked at moderate temperatures (χ2
1 = 5.52, P = 0.019, n 

= 245; Fig. 1a) and that per capita cooperative investment along the 

temperature gradient varied with group size (group size × temperature 

interaction, χ2
1 = 11.20, P = 0.001, n = 89). Specifically, per capita 

cooperative investment increased with daily minimum temperature in large 

groups (χ2
1 = 5.39, P = 0.02, n = 33), but not in small groups (χ2

1 = 0.05, P 

= 0.83, n = 56; Fig 1b). Similarly, total cooperative investment increased 

with daily minimum temperature in large groups (χ2
1 = 4.88, P = 0.03, n = 

33), but not in small groups (χ2
1 = 0.24, P = 0.60, n = 56; Fig. 1c). In 

contrast, per capita social conflict along the temperature gradient, 

measured as the number of intraspecific conflict events for each individual, 

varied with group size (mean group size × temperature interaction, χ2
1 =  
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6.64, P < 0.01, n = 82, Fig. 1d), such that conflict increased with group size 

in cool environments (χ2
1 = 11.24, P < 0.001, n = 40; Fig. 1d), but not in 

warm environments (χ2
1 = 1.59, P = 0.2, n = 42; Fig. 1d). 

To confirm that these patterns of social conflict and cooperation were 

the result of changes in social behavior and not simply changes in activity 

associated with differences in ambient temperature, we further separated 

cooperative investment into (i) time spent simply walking on the carcass 

and (ii) more complex carcass-preparation behaviors, which are 

presumably more costly—including maggot and rotten tissue removal, as 

well as carcass dragging, depilation, and burial. We found that time spent 

on more complex carcass preparation behaviors increased with increasing 

daily minimum temperature in large groups (χ2
1 = 5.39, P = 0.02, n = 33; 

Fig. 2a), but not in small groups (χ2
1 = 0.17, P = 0.68, n = 56; Fig. 2a). 

However, there was no significant relationship between walking time and 

daily minimum temperature in large (χ2
1 = 0.24, P = 0.60, n = 33; Fig. 2b) 

or small groups (χ2
1 = 0.79, P = 0.37, n = 56; Fig. 2b), suggesting that the 

increase in total cooperative investment in warmer environments was not 

simply the result of increased activity at warmer temperatures. 

Cooperation triggered by interspecific competition 

Our field results demonstrate that N. nepalensis exhibits remarkably 

flexible social behaviors along elevational and thermal gradients: beetles 

are normally asocial and aggressive towards conspecifics in cooler 

environments but become social and cooperate with conspecifics in 

warmer environments where the competition for critical resources with 

other species is intense10. However, to demonstrate experimentally that 
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blowfly competition for carcasses drives the transition from intraspecific 

competition to intraspecific cooperation, we performed a series of 

laboratory experiments to manipulate the presence or absence of blowflies 

at carcasses directly. 

Our first experiment introduced blowfly competition to burying 

beetles by exposing carcasses to adult blowflies in an incubator at 26°C for 

two days, conditions that match those in the field and are optimal for 

blowflies to lay eggs and for their maggots to consume the carcass partially. 

We then allowed six beetles (three males and three females) to breed on the 

carcass. We found that more beetles cooperated (t = 5.26, P < 0.001; Fig. 

3a), and that each individual beetle spent significantly more time 

cooperating, in the blowfly treatment than in the control treatment 

containing carcasses but no blowflies (t = 3.27, P = 0.002; Fig. 3b). As a 

consequence, the total cooperative investment was higher in the blowfly 

treatment than in the control treatment (t = 5.37, P < 0.001; Fig. 3c). 

Although there was no difference in per capita social conflict between the 

blowfly and control treatments (t = -0.33, P = 0.75; Fig. 3d), after 

controlling for total investment time by dividing per capita social conflict 

by the total cooperative investment, the adjusted per capita number of 

social conflicts per unit time was significantly lower in the blowfly 

treatment than in the control treatment (t = -2.58, P = 0.013; Fig. S1). Thus, 

social conflict in burying beetles was lower and cooperation higher when 

blowflies were present on carcasses. 

A sulfur-containing organic compound as the cue of interspecific 
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competition 

What is the mechanism driving the transition from intraspecific 

competition to intraspecific cooperation? Since blowfly species are diurnal 

but N. nepalensis is nocturnal, it is unlikely that the physical presence of 

blowflies influences N. nepalensis behavior. Previous studies have 

demonstrated that sulfur-containing volatile organic compounds (S-VOCs) 

emitted from decomposing carcasses attract burying beetles to this key 

resource11,12. Because GC-MS analysis showed that dimethyl disulfide 

(DMDS) appeared earlier and was more abundant in the blowfly treatment 

than in the control (Fig. 4a), we hypothesized that DMDS is the key 

infochemical13—indicating not only the presence of a decaying carcass but 

also the degree of interspecific competition at that carcass—that mediates 

the transition between cooperative and competitive strategies in N. 

nepalensis. 

To experimentally test this hypothesis, we injected DMDS into the 

body cavity of mouse carcasses. We found that more individuals 

cooperated (t = -3.76, P < 0.001; Fig. 4b), and that each individual spent 

more time cooperating, in DMDS treated carcasses relative to controls (t = 

-2.55, P = 0.014; Fig. 4c). Thus, there was a higher total cooperative 

investment in the DMDS treatment than in the control (t = -3.8, P < 0.001; 

Fig. 4d). These results were similar to those observed in the blowfly 

treatment from the initial experiment. The only difference between the 

DMDS and blowfly treatments was that there was marginally more social 

conflict in the DMDS treatment than in the hexane control (t = -1.97, P = 

0.054; Fig. 4e), whereas this trend-while in the same direction-was not 
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significant in the blowfly treatment (t = -0.33, P = 0.75), presumably 

because there were no real competitors that beetles need to remove in the 

DMDS treatment. 

Dominance hierarchy and body temperature among group members 

To further examine the individual investments and conflicts between the 

treatments and control. We identified a clear dominance hierarchy among 

group members. Again, the patterns of cooperative investment and conflict 

between the blowfly treatments and control and between DMDS and 

hexane control were similar (Fig. 5). Individuals of each rank in the 

blowfly and DMDS treatments invested more in cooperative carcass 

preparation than the same rank individual in their controls (Fig. 5a and 5b, 

respectively). However, Alpha individuals invest significantly more in 

carcass preparation than Beta and Gamma individuals, regardless the sex 

of individuals, in all treatments and controls (Fig. 5a and 5b). 

Alpha individuals also initiated more conflict events than Beta and 

Gamma individuals in all four treatments and controls (Fig. 5c and 5d). 

Alpha and Beta but not Gamma individuals had significantly more conflict 

events in the DMDS treatments than the hexane control, whereas there was 

no significant difference in levels of social conflict level between the 

blowfly treatment and control treatments in for each rank (Fig. 5c and 5d). 

Finally, patterns of injuries were different between blowfly treatment and 

control and between DMDS and hexane control: lower-ranking individuals 

sustained more injuries than higher-ranking individuals in the control but 

not in blowfly treatment. There is no significant difference in levels of 

injuries in each rank between the control and blowfly treatment, though 
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(Fig. 6a). On the other hand, Gamma individuals had the highest levels of 

injuries in the hexane control but not in the DMDS treatments. Individuals 

in each rank had a higher level of injuries in the DMDS treatment than 

hexane control, corresponding to the higher level of conflict in the DMDS 

treatment than in hexane control (Fig. 6b). 

In addition to measuring behavioral responses, we also compared the 

physiological responses (i.e., changes in surface body temperature) for all 

treatments and controls using infrared thermography, which allows non-

invasive, precise (0.1℃  precision) and continuous body temperature 

recordings (see Method). Interestingly, higher-ranking individuals 

generally had higher surface body temperature, except in the blowfly 

treatment (Fig. 7a and 7b). Higher surface body temperature leads to both 

higher investment time (Fig. 7c) and higher levels of conflict (Fig. 7d). 

Thus, the higher surface body temperature of Gamma individuals in the 

blowfly treatment than the control suggests that Gamma individuals were 

physiologically prepared for higher investment levels. Similarly, the higher 

surface body temperature of individuals in the DMDS treatment than the 

hexane control corresponds well with the higher investment and conflict 

levels observed in the DMDS treatment. Note that the results were the same 

when using the relative body temperature—i.e., the difference between 

absolute body temperatures and environmental temperatures (Fig. S2)—

and individuals’ body temperatures maintained a particular range that was 

consistently higher than the environmental temperature (Fig. S3). This 

suggests that active thermoregulation was involved in influencing the body 

temperature of beetles. Together, these results demonstrate that inter-
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specific competition and the DMDS cue not only change social behavior 

but also cause underlying physiological changes in burying beetles. 
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Discussion 

Our study shows that burying beetles transition from competitive to more 

cooperative interactions as the pressure of interspecific competition 

increases. Accumulating empirical evidence from other animals suggests 

that social conflict in cooperative societies is often lower in adverse 

environments with strong interspecific competition14. This pattern of 

reduced social conflict under strong interspecific competition has largely 

been explained by the fact that the cost of engaging in competitive 

interactions increases under adverse conditions15. Yet, there is little 

empirical evidence demonstrating that social animals increase their 

investment in cooperation under the threat of interspecific competition. 

One exception comes from cooperatively breeding superb fairy-wrens 

(Malurus cyaneus) that cooperate more in nest defense when exposed to a 

greater threat of interspecific brood parasitism16. However, it remains 

unclear how intraspecific conflict in fairy-wrens is influenced by the threat 

of interspecific competition. Our study helps fill this knowledge gap by 

showing that cooperative carcass preparation to reduce blowfly 

competition in warmer environments is critical for predicting both the 

cooperative and competitive interactions among individuals of the same 

species. 

Furthermore, we show that the conditional cooperative and 

competitive strategies17,18 used by N. nepalensis to maximize their utility 

of carcasses are mediated by a surprisingly simple chemical mechanism. 

DMDS is produced during the decomposition process and acts as an 

indicator of the level of competition from blowflies. Although interspecific 
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competition has long been recognized as a major ecological force that 

drives adaptive evolution2-4, relatively little effort has focused on how it 

influences intraspecific cooperation14,19,20. Our discovery of a novel social 

chemical cue provides unambiguous evidence that interspecific 

competition has shaped social evolution in N. nepalensis. DMDS acts as a 

kairomone because it is produced by heterospecifics (i.e., blowfly 

digestion), but benefits the receiver13, and not as a pheromone produced by 

conspecifics21,22. Pheromones are often used for kin discrimination, and 

studying the olfactory sensory system and its genes have greatly advanced 

our understandings of the role that chemically-driven kin recognition has 

played in social evolution, especially in ants23,24. Here we demonstrate that 

interspecific chemical communication is also important to insect social 

evolution. By showing that chemically-mediated interspecific competition 

is a key driver of intraspecific cooperation and of social evolution more 

generally, our work demonstrates the value of integrating ultimate and 

proximate levels to study the evolution of cooperation25. Ultimately, our 

findings suggest that the role of between-species competitive interactions 

driving within-species competitive and cooperative interactions are likely 

to have been important for the evolution of social behavior in a number of 

animal species, perhaps even in our own species’ social evolution at a time 

when we were not the only hominid inhabiting the planet. 
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Materials and methods 

Field Study. The field study was conducted in Taiwan from 2012 to 2015 

along elevational gradients composed primarily of uncultivated forest in 

Nantou county (spanning 1688 m to 2650 m above sea level) and Hualien 

county (spanning 1193 m to 2720 m above sea level). A variety of social 

behaviors, including per capita social conflict and investment in 

cooperative carcass preparation (i.e., cooperative investment), were scored 

on the first night of video observation (from 19:00 to 05:00) using the 

Observer® XT 14 (Noldus). To quantify total cooperative investment, we 

estimated the cumulative time that each beetle spent depilating rat hair, 

cleaning rat carcasses by removing maggots, or dragging carcasses during 

carcass burial and preparation. We measured per capita cooperative 

investment as the total cooperative investment divided by the mean group 

size, defined as the maximum number of beetles that stayed on or under  

carcasses averaged over three time periods (22:30 to 22:40; 01:30 to 01:40 

and 04:30 to 04:40) during each video observation. Investment in 

cooperation was quantified as the duration of cumulative time sampled for 

a 10 mins observation period in each hour (i.e., 100 mins for each breeding 

experiment). In total, there were 89 breeding experiments (resulting in 

8900 mins of video recordings) from which we were able to quantify total 

cooperative investment. Aggressive interactions were defined as a social 

conflict if a beetle attacked, wrestled, chased, or escaped from another 

same-sexed individual (see below for definitions of each behavior). We 

measured total social conflict as the total number of aggressive interactions 

over the 240 mins observation period. We measured per capita social 
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conflict as the total number of aggressive interactions divided by the mean 

group size for each observation period. Conflict was quantified as the total 

number of aggressive interactions sampled for two 120 mins observation 

periods (from 19:30 to 21:30 and from 23:30 to 1:30). In total, there were 

82 breeding experiments (resulting in 19,680 mins of video recordings) 

from which we were able to quantify conflict behavior. We determined the 

mean group size on the first night of each beetle’s arrival in 245 breeding 

experiments (resulting in 7350 mins of video recordings). 

Collection and maintenance. Lab experiments were carried out using N. 

nepalensis individuals from laboratory-reared strains that originated from 

Meifeng, Nantou County, Taiwan (24°5' N, 121°10'). Burying beetles were 

collected using hanging pitfall traps baited with 100 g rotten chicken 

breasts. Collected beetles were randomly paired and supplied with frozen 

and re-thawed 75 ± 5 g dead rats (Rattus norvegicus) in 23 × 15.5 × 16 cm 

plastic boxes filled with 10 cm moist peat for reproduction. The emerged 

beetles were housed individually in 7.3 × 7.3 × 3.5 cm plastic boxes filled 

with 2 cm moist peat and fed with dead superworms (Zophobas morio) 

once a week. All individuals were kept in environmental chambers at 13.2 

~ 19.7 °C (to resemble the natural daily temperature fluctuation in their 

natural habitat) on a 14L : 10D photoperiod. Experimental beetles were 

between 40 and 80 days of age, which is their optimal age for reproduction 

(individuals can live for over three months in the laboratory). 

Experimental design and procedure. For each experimental replicate, 

three unrelated males and three unrelated females were randomly chosen 

from different families to avoid relatedness affecting their behaviors. Each 
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individual was weighed to the nearest 0.1 mg and marked with a Uni 

POSCA paint marker on the elytra and coated with Scorch® Super GlueGel 

for individual identification in videos. The marking and weighing of 

beetles were done 2 hrs prior to beginning an experiment to ensure that all 

beetles would return to normal activity levels. All six marked beetles were 

placed into the experimental boxes in random order at the beginning of 

each experiment. Experimental boxes consisted of a smaller plastic 

container (23 × 15.5 × 13.5 cm filled with 13.5 cm moist peat) located 

inside a larger plastic container (45 × 34.5 × 25 cm filled with 13.5 cm 

moist peat). A 4 cm high iron net with 2 cm2 mesh was placed around the 

small container to prevent beetles moving carcasses outside the field of 

view of the digital cameras, but beetles could still move freely between the 

inner and outer areas. A digital camera and a FLIR SC300 thermal camera 

were fitted on the top of a 25 × 20 × 55 cm acrylic box, which was fixed 

on the cap of the large container. To equalize the temperature of the 

experimental apparatus, boxes were filled with moist peat and put into the 

environmental chambers one day before the experiments began. 

The blowfly treatment was conducted by exposing a 75 ± 5 g rat 

thawed carcass to blowflies, oriental latrine flies (Chrysomya 

megacephala), in 32 × 32 × 32 fly cages for 50 hrs before the start of each 

experiment. Fly cages contained oriental latrine flies that had emerged 

from 10 g pupa and been kept in environmental chambers at 26°C on a 14L : 

10D photoperiod. Except for maggot-digested carcasses, all other carcasses 

in the same weight range were thawed at 4°C for 24 hrs before experiments 

began. Carcasses used in all treatments were moved into the environmental 
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chambers 8 hrs prior to the start of experiments to equalize their 

temperatures. The hexane control and DMDS treatment used thawed-only 

carcasses injected with 2 ml hexane or 0.01 M DMDS solution, 

respectively, into abdominal cavities through the anus using 3 ml Terumo® 

Syringes and needles 1 hr prior to the start of the experiment. The thawed-

only carcasses served as controls. The carcasses in controls and all 

treatments were moved into the experimental boxes and put on the surface 

of peat in smaller containers 1 hr before experiments began. Behavioral 

videos were recorded either from 7 PM until the day and time at which a 

carcass was completely buried into peat or for 72 hrs if the beetles did not 

completely bury the carcass (under natural conditions, a carcass would be 

completely consumed by blowflies if beetles did not completely bury it 

within 72 hrs). In total, 1020 hrs of videos were analyzed from 23 blowfly 

control replicates, 23 blowfly treatment replicates, 32 hexane control 

replicates, and 24 DMDS replicates. Social conflict and cooperative 

investment behaviors were recorded in the first 10 hrs (7 PM to 5 AM) of 

each experimental treatment using The Observer® XT 14 (Noldus). 

Behavioral analyses. In total, 1020 hours of videos were analyzed from 

23 blowfly control replicates, 23 blowfly treatment replicates, 32 hexane 

control replicates, and 24 DMDS replicates. A variety of social behaviors, 

including social conflicts and investments in preparing carcasses, were 

recorded in the first 10 hours (7 pm to 5 am) after experiments began using 

The Observer® XT 14 (Noldus). Four individual interactions, such as 

wrestles, attack, chases, and escapes, between individuals of the same 

gender, were defined as social conflicts. Two individuals grasping and 
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biting each other was defined as a wrestle; one individual biting another 

was defined as an attack; a chase was defined as one individual rapidly run 

after another after any other interaction, such as a wrestle, attack, or other 

body contacts; and one individual rapidly running away from another after 

any other interaction described above was defined as an escape (also see 

supplementary videos). Social conflicts occurred randomly during 

observing periods, so they were recorded for the entire 10 hours (7 pm to 

5 am). We calculated per capita conflicts as the total number of social 

conflicts divided by the maximal group size for each observation period. 

We quantified the total time each individual spent processing the carcass 

cooperatively by evaluating the cumulative time that each beetle spent on 

inspecting carcasses, depilating rat hair, removing maggots and blowfly 

eggs, moving carcasses, and digging the peat surrounding carcasses. The 

investment behaviors were sampled for 10 minutes in the middle period in 

each hour. Therefore, the maximal investment time of each beetle would 

be 100 minutes. The group size of each period was quantified as the 

maximum number of beetles that stayed on or under carcasses during the 

sampled 10 minutes. We calculated per capita investment time as the total 

investment time divided by the maximal group size for each observation 

period. 

Determination of dominance hierarchies. We determined the 

hierarchical organization of dominance relations among beetles using the 

social network transitivity analysis27. Both the number of attacks and 

chases and the roles of behavioral actors or receivers were used to construct 

dominance hierarchies. There were instances in which an individual 
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attacked others, but ran away from the carcass and did not return if others 

fought back; in these situations, the social network transitivity analysis 

could miscalculate dominance hierarchies. Therefore, all constructed 

dominance relations were manually checked and corrected. 

Gas chromatography-mass spectrometry (GC-MS) analysis. To 

determine the composition of volatile organic compounds (VOCs) emitted 

by the control and blowfly treated carcasses, two control and two blowfly 

treated carcasses were used to collect the VOCs (all carcasses were 

prepared using the same procedure described in materials and methods). 

The prepared carcasses were put on the peat surface in glass vacuum 

desiccators (15 cm diameter × 22 cm tall) filled with 5 cm of moist peat. 

The ground-glass rim of the desiccator lid and the stopcock of the lid were 

greased with a thin layer of petroleum jelly to prevent a leak of emitted 

VOCs or contamination from the atmosphere. The VOCs were sampled 

using the solid-phase micro-extraction26. The SPME holder with 

CAR/PDMS fiber (Supelco, previously desorbed for 5 min in GC injection 

port heated to 200°C) was inserted through the hold of the stopcock 

(stopcock was removed) into the atmosphere surrounding the rat carcass, 

and the fiber was exposed for 15 min; immediately after the 15 min, it was 

GC-MS-analysed using 6890N Network Gas Chromatograph (Agilent 

Technologies) equipped with an HP-5ms column (Agilent J&W) and 5975 

Mass Selective Detector (Agilent Technologies). The GC oven was 

operated at an initial temperature 40°C for 1 min and then ramped at a rate 

10°C/min to 250°C (with 10-min hold). The temperatures of the GC inlet 

and detector were set to 200°C and 260°C, respectively. The SPME 
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samples were GC analyzed split-less. Helium (1 mL/min) was used as a 

carrier gas. The GC-MS results showed DMDS was the major VOC 

emitted by the blowfly-treated carcasses. Therefore, DMDS was injected 

into carcasses in further experiments. Two DMDS-injected carcasses (also 

prepared using the same procedure described in Methods) were used in 

GC-MS-analyses (following the procedure described above) to determine 

the composition of volatile organic compounds (VOCs) they emitted. 

Statistical analyses. Multivariate analyses were performed using 

generalized linear models (GLMs) to determine statistical significance for 

differences between blowfly controls and treatments or hexane controls 

and DMDS treatments in mean group size, per capita investment, total 

investment, total conflict number, and adjusted per capita conflict number. 

Due to the random effects of 6 individuals in each replicate, generalized 

linear mixed models (GLMMs) were used in the multivariate analyses of 

all individual comparison between blowfly controls and treatments or 

hexane controls and DMDS treatments. The conditional R2 values in the 

linear regressions between mean body temperature and investment time or 

conflict numbers were calculated using the protocol proposed by 

Nakagawa and Schielzeth28. All statistical analyses were performed in R 

using R packages, such as stats, lme4, car, multcomp (http://cran.r-

project.org/), and glmmADMB (http://glmmadmb.r-forge.r-project.org/). 

 

http://glmmadmb.r-forge.r-project.org/
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Figure 1 | Changes in N. nepalensis group size and social behaviors 

during carcass preparation along a temperature gradient. The 

relationship between daily minimum air temperature and (a) mean group 

size, (b) per capita cooperative investment, (c) total cooperative investment 

in large (closed circles) and small groups (open circles). Group size peaked 

at moderate temperatures, whereas per capita and total cooperative 

investment increased with daily minimum temperature in large but not 

small groups. Solid lines denote predicted relationships from GLMs, 

whereas dashed lines denote non-significant relationships. (d) Per capita 
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social conflict increased with group size in cool environments (closed 

circles), but not in warm environments (open circles). Lines represent least-

squared means (solid lines denote significant relationships and dotted lines 

non-significant relationships), and blue shaded areas represent 95% 

confidence intervals expected from GLMMs. 
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Figure 2 | Complex carcass preparation and simple walking behaviors 

during cooperative carcass preparation along the temperature 

gradient. The time that beetles spent on (a) complex carcass preparation 

behaviors and (b) walking on the carcass in relation to daily minimum air 

temperature in large and small groups. Compared to small groups (open 

circles), large groups (closed circles) spent more time on complex carcass 

preparation but not on walking as daily minimum air temperature increased, 

suggesting that the increase in total cooperative investment in warmer 

environments was not simply the result of increased activity at warmer 

temperatures. Lines represent least-squared means (solid lines denote 

significant relationships and dotted lines non-significant relationships), 

and the blue shaded area represents 95% confidence intervals expected 

from GLMMs. 
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Figure 3 | N. nepalensis social behaviors in control and blowfly 

treatments. (a) Mean group size, (b) per capita cooperative investment, (c) 

total cooperative investment, and (d) per capita social conflict of burying 

beetles on carcasses. Beetles formed larger groups and had greater per 

capital and total cooperative investment in carcass preparation in the 

presence of blowflies than in control treatments where blowflies were 

absent. ** P ≤ 0.01; *** P ≤ 0.001. 
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Figure 4 | Results of gas chromatography-mass spectrometry (GC-MS) 

analyses and N. nepalensis social behaviors in hexane and DMDS 

treatments. (a) GC-MS analyses showed an abundance of sulfide 

compounds, including dimethyl sulfide (DMS), dimethyl disulfide (DMDS) 

and dimethyl trisulfide (DMTS) in control, blowfly, and DMDS treatments 

during the first 10 hrs. DMDS was the major sulfide compound emitted by 

maggot-digested carcasses. Shaded areas represent 95% confidence 

intervals expected from GLMMs. (b) Mean group sizes, (c) per capita 

cooperative investment, (d) total cooperative investment, and (e) per capita 
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social conflict of burying beetles on carcasses in DMDS and hexane 

control treatments. Beetles formed larger groups and had greater per capital 

and total cooperative investment on carcasses in the DMDS treatment 

compared to the hexane control treatment. * P ≤ 0.05; *** P ≤ 0.001. 
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Figure 5 | Average investment time per individual in each group in (a) 

the  blowfly treatment and control and (b) the hexane control and 

DMDS treatment; Individual conflict numbers for individuals of all 

hierarchies in (c) the blowfly treatment and control and (d) the hexane 

control and DMDS treatment. Individuals of all hierarchies in the 

blowfly and the DMDS treatments spent more time on preparing carcasses 

than the same ranking individuals in the blowfly control (Alpha, GLMM: 

z = 2.705, P = 0.007; Beta, GLMM: z = 3.945, P < 0.001; Gamma: GLMM: 

z = 3.459, P < 0.001) and hexane control (Alpha, GLMM: z = -3.502, P < 

0.001; Beta, GLMM: z = -2.024, P = 0.043; Gamma: GLMM: z = -2.39, P 
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= 0.017), respectively. Moreover, Alpha individuals, regardless of sex, in 

all treatments and controls invested significantly more than Beta (control, 

GLMM: z = -8.194, P < 0.001; blowfly treatment, GLMM: z = -7.733, P 

< 0.001; hexane control, GLMM: z = -11.455, P < 0.001; DMDS treatment, 

GLMM: z = -9.321, P < 0.001) and Gamma individuals (control, GLMM: 

z = -7.425, P < 0.001; blowfly treatment, GLMM: z = -7.465, P < 0.001; 

hexane control, GLMM: z = -10.907, P < 0.001; DMDS treatment, GLMM: 

z = -8.809, P < 0.001). On the other hand, Alpha individuals in all 

treatments and controls launched more conflict events than Beta (control, 

GLMM: z = -5.458, P < 0.001; blowfly treatment, GLMM: z = -3.158, P 

= 0.005; hexane control, GLMM: z = -3.436, P = 0.002; DMDS treatment, 

GLMM: z = -6.2, P < 0.001) and Gamma individuals (control, GLMM: z 

= -8.304, P < 0.001; blowfly treatment, GLMM: z = -5.929, P < 0.001; 

hexane control, GLMM: z = -6.382, P < 0.001; DMDS treatment, GLMM: 

z = -11.039, P < 0.001). Beta individuals also initiated more conflict events 

than Gamma individuals (control, GLMM: z = -3.404, p = 0.002; blowfly 

treatment, GLMM: z = -2.927, P = 0.01; hexane control, GLMM: z = -

3.398, P = 0.02; DMDS treatment, GLMM: z = -5.605, P < 0.001) in all 

treatments and controls. Furthermore, Alpha and Beta but not Gamma 

individuals had more conflict behaviors in the DMDS treatment than in the 

hexane control (Alpha, GLMM: z = -3.415, P < 0.001; Beta, GLMM: z = 

-2.469, P = 0.01), whereas there was no significant difference in conflict 

levels for any hierarchies between the control and the blowfly treatment. * 

P < 0.05; ** P ≤ 0.01; *** P ≤ 0.001. 
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Figure 6 | The individual injury levels in (a) the blowfly treatment and 

control and (b) the DMDS treatment and hexane control. Beta (GLMM: 

z = 2.914, P = 0.01) and Gamma individuals (GLMM: z = 3.762, P < 0.001) 

sustained more injuries than Alpha individuals in the control but not in the 

blowfly treatments. However, there was no significant difference in the 

injury levels for each rank between the control and the blowfly treatments. 

On the other hand, Gamma individuals had higher injury levels than Alpha 

individuals (GLMM: z = 2.346, P = 0.049) in the hexane control but not in 

the DMDS treatments. But individuals in each rank sustained more injuries 

in the DMDS treatments than in the hexane control (Alpha, GLMM: z = -

2.666, P = 0.008; Beta, GLMM: z = -1.922, P = 0.055; Gamma, GLMM: 

z = -2.031, P = 0.042). In each figure, ⋅ P < 0.1; * P < 0.05; ** P ≤ 0.01; 

*** P ≤ 0.001. 
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Figure 7 | The individual mean body temperatures during the first two 

hours of (a) the blowfly treatment and control and (b) the hexane 

control and DMDS treatment. Alpha (control, GLMM: z = -4.927, P < 

0.001; hexane control, GLMM: z = 3.538, P = 0.001; DMDS treatment, 

GLMM: z = 3.029, P = 0.007) and Beta individuals (control, GLMM: z = 

-3, P = 0.007; hexane control, GLMM: z = 2.861, P = 0.012; DMDS 

treatment, GLMM: z = 2.615, P = 0.024) had higher mean body 

temperatures than Gamma individuals in the control, the hexane control, 

and the DMDS treatment. In the blowfly treatment, Alpha individuals also 

had higher body temperatures than Gamma individuals (GLMM: z = 2.412, 
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P = 0.042). Furthermore, Gamma individuals in the blowfly treatment 

exhibited higher body temperatures than in the control (GLMM: z = 2.58, 

P = 0.01). But individuals of each rank had higher body temperatures in 

the DMDS treatment than in the hexane control (Alpha, GLMM: z = 3.729, 

P < 0.001; Beta, GLMM: z = -3.4, P < 0.001; Gamma, GLMM: z = 4.147, 

P < 0.001). The linear regressions between the mean body temperature and 

(c) investment time and (d) conflict numbers. The mean body temperatures 

were positively correlated with either individual investment time (GLMM: 

χ2 = 8.091, P = 0.004, R2 = 0.054) or individual conflict numbers (GLMM: 

χ2 = 7.054, P = 0.008, R2 = 0.478). In each figure,* P < 0.05; ** P ≤ 0.01; 

*** P ≤ 0.001. 
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Figure S1 | Adjusted per capita social conflict in different experimental 

treatments. Adjusted per capita social conflict (i.e., per capita social 

conflict divided by the total cooperative investment time) was lower in the 

blowfly than control treatments. There was no difference in adjusted per 

capita social conflict between the DMDS and hexane control treatments. * 

P < 0.05. 
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Figure S2 | The linear regressions between the relative mean body 

temperature (the difference between absolute body temperatures and 

environmental temperatures) and (a) investment time and (b) conflict 

numbers. The relative mean body temperatures were positively correlated 

with either individual investment time (GLMM: χ2 = 5.663, P = 0.017, R2 

= 0.054) or individual conflict numbers (GLMM: χ2 = 7.852, P = 0.005, R2 

= 0.458). 
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Figure S3 | The frequency of environmental temperature and 

individual body temperature across the three ranks. The beetle body 

temperature is higher than the environmental temperature. Higher-ranking 

individuals actively generated more heat than lower-ranking individuals. 
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Chapter 3 – The genomic and transcriptomic investigations 

of seasonal and continuous breeding adaptations in burying 

beetles 

Abstract 

Seasonal change shapes the evolution of organisms and determines how 

Earth looks around us. Seasonal breeding is one of ubiquitous adaptation 

triggered by photoperiods. In contrast, continuous breeders can reproduce 

year-round regulated by their internal biological rhythms. Investigating the 

genomic differentiation behind breeding types is crucial to understanding 

the evolutionary transitions. Here we present the reference-quality genome 

of the burying beetle Nicrophorus nepalensis which exhibits different 

breeding regulations between populations in Taiwan. Comparing genomes 

among Hexapoda, we find continuous breeding is likely the ancestral trait 

in insects and two breeding types of insects both show convergent 

evolution at gene levels. N. nepalensis surprisingly shares genetic features 

with both reproductive types in its genome. Transcriptomic comparison 

suggests these genes were strongly associated with the polymorphic 

breeding regulations in N. nepalensis. Our results provide the first 

comparative study between two breeding types and give the insight to 

clarify the regulation of circannual rhythms. 
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Introduction 

To reproduce successfully, breeding at appropriate timing is crucial for 

almost all animals that inhabit in regions displaying distinct seasons. The 

energetic costs of reproduction are enormous; birth must occur at the most 

favorable season in which food abundance is at the peak of annual 

variations to maximize benefits in both parents and offspring1-3. Organisms 

use predictive cues such as photoperiod, temperature, and rainfall to adjust 

morphological traits, physiological conditions, and behaviors to prepare for 

breeding in the coming favorable environments4,5. Different from the 

seasonal breeders (SBs), the continuous breeders (CBs) can reproduce all-

year-round by regulating neuroendocrine systems with internal biological 

rhythms6-8. Hence, identifying the underlying molecular mechanisms 

between different breeding behaviors are key to understanding these 

evolutionary transitions but also to providing the perspectives on the 

regulation of circannual rhythms3. The genomes and transcriptomes from 

a species displaying both SB and CB would allow us to extensively study 

the selection on this breeding differentiations. However, a paucity of 

genomic data fitted for this criterion has impeded such investigations. 

The burying beetles, Nicrophorus nepalensis have shown to display 

remarkable polymorphisms in breeding behaviors among populations in 

Taiwan9. Most individuals of the north population only breed from late 

autumn to early spring using the short photoperiod as the cue. In contrast, 

the central population breeds year-round along the altitude (Supplementary 

Fig. 1). The two populations of beetles evolved two breeding strategies, 

respectively, due to the combination of interspecific competitions and 
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topographies9. The beetles choose the areas with temperature favoring 

them but not the interspecific competitors, blowflies9. Also, the over-high 

or -low temperature limited the physiological performance of N. nepalensis 

in their survivorship and development. Unlike the polymorphic breeding 

behaviors in N. nepalensis, most of the temperate Nicrophorus species are 

seasonal breeders reproducing in the favorable seasons, varied from late 

spring to early autumn10. Nicrophorus incorporate phenotypic diversity 

within and among species and therefore constitute excellent candidates for 

evolutionary studies in the regulation of breeding behaviors. 

Here we report a chromosome-level genome assembly of N. 

nepalensis. Comparative analyses of the N. nepalensis genome with those 

of continuous and seasonal breeding Hexapoda species allow us to relize 

the similarity and differentiation between two breeding types in gene levels. 

We find both breeding types of insects showed convergent evolution at 

gene levels and N. nepalensis shared breeding-type specific orthologues 

and gene expansions with either continuous or seasonal breeding types. 

Transcriptome profiling between two breeding types in N. nepalensis 

reveals differential genetic regulation in sexual maturity between two 

populations. Combining the genome and transcriptomes, we then identify 

a set of genes strongly correlated to the continuous and seasonal breeding 

in N. nepalensis. 
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Results 

Assembly, gene annotation, and genome characterization of the N. 

nepalensis genome 

We first generated a draft assembly of N. nepalensis using Illumina reads, 

then corrected misjoins and scaffolded using in situ Hi-C reads11 

(Supplementary Table 1). The final assembly was a total of 173.87 Mb 

from 1,595 scaffolds, which was 96.6% of its predicted size 

(Supplementary Fig 2). The genome consisted of 8 chromosome-length 

scaffolds (lengths from 7.8 to 32.2 Mb and N50 length of 23.47 Mb) 

containing 90% of the total sequence (Fig. 1 and Supplementary Table 2). 

Previous karyotyping studies have shown two Nicrophorus species were 

diploid with six pairs of autosomes and one X chromosome (2n = 13)12,13. 

The N. nepalensis chromosomes could be mainly represented by these 

eight chromosome-length scaffolds. The N. nepalensis genome had a high 

degree of continuity and completeness when compared with the published 

genome of other insect species (Supplementary Table 2). The sex 

chromosome of N. nepalensis was determined by the orthologous genes, 

paired-end read coverages and single nucleotide polymorphisms (SNPs) 

densities (Fig. 1 and Supplementary Fig. 3). The overall within-individual 

SNPs density was 11.19 SNPs/Kb (Fig. 1b and Supplementary Fig. 3b and 

d), which was high in insects (1.60 SNPs/Kb in the malaria mosquito, 

Anopheles gambiae14; 0.48 SNPs/Kb in the mountain pine beetle, 

Dendroctonus ponderosae15). The highly heterozygous genome suggested 

high genetic variation within and between N. nepalensis populations. 

We annotated the N. nepalensis gene set based on the MAKER216 
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pipeline combining reference insect protein homology support, 

transcriptome sequencing from head tissues of 54 individuals of two 

populations (Supplementary Table 3), and ab initio gene prediction. A total 

of 11,263 protein-coding gene models were annotated (Supplementary 

Table 2). Of these, 90.6% were expressed in the head tissues, and 95.5% 

could be assigned Gene Ontology (GO) terms using Argot217. Unlike other 

model insect genomes18,19, the N. nepalensis genome contained only 9.74% 

of the genome composed of transposable elements and interspersed repeats 

(Supplementary Table 4). Therefore, there was no obvious complementary 

distribution between genes and repeats at each scaffold (Supplementary Fig. 

4). 

Convergent evolution at gene levels within CB and SB insects 

Our first step was to construct a phylogenetic tree to check evolutionary 

patterns of two breeding types in insects using single-copy orthologues. 

Orthology of N. nepalensis proteome were assigned against gene models 

from six CB and six SB insects and two Collembola (springtails) species. 

Daphnia pulex was used as the outgroup. N. nepalensis uses day length as 

the cue to indicate breeding seasons, so SBs and CBs were defined 

accordingly (see Methods for species details). A total of 16,498 

orthologous groups (OGs) were assigned (Supplementary Fig. 5 and 

Supplementary Table 5), of which 910 single copy orthologues were used 

to construct the phylogenetic tree of the 16 species. The phylogeny showed 

CB was likely the ancestral trait, and SB would be the derived trait in 

insects (Fig. 2a). Also, both breeding types evolved multiple times, 

suggesting the reproductive regulation is a flexible trait in insects. 
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Since the two traits had changed multiple times in insects, we 

speculated the genetic regulation of two breeding types should be quite 

divergent in insects. To clarify our hypothesis, we investigated if there were 

orthologues and enriched gene families conserving within two breeding 

types by comparing conserved OGs and numbers of protein family (Pfam) 

domains across 15 Hexapoda species. Surprisingly, we identified 109 OGs 

only presented in at least half of each insect species group of breeding types, 

and 49 Pfam domains only enriched in either CB or SB insects (Fig. 2). It 

suggested each breeding types of insects do share general genetic features. 

Of 109 breeding-type specific OGs, 76 OGs were specific to CB insects, 

and 33 OGs were specific to SB insects although 51.4% of these OGs were 

uncharacterized or hypothetical proteins (see Fig. 2b for gene details). Two 

springtails overall shared more OGs with CB insects (16/76 OGs) than SB 

insects (3/33 OGs). Comparison of expanded gene families also showed a 

similar pattern. The principal component analysis (PCA) of Pfam domains 

did not cluster the insects by their phylogeny, suggesting significant 

functional diversification since the lineage evolved (Fig. 2a and c). Two 

springtails were clustered with CB insects rather than SB insects 

(Supplementary Fig. 6). This result showed two springtails had more 

analogous genes with CB insects. Within 49 enriched Pfam, 20 were 

observed in SB insects, and 29 were observed in SB insects. Two 

springtails overall shared more gene expansions with CB insects (18/29) 

than SB insects (12/20). Two springtails shared more OGs and enriched 

Pfam with CB insects, which were consistent with the phylogenetic tree 

suggesting the CB was likely the ancestral trait for insects. 
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Although the derived SB independently evolved multiple times in 

insects, we still identified 29 OGs, and 7 enriched Pfam presented in SB 

insects but not in two springtails and CB insects, also, 16 OGs and 13 

enriched Pfam presented in CB insects and two springtails but SB insects 

(Fig 2b and d). It implied SB insects gained or lost these genes after these 

lineages evolved. This was the evidence to show SB insects had convergent 

evolution at gene levels in SB insects. On the other hand, convergent 

evolution also was observed in CB insects. A total of 60 OGs and 5 

enriched Pfam were identified in CB insects but not in two springtails and 

SB insects (Fig 2b and d) implying CB insects gained and kept these 

genetic features after insects evolved. 

N. nepalensis shared genetic features with both breeding types 

Comparisons of OGs and Pfam also revealed N. nepalensis shared OGs 

and enriched Pfam with SB and CB insects, respectively. Of 16,498 OGs, 

11,027 N. nepalensis genes (97.9%) were included in OGs containing 

orthologues from at least one other species (Fig. 5 and Supplementary 

Table 5). 219 genes were not assigned to any orthologous groups, and only 

17 genes are parts of the five N. nepalensis-specific orthologous groups. 

Of the breeding-type-specific OGs, N. nepalensis shared seven OGs with 

CB insects and 10 OGs with SB insects, suggesting N. nepalensis had both 

genetic adaptations with two breeding types of insects (Fig. 2b and 

Supplementary Fig. 7a). The Pfam domain analyses also showed the same 

patterns. N. nepalensis clustered with two breeding types in the PCA of 

Pfam domain (Fig. 2c) and shared seven enriched Pfam with each breeding 

type of insects (Fig. 2d and Supplementary Fig. 7b). N. nepalensis had both 
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gene features in its genome explained why N. nepalensis can shift CB and 

SB among populations. 

N. nepalensis shared two gene sets, i.e., conserved orthologues and 

enriched Pfam genes (EPGs), with both breeding types. However, 

enrichment of GO terms revealed two gene sets had similar gene functions. 

CB-specific genes were mostly associated with regulation in the cellular 

level, e.g., ion transmembrane transport, cytoskeleton, and endocytosis 

(Supplementary Table 6 and 7). On the contrary, SB-specific genes were 

mainly related to development, metabolism, and response to stimulus 

(Supplementary Table 8 and 9). To be able to reproduce throughout a year, 

CBs needed to produce germ cells regularly and frequently in a year. We 

speculated this is the reason why CB-specific genes were mostly involved 

in the cellular process. SB only activated reproductive organs and produced 

secondary sex characteristics in certain seasons; therefore SB-specific 

genes were mostly related to development, metabolism, and response to 

stimulus. 

Gene-expression changes between seasonal and continuous breeding 

N. nepalensis populations 

To investigate if the CB- and SB-specific genes were differentially 

expressed between two breeding types of N. nepalensis, we generated 

transcriptomes from individuals of SB (north) and CB (central) populations 

in Taiwan (Supplementary Table 3). Previous studies showed the CB 

individuals would become sexually mature two weeks after emerging, but 

the ovaries of SB individuals would stay undeveloped two weeks after 

emerging while reared in the long day9. Therefore, we compared the 
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transcriptomes of whole head tissues from females of two populations. CB 

was only reared in the long day (14L : 10D), but SB was reared in the either 

long or short (10L : 14D) days. We sampled two individuals as one replicate 

at 0, 7, and 14 day(s) after emerging (Fig. 3a). In our treatments, CB in the 

long day (CBM) and SB in the short day (SBM) could become sexually 

mature, on the contrary, SB in the long day would keep in immature (SBIM) 

(Fig. 3a). PCA of the expression levels of all protein-coding genes 

separated 3 stages after emergence by the first component, and also, 

distinguished the mature females from the immature females by the second 

component (Fig. 3b). Although there was no overlap between SBIM and 

the other two treatments, all the samples of day 0 were grouped together, 

suggesting transcriptome profiles were similar at day 0. The gene 

expression became diverse at day 7, PCA discriminated SBM from SBIM 

and CBM, implying the day length affected their physiological regulation 

since 7 days after emergence. At day 14, CBM and SBM were clustered, 

but SBIM was completely separated from them by the second component, 

representing the genes were considered differentially expressed between 

sexually mature and immature individuals. 

We identified a total of 1,489 differential expressed genes (DEGs) 

(log2 fold change > 1, Padj < 0.05) in at least any of the two stages of either 

treatment (not exclusive among treatments or days) using DESeq220 (Fig. 

3c and d). CBM exhibited considerably more DEGs than do SBM and 

SBIM on day 7 but not on day 14 when compared with day 0 (Fig. 3c). 

SBM and SBIM had hundreds of DEGs increased on day 14 (Fig. 3c). It 

suggests SBM and SBIM had more genes changed expression level slowly; 
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expression levels were not significantly increased or decreased until day 

14. Or SBM and SBIM had more genes significantly changed expression 

levels after day 7. We only detected dozens of DEGs in SBM and SBIM 

when compared day 7 with day 14 (Fig. 3d). The number was inconsistent 

with the aforementioned that hundreds of DEGs in SBM and SBIM 

increased on day 14 when compared with day 0. The inconsistency 

revealed that the gene expression of SBM and SBIM was more slowly 

changed. Due to the slower changes in the expression of SBM and SBIM 

genes, we only detected several to dozens of DEGs existed both from day 

0 to day 7 and day 7 to day 14 (Supplementary Fig. 8) or in any other 

combination of days and up- or down-regulations. Comparing these few 

DEGs between CBM and SBIM or between SBM and SBIM might not be 

sufficient to explain the difference in gene expression between two 

populations. 

Genes and their function correlated with sexual maturation and 

developmental stages 

To identify genes associated with sexual maturation and development, we 

analyzed genes that were associated with various characteristics and 

treatments such as populations, photoperiods, maturity and days, using 

weighted gene correlation network analysis (WGCNA)21. This analysis 

detected 423 coexpressed genes in the module colored in pink were the 

most correlated with maturity and developmental days (r = 0.79, P < 0.001) 

(Supplementary Fig. 9 and Supplementary Table 10). The top 100 enriched 

GO terms revealed these 423 genes were mainly related to development 

(32%), metabolism (22%), and cellular process (17%) (Supplementary 
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Table 11). We then constructed an expression network of the 423 genes and 

chose the top 20 genes of the highest degree of connectivity as the hub 

genes (Fig. 4a). Of these, 19 genes were known to play roles in various 

levels of biological processes. For example, Mi-222, Bsg25D23, IQUB24, 

TGFBI25, MEN126, KCP27, acrA28, and RRBP129 were linked to the 

developmental process, cellular process, metabolism, response to stimulus, 

or signaling; GLCCI1-like30, PXR131, and D12Des32,33 were linked to 

metabolism or cellular process; N4BP234, STAU235, and D136 function for 

ATP, RNA or DNA binding and localization; and Fas237 was vital in 

learning, memory, locomotion, development, and response to stimulus. 

The above 15 genes were upregulated over time in SBIM but not 

necessarily in CBM and SBM, and the expression level in SBIM was 

higher than CBM and SBM (Fig. 4b, see Fig. 4 for the details of genes). 

The other 4 genes, ATP6V1D38, ATP6V0B-like39, kraken40, and 

HSD17B1041,42 involved in the development, cellular process, metabolism, 

signaling, or response to stimulus are downregulated over time in SBIM, 

and the expression level was also lower than CBM and SBM (Fig 4b). 

Although these 19 genes sustained various essential functions, they were 

still differentially expressed between mature and immature treatments 

(CBM and SBIM or SBM and SBIM), suggesting these genes might have 

a function in the regulation of seasonal or annual rhythms. Besides the 19 

genes mentioned above, we also found an undescribed gene in the top 20 

genes. Both Orthofinder43 and Blast2GO44 suggested the most similar gene 

to the gene we found was a hypothetical protein, TcasGA2_TC003467. 

This hypothetical protein, TcasGA2_TC003467, had been annotated from 
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Tribolium castaneum. The gene in N. nepalensis had a high degree of 

connectivity to the genes correlated with the maturity and development and 

also was upregulated overtime in SBIM after emergence (Fig. 4b), 

suggesting this undescribed gene played a vital role rather than a hypothetic 

protein. 

Breeding-type-specific orthologues or PDEGs and circadian clock 

genes in the regulation of continuous and seasonal breeding 

We then checked whether the breeding-type-specific orthologues and 

EPGs in N. nepalensis were also correlated to maturity and development. 

Among the eight CB- and 11 SB-specific orthologues in N. nepalensis, 

only one CB-specific orthologue was assigned to the module which the 

most associated with developmental days and maturity (Supplementary Fig. 

9). However, there were 10 orthologous genes (five SB-specific and five 

CB-specific) being assigned to another module colored in grey which was 

also correlated to maturity and developmental days (r = 0.58, P = 0.001) 

(Supplementary Fig. 9). More than 50% (11/19) of breeding-type-specific 

orthologues had been allocated to the modules correlated with maturity and 

developmental days suggests that the roles of these orthologues in N. 

nepalensis in the continuous and seasonal breeding regulation. On the other 

hand, 37.8 % of CB-specific EPGs had been assigned to the grey modules, 

also, another 37.8% of CB-specific EPGs had been assigned to the blue 

module which was correlated to whether N. nepalensis would become 

sexually mature or not (r = 0.74, P < 0.001) (Supplementary Fig. 9 and 

Supplementary Table 12). More than 70% of CB-specific EPGs were 

correlated to the regulation of CB and SB in N. nepalensis, while there 

 



58 
 

were 41.4% of SB-specific EPGs involving in, suggesting the CB-specific 

EPGs played more important roles in this context. 

The well-known circadian clock genes, such as period, timeless, 

cryptochrome, cycle, and CLOCK, are vital in the circadian rhythm. 

However, we found none of them was highly correlated to the regulation 

of maturity and developmental days in N. nepalensis (Supplementary Fig. 

10). Most of them are downregulated since N. nepalensis emerged and not 

differentially expressed between SBIM and CBM or SBIM and SBM. 
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Discussion 

Seasonality is a ubiquitous feature of ecological systems that shapes the 

evolution of organisms45,46. Seasonal reproduction is a common adaptation 

among various animals to avoid harsh seasons. On the contrary, CBs 

evolved reproductive patterns that ignored seasonal fluctuations. To better 

under the evolutionary transition between two breeding types, we 

performed genomic and transcriptomic comparisons between and within 

Hexapoda species. Our study provides the first genomic evidence to 

demonstrate convergent evolution between two breeding types of insects. 

Both breeding types share general orthologues and enriched gene families, 

respectively even though they have been evolved multiple times in insects. 

The genes shared by CB insects are mainly associated with the cellular 

process; in contrast, the genes shared by SB insects are mainly associated 

with development, metabolism, and response to stimuli. These results are 

consistent with their physiological regulations. CBs need to keep 

producing germ cells throughout a year; SBs need to sense environmental 

cues to activate their reproductive organs and develop secondary sex 

characteristics. The breeding-type specific orthologues and enriched gene 

families reveal the evolutionary transition between two breeding types and 

suggest essential genetic adaptation for each type. 

N. nepalensis exhibits two breeding behaviors among populations, 

allowing us to examine the evolutionary transition and genetic mechanisms. 

Genomic comparison of N. nepalensis and other insects shows adaptive 

convergence with both CB and SB insects at the gene levels by conserving 

the orthologues and expanding gene families. The RNA-seq of two 
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breeding types of N. nepalensis demonstrates the orthologues, and enriched 

genes indeed are involved in the breeding regulation, resulting in the 

polymorphic breeding adaptation among N. nepalensis populations. We 

identified a set of genes strongly connected with the regulation of 

continuous and seasonal breeding in N. nepalensis. So far, we did not find 

evidence suggesting a variation of protein function between two 

phenotypes of N. nepalensis since they share the same gene models. 

Instead, differential expression of the gene set between two phenotypes 

suggests divergence of expression regulation is the most likely cause of 

two phenotypes. In fact, gene regulators such as noncoding RNA (ncRNA) 

and transcription factors have been found that photoperiodically effect 

gene expression in a fish47 and a plant48. To further understand how and 

what gene regulators affect the expression of the gene set, the genetic 

divergence of transcription factor binding sites and ncRNA between 

phenotypes should be addressed in future studies by comparing genomic 

variation among N. nepalensis populations. Also, N. nepalensis distributes 

widely from South Asia to East Asia49. Therefore, more genomic data 

across populations will help to assess the evolution of two phenotypes in 

N. nepalensis. 
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Materials and methods 

Animal materials. Two populations of beetles used in this study were 

collected from Ren'ai, Nantou County, Taiwan and Wulai, New Taipei 

City, Taiwan using hanging pitfall traps baited with 100g rotten ground 

pork. Collected beetles were randomly paired and supplied with 75 ± 

5 g dead rats (Rattus norvegicus) for reproduction. The emerged 

beetles were housed individually and fed with dead superworms 

(Zophobas morio) once a week. All individuals were kept in 

environmental chambers at 13.2 ~ 19.7 °C (to resemble the natural 

daily temperature fluctuation in their natural habitat). CB population 

was maintained on a 14 L : 10 D photoperiod and SB population was 

maintained on a 10 L : 14 D photoperiod. 

Genomic DNA extraction and sequencing. We used CB individuals 

to assemble the N. nepalensis reference assembly. Two approaches 

were exploited in DNA sequencing. First, total genomic DNA of two 

sibling pupae was extracted by QIAGEN® Gentra® Puregene® Cell Kit. 

We used two genomic DNA to generated three paired-end and six 

mate-pair libraries using the Illumina TruSeq DNA HT Sample Prep Kit 

and Illumina Nextera Mate Pair Sample Prep Kit following the kit’s 

instructions, respectively (Supplementary Table 1). All obtained 

libraries were sequenced on an Illumina HiSeq 2000 platform to 

generate ~110.4 Gb of raw data. Second, one male adult was employed 

in DNA extraction using QIAGEN® Genomic-tip 100/G and Genomic 

DNA Buffer Set. A Hi-C library using total genomic DNA of the male 

adult was prepared by Phase Genomics Hi-C Kits and sequenced on an 
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Illumina HiSeq 2000 platform to generate 125-bp read pairs. 

RNA extraction and sequencing. We used two populations of N. 

nepalensis to generate three treatment groups: CB in long day (14 L : 

10 D), SB in short day (10 L : 14 D) and SB in long day, while CB in long 

day and SB in short day could become sexually mature but SB in long 

day could not (Fig. 3a). For all treatment groups, parental beetles were 

randomly paired and reproduced in the specific day length. The 

reproduced offspring were kept in their setting day length until RNA 

extraction. After offspring emerged, we extracted RNA at three time 

point, day 0, 7 and 14, using QIAGEN® RNeasy Mini Kit and 

InvitrogenTM TRIzolTM Reagent. For each treatment groups, six females 

per time point were collected to generate three biological replicates of 

2 pooled females. Before extracting RNA, females were randomly 

chosen and moved from rearing boxes to stainless steel cans. Chosen 

females settled down in cans for one hour to reduce RNA expression 

from our disturbing. After one hour, liquid nitrogen was decanted into 

cans to kill and freeze beetles. Individuals were stored in liquid 

nitrogen until RNA extraction. We purified extracted RNA using poly-T 

oligo-attached magnetic beads. All transcriptome libraries were 

constructed using the Illumina TruSeq library Stranded mRNA Prep Kit 

and sequenced on an Illumina HiSeq 2000 platform. Supplementary 

Table 3 shows a summary of transcriptome data. 

Genome size estimation. We used 185bp paired-end reads to 

estimate the genome size. The genome size was inferred using 

Genomescope50 (version 1.0; based on k-mer 21). 
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De novo assembly. Three paired-end and six mate-pair reads were 

assembled using the Platanus51 (version 1.2.4) assembler. We 

assembled seven raw assemblies using different settings and merged 

them into one consensus sequence by Metassembler52. The consensus 

assembly was corrected and scaffolded by Hi-C reads using Juicer53 

and Juicebox54 with three iterations. We further improved using Pilon 

with one iteration55. The genome completeness was assessed using an 

insect data set of BUSCO56 (version 3.0.2). 

Genome heterozygosity. Paired-end Illumina reads of N. nepalensis 

were aligned to reference using minimap257. PCR duplicates were 

removed using Picard58 (version 2.18.4). Heterozygous biallelic SNPs 

were called using Picard. Depth of coverage and SNP density plots 

were conducted using R (version 3.5.0). 

Repetitive elements. Repetitive elements were identified by 

modeling the repeats using RepeatModeler59 and then searched and 

quantified repeats using RepeatMasker60. 

Gene predictions and functional annotation. Transcriptome reads 

were aligned to the reference genome using STAR61 (version 2.5.3a). 

We then identified transcripts by two pipelines. First, transcripts were 

reconstructed using StringTie62 (version 1.3.4d) as well as CLASS263 

(version 2.1.7). Second, the transcriptome was de novo assembled 

using Trinity64 (version 2.6.6). The de novo assembled transcriptome 

assembly was remapped to the reference genome using GMAP65. We 

then merged and filtered the three sets of transcripts using MIKADO66 
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(version 1.1). Proteomes from representative reference species 

(Drosophila melanogaster, Tribolium castaneum, and N. vespilloides) 

were downloaded from Ensembl metazoa 

(https://metazoa.ensembl.org/) and National Center for 

Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov). 

The two gene predictors, Augustus67 and SNAP68, were trained either 

on the gene models predicted using BRAKER169 (Augustus) or 

MAKER216 (SNAP). The BUSCO predictions, assembled transcripts, 

reference proteomes, and BRAKER1 predictions were combined as 

evidence hints for the input of the MAKER2 annotation pipeline. 

MAKER2 employed the two trained gene predictors to generate a final 

set of gene annotation. Functional annotations of amino acid 

sequences of the proteome were conducted using Blast2GO44 and 

Argot217. 

Protein orthology and breeding-type specific OGs. The nucleotide 

and amino acid sequences of 15 arthropod species were downloaded 

from three sources: Blattella germanica from Sequencing Five 

Thousand Arthropod Genomes (i5k; http://i5k.github.io/), Bombyx 

mori, Cimex lectularius, Culex quinquefasciatus, Folsomia candida, 

Halyomorpha halys, Musca domestica, N. vespilloides, Papilio machaon 

and Sinella curviseta from NCBI (https://www.ncbi.nlm.nih.gov) and 

Daphnia pulex, D. melanogaster, and T. castaneum were downloaded 

from Ensembl metazoa (https://metazoa.ensembl.org/). The breeding 

types of two springtails and 12 insect species had been described in 

either methods or results of previous studies70-99. Orthologous groups 
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of these species and N. nepalensis were determined by OrthoFinder42 

(version 2.2.3). The OGs only presented in at least half of each insect 

species group of breeding types were defined as the breeding types 

specific OGs. 

Phylogenetic analysis. 16 sets of amino acid sequences of 910 single-

copy OGs were aligned by MAFFT100 (version 7.310; option --

maxiterate 1000). The concatenated amino acid alignments of the 

single-copy OGs were used to compute the maximum likelihood 

phylogeny using RAxML101 (version 8.2.11; option: -f a -m 

PROTGAMMAILGF) with 100 bootstrap replicates. 

Protein family (Pfam) domains and breeding-type specific 

enriched Pfam. Pfam domains of 15 arthropod species and N. 

nepalensis were calculated from the Pfam website102 (version 31.0; 

https://pfam.xfam.org/). The numbers of Pfam domains were used in 

the PCA using R (version 3.5.0). Enrichment of Pfam domains was 

compared between six CB and six SB insects by the generalized linear 

model (GLM) (P < 0.05) using R (version 3.5.0). Pfam numbers of each 

species were transformed into z-scores. 

Differential gene expression. The RNA-seq reads of each replicate 

were mapped using STAR61 (version 2.5.3a). Read counts per gene 

were calculated by feactureCounts103 (version 1.6.1). DeSeq220 was 

used to identify DEGs of all pairwise comparisons of the sampled days 

in three treatment groups, CBM, SBM, and SBIM, respectively. Genes 

were regarded as DEGs if Padj < 0.05 and log2 fold change > |1|. The 
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input for PCA of expression pattern was the normalized read counts 

transformed by DeSeq220. 

WGCNA and GO enrichment. WGCNA was performed by the WGCNA 

package21 of R (version 3.5.0). The normalized read counts from 

DeSeq220 were used as the input for WGCNA. We used the option of 

unsigned correlation and set 30 members as the minimum cluster size. 

We chose photoperiods, populations, days, mature, day×mature, day 0, 

day 7, and day14 as the external traits for WGCNA to identify the 

important genes. The network of the genes in the pink module was 

plotted and analyzed using Cytoscape104 (version 3.7.1). GO term 

enrichment analyses of gene sets were performed using TopGO105 

package of R (version 3.5.0). 
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Fig. 1 | Linkages pairs of single-copied orthologues among three species and SNPs densities in N. nepalensis genomes. a, linkage 
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pairs of orthologues among scaffolds of N. nepalensis, and chromosomes of D. melanogaster and T. castaneum. The horizontal bars mean 

the chromosomes or scaffolds of each species. The solid lines linked each chromosome or scaffold indicate the linkage pairs of each 

orthologous gene. A total of 5,744 one-to-one orthologous genes present in N. nepalensis, D. melanogaster, and T. castaneum, the 

orthologues were assigned by the OrthoFinder42. The linkage pairs of single-copied orthologs show that the scaffold 7 in the burying beetle 

genome is presumably corresponding to the X chromosome, most of the single-copied orthologues on the scaffold 7 linked to the X 

chromosome of T. castaneum. The X chromosome is conserved in two coleopteran species. The scaffold 1 in the burying beetle genome 

and the LG4-5 in the T. castaneum genome are derived from the same ancestral chromosomes; the same evolutionary scenario also occurs 

in the scaffold 2 and the LG6-7. The single-copied orthologues on the scaffold 3 are majorly assigned to the LG3, as well as the scaffold 

5 and the LG9, which mean these two chromosome pairs were homologous. The scaffold 4 shares the same ancestral chromosome with 

the LG8 and the parts of LG2 and LG10, the scaffold 6 and 8 also share the same ancestral chromosomes with the LG2 and LG10. The 

linkage of one-to-one orthologues also suggests the highly chromosomal rearrangement between Diptera and Coleoptera, and the loss of 

Y chromosome in two coleopteran species. b, SNPs densities of 8 chromosome-length scaffolds in two N. nepalensis individuals. The 

SNPs densities and the normalized coverage (Supplementary Fig. 3) show that the 2 individuals belong to a male and a female respectively, 

although the pupae were randomly chosen. Except scaffold 7, the SNPs densities are similar between two individuals or among eight 

scaffolds. The extremely low SNPs density (0.22 SNPs/Kb) in scaffold 7 suggested that no genetic variation in the scaffold due to only 

one copy. Since burying beetles are the X0 system, the individual with low genetic variated scaffold 7 is regarded as a male, and scaffold 

7 is considered to be the X chromosome. 
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Fig. 2 | Phylogeny, comparisons of orthologues and gene expansions in 15 Hexapoda 

species. a, A phylogenetic tree of 15 Hexapoda species with Daphnia pulex as the outgroups. 

Breeding types are represented by red (continuous breeder) and blue (seasonal breeder) boxes. 

b, 109 OGs present in at least half of insect species in either breeding types. c, Principal 
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component analysis of numbers in 6,314 Pfams in 13 insect species. d, Enrichment of Pfam in 

either CB or SB insects. The colored bar represents z-scores of Pfams in the heatmap. A z-

score of each Pfam was calculated for the corresponding abundance in each species. 

Enrichment of Pfam was compared between six CB and six SB insects using the generalized 

linear model (GLM) (P < 0.05). Only enrichment of Pfam in one breeding type of insects 

greater than the other breeding type were included in the heatmap. The phylogenetic tree shows 

either continuous or seasonal breeding is evolved multiple times. These traits are very flexible 

among species. Bger, Blattella germanica; Bmor, Bombyx mori; Clec, Cimex lectularius; Cqui, 

Culex quinquefasciatus; Dmel, Drosophila melanogaster; Dpul, Daphnia pulex; Fcan, 

Folsomia candida; Hhal, Halyomorpha halys; Mdom, Musca domestica; Nnep, Nicrophorus 

nepalesis; Nves, Nicrophorus vespilloides; Nvit, Nasonia vitripennis; Phum, Pediculus 

humanus; Pmac, Papilio machaon; Scur, Sinella curviseta; Tcas, Tribolium castaneum. 
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Fig. 3 | Gene-expression pattern and changes of two breeding types of N. nepalensis. a, 

Pairs of treatments and populations and sample collection at three time points. A CB 

population is represented by a red box; an SB population is represented by a blue box. A long-

day treatment is represented by a dark grey box; a short-day treatment is represented by a light 

grey box. b, PCA of gene expression of three treatments from day 0 to day 14 after emergence. 

Shapes of dots represent three time points, circle: day 0; triangle: day 7; square: day 14. Colors 

of dots represent three treatments, orange: CB in long day; green: SB in short day; purple: SB 

in long day. For the three treatments, CB in long day and SB in short day can become sexually 

mature, but SB in short day would stay in immature. c, The number of DEGs in each day 
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compared with day 0. d, The number of DEGs in each day compared with the previous time 

point. Three treats are represented by three colors, orange (CB in long day), green (SB in short 

day), and purple (SB in long day). 
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Fig. 4 | Coexpressed genes involved in developmental days and maturity. a, Coexpression network of genes that are found in “pink 

module.” Orange dots represent the top 20 most connected genes in this network; blue dots represent other genes. b, Coexpression patterns 

of the top 20 most connected genes. Three treatments are represented by three colors, orange (CB in long day), green (SB in short day), 
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and purple (SB in long day). Mi-2, chromodomain-helicase-DNA-binding protein Mi-2 homolog; N4BP2, NEDD4-binding protein 2; 

Bsg25D, blastoderm-specific protein 25D; STAU2, double-stranded RNA-binding protein Staufen homolog 2; IQUB, IQ and ubiquitin-

like domain-containing protein; TGFBI, transforming growth factor-beta-induced protein ig-h3; GLCCI1-like, glucocorticoid-induced 

transcript 1 protein-like; MEN1, menin; KCP, kielin/chordin-like protein; D1, chromosomal protein D1; acrA, adenylate cyclase, terminal-

differentiation specific; Fas2, fasciclin-2; PXR1, protein pxr1; RRBP1, ribosome-binding protein 1; D12Des, acyl-CoA Delta(11) 

desaturase-like; ATP6V1D, V-type proton ATPase subunit D; kraken, probable serine hydrolase; ATP6V0B-like, V-type proton ATPase 21 

kDa proteolipid subunit-like; HSD17B10, 3-hydroxyacyl-CoA dehydrogenase type-2. 
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Supplementary Fig. 1 | Distribution of CB and SB N. nepalensis along altitudes in Taiwan. The map shows our sampling areas in 
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either central or north Taiwan. The color bar represents altitudes. Red oval shows the sampling area of the CB population; blue oval shows 

the sampling area of the SB population. Box plots show day length and occurred altitudes of N. nepalensis. Solid lines in box plots represent 

day length; boxes represent occurred altitudes during our sampling periods. NA means we did not collect beetles during the month. In 

summer, the central population (CB) breeds at the higher altitudes but breeds at the lower altitudes in winter depending on the temperature9. 

In contrast, the north population (SB) lives in the areas without high mountains; temperature of low mountains was too hot for the beetles 

to compete against blowflies in summer. Therefore, the north population breed only from autumn to spring9. 
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Supplementary Fig. 2 | Predicted genome size from Illumina paired-

end reads. The estimate of genome size is about 180Mb using 

Genomescope50. 
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Supplementary Fig. 3 | Normalized read coverage of two paired-end 

libraries (a and c) and SNPs densities (b and d) in eight chromosome-

length scaffolds of two sequenced individuals. The gender is determined 

by the normalized mapping coverage and SNPs density of scaffold 7. The 

normalized coverage of scaffold 7 is about half in the male (a) but about 

1X in the female (c), also, the SNPs density of scaffold 7 is very low (0.22 

SNPs/Kb) in the former (b) but not in the latter (d). The individual with 

half of the normalized coverage and very low SNPs density (0.22 SNPs/Kb) 
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in scaffold 7 suggests that the individual has only one copy of the scaffold 

7. Therefore, this individual is regarded as a male. In contrast, the other 

individual has similar normalized coverages in all of 8 scaffolds is 

recognized as a female. Previous studies documented that the sex-

determination system of burying beetles is the X0 system12,13. Taken 

together, we suggest scaffold 7 as the X chromosome of N. nepalensis. 
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Supplementary Fig. 4 | Distribution of genes and repeats in 8 chromosome-length 

scaffolds. The gene density (percentage of nucleotides with predicted genes) and three 
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different classes of repetitive sequences (percentage of nucleotides with transposable element 

annotation) are calculated in 10-kb window.  
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Supplementary Fig. 5 | Gene numbers across species within each 

genome. The bar chart shows N. nepalensis has small numbers of species- 

or genus-specific genes compared to other species. 
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Supplementary Fig. 6 | Principal component analysis of numbers in 

6,314 Pfams in 15 Hexapoda species. 
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Supplementary Fig. 7 | Breeding-specific OGs and enriched Pfam 

carried by N. nepalensis. a, 17 breeding-type specific OGs carried by N. 

nepalensis. b, 14 enriched Pfam carried by N. nepalensis. 

 



98 
 

 

Supplementary Fig. 8 | Number of up- or down-regulated DEGs 

overtime in three treatments. a, Venn diagram of genes upregulated along 

developmental days. 7 genes are upregulated from day 0 to day 7 and from 

day 7 to day 14 in only CBM and SBM, while 66 genes are upregulated 

only in SBIM. b, Venn diagram of genes downregulated along 

developmental days. 31 genes were downregulated from day 0 to day 7 and 

from day 7 to day 14 in only CBM and SBM, while 65 genes were only 

downregulated in SBIM. Three treatments are represented by three colors, 

orange (CB in long day), green (SB in short day), and purple (SB in long 

day). 
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Supplementary Fig. 9 | Module-feature relationships according to the WGCNA analysis. 

The color bar represents the respective correlation coefficient. Number in brackets represents 

p-value. 
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Supplementary Fig. 10 | Gene-expression pattern of 5 core circadian genes. Gene names 

and their allocated modules are shown above each line plot. Three treatments are represented 

by three colors, orange (CB in long day), green (SB in short day), and purple (SB in long day). 
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Supplementary Table 1 | Statistics of genomic sequencing data for de novo assembling. We created a set of 9 

libraries with insert sizes of 360, 380, 1K, 3K, 5K, 8K, 10K and 20K bp using the DNA from 2 sibling pupae and 

gained approximate 282X fold coverage of reads in total. To improve the assembly, we then generated 25X fold 

coverage of the in situ Hi-C paired-end reads to increase the long scaffoldings. 

Individual Data type Insert size Actual insert size Read length End overlap Coverage  

Beetle 1 

(male) 

Paired-end 360bp 342bp 185bp 28bp 108.3X 

Paired-end 380bp 439bp 250bp 61bp 63.5X 

Mate pair 1Kb 1501bp 250bp 
 

14.7X 

Mate pair 3Kb 3754bp 250bp 
 

15.5X 

Mate pair 5Kb 5875bp 250bp 
 

16.1X 

Mate pair 8Kb 8254bp 250bp 
 

14.4X 

Beetle 2 

(female) 

Paired-end 380bp 418bp 250bp 82bp 34.7X 

Mate pair 10Kb 10404bp 250bp 
 

9.0X 

Mate pair 20Kb 18706bp 250bp 
 

6.0X 

Beetle 3 

(male) 

Hi-C paired-end - - 125bp  25.0X 
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Supplementary Table 2 | Genome summary of N. nepalensis and 14 other Hexapoda species. The relative small N. nepalensis genome contains a 

small number of protein-coding genes, and also shorter exon, intron and intergene length. The completeness of assembly was assessed by the insect 

set of Benchmarking Universal Single-Copy Orthologs (BUSCOs56, 1658 genes). 

Species Drosophila 

melanogaster 

Nicrophorus 

nepalensis 

Tribolium 

castaneum 

Bombyx mori Cimex 

lectularius 

Papilio 

machaon 

Blattella 

germanica 

Nasonia 

vitripennis 

Genome size (Mb) 143.7 173.9 165.9 481.8 510.9 278.4 2,037.3 295.8 

Scaffold number (n) 1,870 1,595 2,081 43,463 1,574 63,187 24,820 6,098 

N50 (Mb) 25.3 23.5 15.3 4.0 1.6 1.2 1.1 0.9 

Number of genes 13,757 11,263 16,590  14,623 11,936 13,858 28,141 17,083 

Gene length (Mb) 68.8 44.0 85.7 88.0 242.1 117.8 200.1 96.6 

Exon number 41,808 64,419 65,563 79,498 84,005 89,928 95,551 84,508 

Exon length (Mb) 16.6 18.8 19.5 17.7 16.5 19.4 30.8 22.6 

Intron length (Mb) 52.2 25.2 66.2 70.3 225.6 98.4 169.3 74.0 

Intergene length (Mb) 75.0 129.8 80.3 393.8 268.8 160.7 1,837.2 199.2 

Complete BUSCOs 1,653 (99.7%) 1,644 (99.2%) 1,648 (99.4%) 1,588 (95.8%) 1,634 (98.5%) 1,586 (95.6%) 1,614 (97.3%) 1,596 (96.2%) 

 

Species Culex 

quinquefasciatus 

Pediculus 

humanus 

Halyomorpha 

halys 

Musca 

domestica 

Nicrophorus 

vespilloides 

Folsomia 

candida 

Sinella 

curviseta 

Genome size (Mb) 579.0 110.8 998.2 750.4 195.3 221.7 381.5 

Scaffold number (n) 3,171 1,882 16,639 20,487 4,650 162 599 

N50 (Mb) 0.5 0.5 0.4 0.2 0.1 6.5 3.3 

Number of genes 18,883 10,786 14,454 14,888 12,642 18,522 21,621 

Gene length (Mb) 103.5 33.2 371.7 195.6 76.7 78.6 80.8 

Exon number 69,708 68,643 98,328 55,538 60,567 123,776 107,098 

Exon length (Mb) 24.4 16.5 19.2 21.2 17.4 26.1 32.7 

Intron length (Mb) 79.1 16.7 352.5 174.4 59.3 52.5 48.2 

Intergene length (Mb) 475.5 77.6 626.6 554.8 118.6 143.1 300.6 

Complete BUSCOs 1,603 (96.6%) 1,622 (97.8%) 1,614 (97.3%) 1,636 (98.6%) 1,651 (99.6%) 1,510 (91.1%) 1,503 (90.7%) 
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Supplementary Table 3 | Summary of transcriptome dataset. We purified the 

transcriptomes from the whole heads of females at three time points, the 0, 7, or 14 day(s) after 

they emerged. The females were from either north (seasonal breeders) or central (continuous 

breeders) populations. The central population was reared in the long day, but the north 

population was reared in either long or short day. 

Sample no. Population Day length Day(s)-old after 

emergence 

Insert size 

(bp) 

Read length 

(bp) 

Read counts Mapped 

rate (%) 

NS - D0F - r1 North Short 0 400 125 32,049,724 95.49 

NS - D0F - r2 North Short 0 400 125 33,015,666 96.62 

NS - D0F - r4 North Short 0 400 125 31,966,854 96.70 

NS - D7F - r1 North Short 7 400 125 32,101,332 96.51 

NS - D7F - r2 North Short 7 400 125 31,931,682 96.48 

NS - D7F - r3 North Short 7 400 125 31,774,898 95.82 

NS - D14F - r1 North Short 14 400 125 32,296,860 96.42 

NS - D14F - r2 North Short 14 400 125 31,706,764 96.74 

NS - D14F - r3 North Short 14 400 125 31,659,926 96.62 

CL - D0F - r2 Central Long 0 400 125 29,119,280 96.04 

CL - D0F - r3 Central Long 0 400 125 30,705,596 96.61 

CL - D0F - r4 Central Long 0 400 125 28,782,886 96.30 

CL - D7F - r1 Central Long 7 400 125 30,000,546 96.17 

CL - D7F - r3 Central Long 7 400 125 28,396,456 96.34 

CL - D7F - r4 Central Long 7 400 125 30,153,742 95.41 

CL - D14F - r1 Central Long 14 400 125 29,524,622 96.56 

CL - D14F - r2 Central Long 14 400 125 33,031,248 96.37 

CL - D14F - r3 Central Long 14 400 125 32,451,124 96.63 

NL - D0F - r1 North Long 0 400 125 35,145,178 95.40 

NL - D0F - r2 North Long 0 400 125 33,967,050 95.76 

NL - D0F - r4 North Long 0 400 125 34,901,204 95.98 

NL - D7F - r1 North Long 7 400 125 34,826,468 95.32 

NL - D7F - r2 North Long 7 400 125 36,114,466 95.01 

NL - D7F - r3 North Long 7 400 125 34,027,594 95.94 

NL - D14F - r1 North Long 14 400 125 33,216,668 95.52 

NL - D14F - r3 North Long 14 400 125 34,315,966 94.82 

NL - D14F - r4 North Long 14 400 125 34,647,188 95.82 
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Supplementary Table 4 | Repeat content of the N. nepalensis genome. 

The repeats make up 9.74% of the N. nepalensis genome. The majority of 

the transposable elements belonged to unclassified repeats (4.78%), 

followed by DNA transposable elements (1.13%). Another abundant 

amount of repeats are simple repeats (2.20%). 

Element type 
Number of 

elements 

Length occupied 

(bp) 

Percentage of 

genome 

SINEs 328  24,442  0.01% 

LINEs 5,507  1,670,520  0.96% 

LTR elements 905  274,567  0.16% 

DNA elements 13,841  1,958,421  1.13% 

Unclassified 32,986  8,306,918  4.78% 

Total interspersed repeats  12,234,868  7.04% 

    

Small RNA 149  24,127  0.01% 

Satellites 173  23,874  0.01% 

Simple repeats 88,622  3,827,646  2.20% 

Low complexity 16,796  829,181  0.48% 

Total  16,939,696 9.74% 
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Supplementary Table 5 | Statistics of orthologous groups (OGs) clustered by Orthofinder. 
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Supplementary Table 6 | Enriched GO terms of the continuous breeding specific orthologues (CBSO) in N. nepalensis. 

GO term GO term definition Total annotated in genome Fonud in CBSO Expected P value 

GO:0070509 calcium ion import 6 1 0 6.60E-05 

GO:0090286 cytoskeletal anchoring at nuclear membrane 6 1 0 6.60E-05 

GO:0070588 calcium ion transmembrane transport 27 1 0 3.00E-04 

GO:0071805 potassium ion transmembrane transport 55 1 0.01 6.00E-04 

GO:0007264 small GTPase mediated signal transduction 233 1 0.04 0.0026 

GO:0035295 tube development 1044 1 0.19 0.01422 

GO:0050794 regulation of cellular process 3172 2 0.56 0.01798 
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Supplementary Table 7 | Enriched GO terms of the continuous breeding enriched Pfam genes (CBEPG) in N. nepalensis. 

GO term GO term definition Total annotated in genome Fonud in CBEPG Expected P value 

GO:0007423 sensory organ development 411 3 0.96 2.30E-07 

GO:0008037 cell recognition 468 3 1.09 3.40E-07 

GO:0007017 microtubule-based process 728 3 1.7 1.30E-06 

GO:0051606 detection of stimulus 145 3 0.34 1.50E-06 

GO:0051301 cell division 801 3 1.87 1.70E-06 

GO:0048794 swim bladder development 72 2 0.17 2.10E-06 

GO:0035295 tube development 1044 4 2.43 2.30E-06 

GO:0001775 cell activation 76 2 0.18 2.30E-06 

GO:0007049 cell cycle 930 3 2.17 2.70E-06 

GO:0009790 embryo development 1047 3 2.44 3.80E-06 

GO:0019222 regulation of metabolic process 1315 3 3.06 4.80E-06 

GO:0009791 post-embryonic development 1133 3 2.64 4.80E-06 

GO:0021675 nerve development 134 2 0.31 7.30E-06 

GO:0002520 immune system development 159 2 0.37 1.00E-05 

GO:0009719 response to endogenous stimulus 160 2 0.37 1.00E-05 

GO:0030182 neuron differentiation 206 2 0.48 1.70E-05 

GO:0035270 endocrine system development 314 2 0.73 4.00E-05 

GO:0065008 regulation of biological quality 389 3 0.91 4.20E-05 

GO:0048569 post-embryonic animal organ development 323 2 0.75 4.30E-05 

GO:0043588 skin development 325 2 0.76 4.30E-05 

GO:0048519 negative regulation of biological process 685 3 1.6 4.90E-05 

GO:0007389 pattern specification process 443 3 1.03 5.10E-05 

GO:0007163 establishment or maintenance of cell polarity 352 2 0.82 5.10E-05 

GO:0048736 appendage development 354 2 0.82 5.10E-05 

GO:0007154 cell communication 2007 4 4.67 5.80E-05 

GO:0048732 gland development 392 2 0.91 6.30E-05 
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GO:0001763 morphogenesis of a branching structure 415 2 0.97 7.00E-05 

GO:0042221 response to chemical 798 4 1.86 7.70E-05 

GO:0009888 tissue development 693 4 1.61 8.40E-05 

GO:0032509 endosome transport via multivesicular body sorting pathway 3 1 0.01 9.00E-05 

GO:0035330 regulation of hippo signaling 3 1 0.01 9.00E-05 

GO:0042059 negative regulation of epidermal growth factor receptor signaling pathway 3 1 0.01 9.00E-05 

GO:0048190 wing disc dorsal/ventral pattern formation 3 1 0.01 9.00E-05 

GO:0048644 muscle organ morphogenesis 3 1 0.01 9.00E-05 

GO:0006928 movement of cell or subcellular component 471 2 1.1 9.10E-05 

GO:0007422 peripheral nervous system development 568 2 1.32 1.30E-04 

GO:0060401 cytosolic calcium ion transport 5 1 0.01 1.50E-04 

GO:0048518 positive regulation of biological process 621 2 1.45 1.60E-04 

GO:0072358 cardiovascular system development 699 2 1.63 2.00E-04 

GO:0007417 central nervous system development 818 3 1.9 2.00E-04 

GO:0060541 respiratory system development 761 2 1.77 2.40E-04 

GO:0072001 renal system development 789 2 1.84 2.50E-04 

GO:0016319 mushroom body development 9 1 0.02 2.70E-04 

GO:0000041 transition metal ion transport 10 1 0.02 3.00E-04 

GO:0006783 heme biosynthetic process 10 1 0.02 3.00E-04 

GO:0006950 response to stress 1000 3 2.33 3.00E-04 

GO:0055085 transmembrane transport 946 2 2.2 3.60E-04 

GO:1902532 negative regulation of intracellular signal transduction 19 1 0.04 5.70E-04 

GO:0007156 homophilic cell adhesion via plasma membrane adhesion molecules 26 1 0.06 7.80E-04 

GO:0032535 regulation of cellular component size 31 1 0.07 9.30E-04 
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Supplementary Table 8 | Enriched GO terms of the seasonal breeding specific orthologues (SBSO) in N. nepalensis. 

GO term GO term definition Total annotated in genome Fonud in SBSO Expected P value 

GO:0032504 multicellular organism reproduction 177 3 0.2 1.00E-06 

GO:0048511 rhythmic process 61 2 0.07 1.50E-06 

GO:0007610 behavior 167 2 0.18 1.1E-05 

GO:0006810 transport 1894 5 2.1 0.00004 

GO:0008152 metabolic process 6544 8 7.24 5.8E-05 

GO:0006811 ion transport 733 3 0.81 6.4E-05 

GO:0044728 DNA methylation or demethylation 3 1 0 9.00E-05 

GO:0050806 positive regulation of synaptic transmission 3 1 0 9.00E-05 

GO:0051382 kinetochore assembly 4 1 0 1.20E-04 

GO:0070911 global genome nucleotide-excision repair 7 1 0.01 2.10E-04 

GO:0036297 interstrand cross-link repair 12 1 0.01 3.60E-04 

GO:0055085 transmembrane transport 946 2 1.05 3.60E-04 

GO:0006301 postreplication repair 13 1 0.01 3.90E-04 

GO:0009790 embryo development 1047 2 1.16 4.40E-04 

GO:0006997 nucleus organization 16 1 0.02 4.80E-04 

GO:0006298 mismatch repair 22 1 0.02 6.60E-04 

GO:0016050 vesicle organization 23 1 0.03 6.90E-04 

GO:0007219 Notch signaling pathway 32 1 0.04 9.60E-04 

GO:0006730 one-carbon metabolic process 35 1 0.04 0.00105 

GO:0007229 integrin-mediated signaling pathway 38 1 0.04 0.00114 

GO:0048731 system development 1708 2 1.89 0.00117 

GO:0006814 sodium ion transport 43 1 0.05 0.00129 

GO:0009303 rRNA transcription 48 1 0.05 0.00145 

GO:0006914 autophagy 54 1 0.06 0.00163 

GO:0006302 double-strand break repair 57 1 0.06 0.00172 

GO:0006813 potassium ion transport 72 1 0.08 0.00217 
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GO:0043414 macromolecule methylation 75 1 0.08 0.00226 

GO:0022412 cellular process involved in reproduction in multicellular organism 87 1 0.1 0.00262 

GO:0006457 protein folding 89 1 0.1 0.00268 

GO:0006367 transcription initiation from RNA polymerase II promoter 96 1 0.11 0.00289 

GO:0007276 gamete generation 102 1 0.11 0.00307 

GO:0010468 regulation of gene expression 1010 2 1.12 0.00392 

GO:0048736 appendage development 354 1 0.39 0.01062 

GO:0006357 regulation of transcription by RNA polymerase II 396 1 0.44 0.01187 

GO:0016192 vesicle-mediated transport 410 1 0.45 0.01229 

GO:0006468 protein phosphorylation 413 1 0.46 0.01238 

GO:0071705 nitrogen compound transport 433 1 0.48 0.01297 

GO:0050896 response to stimulus 2944 3 3.26 0.01369 

GO:0007059 chromosome segregation 469 1 0.52 0.01404 

GO:0071702 organic substance transport 531 1 0.59 0.01589 

GO:0006508 proteolysis 634 1 0.7 0.01894 

GO:0051301 cell division 801 1 0.89 0.02387 

GO:0032259 methylation 1039 2 1.15 0.0261 

GO:0007049 cell cycle 930 1 1.03 0.02767 

GO:0009791 post-embryonic development 1133 1 1.25 0.03362 
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Supplementary Table 9 | Enriched GO terms of the seasonal breeding enriched Pfam genes (SBEPG) in N. nepalensis. 

GO term GO term definition Total annotated in genome Fonud in SBEPG Expected P value 

GO:0048513 animal organ development 1207 40 13.56 < 1E-30 

GO:0072001 renal system development 789 38 8.86 < 1E-30 

GO:0035295 tube development 1044 41 11.73 < 1E-30 

GO:0009653 anatomical structure morphogenesis 888 35 9.98 < 1E-30 

GO:0008152 metabolic process 6544 55 73.52 < 1E-30 

GO:0035270 endocrine system development 314 25 3.53 < 1E-30 

GO:0009888 tissue development 693 27 7.79 < 1E-30 

GO:0060541 respiratory system development 761 27 8.55 < 1E-30 

GO:0007422 peripheral nervous system development 568 25 6.38 < 1E-30 

GO:0007417 central nervous system development 818 26 9.19 < 1E-30 

GO:0007389 pattern specification process 443 22 4.98 < 1E-30 

GO:0050896 response to stimulus 2944 43 33.07 < 1E-30 

GO:0007399 nervous system development 1194 39 13.41 < 1E-30 

GO:0007166 cell surface receptor signaling pathway 635 16 7.13 6.4E-26 

GO:0007186 G-protein coupled receptor signaling pathway 588 14 6.61 1.5E-25 

GO:0019538 protein metabolic process 2094 12 23.52 8E-24 

GO:0035556 intracellular signal transduction 759 14 8.53 3.1E-22 

GO:0006636 unsaturated fatty acid biosynthetic process 8 6 0.09 1.2E-21 

GO:0055114 oxidation-reduction process 691 12 7.76 2.2E-20 

GO:0042759 long-chain fatty acid biosynthetic process 6 4 0.07 2E-14 

GO:0070831 basement membrane assembly 3 3 0.03 7E-12 

GO:0061031 endodermal digestive tract morphogenesis 4 3 0.04 2.8E-11 

GO:0007494 midgut development 7 3 0.08 2.5E-10 

GO:0048736 appendage development 354 5 3.98 1E-08 

GO:0019439 aromatic compound catabolic process 124 4 1.39 1.2E-08 

GO:0006633 fatty acid biosynthetic process 36 9 0.4 1.8E-08 
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GO:0050819 negative regulation of coagulation 4 2 0.04 2.2E-07 

GO:0033627 cell adhesion mediated by integrin 10 2 0.11 1.7E-06 

GO:0072358 cardiovascular system development 699 4 7.85 1.20E-05 

GO:0006811 ion transport 733 4 8.23 1.40E-05 

GO:0010951 negative regulation of endopeptidase activity 41 2 0.46 3.00E-05 

GO:0065008 regulation of biological quality 389 3 4.37 6.50E-05 

GO:0001763 morphogenesis of a branching structure 415 3 4.66 7.90E-05 

GO:0006629 lipid metabolic process 351 14 3.94 1.80E-04 

GO:0007165 signal transduction 1527 19 17.15 5.30E-04 

GO:0030178 negative regulation of Wnt signaling pathway 11 2 0.12 5.80E-04 

GO:0007435 salivary gland morphogenesis 5 1 0.06 9.70E-04 

GO:0030902 hindbrain development 5 1 0.06 9.70E-04 

GO:0045995 regulation of embryonic development 5 1 0.06 9.70E-04 

GO:0030154 cell differentiation 599 3 6.73 0.00106 

GO:0009790 embryo development 1047 4 11.76 0.0011 

GO:0010466 negative regulation of peptidase activity 47 3 0.53 0.00113 

GO:0030148 sphingolipid biosynthetic process 6 1 0.07 0.00117 

GO:0007492 endoderm development 7 1 0.08 0.00136 

GO:0030334 regulation of cell migration 7 1 0.08 0.00136 

GO:0090090 negative regulation of canonical Wnt signaling pathway 8 1 0.09 0.00155 

GO:0007154 cell communication 2007 21 22.55 0.00176 

GO:0042335 cuticle development 323 2 3.63 0.00186 

GO:0030155 regulation of cell adhesion 10 1 0.11 0.00194 

GO:0061448 connective tissue development 10 1 0.11 0.00194 
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Supplementary Table 10 | List of 423 coexpressed genes which the most highly correlated to maturity and developmental days. 

Gene Degree of connectivity Description 

Nnepalensis_00760800 240 chromodomain-helicase-DNA-binding protein Mi-2 homolog 

Nnepalensis_00887300 237 NEDD4-binding protein 2 

Nnepalensis_00828100 236 blastoderm-specific protein 25D isoform X1 

Nnepalensis_00906900 236 double-stranded RNA-binding protein Staufen homolog 2 isoform X2 

Nnepalensis_00994000 227 IQ and ubiquitin-like domain-containing protein 

Nnepalensis_00023600 216 transforming growth factor-beta-induced protein ig-h3 

Nnepalensis_00804800 215 glucocorticoid-induced transcript 1 protein-like isoform X1 

Nnepalensis_00097700 213 V-type proton ATPase subunit D 

Nnepalensis_00245400 208 probable serine hydrolase 

Nnepalensis_00126400 206 menin 

Nnepalensis_00097100 200 kielin/chordin-like protein 

Nnepalensis_00247200 196 chromosomal protein D1 

Nnepalensis_00501300 195 adenylate cyclase, terminal-differentiation specific 

Nnepalensis_00050800 189 protein pxr1 isoform X1 

Nnepalensis_00060300 189 fasciclin-2 isoform X1 

Nnepalensis_01019800 189 hypothetical protein TcasGA2_TC003467 

Nnepalensis_01104600 189 V-type proton ATPase 21 kDa proteolipid subunit-like 

Nnepalensis_00270500 185 ribosome-binding protein 1 isoform X1 

Nnepalensis_00418500 182 3-hydroxyacyl-CoA dehydrogenase type-2 

Nnepalensis_00700300 181 acyl-CoA Delta(11) desaturase-like 

Nnepalensis_00692100 175 RB1-inducible coiled-coil protein 1-like isoform X1 

Nnepalensis_01011000 170 general transcriptional corepressor trfA-like isoform X2 

Nnepalensis_00472100 167 Acyl-CoA binding protein 

Nnepalensis_00380800 166 CLUMA_CG007678, isoform A 

Nnepalensis_00426000 166 protein NDRG3 isoform X1 
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Nnepalensis_00122300 162 chromatin-remodeling complex ATPase chain Iswi isoform X4 

Nnepalensis_00316100 162 zinc finger protein 726-like isoform X1 

Nnepalensis_00661000 162 fructose-1,6-bisphosphatase 1 

Nnepalensis_00950500 161 serine-rich adhesin for platelets-like isoform X6 

Nnepalensis_00285000 156 collagen type IV alpha-3-binding protein isoform X1 

Nnepalensis_01094600 152 circadian locomoter output cycles protein kaput-like 

Nnepalensis_00379000 150 protein 4.1 homolog isoform X1 

Nnepalensis_00770200 150 TBC1 domain family member 9 isoform X2 

Nnepalensis_00704900 148 pancreatic lipase-related protein 2-like 

Nnepalensis_00924500 148 chaoptin-like 

Nnepalensis_00579100 146 structural maintenance of chromosomes protein 3-like 

Nnepalensis_00047700 145 V-type proton ATPase subunit d 

Nnepalensis_00205300 145 elongation factor G, mitochondrial 

Nnepalensis_00000800 144 Ubiquitin-fold modifier 1 

Nnepalensis_00752000 144 ADP-ribosylation factor-like protein 6-interacting protein 1 isoform X1 

Nnepalensis_01104100 143 round spermatid basic protein 1-like 

Nnepalensis_00432900 136 uncharacterized protein LOC108905594 

Nnepalensis_00707500 132 leucine-rich repeat-containing protein C10orf11 homolog 

Nnepalensis_00322800 130 transcriptional regulator ATRX homolog 

Nnepalensis_00970000 129 DNA-directed RNA polymerase II subunit RPB1 isoform X1 

Nnepalensis_00914600 127 probable E3 ubiquitin-protein ligase makorin-1 isoform X1 

Nnepalensis_00986900 127 coiled-coil domain-containing protein 58 

Nnepalensis_00593900 126 mitochondrial import inner membrane translocase subunit Tim17-B-like 

Nnepalensis_00667300 125 acetyl-CoA acetyltransferase, mitochondrial isoform X1 

Nnepalensis_00068600 124 protein sprint 

Nnepalensis_00097200 124 kielin/chordin-like protein 

Nnepalensis_00441400 124 protein SCAI isoform X2 

Nnepalensis_00771900 124 constitutive coactivator of PPAR-gamma-like protein 1 isoform X2 
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Nnepalensis_00249000 122 pre-mRNA-processing factor 40 homolog A 

Nnepalensis_00304400 122 synaptic vesicle membrane protein VAT-1 homolog-like 

Nnepalensis_00466900 121 DNA topoisomerase 2 isoform X1 

Nnepalensis_00476700 121 C-type lectin 37Da-like isoform X2 

Nnepalensis_00744200 121 peroxisomal membrane protein PEX14 isoform X3 

Nnepalensis_00991800 120 PREDICTED: uncharacterized protein LOC108557768 

Nnepalensis_00794700 119 protein mothers against dpp 

Nnepalensis_00139900 118 PREDICTED: uncharacterized protein LOC108564015 

Nnepalensis_00582400 116 cyclic AMP-dependent transcription factor ATF-6 beta 

Nnepalensis_00976800 116 transmembrane emp24 domain-containing protein 7 

Nnepalensis_00404700 115 F-box only protein 33 

Nnepalensis_00892000 114 dehydrodolichyl diphosphate synthase complex subunit nus1 

Nnepalensis_00853500 113 heterogeneous nuclear ribonucleoprotein A1, A2/B1 homolog isoform X1 

Nnepalensis_01038200 112 choline/ethanolaminephosphotransferase 1 isoform X4 

Nnepalensis_00801200 110 dual specificity testis-specific protein kinase 2 

Nnepalensis_00771400 108 adhesion G protein-coupled receptor F5-like 

Nnepalensis_01054400 108 tetratricopeptide repeat protein 25-like 

Nnepalensis_00760900 106 sedoheptulokinase-like isoform X1 

Nnepalensis_00371700 102 protein max isoform X1 

Nnepalensis_00522900 102 histidine triad nucleotide-binding protein 3-like 

Nnepalensis_01065600 102 G kinase-anchoring protein 1-like isoform X1 

Nnepalensis_00158800 101 tetratricopeptide repeat protein 14 homolog isoform X1 

Nnepalensis_00682400 101 V-type proton ATPase subunit F 1 

Nnepalensis_00030500 98 PREDICTED: uncharacterized protein LOC108564666 

Nnepalensis_00642700 97 V-type proton ATPase subunit e-like 

Nnepalensis_00005400 94 glutathione S-transferase 1-like 

Nnepalensis_00266900 92 long-chain fatty acid transport protein 4 

Nnepalensis_00206400 90 Y-box factor homolog isoform X1 
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Nnepalensis_00470400 89 ganglioside-induced differentiation-associated protein 1 

Nnepalensis_00766200 87 ecdysone receptor-like 

Nnepalensis_00708600 85 lysozyme-like 

Nnepalensis_00786600 85 zinc finger matrin-type protein 2-like 

Nnepalensis_00731600 83 protein HGV2 

Nnepalensis_00030200 82 probable protein phosphatase 2C T23F11 

Nnepalensis_00153000 79 protein Ycf2-like 

Nnepalensis_00528900 78 muscle M-line assembly protein unc-89-like isoform X2 

Nnepalensis_00809200 78 upstream activation factor subunit spp27 

Nnepalensis_00496800 76 cysteine-rich motor neuron 1 protein 

Nnepalensis_01005700 76 moesin/ezrin/radixin homolog 1 isoform X3 

Nnepalensis_01040900 76 ras GTPase-activating protein 1 isoform X1 

Nnepalensis_00780500 74 DNA-directed RNA polymerases I, II, and III subunit RPABC3 

Nnepalensis_00871900 74 hemicentin-1 

Nnepalensis_00992800 74 monocarboxylate transporter 4 

Nnepalensis_00383700 72 protein YIF1B 

Nnepalensis_00529600 72 DNA polymerase epsilon subunit C 

Nnepalensis_00809700 72 meiosis-specific transcription factor mei4 

Nnepalensis_00475400 71 autophagy-related protein 13 homolog isoform X3 

Nnepalensis_00616100 70 dual 3',5'-cyclic-AMP and -GMP phosphodiesterase 11 isoform X4 

Nnepalensis_00783100 70 lateral signaling target protein 2 homolog 

Nnepalensis_00227700 69 putative mediator of RNA polymerase II transcription subunit 26 isoform X1 

Nnepalensis_00617400 69 myb/SANT-like DNA-binding domain-containing protein 4 isoform X1 

Nnepalensis_00874400 69 tumor necrosis factor alpha-induced protein 8-like protein 

Nnepalensis_00025100 68 histone-arginine methyltransferase CARMER isoform X1 

Nnepalensis_00378200 68 F-box only protein 11 isoform X1 

Nnepalensis_00621100 68 luc7-like protein 3 isoform X1 

Nnepalensis_00918400 67 nucleoside diphosphate-linked moiety X motif 19-like 
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Nnepalensis_01080900 67 hexosaminidase D-like 

Nnepalensis_00631200 66 trichohyalin-like 

Nnepalensis_00653800 66 39S ribosomal protein L12, mitochondrial 

Nnepalensis_00022200 65 circadian clock-controlled protein-like 

Nnepalensis_00099300 64 transmembrane protein 41B 

Nnepalensis_00124200 63 protein Fe65 homolog isoform X3 

Nnepalensis_00653600 63 AGAP008350-PA-like protein 

Nnepalensis_01008100 63 cytochrome P450 6k1-like 

Nnepalensis_01023700 62 5-hydroxyisourate hydrolase 

Nnepalensis_01118700 61 juvenile hormone epoxide hydrolase 1-like 

Nnepalensis_00104000 60 thyroid receptor-interacting protein 11-like isoform X2 

Nnepalensis_00013900 59 cleavage and polyadenylation specificity factor subunit CG7185 isoform X1 

Nnepalensis_00338700 59 protein FAM136A-like 

Nnepalensis_00348900 59 focal adhesion kinase 1-like 

Nnepalensis_00261400 58 glycogen [starch] synthase 

Nnepalensis_00522300 58 breast cancer type 2 susceptibility protein homolog 

Nnepalensis_00310100 57 transmembrane emp24 domain-containing protein 2 

Nnepalensis_00310600 57 dolichol-phosphate mannosyltransferase subunit 3 

Nnepalensis_00232500 56 homeobox protein Meis3-like 

Nnepalensis_00300500 56 protein EFR3 homolog cmp44E isoform X1 

Nnepalensis_00301100 56 V-type proton ATPase subunit G 

Nnepalensis_00452200 56 structural maintenance of chromosomes protein 4 

Nnepalensis_00946300 56 protein tipE 

Nnepalensis_00107000 55 U2 small nuclear ribonucleoprotein auxiliary factor 35 kDa subunit-related protein 2 

Nnepalensis_00117300 55 protein mahjong 

Nnepalensis_00625000 55 protein alan shepard isoform X1 

Nnepalensis_00804200 55 1,5-anhydro-D-fructose reductase-like 

Nnepalensis_00835400 55 zinc finger protein 62 homolog isoform X1 
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Nnepalensis_00992300 55 ras-related C3 botulinum toxin substrate 1 

Nnepalensis_00092300 54 PR domain zinc finger protein 16 

Nnepalensis_00304300 54 synaptic vesicle membrane protein VAT-1 homolog-like 

Nnepalensis_00347600 54 focal adhesion kinase 1 isoform X1 

Nnepalensis_00927300 54 kinesin-related protein 4-like isoform X1 

Nnepalensis_00061700 53 protein transport protein Sec61 subunit gamma 

Nnepalensis_00442200 53 39S ribosomal protein L38, mitochondrial 

Nnepalensis_00491700 53 failed axon connections isoform X1 

Nnepalensis_01072700 53 probable protein phosphatase 2C 58 

Nnepalensis_00249900 52 elongator complex protein 5 

Nnepalensis_00375600 52 pentatricopeptide repeat-containing protein 2, mitochondrial-like 

Nnepalensis_00661200 52 coatomer subunit epsilon 

Nnepalensis_00911100 52 lachesin-like 

Nnepalensis_00439500 50 ATP-dependent 6-phosphofructokinase isoform X1 

Nnepalensis_00491400 50 cathepsin B 

Nnepalensis_00929300 50 organic cation transporter protein-like 

Nnepalensis_00535100 49 sarcospan 

Nnepalensis_00626800 49 polypeptide N-acetylgalactosaminyltransferase 3 

Nnepalensis_01023500 49 PREDICTED: uncharacterized protein LOC108565477 isoform X2 

Nnepalensis_00123600 48 KIAA0930-like protein 

Nnepalensis_00125400 48 zinc finger protein 585A-like 

Nnepalensis_00907500 48 syndecan-like 

Nnepalensis_00166200 47 ATPase ASNA1 homolog 

Nnepalensis_00217700 47 beta-ureidopropionase 

Nnepalensis_00278300 47 E3 ubiquitin-protein ligase Nedd-4 isoform X1 

Nnepalensis_00018200 46 single-stranded DNA-binding protein, mitochondrial 

Nnepalensis_00148300 46 DNA repair protein XRCC1 

Nnepalensis_00159400 46 mannose-P-dolichol utilization defect 1 protein homolog 
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Nnepalensis_00170600 46 probable N-acetyltransferase san 

Nnepalensis_00303400 46 eukaryotic initiation factor 4A-III 

Nnepalensis_00552300 46 mitochondrial import inner membrane translocase subunit Tim13 

Nnepalensis_00877600 46 ATP synthase mitochondrial F1 complex assembly factor 1 

Nnepalensis_00298700 45 aftiphilin 

Nnepalensis_00786700 45 transmembrane protein 59-like isoform X1 

Nnepalensis_01113100 45 sulfatase-modifying factor 1 

Nnepalensis_00206300 44 actin, acrosomal process isoform-like 

Nnepalensis_00332500 44 UPF0160 protein 

Nnepalensis_00549000 44 4-coumarate--CoA ligase-like 5 

Nnepalensis_00192500 43 probable tyrosyl-DNA phosphodiesterase 

Nnepalensis_00523300 43 dynein light chain Tctex-type-like 

Nnepalensis_00612000 43 fatty-acid amide hydrolase 2-A-like 

Nnepalensis_00676500 43 heterogeneous nuclear ribonucleoprotein Q isoform X2 

Nnepalensis_00920400 43 transportin-1 isoform X1 

Nnepalensis_00098600 42 insulin-like peptide receptor isoform X1 

Nnepalensis_00149900 42  TNF receptor-associated factor 6 

Nnepalensis_00518200 42 ankyrin repeat domain-containing protein 12 

Nnepalensis_01003900 42 46 kDa FK506-binding nuclear protein 

Nnepalensis_00638400 41 carbohydrate sulfotransferase 5-like 

Nnepalensis_00656600 41 mitochondrial dicarboxylate carrier 

Nnepalensis_00885100 41 cell division cycle and apoptosis regulator protein 1-like 

Nnepalensis_00281800 40 glutamate--cysteine ligase regulatory subunit 

Nnepalensis_00542000 40 protein virilizer isoform X1 

Nnepalensis_00762200 40 39S ribosomal protein L4, mitochondrial 

Nnepalensis_00089200 39 PREDICTED: uncharacterized protein At4g38062-like 

Nnepalensis_00180500 39 5'-AMP-activated protein kinase subunit gamma-2-like isoform X1 

Nnepalensis_00187400 39 hypothetical protein TcasGA2_TC032791 
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Nnepalensis_00286000 39 CREB-regulated transcription coactivator 1-like isoform X1 

Nnepalensis_00491600 39 vesicle transport protein GOT1B isoform X2 

Nnepalensis_00695100 39 myosin-11 isoform X1 

Nnepalensis_00897700 39 DNA ligase 3-like 

Nnepalensis_01037000 39 glypican-6 

Nnepalensis_00090200 38 sodium- and chloride-dependent glycine transporter 1-like 

Nnepalensis_00299400 38 enolase-phosphatase E1-like 

Nnepalensis_00363900 38 PREDICTED: uncharacterized protein LOC108560535 isoform X1 

Nnepalensis_00675900 38 renin receptor 

Nnepalensis_00068900 37 tyrosine-protein kinase Btk29A isoform X1 

Nnepalensis_00177600 37 ATP-binding cassette sub-family G member 1-like isoform X1 

Nnepalensis_00204300 37 TM2 domain-containing protein CG10795 

Nnepalensis_00402300 37 mothers against decapentaplegic homolog 3 

Nnepalensis_00454900 37 protein FAM60A isoform X1 

Nnepalensis_00619400 37 derlin-2 

Nnepalensis_00166900 36 extended synaptotagmin-2 isoform X2 

Nnepalensis_00390500 36 ---NA--- 

Nnepalensis_00624000 36 DNA polymerase subunit gamma-2, mitochondrial 

Nnepalensis_00884800 36 coiled-coil domain-containing protein 18-like 

Nnepalensis_01053600 36 mitochondrial inner membrane protease subunit 1 

Nnepalensis_01084200 36 serine/arginine-rich splicing factor 7-like isoform X2 

Nnepalensis_00179900 35 sodium-dependent proline transporter-like 

Nnepalensis_00454100 35 nuclear pore complex protein Nup205 

Nnepalensis_00813000 35 restin homolog isoform X3 

Nnepalensis_00991900 35 PREDICTED: uncharacterized protein LOC108559490 isoform X1 

Nnepalensis_00153700 34  arginine N-methyltransferase 9 

Nnepalensis_00192400 34 probable tyrosyl-DNA phosphodiesterase 

Nnepalensis_00377900 34 DNA repair protein complementing XP-C cells homolog 
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Nnepalensis_00514600 34 solute carrier family 35 member C2 

Nnepalensis_00861300 34 UPF0704 protein C6orf165 homolog 

Nnepalensis_00157500 33 myoneurin-like isoform X1 

Nnepalensis_00594100 33 kynurenine formamidase 

Nnepalensis_00608400 32 fasciclin-3-like isoform X1 

Nnepalensis_00190400 31 striatin-3 isoform X1 

Nnepalensis_00715900 31 spermatogenesis-associated protein 20 

Nnepalensis_00755800 31 kin of IRRE-like protein 3 isoform X1 

Nnepalensis_00759100 31  FAM10A4 

Nnepalensis_00833600 31 altered inheritance of mitochondria protein 21-like 

Nnepalensis_00936300 31 pleckstrin homology domain-containing family J member 1-like 

Nnepalensis_00107500 29 probable ATP-dependent RNA helicase DDX23 

Nnepalensis_00988600 29 sorting nexin-4-like 

Nnepalensis_01049500 29 zinc finger protein 277 

Nnepalensis_00013200 28 dopamine D2-like receptor 

Nnepalensis_00018800 28 transmembrane protein 147 

Nnepalensis_00055800 28 protein kinase C-binding protein 1 isoform X1 

Nnepalensis_00400000 28 alpha-tocopherol transfer protein-like 

Nnepalensis_00679600 28 protein tramtrack, alpha isoform 

Nnepalensis_00925500 28 ER membrane protein complex subunit 3 

Nnepalensis_01012900 28 phospholipase A2 inhibitor-like 

Nnepalensis_01075700 28 SH3 domain-containing kinase-binding protein 1-like 

Nnepalensis_00417500 27 PREDICTED: uncharacterized protein LOC108560964 

Nnepalensis_00450700 27 BTB/POZ domain-containing protein kctd15 isoform X1 

Nnepalensis_00690700 27 PREDICTED: uncharacterized protein LOC108567004 

Nnepalensis_00857900 27 signal peptidase complex catalytic subunit SEC11A 

Nnepalensis_00085200 26 protein catecholamines up 

Nnepalensis_00218100 26 chromobox protein homolog 1-like 
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Nnepalensis_00417900 26 tyrosine-protein kinase-like otk 

Nnepalensis_00721000 26 rootletin 

Nnepalensis_00852900 26 39S ribosomal protein L30, mitochondrial 

Nnepalensis_00962900 26 transcriptional coactivator YAP1-A-like isoform X1 

Nnepalensis_01015300 26 maspardin-like isoform X1 

Nnepalensis_00061800 25 ecdysteroid-regulated 16 kDa protein-like 

Nnepalensis_00406300 25 guanine nucleotide-binding protein G(o) subunit alpha 

Nnepalensis_00774400 25 leucine-rich repeat-containing G-protein coupled receptor 4-like 

Nnepalensis_00233800 24 PREDICTED: uncharacterized protein LOC108557212 

Nnepalensis_00807700 24 complexin 

Nnepalensis_00836200 24 transcription factor RFX3 isoform X1 

Nnepalensis_00055900 23 sphingomyelin synthase-related 1-like 

Nnepalensis_00060200 23 cleft lip and palate transmembrane protein 1 

Nnepalensis_00110900 23 phosphatidylinositol 4-kinase type 2-alpha isoform X1 

Nnepalensis_00352900 23 dynein intermediate chain 2, ciliary 

Nnepalensis_00447800 23 odorant receptor 22c-like 

Nnepalensis_00862300 23 programmed cell death protein 4 

Nnepalensis_00322400 22 sn1-specific diacylglycerol lipase alpha-like 

Nnepalensis_00592000 22 F-box/LRR-repeat protein 6 

Nnepalensis_00335200 21 microtubule-associated proteins 1A/1B light chain 3C-like isoform X1 

Nnepalensis_00919300 21 lysine-specific demethylase lid isoform X2 

Nnepalensis_01047900 21 NAD kinase 2, mitochondrial 

Nnepalensis_00011800 20 suppressor protein SRP40-like 

Nnepalensis_00249800 20 vacuolar protein sorting-associated protein 41 homolog 

Nnepalensis_00613400 20 transmembrane emp24 domain-containing protein eca-like 

Nnepalensis_00918900 20 cytoplasmic FMR1-interacting protein 

Nnepalensis_00981700 20 alcohol dehydrogenase class-3 

Nnepalensis_00001800 19 translation initiation factor eIF-2B subunit epsilon 
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Nnepalensis_00042000 19 charged multivesicular body protein 1b 

Nnepalensis_00974100 19 neuromedin-U receptor 2-like 

Nnepalensis_00540400 18 midkine-A-like isoform X1 

Nnepalensis_00629200 18 nudix hydrolase 8 isoform X1 

Nnepalensis_01048200 18 protein VAC14 homolog isoform X1 

Nnepalensis_00938500 17 gamma-glutamylcyclotransferase-like isoform X1 

Nnepalensis_00976100 17 alkaline nuclease isoform X1 

Nnepalensis_01025900 17 F-box only protein 42 

Nnepalensis_00062600 16 probable H/ACA ribonucleoprotein complex subunit 1 

Nnepalensis_00525600 16 PREDICTED: uncharacterized protein LOC108558637 

Nnepalensis_00577900 16 insulin-like growth factor-binding protein complex acid labile subunit 

Nnepalensis_00587700 16 myosin heavy chain, striated muscle-like 

Nnepalensis_00131200 15 retinol dehydrogenase 12-like isoform X1 

Nnepalensis_00193900 15 follicle-stimulating hormone receptor 

Nnepalensis_00311100 15 eukaryotic translation elongation factor 1 epsilon-1 

Nnepalensis_00335300 15 biotin--protein ligase 

Nnepalensis_00831100 15 pre-mRNA-processing factor 19 

Nnepalensis_00920100 15 zinc finger protein 84-like 

Nnepalensis_00155900 14 lymphoid-restricted membrane protein-like isoform X2 

Nnepalensis_00198200 14 protein sly1 homolog 

Nnepalensis_00354600 14 neurexin-1 

Nnepalensis_00493900 14 ankyrin repeat domain-containing protein 33B-like 

Nnepalensis_00538100 14 calcineurin-binding protein cabin-1-like 

Nnepalensis_00620100 14 PREDICTED: putative uncharacterized protein DDB_G0285119 

Nnepalensis_01066800 14 39S ribosomal protein L10, mitochondrial 

Nnepalensis_01123700 14 protein CREG1-like 

Nnepalensis_00096700 13 serine/threonine-protein kinase minibrain isoform X3 

Nnepalensis_00130400 13 Sterile alpha motif containing protein 
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Nnepalensis_00948400 13 alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase isoform X1 

Nnepalensis_00012900 12 dopamine D2-like receptor 

Nnepalensis_00259100 12 tudor domain-containing protein 7B isoform X1 

Nnepalensis_00421600 12 AAEL010456-PA 

Nnepalensis_01102300 12 ADP-ribosylation factor 2 

Nnepalensis_00012100 11 GL26618 

Nnepalensis_00354500 11 neurexin-3-like 

Nnepalensis_00484000 11 nucleoside diphosphate kinase 

Nnepalensis_00489300 11 suppressor APC domain-containing protein 2 

Nnepalensis_00587500 11 extracellular matrix-binding protein ebh-like 

Nnepalensis_00644200 11 PREDICTED: uncharacterized protein LOC108567473 isoform X2 

Nnepalensis_01031900 11 synaptobrevin homolog YKT6 

Nnepalensis_00021900 10 GATA zinc finger domain-containing protein 14-like isoform X1 

Nnepalensis_00270400 10 membrane protein FAM174-like 

Nnepalensis_00007800 9 etoposide-induced protein 2.4 homolog isoform X2 

Nnepalensis_00331100 9 lanC-like protein 3 homolog isoform X1 

Nnepalensis_00023800 8 PREDICTED: uncharacterized protein LOC108563353 

Nnepalensis_00081500 8 larval cuticle protein 8-like 

Nnepalensis_00142300 8 signal transducer and activator of transcription 5B isoform X1 

Nnepalensis_00183500 8 tumor necrosis factor receptor superfamily member wengen 

Nnepalensis_00209700 8 lymphocyte expansion molecule-like 

Nnepalensis_00292000 8 regulator of microtubule dynamics protein 3-like isoform X2 

Nnepalensis_00326000 8 guanine nucleotide-binding protein subunit beta-1 

Nnepalensis_00374900 8 UBX domain-containing protein 6 

Nnepalensis_00423600 8 phospholipase A2-like 

Nnepalensis_00443800 8 chymotrypsin-1-like 

Nnepalensis_00544200 8 hrp65 protein-like 

Nnepalensis_00547100 8 PREDICTED: uncharacterized protein C20orf24 homolog 
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Nnepalensis_00553900 8 transcription factor E4F1 isoform X10 

Nnepalensis_01008200 8 zinc finger E-box-binding homeobox 1-like isoform X1 

Nnepalensis_01038700 8 actin-related protein 10 

Nnepalensis_00569500 7 translation initiation factor eIF-2B subunit beta 

Nnepalensis_00584000 7 box C/D snoRNA protein 1 

Nnepalensis_00604200 7 protein transport protein sft2 

Nnepalensis_00646800 7 immediate early response 3-interacting protein 1 

Nnepalensis_00116000 6 replication factor C subunit 1 

Nnepalensis_00153900 6 beta-1,4-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase 

Nnepalensis_00179300 6 sterol regulatory element-binding protein cleavage-activating protein isoform X2 

Nnepalensis_00191700 6 PREDICTED: uncharacterized protein LOC108562159 

Nnepalensis_00444100 6 homeobox protein caupolican-like 

Nnepalensis_00027300 5 U8-agatoxin-Ao1a-like isoform X1 

Nnepalensis_00272700 5 putative leucine-rich repeat-containing protein DDB_G0290503 

Nnepalensis_00428900 5 pre-rRNA-processing protein TSR2 homolog 

Nnepalensis_00734700 5 serine hydroxymethyltransferase, cytosolic isoform X1 

Nnepalensis_00747800 5 AGAP000266-PA-like protein 

Nnepalensis_00761900 5 facilitated trehalose transporter Tret1-like 

Nnepalensis_01027600 5 myosin-VIIa isoform X1 

Nnepalensis_01057100 5 uncharacterized ABC transporter ATP-binding protein/permease YOL075C-like 

Nnepalensis_01087100 5 facilitated trehalose transporter Tret1-like 

Nnepalensis_00210800 4 putative phosphatidate phosphatase isoform X1 

Nnepalensis_00318800 4 alpha-tocopherol transfer protein-like 

Nnepalensis_00400500 4 general odorant-binding protein 69a-like 

Nnepalensis_00532100 4 ER membrane protein complex subunit 1 

Nnepalensis_00650200 4 oligoribonuclease, mitochondrial 

Nnepalensis_00694900 4 dynein regulatory complex protein 1 

Nnepalensis_00771600 4 AAEL001511-PA 

 



127 
 

Nnepalensis_00834600 4 nesprin-1 isoform X7 

Nnepalensis_00182700 3 transmembrane protein 237 

Nnepalensis_00345300 3 adenylate kinase 7-like 

Nnepalensis_00387300 3 titin-like 

Nnepalensis_00511800 3 F-box domain-containing protein 

Nnepalensis_00976300 3 cytochrome P450 9e2 

Nnepalensis_00072100 2 sperm-specific antigen 2 

Nnepalensis_00172000 2 histone acetyltransferase KAT2B-like 

Nnepalensis_00178100 2 putative mediator of RNA polymerase II transcription subunit 26 

Nnepalensis_00250200 2 putative fatty acyl-CoA reductase CG5065 isoform X1 

Nnepalensis_00272600 2 PREDICTED: uncharacterized protein LOC108567936 

Nnepalensis_00318700 2 alpha-tocopherol transfer protein-like 

Nnepalensis_00366100 2 inaD-like protein isoform X2 

Nnepalensis_00400100 2 general odorant-binding protein 2-like 

Nnepalensis_00438100 2 coilin 

Nnepalensis_00441900 2 COMM domain-containing protein 4 

Nnepalensis_00513300 2  sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1 

Nnepalensis_00514500 2 protein Jumonji 

Nnepalensis_00518400 2 juvenile hormone epoxide hydrolase 1-like 

Nnepalensis_00563900 2 FAD synthase-like isoform X1 

Nnepalensis_00619900 2 broad-complex core protein-like 

Nnepalensis_00643500 2 ornithine aminotransferase, mitochondrial-like 

Nnepalensis_01089000 2 zinc finger matrin-type protein 2 isoform X2 

Nnepalensis_00165200 1 intracellular protein transport protein USO1-like 

Nnepalensis_00226400 1 allergen Cr-PI-like 

Nnepalensis_00279500 1 trafficking protein particle complex subunit 2-like protein 

Nnepalensis_00336400 1 homeobox protein 2 isoform X1 

Nnepalensis_00391700 1 androgen-induced gene 1 protein isoform X2 
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Nnepalensis_00444400 1 E3 ubiquitin-protein ligase RNF216-like 

Nnepalensis_00451900 1 pyruvate dehydrogenase phosphatase regulatory subunit, mitochondrial isoform X1 

Nnepalensis_00564000 1 arf-GAP with dual PH domain-containing protein 1-like isoform X1 

Nnepalensis_00590100 1 tryptase alpha/beta-1-like 

Nnepalensis_00783200 1 T-cell leukemia homeobox protein 2-like 

Nnepalensis_00841200 1 biorientation of chromosomes in cell division protein 1-like 1 isoform X1 

Nnepalensis_00935600 1 solute carrier organic anion transporter family member 5A1-like 

Nnepalensis_00050400 NA mRNA cap guanine-N7 methyltransferase 

Nnepalensis_00067500 NA alpha-N-acetylglucosaminidase isoform X1 

Nnepalensis_00078600 NA protein takeout-like 

Nnepalensis_00100800 NA protein-L-isoaspartate(D-aspartate) O-methyltransferase 

Nnepalensis_00117800 NA protein Mpv17 

Nnepalensis_00177200 NA nose resistant to fluoxetine protein 6-like 

Nnepalensis_00282800 NA calcineurin B homologous protein 1 

Nnepalensis_00325200 NA sialin 

Nnepalensis_00332600 NA S1 RNA-binding domain-containing protein 1 isoform X1 

Nnepalensis_00392900 NA vesicular inhibitory amino acid transporter 

Nnepalensis_00487800 NA PREDICTED: uncharacterized protein LOC108563357 

Nnepalensis_00529300 NA homeobox protein 2-like 

Nnepalensis_00544700 NA probable helicase with zinc finger domain isoform X1 

Nnepalensis_00565500 NA sialin-like 

Nnepalensis_00591400 NA protein TANC2 isoform X3 

Nnepalensis_00731100 NA zinc finger protein 460-like 

Nnepalensis_00755700 NA kin of IRRE-like protein 3 isoform X3 

Nnepalensis_00819500 NA CLUMA_CG000828, isoform A 

Nnepalensis_00865800 NA angiotensin-converting enzyme-like 

Nnepalensis_00891200 NA leucine-rich repeat protein soc-2 homolog 

Nnepalensis_00933700 NA protein phosphatase 1H 
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Nnepalensis_00938300 NA ---NA--- 

Nnepalensis_00943300 NA IQ motif and SEC7 domain-containing protein 1 isoform X1 

Nnepalensis_00977400 NA lipid storage droplets surface-binding protein 1-like isoform X1 

Nnepalensis_01021500 NA zinc finger protein 165 

Nnepalensis_01053300 NA radial spoke head 14 homolog 

Nnepalensis_01099800 NA sialin-like 
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Supplementary Table 11 | Top 100 enriched GO terms of the genes associated with maturity and developmental days (GAMD). 

GO term GO term definition Total annotated in genome Fonud in GAMD Expected P value 

GO:0009791 post-embryonic development 1133 51 46.79 < 1E-30 

GO:0032259 methylation 1039 49 42.91 < 1E-30 

GO:0035295 tube development 1044 43 43.12 < 1E-30 

GO:0009790 embryo development 1047 41 43.24 < 1E-30 

GO:0072001 renal system development 789 36 32.58 < 1E-30 

GO:0008152 metabolic process 6544 234 270.26 < 1E-30 

GO:0072358 cardiovascular system development 699 34 28.87 < 1E-30 

GO:0060541 respiratory system development 761 34 31.43 < 1E-30 

GO:0007049 cell cycle 930 38 38.41 < 1E-30 

GO:0051301 cell division 801 34 33.08 < 1E-30 

GO:0006807 nitrogen compound metabolic process 4625 156 191.01 < 1E-30 

GO:0007422 peripheral nervous system development 568 27 23.46 < 1E-30 

GO:0009888 tissue development 693 32 28.62 < 1E-30 

GO:0007417 central nervous system development 818 29 33.78 < 1E-30 

GO:0055085 transmembrane transport 946 37 39.07 < 1E-30 

GO:0007017 microtubule-based process 728 27 30.07 < 1E-30 

GO:0048569 post-embryonic animal organ development 323 22 13.34 < 1E-30 

GO:0035556 intracellular signal transduction 759 32 31.35 < 1E-30 

GO:0008037 cell recognition 468 23 19.33 < 1E-30 

GO:0001763 morphogenesis of a branching structure 415 21 17.14 7.00E-30 

GO:0007163 establishment or maintenance of cell polarity 352 20 14.54 1.50E-29 

GO:0006950 response to stress 1000 38 41.3 2.90E-29 

GO:0009058 biosynthetic process 2793 102 115.35 3.90E-29 

GO:0048732 gland development 392 20 16.19 1.40E-28 

GO:0043588 skin development 325 19 13.42 2.30E-28 

GO:0007423 sensory organ development 411 25 16.97 3.30E-28 
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GO:0050896 response to stimulus 2944 110 121.58 4.10E-27 

GO:0048513 animal organ development 1207 52 49.85 4.40E-27 

GO:0006355 regulation of transcription, DNA-templated 867 29 35.81 3.00E-26 

GO:0007166 cell surface receptor signaling pathway 635 27 26.22 1.40E-25 

GO:0006810 transport 1894 81 78.22 4.90E-25 

GO:0042221 response to chemical 798 29 32.96 1.70E-24 

GO:0007389 pattern specification process 443 19 18.3 1.40E-23 

GO:0007186 G-protein coupled receptor signaling pathway 588 22 24.28 3.30E-23 

GO:0030029 actin filament-based process 450 20 18.58 2.10E-22 

GO:0007154 cell communication 2007 73 82.89 2.90E-22 

GO:0009628 response to abiotic stimulus 220 15 9.09 1.10E-20 

GO:0008219 cell death 360 17 14.87 1.80E-20 

GO:0061458 reproductive system development 154 12 6.36 6.20E-20 

GO:0009607 response to biotic stimulus 382 15 15.78 9.70E-20 

GO:0006811 ion transport 733 26 30.27 5.90E-19 

GO:0016310 phosphorylation 750 26 30.97 1.80E-18 

GO:0055114 oxidation-reduction process 691 17 28.54 2.50E-18 

GO:0007059 chromosome segregation 469 17 19.37 4.40E-18 

GO:0006091 generation of precursor metabolites and energy 215 13 8.88 1.50E-16 

GO:0048736 appendage development 354 14 14.62 2.80E-16 

GO:0035270 endocrine system development 314 12 12.97 3.50E-16 

GO:0071705 nitrogen compound transport 433 25 17.88 3.20E-15 

GO:0006928 movement of cell or subcellular component 471 18 19.45 8.90E-15 

GO:0030522 intracellular receptor signaling pathway 139 10 5.74 1.10E-14 

GO:0044237 cellular metabolic process 4813 167 198.77 4.60E-14 

GO:0048518 positive regulation of biological process 621 27 25.65 1.00E-13 

GO:0009838 abscission 201 9 8.3 4.40E-13 

GO:0009653 anatomical structure morphogenesis 888 41 36.67 7.40E-13 
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GO:0006725 cellular aromatic compound metabolic process 2530 89 104.49 1.80E-12 

GO:0050794 regulation of cellular process 3172 105 131 3.90E-12 

GO:0016192 vesicle-mediated transport 410 17 16.93 4.40E-12 

GO:0019222 regulation of metabolic process 1315 52 54.31 9.90E-12 

GO:0044249 cellular biosynthetic process 2288 81 94.49 1.50E-11 

GO:0022611 dormancy process 115 7 4.75 2.10E-11 

GO:0016311 dephosphorylation 228 11 9.42 2.30E-11 

GO:0071702 organic substance transport 531 28 21.93 3.50E-11 

GO:0030154 cell differentiation 599 27 24.74 5.70E-11 

GO:0006413 translational initiation 174 9 7.19 5.90E-11 

GO:0006139 nucleobase-containing compound metabolic process 2356 78 97.3 9.90E-11 

GO:0009719 response to endogenous stimulus 160 9 6.61 1.70E-10 

GO:0048731 system development 1708 70 70.54 1.80E-10 

GO:0007165 signal transduction 1527 55 63.06 2.50E-10 

GO:1901360 organic cyclic compound metabolic process 2503 86 103.37 6.60E-10 

GO:0006629 lipid metabolic process 351 17 14.5 8.80E-10 

GO:0016043 cellular component organization 1233 49 50.92 9.50E-10 

GO:0018108 peptidyl-tyrosine phosphorylation 52 5 2.15 1.60E-09 

GO:0007399 nervous system development 1194 51 49.31 1.80E-09 

GO:0015991 ATP hydrolysis coupled proton transport 20 4 0.83 3.30E-09 

GO:0021675 nerve development 134 6 5.53 3.70E-09 

GO:0030866 cortical actin cytoskeleton organization 22 4 0.91 5.00E-09 

GO:0006281 DNA repair 190 10 7.85 6.80E-09 

GO:0065008 regulation of biological quality 389 14 16.07 6.90E-09 

GO:0030182 neuron differentiation 206 11 8.51 1.50E-08 

GO:0006366 transcription by RNA polymerase II 545 14 22.51 1.50E-08 

GO:0015031 protein transport 261 14 10.78 1.80E-08 

GO:0071704 organic substance metabolic process 4961 165 204.88 2.00E-08 
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GO:0042335 cuticle development 323 7 13.34 2.70E-08 

GO:0050789 regulation of biological process 3379 116 139.55 3.20E-08 

GO:0016567 protein ubiquitination 145 6 5.99 3.60E-08 

GO:0006479 protein methylation 37 4 1.53 4.50E-08 

GO:0006353 DNA-templated transcription, termination 103 5 4.25 5.10E-08 

GO:0006790 sulfur compound metabolic process 184 9 7.6 7.70E-08 

GO:0046483 heterocycle metabolic process 2467 84 101.88 7.90E-08 

GO:0048519 negative regulation of biological process 685 21 28.29 1.10E-07 

GO:0051091 positive regulation of DNA-binding transcription factor activity 61 4 2.52 3.50E-07 

GO:0002520 immune system development 159 5 6.57 4.50E-07 

GO:0051606 detection of stimulus 145 5 5.99 5.00E-07 

GO:0007552 metamorphosis 207 7 8.55 6.20E-07 

GO:0048794 swim bladder development 72 4 2.97 6.80E-07 

GO:0055123 digestive system development 336 6 13.88 8.50E-07 

GO:0001775 cell activation 76 4 3.14 8.50E-07 

GO:0045944 positive regulation of transcription by RNA polymerase II 81 4 3.35 1.10E-06 

GO:0006360 transcription by RNA polymerase I 131 6 5.41 1.10E-06 

GO:0010468 regulation of gene expression 1010 36 41.71 1.10E-06 
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Supplementary Table 12 | WGCNA assignments of breeding-type-specific EPGs in N. nepalensis. 

Pfam Gene no. 
Percentage of assigned genes (%) 

black blue brown green greenyellow grey60 grey lightgreen magenta midnightblue pink red salmon tan turquoise yellow Total 

CB-specific                   

Annexin 4 0 50 0 0 0 0 50 0 0 0 0 0 0 0 0 0 100 

C_tripleX 1 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 100 

Ig_2 7 28.6 14.3 0 0 0 0 14.3 0 0 0 0 0 0 0 28.6 14.3 100 

AI-2E_transport 1 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 

DUF4774 2 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 100 

Lipase_GDSL 2 0 0 0 50 0 0 0 0 0 0 0 0 0 0 50 0 100 

Myb_DNA-bind_2 1 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 

Total 18 4.1 37.8 0 7.1 0 0 37.8 0 0 0 0 0 0 0 11.2 2 100 

                   

SB-specific                   

Crystallin 1 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 

EHN 4 0 0 0 0 0 0 50 0 0 0 25 25 0 0 0 0 100 

TIL 14 0 7.1 7.1 7.1 0 35.7 14.3 7.1 0 0 0 7.1 0 0 14.3 0 100 

Laminin_EGF 15 20 20 0 0 6.7 6.7 0 6.7 0 0 0 0 0 0 33.3 6.7 100 

Kazal_1 21 0 9.5 4.8 9.5 0 4.8 23.8 9.5 4.8 0 0 0 4.8 9.5 4.8 0 85.7 

Kazal_2 22 4.5 9.1 9.1 4.5 0 0 18.2 4.5 9.1 0 4.5 4.5 4.5 4.5 18.2 4.5 100 

APC_15aa 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 100 

FA_desaturase 12 0 0 0 0 0 0 41.7 0 0 8.3 8.3 16.7 0 8.3 16.7 0 100 

Total 91 3.1 18.2 2.6 2.6 0.8 5.9 18.5 3.5 1.7 1 4.7 6.7 1.2 2.8 23.4 1.4 98.2 
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Chapter 4 – Conclusion 

Competition has always been one of the main drivers of evolution. This 

thesis shows how competition affects the evolution of N. nepalensis in 

terms of cooperative behavior and also continuous and seasonal breeding. 

When the interspecific competition pressure increases, the burying beetles 

shift from intraspecific competition to cooperation in order to defeat 

interspecific competitors1,2. Therefore, N. nepalensis evolved to use a 

volatile organic compound emitted by decomposing carcasses as a cue of 

interspecific competition. Once the interspecific competition pressure 

becomes too high, even if it is unable to compete with competitors through 

cooperation, the burying beetles adjust the breeding season to avoid 

breeding in the same season as the competitors. Therefore, N. nepalensis 

populations in different habitats have evolved continuous and seasonal 

breeding. Since two breeding types are also commonly found in different 

insect species, the further genomic comparison is used to identify the 

underlying molecular mechanisms between two breeding types in insects. 

The genes shared within breeding types show the convergent evolution at 

gene levels. 

Differentiation in the length of breeding seasons implies genotypic 

differentiation among N. nepalensis populations. Moreover, N. nepalensis 

widely distributed in various habitats in Asia, which suggests different 

populations face the different strength of interspecific competition. 

Therefore, genetic variation among populations should be studied to 

further understand the evolution and adaptation in N. nepalensis. In future 

work, the study would be focused on identifying the linkages of genotypes 
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and phenotypes in each population using whole-genome resequencing. The 

phylogenomic analyses would show the evolutionary history of each 

population, and the fixation index (Fst) and linkage disequilibrium (LD) 

would show which loci are under selection and likely correlated to breeding 

phenotypes. Besides differentiation in the length of breeding seasons, 

cooperative behavior is also likely differentiated among populations. 

Therefore, another goal of future work is to identify the genes associated 

with cooperative behaviors, which is so-called social genes, using 

transcriptomic comparison among individuals. Combining the population 

genomic data, the genetic variation of social genes would show the 

evolution of cooperative behaviors in N. nepalensis. 
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