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ABSTRACT 

 

The honey bee, Apis mellifera, is a social insect species, of which colony is 

composed with different castes: a queen, drones and workers (nurses and foragers). 

Honey bee sociality is maintained by organic interactions between colony members 

with differentiated labors. Brood rearing is a primary social behavior essential not 

only to achieve colony-level growth and reproduction for enhanced collection of 

honey and pollen but to maintain optimum colony size and conditions for 

maximizing colony fitness. Perturbation of normal worker behaviors in honey bee 

colonies by any external factor can immediately reduce the colony’s capacity for 

brood rearing, which can eventually lead to colony collapse. To investigate the 
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effects of brood-rearing suppression on the biology of honey bee workers, a gene-

set enrichment analysis (GSEA) based on the transcriptomes of worker bees with 

or without brood rearing suppression was performed. When brood rearing was 

suppressed, pathways associated with both protein degradation and synthesis were 

simultaneously over-represented in both nurses and foragers, and their overall 

pathway representation profiles resembled those of normal foragers and nurses, 

respectively. Thus, obstruction of normal labor induced over-representation in 

pathways related with reshaping of worker bee physiology, suggesting that 

transition of labor is physiologically reversible. In addition, some genes associated 

with the regulation of neuronal excitability, cellular and nutritional stress and 

aggressiveness were over-expressed under brood rearing suppression perhaps to 

manage in-hive stress under unfavorable conditions. 

Honey bee colony swarms when colony population is crowded. Swarming is a 

natural method of that occurs in response to crowding within the colony. Honey bee 

swarming, another important social behavior, is a natural means of colony 

propagation, which occurs by changes of colony status (i.e. population size and 

queen condition) and environment condition (i.e. temperature and food condition). 

To investigate the changes in gene expression profile associated with swarming 

behavior, comparative transcriptome analyses of the same colonies before and after 

swarming were conducted. The GSEA revealed that three and six pathways, 
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associated with genetic information processing and metabolism, respectively, were 

suppressed in the bees engaged in swarming (SG), whereas each of one pathway 

related with genetic information processing and metabolism was down-regulated in 

the bees remained in parental colony (RG) compared with pre-swarming (PSC) bees. 

As the cuticular hydrocarbon (CHCs) is an important chemical cue for honey bee 

communication, the CHC profiles of the individual worker bees from the colonies 

of pre- and post-swarming were compared. A total of 23 CHCs were detected by 

GC-MS, among which 12 compounds showed significantly differential expression 

patterns in each group of the bees (PSC, SG and RG) depending on swarming state. 

Relative proportions of ten and two CHCs were respectively changed in RG and 

SG, compared with PSC, during swarming. 

 

Student number: 2014-22923 
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ABBREVIATIONS 

 

DEG 
Differentially expressed 
gene 

NER 
Nucleotide excision 
repair 

GSEA 
Gene set enrichment 
analysis 

DHR 
Diuretic hormone 
receptor 

CHC Cuticular hydrocarbon AR Adenosine receptor 

qPCR 
Quantitative real-time 
PCR 

NMDA N-methyl-d-aspartate 

FDR False discovery rate CC Corpora cardiaca 

ES Enrichment score JH Juvenile hormone 
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GENERAL INTRODUCTION 

 

The western honey bee, Apis mellifera, is one of most beneficial insects, 

playing a key role in the pollination of agricultural crops and vegetables (Morse and 

Calderone, 2000). Honey bees also provide a number of useful products, including 

honey, pollen, propolis, royal jelly and wax. The western honey bee is a typical 

eusocial insect species, of which colony is composed with different castes: a queen, 

drones and workers. Worker bees undergo age-dependent labor division, resulting 

in two worker groups with distinct tasks (Michener, 1969). While the reproductive 

queen is responsible for the production of offspring, different castes of sterile 

workers are involved in various tasks required for colony maintenance (Free, 1987). 

Task regulation of worker bees is primarily dependent on the age of workers, in 

which young workers perform in-hive tasks, such as nest building, cleaning, food 

storage and brood rearing, whereas old workers perform outdoor tasks, mainly 

foraging and colony defense (Free, 1987). This labor division mechanism is flexible 

and adjusted based on environmental and intra-colony factors (Fewell and Bertram, 

1999; Robinson, 1992). Nevertheless, any environmental factors that exceed the 

threshold of colony flexibility, thereby disturbing normal labor division and 

behavioral maturation, can seriously disrupt nest homeostasis. 
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Global warming, which is the main aspect of climate change, has altered the 

timing of flower blooming and pollinator activity (Memmott et al., 2007; Thomson, 

2010). Such phenological shifts will eventually disrupt the temporal overlap 

between pollinators and their floral food resources, thereby reducing the availability 

of floral resources and the diet breadth of pollinators (Memmott et al., 2007). In the 

case of honey bee workers, which obtain the pollen and nectar solely from flowering 

plants, the synchronized timing of flowering and foraging is crucial with regard to 

brood care and colony maintenance. 

Failure of increasing colony population in spring season also decrease 

incidence rate of swarming. In honey bee society, colony itself is regarded as a super 

organism (Seeley, 1989) and colony duplication is achieved by swarming. Because 

the honey bee swarming is a natural means of honey bee colony propagation 

swarming is really important annual event for honey bee. But, the swarming, to the 

human, is nuisance behavior which decrease colony population and honey yield 

(Caron, 2000). Ever year beekeepers try to prevent swarming (e.g. by removing 

newly developed queen cell). 

I tried to provide basic biological information of the honey bee social behaviors, 

which are useful to respond against failure of beekeeping induced by more frequent 

extreme weather, such as heavy rainfall, severe flooding, drought, and temperature 

extremes. Therefore, physiological changes of the worker bees related with the 
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important two social behaviors, brood rearing and swarming, were identified based 

on the gene set enrichment analysis (GSEA). 
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Abstract 

 

Perturbation of normal behaviors in honey bee colonies by any external factor 

can immediately reduce the colony’s capacity for brood rearing, which can 

eventually lead to colony collapse. To investigate the effects of brood-rearing 

suppression on the biology of honey bee workers, gene-set enrichment analysis of 

the transcriptomes of worker bees with or without suppressed brood rearing was 

performed. When brood rearing was suppressed, pathways associated with both 

protein degradation and synthesis were simultaneously over-represented in both 

nurses and foragers, and their overall pathway representation profiles resembled 

those of normal foragers and nurses, respectively. Thus, obstruction of normal labor 

induced over-representation in pathways related with reshaping of worker bee 

physiology, suggesting that transition of labor is physiologically reversible. In 

addition, some genes associated with the regulation of neuronal excitability, cellular 

and nutritional stress and aggressiveness were over-expressed under brood rearing 

suppression perhaps to manage in-hive stress under unfavorable conditions. 
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1. Introduction 

 

Division of labor is one of the primary characteristics of eusocial insects, such 

as the honey bee, Apis mellifera. While the reproductive queen is responsible for 

the production of offspring, different castes of sterile workers are involved in 

various tasks required for colony maintenance (Free, 1987). Task regulation of 

worker bees is primarily dependent on the age of workers, in which young workers 

perform in-hive tasks, such as nest building, cleaning, food storage and brood 

rearing, whereas old workers perform outdoor tasks, mainly foraging and colony 

defense (Free, 1987). This labor division mechanism is flexible and adjusted based 

on environmental and intra-colony factors (Fewell and Bertram, 1999; Robinson, 

1992). Nevertheless, any environmental factors that exceed the threshold of colony 

flexibility, thereby disturbing normal labor division and behavioral maturation, can 

seriously disrupt nest homeostasis. 

Global warming, which is the main aspect of climate change, has altered the 

timing of flower blooming and pollinator activity (Memmott et al., 2007; Thomson, 

2010). Such phenological shifts will eventually disrupt the temporal overlap 

between pollinators and their floral food resources, thereby reducing the availability 

of floral resources and the diet breadth of pollinators (Memmott et al., 2007). In the 

case of honey bee workers, which obtain the pollen and nectar solely from flowering 
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plants, the synchronized timing of flowering and foraging is crucial with regard to 

brood care and colony maintenance. Therefore, the availability of pollen and nectar 

is the key limiting factor of the growth, development and productivity of honey bee 

colonies. 

Climate change also leads to more frequent extreme weather, such as heavy 

rainfall, severe flooding, drought, and temperature extremes. Because extreme 

weather can strongly impair the foraging capability of a bee colony, these conditions 

could be disastrous for honey bees due to food shortage, particularly when during 

brood care. Food availability inside and outside the hive also affects the division of 

labor and behavioral maturation of workers in a colony (Ament et al., 2010). Since 

optimum growth rate and resource accumulation within the colony largely relies on 

division of labor (Johnson, 2010), direct or indirect perturbation of normal 

behaviors (e.g., nursing and foraging) could immediately affect the colony’s 

capacity for brood rearing. 

Cooperative brood rearing is a central social behavior of honey bees based on 

the precise control of sociality, such as division of labor (Schulz and Robinson, 

1999; Seeley, 1982), communication between castes (Withers et al., 1993), and 

management of abiotic and biotic stress (Stabentheiner et al., 2010; Toth et al., 

2005). Therefore, if normal brood rearing in a honey bee colony is perturbed by 

external factors such as extreme weather, the entire colony would be placed under 
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stressful conditions, resulting in the collapse of nest homeostasis. In the previous 

study, complete suppression of brood rearing activity was induced by placing active 

beehives in a screen tent, thereby blocking normal foraging activity during the 

active brood rearing season; the sealed brood area vanished completely within 56 

days after screen tent installation (Kim et al., 2017). When the screen tent was 

removed, however, brood rearing resumed rapidly and the sealed brood area 

steadily increased, demonstrating the restoration of normal social behavior (Kim et 

al., 2017). Although a large body of information is available with regard to 

molecular and physiological aspects of labor division and behavioral maturation in 

honey bees (Alaux et al., 2009; Ament et al., 2008; Rittschof and Robinson, 2013; 

Whitfield et al., 2006), little is known regarding what physiological alterations 

occur when such normal brood rearing behaviors are sequentially suppressed. 

In this study, I installed a screen tent over active beehives to simulate conditions, 

under which workers could not forage normally and by which brood rearing would 

be artificially suppressed, such as during sudden torrential rain or unusually cold or 

hot weather. Then brood rearing was allowed to resume under a free foraging 

condition by removing the screen tent. To investigate physiological changes in 

worker bees (nurses and foragers) under these two brood rearing status conditions 

(normal brood rearing vs. suppression of brood rearing), transcriptomes of worker 

bee heads under the respective conditions were analyzed and compared. To better 
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understand the biological processes associated with brood rearing status, gene-set 

enrichment analysis (GSEA) was performed, and the functional profiles of 

pathways under the influence of each condition were identified. 

 

2. Materials and Methods 

 

2.1. Suppression and subsequent restoration of brood rearming in active 

colonies (screen tent experiment) 

To suppress brood rearing by blocking foraging, four active bee hives were 

placed in a screen tent for 38 days in the summer (from June to July 2014) until 

brood rearing was completely suppressed, and then the screen was removed, 

allowing brood rearing to recover, as described previously (Kim et al., 2017). To 

minimize age-related influences on gene expression under normal brood rearing 

and brood rearing-suppressed conditions, age-synchronized bee specimens were 

collected (see Fig. 1 for the collection scheme). On the 13th day after the placement 

of four active hives in the screen tent (Day 13), the youngest batch of newly hatched 

worker bees (500 individuals per hive) were marked with paint markers (Munhwa 

Co., Korea; different colors for different hives). Marked worker bees under the 

brood rearing-suppressed condition were collected 7 days (Day 20) and 25 days 

(Day 38) after marking as nurse bees (designated Net Nurse) and forager bees 
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(designated Net Forager), respectively. The screen tent was removed on day 38 

(after tent installment), (Day 0’) to restore brood rearing and all pre-marked bees 

were removed. After resuming brood rearing, the first batch of newly hatched 

worker bees were marked as before (Day 25’). The marked worker bees under the 

normal brood rearing condition were collected 7 days (Day 32’) and 25 days (Day 

50’) after marking as nurse bees (designated Free Nurse) and forager bees 

(designated Free Forager), respectively. The collected marked bees were frozen 

with liquid nitrogen and stored at -80C until RNA extraction and subsequent RNA-

sequencing. Information of the samples were submitted to NCBI BioSample 

(SAMN06928121, Free Forager; SAMN06928122, Free Nurse; SAMN06928123, 

Net Forager; SAMN06928124, Net Nurse).  
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Figure 1. Honey bee collection scheme. Four active honey bee colonies were placed in a 

screen tent for complete suppression of brood rearing for a period of 38 days during summer. 

Thirteen days after the screen tent installation, the last batch of newly hatched honey bees 

(500 individuals per hive) were marked with paint markers. On days 20 and 38 the marked 

honey bees were collected as 7-day-old nurse bees (Net Nurse) and 25-day-old forager bees 

(Net Forager), respectively. The screen tent was removed on day 38 and all the pre-marked 

bees were eliminated. It took nearly 25 days for brood rearing to recover. On day 25’, the 

first batch of newly hatched honey bees were marked as before and collected on days 32’ 

and 50’ as 7-day-old nurse bees (Free Nurse) and 25-day-old forager bees (Free Forager), 

respectively.  
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2.2. RNA extraction, library construction and sequencing 

Five color-marked worker bees for each test group (i.e., Free Forager, Free 

Nurse, Net Forager and Net Nurse) were collected from colony number 1, and the 

individual batches of bees were pooled for RNA extraction. After the head parts 

were separated from the body under ice-cold conditions, they were immediately 

placed in 600 l TRI reagent (MRC, USA) and homogenized with 0.5~2-mm beads 

(Nextadvance, USA) using a bullet blender (Nextadvance, USA). Total RNA was 

extracted according to the manufacturer’s protocol. RNA purity was determined by 

assaying 1 µl of total RNA extract on a NanoDrop8000 spectrophotometer (Thermo, 

USA). Total RNA integrity was checked using an Agilent Technologies 2100 

Bioanalyzer (Agilent Technologies, CA) with an RNA Integrity Number (RIN) 

value. mRNA sequencing libraries were prepared according to the manufacturer’s 

instructions (Illumina Truseq stranded mRNA library prep kit). mRNA was purified 

and fragmented from total RNA (1 µg) using poly-T oligo-attached magnetic beads 

under two rounds of purification. Cleaved RNA fragments primed with random 

hexamers were reverse-transcribed into first-strand cDNA using reverse 

transcriptase, random primers, dUTP in place of dTTP (The incorporation of dUTP 

quenches the second strand during amplification, because the polymerase does not 

incorporate past this nucleotide). These cDNA fragments then underwent addition 

of a single 'A' base and subsequent ligation of the adapter. The products were 
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purified and enriched with PCR to create a final strand-specific cDNA library. The 

quality of the amplified libraries was verified via capillary electrophoresis 

(Bioanalyzer, Agilent). After qPCR using SYBR Green PCR Master Mix (Applied 

Biosystems), we combined libraries that index tagged in equimolar amounts in the 

pool. Cluster generation occurred in the flow cell on the cBot automated cluster 

generation system (Illumina). Then the flow cell was loaded onto the Next-seq 500 

sequencing system (Illumina), and sequencing was performed with a 2150-bp read 

length. 

 

2.3. Transcriptome data analysis 

Low quality reads were filtered out according to the following criteria: reads 

containing more than 10% skipped bases (marked as ‘N’), reads containing more 

than 40% of bases with quality scores less than 20 and reads with an average quality 

score less than 20. Filtered reads were mapped to the honey bee genome analysis 

data (Weinstock et al., 2006) as a reference from BCM-HGSC using the CLC 

Assembly Cell v4.2 (CLC Bio, Denmark). Gene expression level was measured 

with Cufflinks v2.1.1 (Trapnell et al., 2010) using the gene annotation database of 

honey bee genome analysis data (Weinstock et al., 2006) as a reference from BCM-

HGSC. The non-coding gene region was removed via the mask option. Information 

of this research was submitted to NCBI BioProject (PRJNA386067) and Sequence 
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Read Archive (SRA; SRR5534311, SRR5534312, SRR5534313, SRR5534314) 

 

2.4. GSEA 

GSEA was performed to examine critical pathways represented under different 

conditions (Subramanian et al., 2005). The estimated expression levels of all 

annotated genes (n = 10,943) were applied to GSEA and then ES values were 

calculated according to the ranked-ordered gene list. As the predefined gene sets, 

the Kyoto Encyclopedia of Genes and Genomes (KEGG) information deposited in 

NCBI Biosystems was analyzed using an in-house script. A total of 132 KEGG 

pathways were considered, and pathways containing a minimum of 15 genes were 

evaluated. The significance scores were computed using the 1,000 nonparametric 

permutation test. To get some idea on the overall profiles of enriched pathways in 

all test comparisons (including both directions) and their possible clustering 

patterns between either related pathways or between test comparisons, pathways 

significantly enriched (solely based on nominal p-value of  0.05) in any of the test 

comparisons were clustered using 2-way hierarchical clustering. For this, the 

distances between pathways were calculated based on Euclidean distance and the 

clustering was completed using linkage methods. The resulting clustering patterns 

were then visualized using Heatmap3 library in R package (Fig. 2), (Zhao et al., 

2014). Pathways over-represented under each condition with statistical significance 
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[enrichment score (ES)  0.33 or  -0.35; nominal p  0.05; false discovery rate 

(FDR) q  0.30] were further identified and characterized in detail. The threshold 

for the FDR value was set at 0.3, which was slightly higher than the standard value 

(0.25), (Subramanian et al., 2005), in order to identify pathway changes under less 

stringent conditions. Pair-wise comparison of enriched pathways was mainly 

conducted for the basic four sets of conditions, which likely occur in natural setting: 

1) Free Nurse vs. Free Forager, 2) Free Nurse vs. Net Nurse, 3) Free Forager vs. 

Net Forager and 4) Net Nurse vs. Net Forager (Table 1). 
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Figure 2. Heat map illustrating enriched pathways with a statistical significance in each 

group. Pathways with the nominal p-value (p ≤ 0.05) in any test comparison were listed 

and clustered according to the related pathways (Y-axis) and different test comparisons (X-

axis). Heat map color scale is based on -log10(p-value).
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Table 1. List of over-represented pathways with statistical significance from GSEA 

Categories from KEGG pathway 
Pathway 

Free Nurse vs. 
Free Forager 

Free Nurse vs. 
Net Nurse 

Free Forager 
vs. Net Forager

Net Nurse vs. 
Net Forager 

Main categories Sub categories FNb FFc FNb NNd FFc NFe NNd NFe 

Metabolism 

Lipid metabolism 
Glycerophospholipid metabolism O     O   

Fatty acid degradation O     O   

Glycan biosynthesis and 
metabolism 

N-glycan biosynthesis O     O   

Glycosylphosphatidylinositol (GPI)-anchor 
biosynthesis 

O        

Amino and metabolism 
Cysteine and methionine metabolism  O       

Valine, leucine and isoleucine degradation      O   

Nucleotide metabolism Pyrimidine metabolism   O      

Global and overview map Fatty acid metabolism      O   

Energy metabolism Oxidative phosphorylation       O  

Carbohydrate metabolism Glyoxylate and dicarboxylate metabolism        O 

Genetic 
information 
processing 

Folding, sorting and 
degradation 

Protein processing in endoplasmic reticulum O     O   

RNA degradation  O  O   O  

Proteasome    O  O   

Protein export       O  

Transcription RNA polymerase   O      

Translation 

Ribosome O   O  O   

RNA transport      O   

Aminoacyl-tRNA axis formation      O   

Replication and repair Nucleotide excision repair  O       

Cellular 
processes 

Transport and catabolism 
Phagosome O      O  

Endocytosis    O   O  
Organismal 

system 
Development Dorso-ventral axis formation      O   

Environmental 
information 
processing 

Signal transduction Notch signaling pathway      O   

Statistically significant pathways (p-val ≤ 0.05; q-val ≤ 0.30; ES ≥ 0.33) with or without brood rearing being suppressed were 
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listed. 
a KEGG PATHWAY Database (http//www.keg.jp/keg/pathway.html) 
b FN: Free Nurse 
c FF: Free Forager 
d NN: Net Nurse 
e NF: Net Forager
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3. Results 

 

3.1. GSEA 

To better understand the GSEA results, pathways with a p-value less than 0.05 

in any of the test conditions were clustered and displayed using a heat map (Fig. 2). 

Although the heat map result indicated that the pathways did not cluster clearly, 

notable changes in some pathways induced by labor division and brood rearing 

status and a few rough clustering patterns among the comparisons were observed. 

For examples, the comparison of Free Nurse vs. Free Forager was clustered with 

that of Net Forager vs. Free Forager, suggesting that the physiological changes in 

both Free Nurse and Net Forage relative to Free Forager are similar each other. 

Likewise, the reverse comparison of Net Nurse vs. Free Nurse was somewhat 

closely clustered with that of Free Forager vs. Free Nurse, suggesting that the 

physiological changes in both Net Nurse and Free Forager relative to Free Nurse 

are similar each other. Taken together, when the normal labor of both nurses and 

foragers was suppressed, their overall profiles of pathway representation resembled 

those of normal foragers and nurses, respectively. Most of these changes were 

related to genetic information processing and metabolism. Under all two conditions 

of Free Nurse and Net Forager, remarkable changes in the pathways related to 

genetic information processing (Protein processing in endoplasmic reticulum) and 
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metabolism (Glycerophospholipid metabolism) were noted compared to Free 

Forager (actively engaged in foraging). 

To investigate the affected pathways in detail, the pathways over-represented 

with statistical significance under each condition (ES  0.33 or  -0.35; NOM p  

0.05; FDR q  0.30) were summarized and compared in a pairwise manner in Table 

1. To observe pathway changes in a more conservative way, a slightly higher 

threshold for the FDR q value (0.30) was employed than recommended (0.25), 

(Subramanian et al., 2005). Based on these criteria, a total of 10, 6, 12 and 6 

pathways were detected in the pairwise comparisons for Free Nurse vs. Free Forager, 

Free Nurse vs. Net Nurse, Free Forager vs. Net Forager and Net Nurse vs. Net 

Forager, respectively (Table 1); when the FDR q value was set at  0.25, however, 

only 6, 2, 11 and 3 pathways were affected in these same respective comparison 

groups. 

 

3.2. Labor-specific pathways 

Following six pathways related with either metabolism (glycerophospholipid 

metabolism, fatty acid degradation, N-glycan biosynthesis and GPI-anchor 

biosynthesis) or genetic information processing (protein processing in endoplasmic 

reticulum and ribosome) and phagosome pathway were significantly over-

represented (p < 0.03) in Free Nurse with respect to Free Forager (Table 1, see Free 
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Nurse vs. Free Forager). In the Free Forager, on the other hand, up-regulation of the 

cysteine and methionine metabolism, RNA degradation and nucleotide excision 

repair pathways were observed (Table 1, see Free Nurse vs. Free Forager). In 

summary, the labor-specific pathways predicted from GSEA reflected the 

physiologies that can be naturally expected from worker bees based on respective 

division of labor. This finding further suggests that overall predictions obtained 

from GSEA are reliable. 

 

3.3. Pathway affected under brood rearing suppression 

When the nursing activity of young bees was artificially blocked (i.e., Net Nurse) 

by confining beehives within a screen tent and their gene-set enrichment profiles 

were compared with those of active nurses (i.e., Free Nurse; Table 1, see Free Nurse 

vs. Net Nurse), the pathways involved in macromolecule degradation (Proteasome 

and RNA degradation) were up-regulated in Net Nurse. At the same time, protein 

biosynthesis (Ribosome) was over-represented in Net Nurse. 

When normal foraging was blocked as in the case of Net Forager (Table 1, see 

Free Forager vs. Net Forager), bees exhibited over-representation of some common 

pathways that are typically up-regulated in Free Nurse with respect to Free Forager. 

These pathways included the glycerophospholipid metabolism, fatty acid 

degradation, N-glycan biosynthesis, protein processing in endoplasmic reticulum 
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and ribosome pathways. In addition, Net Forager exhibited up-regulation of 

pathways associated with translation (Ribosome, RNA transport and Aminoacyl-

tRNA biosynthesis) (Table 1, see Free Forager vs. Net Forager). Interestingly, the 

pathway related with protein degradation (Proteasome) was also up-regulated in 

Net Forager. The simultaneous activation of protein degradation and synthesis 

observed in Net Forager again suggests that blocking of foraging may induce 

dynamic reformation of body physiology, as also observed in Net Nurse (Table 1, 

see Free Nurse vs. Net Nurse). 

In addition to these pathways, the dorso-ventral axis formation pathway and 

notch signaling pathway was also over-represented in Net Forager with respect to 

Free Forager (Table 1, see Free Forager vs. Net Forager). 

 

3.4. Neuroactive ligand-receptor interaction pathways differentially regulated 

under different conditions 

Although no significant statistical parameters were obtained from GSEA (ES = 

-0.33, -0.39, -0.34 and -0.27; p = 0.36, 0.21, 0.43 and 0.91; q = 0.65, 0.55, 0.69 and 

0.44 in pairwise comparisons of Free Nurse vs. Free Forager, Free Nurse vs. Net 

Nurse, Free Forager vs. Net Forager and Net Nurse vs. Net Forager, respectively), 

various molecular components in the neuroactive ligand-receptor interaction 

pathway were investigated, as many neuroactive ligands are involved in 
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physiological responses to stress (e.g., biogenic amines, neuropeptides and 

metabolic hormones), (Even et al., 2012). Some genes were differentially expressed 

under different conditions, and those with fold-change values of >2 were listed in 

Table 2.  
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Table 2. Differentially up-regulated genes in the neuroactive ligand-receptor 

interaction pathways with fold-change values of > 2 under the normal and brood-

rearing suppressed conditions (Free Nurse / Free Forager vs. Net Nurse / Net Forager) 

Condition Gene description 
Fold 

change 

Free Nurse / 
Free Forager 

GABA-gated ion channel 13.1 
Serotonin receptor 6.26 
Serotonin receptor 2.76 

Diuretic hormone receptor 2.47 
Adipokinetic hormone receptor 2.10 

 

Free Forager / 
Free nurse 

PREDICTED: partitioning defective 3 homolog 57.7 
Adenosine receptor 10.2 
NMDA receptor 1 8.13 

Metabotropic glutamate receptor 2 8.00 
Ligand-gated chloride channel homolog 3 7.64 

D2-like dopamine receptor, transcript variant X2 5.12 
Metabotropic GABA-B receptor subtype 3 2.54 

Uncharacterized 2.28 
Dopamine receptor, D1 2.01 

 

Net Nurse / 
Net Forager 

Serotonin receptor 7 10.6 
D2-like dopamine receptor, transcript variant X2 3.46 

Serotonin receptor 3.45 
Cys-loop ligand-gated ion channel subunit 8916 2.52 

 

Net Forager / 
Net Nurse 

Muscarinic acetylcholine receptor DM1 19.2 
Diuretic hormone 31 receptor 1 5.83 

Serotonin receptor 3.93 
Diuretic hormone receptor 3.39 

Metabotropic glutamate receptor 2 2.31 
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3.4.1. Genes over-expressed in normal nurse and foragers 

The most up-regulated neuroactive ligand-receptor in active nurses (Free 

Nurse) relative to foragers (Free Forager) was the GABA-gated ion channel (Grd) 

(13.1 fold). In addition, in nurses, two serotonin receptors (2.8-6.3 fold), diuretic 

hormone receptor (DHR, 2.5 fold) and adipokinetic hormone (AKH) receptor (2.1 

fold) were up-regulated (Table 2, see Free Nurse / Free Forager). 

The most over-expressed neuroactive ligand-receptor in Free Forager relative 

to Free Nurse was partitioning defective 3 homolog (57.7 fold). In foragers, in 

addition, adenosine receptor (AR, 10.2 fold), NMDA receptor 1 (8.1 fold), 

metabotropic glutamate receptor 2 (8.0 fold), ligand-gated chloride channel 

homolog 3 (7.6 fold), D2-like dopamine receptor (5.1 fold), metabotropic GABA-

B receptor subtype 3 (2.3 fold) and dopamine receptor (2.0 fold) were over-

expressed (Table 2, see Free Forager / Free Nurse). 

 

3.4.2. Genes over-expressed in brood rearing-suppressed nurses and foragers 

When beehives were placed inside a screen tent, thereby perturbing the normal 

labors of worker bees, some genes became commonly over-expressed in both nurses 

(Net Nurse) and foragers (Net Forager) relative to Free Nurse and Free Forager 

(Table 3). A similar extent of over-transcription was found for translocator protein 

(88.2 and 99.9 fold) and allatostatin-A receptor (AAR), (6.8 and 8.8 fold) in Net 
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Nurse and Net Forager, respectively. 

In case of the prolactin releasing peptide receptor gene (8.1 fold) and GABA-

gated ion channel (GABA-R) gene (14.7 fold) were over-expressed more 

dramatically in Net Forager relative to Free Forager. But, the NMDA receptor 1 

(11.3 fold) was selectively more over-expressed in Net Nurse relative to Free Nurse. 

The metabotropic GABA-B receptor subtype 1 (2.1 fold) and metabotropic 

glutamate receptor (2.1 fold) were slightly up regulated in Net Nurse and Net 

Forager, respectively.  
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Table 3. Up-regulated transcripts of the neuroactive ligand-receptor interaction 

pathways both in the Net Nurse and Forager. 

Gene description 
Fold change 

Net Nurse / 
Free Nurse 

Net Forager / 
Free Forager 

Translocator protein 88.2 99.9 
Allatostatin-A receptor 6.78 8.78 
Prolactin releasing peptide receptor-like 2.93 8.13 
GABA-gated ion channel 1.06 14.7 
NMDA receptor 1 11.3 1.05 
Metabotropic GABA-B receptor subtype 1 2.07 1.33 
Metabotropic glutamate receptor 1.26 2.10 
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4. Discussion 

 

GSEA of worker bee transcriptomes under normal or brood rearing-suppressed 

condition enabled the identification of labor-specific cellular pathways that were 

affected by each condition. Several labor-specific pathways predicted from GSEA 

under the normal brood rearing condition reflected the natural physiologies that can 

be expected from different labor-based behaviors between nurses and foragers, 

further suggesting overall reliability of the GSEA-based pathway prediction. 

Nurse bees under normal condition (Free Nurse) synthesize the major protein 

components of royal jelly in hypopharyngeal glands and secrete the lipid-rich 

components to the brood. Since the major components of royal jelly are proteins 

and fatty acids (Howe et al., 1985), pathways associated with protein biosynthesis 

and processing (Protein processing in endoplasmic reticulum and Ribosome), lipid 

metabolism (Glycerophospholipid metabolism and Fatty acid degradation) and 

glycan biosynthesis and metabolism [N-glycan biosynthesis and 

Glycosylphosphatidylinositol (GPI) - anchor biosynthesis] are likely to be up-

regulated in active nurse bees (Table 1, see Free Nurse vs. Free Forager). The fatty 

acid degradation (mostly -oxidation), (Houten and Wanders, 2010) pathway was 

over-represented in Free Nurse when compared with Free Forager, suggesting that 

nurse bees may rely more on fatty acid degradation for energy generation. Although 
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up-regulation of the citrate cycle pathway was reported in the brain of nurse bees 

in a previous study (Rittschof and Robinson, 2013), it was not observed in our 

GSEA (ES score, -0.342; p value, 0.2857). Since phagocytosis is a main cellular 

immune pathways (Rosales, 2011), the nurse-specific up-regulation of phagosome 

pathway likely reflects enhanced immune activity in nurses, which is necessary to 

brood care. 

In the nurse bee brain, under normal condition (Table 2, see Free Nurse / Free 

Forager), up-regulation of the GABA-gated ion channel appears to induce overall 

reduction in neuronal excitability in nurse (Walker and Semyanov, 2007), which 

would be natural or beneficial to in-hive tasks. Up-regulated two serotonin in nurse 

bee brain, also suggest that stress (or aggression) management between nest mates 

is more important in nursing state within the confines of the beehive compared with 

foraging state (Johnson et al., 2009). AKH is a typical metabolic hormone produced 

in the corpora cardiaca and released into the hemolymph to mobilize the main 

energy source (i.e., trehalose) from the fat body (Even et al., 2012). Because 

foragers use the nectar carried in their crops as the sole sugar energy source for 

flight (Blatt and Roces, 2001; Crailsheim, 1988) and their fat body is almost 

completely depleted (Toth et al., 2005), the AKH-mediated energy mobilization is 

unlikely to occur in foragers in contrast to nurses. In addition, it is known that 

almost no AKH is expressed in foragers (Woodring et al., 1994). Taken together, 
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up-regulation of the AKH receptor in nurses closely reflects differential modes of 

energy utilization depending on labor division. Given that diuretic hormone 

receptor (DHR) along with AKH has been suggested to stimulate the release of 

trehalose and glucose from the fat body (Even et al., 2012), the physiological 

meaning of increased expression of DHR (2.5 fold) in nurses can be explained in 

the same manner. 

In the foragers under normal condition (Free Forager), cysteine and methionine 

metabolism pathway, RNA degradation pathway and nucleotide excision repair 

(NER) pathway were up-regulated compared with nurses (Table 1, see Free Nurse 

vs. Free Forager). Since foragers do not consume a protein diet, they may need to 

generate sulfur-containing essential amino acids, such as cysteine and methionine, 

from other amino acids via this pathway to maintain homeostasis. Another more 

speculative interpretation takes into account the biological function of S-adenosyl 

methionine (Consortium, 2006), a major intermediate in the cysteine and 

methionine metabolism pathway. SAM functions as a coenzyme of remarkable 

metabolic versatility, thereby playing a main role in DNA and protein methylation 

(Brosnan and Brosnan, 2006). Considering that DNA methylation differences are 

observed between nurses and foragers (Herb et al., 2012), differential regulation of 

the cysteine and methionine metabolism pathway may be associated with labor-

specific DNA methylation. Since NER is the main DNA repair system against DNA 
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damage by photo-radiation (Fuss and Cooper, 2006), foragers are expected to 

exhibit enhanced NER to compensate for any possible DNA damage related to 

radiation. As RNA degradation is a main component in gene expression control, 

this finding indicates that gene expression occurs relatively more actively in 

foragers. 

In the forager bee brain under normal condition, different neuroactive ligand-

receptors were more up-regulated compared with that of nurses (Table 2, see Free 

Forager / Free Nurse). Adenosine, through interaction with ARs, is involved in both 

neurosignal integration and synaptic plasticity modulation (e.g., long-term 

potentiation and long-term depression) in the brain regions associated with learning 

and memory, suggesting the role of the AR in cognition control (Chen, 2014). With 

this in mind, up-regulation of the AR in foragers relative to nurses suggests that 

neuromodulation via the AR is enhanced in foragers, which is necessary to boost 

learning and memory. Recently, the caffeine in nectar has been suggested to 

enhance honey bee olfactory associative memory by antagonizing AR, thus 

increasing foraging efficiency (Adler, 2013). This finding also supports the idea that 

AR-mediated neuromodulation is relatively more important in foragers and is likely 

enhanced by over-expression of ARs in foragers. Glutamate is involved in the 

regulation of synaptic functions associated with learning and memory via NMDA 

receptors in the brain of mammals (Milner et al., 1998). Likewise, glutamatergic 
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neurons in the honey bee brain were suggested to be involved in processing of long-

term olfactory memory (Maleszka et al., 2000), and metabotropic glutamate 

receptors to be required for memory formation (Kucharski et al., 2007). Therefore, 

significant up-regulation of NMDA and glutamate receptors may indicate enhanced 

olfactory learning and memory activity, which are both essential in finding and 

memorizing the location of food sources. Since the inhibitory neuronal transmission 

mediated by RDL- and LCCH3-type GABA receptors in the honey bee antennal 

lobes was suggested to play a critical role in olfactory information processing 

(Dupuis et al., 2010), up-regulation of the LCCH-type receptor makes sense in 

forager bees that are supposed to collect nectar and pollen. Considering that the 

GABA-B receptor is involved in the regulation of defensive behaviors of foragers 

(Hunt, 2007), its over-expression in foragers is likely associated with their outdoor 

tasks. 

After screen tent installation, thereby suppressing the brood rearing, pathways 

involved in protein degradation and synthesis were simultaneously activated in Net 

Nurse compared with Free Nurse and Net Forager compared with Free Forager 

(Table 1), suggesting that blocking of nursing and foraging may induce dynamic 

reformation of body physiology. Interestingly, similar physiological changes were 

observed in Net Nurse and Free Forager when compared with Free Nurse and in 

Net Forager and Free Nurse then compared with Free Forager (Figure 2). It suggests 
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that when brood rearing is suppressed some portion of the nurse bees’ physiology 

is altered and becomes similar to that of foragers and foragers’ physiology becomes 

somewhat similar to that of nurse. Taken together, these findings further support 

that transition of labor is physiologically reversible (Johnson, 2010). 

In addition to these changes, the notch signaling pathways, over-represented in 

Net Forager compared with Free forager, is a highly conserved pathway across most 

multicellular organisms that is not only involved in the regulation of cell 

differentiation during embryogenesis, but also plays a pivotal role in the control of 

neuronal function and development in the adult brain (Bolós et al., 2007). Notch 

signaling is also activated in olfactory receptor neurons of the adult brain of 

Drosophila melanogaster in an odorant-specific fashion, suggesting its role in 

response to olfactory stimulation (Lieber et al., 2011). Taken together, the 

differential regulation of the notch signaling pathway between Net Forager and Free 

Forager may suggest induced neural plasticity related to the disturbance of labor 

division status. 

Since dorso-ventral axis formation is a principal procedure in the embryogenic 

development of the central nervous system in both insects and vertebrates (Holley 

et al., 1995), its differential up-regulation in adult bees depending on foraging status 

is difficult to explain. Nevertheless, its significant over-representation in Net 

Forager (ES = -0.64; p = 0.01) suggests some meaningful physiology changes in 
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adult bee brain when foraging activity is blocked. 

After screen tent installation, many foragers found hanging on the screen 

showed sluggish locomotion and lethargic symptoms (field observation, K. Kim) 

and exhibited higher mortality compared to normal colonies. Translocator protein 

(TSPO) is an evolutionarily well-conserved protein family (Batoko et al., 2015). 

The primary physiological function of TSPO has been suggested to be the 

regulation of oxidative stress (Batoko et al., 2015). Further, considering that 

Drosophila TSPO mediates apoptosis, reduces longevity and regulates 

neurodegeneration (Lin et al., 2014), the over-expression of TSPO in both Net 

Nurse and Net Forager (Table 3) may be related to control of various forms of 

cellular stress affecting worker bees after screen tent installation. However, the 

physiological function of TSPO in honey bees remains to be elucidated. 

The allatostatin-A-receptor (AAR) also commonly over-expressed in both Net 

Nurse and Net Forager, respectively (Table 3). It has been postulated that the 

allatostatin-A type neuropeptide is expressed in the honey bee corpora cardiac (CC) 

and involved in energy mobilization control, particularly under conditions of 

chronic and acute nutritional stress (Even et al., 2012). Bees were expected to be 

under acute nutritional stress under the screen tent condition, as food was restricted, 

and thus AAR-mediated regulation of energy mobilization would be necessary in 

both Net Nurse and Net Forager. In addition, the up-regulation of the AAR may be 
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involved in the control of aggressiveness. As the aggressiveness of honey bee is 

related to juvenile hormone (JH) titer in worker bees (Huang et al., 1994) and 

allatostatin-A regulates JH release from the CC (Bendena et al., 1999), the over-

expression of AAR may be required to reduce the aggressiveness of bees confined 

inside the screen tent, thereby minimizing stress levels among nest mates. 

Selective over-expression of the GABA-R gene (Grd) in Net Forager relative to 

Free Forager (Table 3) is likely reduces the neuronal excitability in Net Forager 

(Walker and Semyanov, 2007), which would be beneficial to foragers under 

perturbation of normal behavior in terms of adaptation or stress reduction. A similar 

trend in Grd over-transcription was also observed in Free Nurse relative to Free 

Forager (Table 2), suggesting that enhanced expression of the Grd GABA-gated ion 

channel is not related to worker bee age, but is likely task-dependent. 

Selective over-expression of the NMDA receptor in Net Nurse relative to Free 

Nurse (Table 3), which is also a representative response in Free Forager (Table 2), 

likely indicates overall enhancement of olfactory learning and memory in nurse 

bees and possible labor transition to foraging when their normal nursing activity is 

abolished. This selective up-regulation of the NMDA receptor solely in Net Nurse 

but not in Net Forager further suggests another aspect of premature physiological 

transition from nurse bees to forager bees when labor division becomes ambiguous. 

As the metabotropic GABA-B receptor is involved in defensive behavior regulation 



 

38 

of foragers (Hunt, 2007), over-expression of the metabotropic GABA-B receptor in 

Net Nurse relative to Free Nurse (Table 3) may indicate a sign of premature labor 

transition. 

Assuming that metabotropic glutamate receptors are required for memory 

formation (Kucharski et al., 2007), over-expression of metabotropic glutamate 

receptor in Net Forager relative to Free Forager (Table 3) may suggest the need for 

enhanced learning and memory when foraging-related tasks are completely blocked. 

 

5. Conclusion 

 

Comparison of the pathways predicted from GSEA and the expression profiles 

of some genes in the neuroactive ligand-receptor interaction pathway between 

normal nurses and foragers enabled the identification of labor-specific pathways, 

which was expected based upon the behavior and physiology of worker bees with 

different tasks. However, when active beehives were placed in a screen tent thereby 

blocking normal labor and eventually leading to complete suppression of brood 

rearing, pathways reflecting dramatic changes in physiology and behaviors were 

identified. Some genes associated with the regulation of neuronal excitability, 

cellular and nutritional stress and aggressiveness were differentially expressed 

depending upon labor state (nursing vs. foraging) and in the presence of absence of 
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brood rearing suppression, worker bees exhibited reduced neuronal excitability and 

aggressiveness, which likely facilitates the management of in-hive stress under 

unfavorable conditions. Employment of such genes affected under brood rearing-

suppressed conditions (e.g. translocator protein which is involved in oxidative 

stress regulation and allatostatin-A-receptor which is involved in energy 

mobilization) as molecular markers would enable to detect the worker bees’ 

conditions in colony. The plasticity of labor division between nurse and forager 

under different conditions observed in this study further implies that the artificial 

manipulation of labor by brood rearing suppression can be attempted as a 

beekeeping practice depending on the colony condition.  
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CHAPTER II 

 

Characterization of Pathway Alteration and Cuticular 

Hydrocarbon Changes during Swarming in the 

Western Honey Bee, Apis mellifera  
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Abstract 

 

Honey bee swarming is a natural phenomenon that occurs by changes of colony 

status (i.e. population size and queen condition) and environment condition (i.e. 

temperature, food condition). To investigate the changes in gene expression profile 

associated with swarming behavior, comparative transcriptome analyses of the 

same colonies before and after swarming were conducted. The gene set enrichment 

analysis (GSEA) revealed that three and six pathways, associated with genetic 

information processing and metabolism, respectively, were suppressed in the bees 

engaged in swarming (SG), whereas each of one pathway related with genetic 

information processing and metabolism was down-regulated in the bees remained 

in parental colony (RG) compared with pre-swarming (PSC) bees. As the cuticular 

hydrocarbon (CHCs) is an important chemical cue for honey bee communication, 

the CHC profiles of the individual worker bees from the colonies of pre- and post-

swarming were compared. A total of 23 CHCs were detected by GC-MS, among 

which 12 compounds showed significantly differential expression patterns in each 

group of the bees (PSC, SG and RG) depending on swarming state. Relative 

proportions of ten and two CHCs were respectively changed in RG and SG, 

compared with PSC, during swarming.  
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1. Introduction 

 

The swarming behaviors, such as bird flocking, fish schooling and insect 

swarming, are important for migration, foraging and reproduction. The honey bee, 

Apis mellifera, a representative eusocial insect species, duplicates colony via 

swarming. In honey bee society, colony condition is more important than the 

individual bee, and colony itself is regarded as a super organism (Seeley, 1989). 

Therefore, the honey bee swarming is a natural means of honey bee colony 

reproduction. Honey bee swarms when food resources are enough (Simpson, 1959), 

colony (worker) density is increased and ratio of young bees is augmented with 

active brood rearing (Winston, 1991). However, these factors might affect 

swarming harmoniously as individual factor solely does not trigger swarming 

(Simpson, 1957). Under the conditions that all of the factors are over the oviposition 

activity of the queen, colony members consider swarming (Fefferman and Starks, 

2006). The decision whether they swarm or not is also done by communication 

between colony members. Worker bees vibrate queen to manipulate queen’s 

behavior (speed of movement, reproduction and losing weight), (Schneider, 1991) 

only when they prepare swarming (Pierce et al., 2007; Schneider, 1990, 1991). 

Piping and buzz-running behavior of worker bees is performed a few days before 

swarming and continued until exodus (Pierce et al., 2007; Rangel et al., 2010). 
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Along with the behavioral communications, the chemical signals and pheromone, 

such as Nasanov pheromone, are used in many stages of the swarming (Schmidt et 

al., 1993). With the complicated factors and communication, the swarming group 

leaves the parental colony with the old queen, but the remained group (that is not 

involved in swarming and stays in the parental colony) rears the young queen newly 

emerged (Seeley, 2010). The swarming bees fly to a near place to bivouac and 

finally lift off forward the new colony site. 

Cuticular hydrocarbons (CHC) are derived from fatty-acid and produced to 

surface of the insect cuticle (Blomquist, 2010). CHCs play an important role in 

waterproofing (resistance to desiccation), (Foley and Telonis-Scott, 2011; Gibbs et 

al., 1997) and in both intraspecific and interspecific chemical communications 

(Howard and Blomquist, 2005; Leonhardt et al., 2016). In social insects, especially 

Hymenopteran bees and ants, CHCs are used as chemical cues for nest mate 

recognition (Lenoir et al., 1997; Lorenzi et al., 2004; Martin and Drijfhout, 2009a; 

Martin and Drijfhout, 2009b; Nunes et al., 2008). They can distinguish different 

species and also conspecific aliens using nest mate recognition system based on the 

CHCs. Qualitatively different composition of the CHCs is observed between 

different species; however, intraspecific differences of the CHCs, induced by the 

genetic and various environment factors (Frentiu and Chenoweth, 2010; Heinze et 

al., 1996; Liang and Silverman, 2000; Otte et al., 2015; Thomas and Simmons, 2011; 
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van Zweden et al., 2009), are restricted to quantitative variation with the same 

CHCs components. 

Honey bees, especially, when the natural resources are not enough, rob honey 

from other colony (Winston, 1991). The robbing behavior suggests that there is 

intense competition in different colonies members and honey bees from different 

colonies recognize each other as an alien. We hypothesized that differentiated CHCs 

will be observed in two colonies resulted from swarming (one is the parental colony 

controlled by the newly emerged queen, and the other is the newly developed 

colony controlled by the old queen), although the members from two colonies are 

originated from the same colony. 

Any unwanted and unexpected honey bee swarming that occurs just before 

honey flow period causes severe decrease in honey production in apiary. Every year, 

beekeepers try to control swarming (by re-queening, removing queen cell, artificial 

colony dividing, etc.) to prevent losing bees and maximize honey yield (Caron, 

2000). Although ecological and behavioral aspects have been studied to understand 

the honey bee swarming phenomenon, genetic aspects of honey bee swarming 

(Liang et al., 2012) have been rarely investigated. 

In this study, to understand the overall physiological and genetic changes in the 

worker bees upon swarming, we analyzed differentially expressed genes and 

affected pathways, based on the transcriptome data of the worker bees from pre- to 
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post-swarming colonies. In addition, we analyzed expression profiles of the CHCs 

from pre- and post-swarming (swarming and remaining group) workers to examine 

whether relative proportion of the CHCs are quantitatively changed by swarming. 

 

2. Materials and Methods 

 

2.1. Collection of honey bee workers of pre- and post-swarming 

To collect honey bees of pre- and post-swarming from the same colony, bee 

hives with swarming queen cells were constantly monitored until swarming 

occurred. Approximately 300 worker bees were randomly collected from the hives 

on a daily basis prior to swarming. The batch of bees collected one day before 

swarming was designated as the ‘pre-swarming colony’ (PSC). Upon swarming, 

approximately 300 worker bees were collected from the bivouac (within 12 hours 

after bivouac formation) as the ‘swarming group’ (SG), whereas the same number 

of worker bees were collected from the remaining colony which is controlled by a 

new queen as the ‘remaining group’ (RG). The collection scheme is illustrated in 

Figure 1. The collected bees were immediately frozen with liquid nitrogen and 

stored at -80 ℃ until RNA and CHCs extraction.  
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Figure 1. Honey bee collection scheme. Same batch of the bees were collected one-day 

before swarming as a pre-swarming colony (PSC) and within 12 hours after swarming 

from bivouac condition as swarming group (SG) and in the original colony as a 

remaining group (RG). SG is controlled by original queens which was in PSC, but RG 

is controlled by newly emerged queen. 
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2.2. RNA extraction, library construction and sequencing 

Fifty frozen worker bees from each test group (PSC, SG and RG) were 

pulverized in liquid nitrogen with mortar and pestle. The pulverized powder was 

immediately placed in 10 ml TRI reagent (Molecular Research Center; Cincinnati, 

OH, USA), and 1 ml aliquot was used for RNA extraction. Total RNA was extracted 

according to manufacturer’s instruction. Purity of the RNA was determined by 

using NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific; Waltham, MA, 

USA). Total RNA integrity was checked using Agilent 2100 Bioanalyzer (Agilent 

Technologies; Santa Clara, CA, USA) with RNA integrity number value greater 

than 7. 

mRNA sequencing libraries were constructed according to the manufacturer’s 

instructions (TruSeq RNA sample preparation kit, Illumina; San Diego, CA, USA). 

mRNA was selectively purified from 1 μg total RNA with poly-T oligo beads and 

fragmented into small pieces. The RNA fragments were primed with random 

hexamers and reverse-transcribed into the first strand cDNA using reverse 

transcriptase (SuperScript Ⅱ; Sigma-Aldrich; St. Louis, MO, USA). The second 

strand cDNA was synthesized using the first strand cDNA (template), DNA 

polymerase Ⅰ, RNase H and dUTP instead of dTTP. A single ‘A’ nucleotide was 

added to the 3’ end of the second strand cDNA forming sticky end, which can 

prevent the ligation of each other during the adaptor ligation step. The adaptor 



 

50 

containing index sequence was ligated with the adenylated cDNA and enriched by 

PCR to create final cDNA. 

The suitable fragments automatically purified by BluePippin 2% agarose gel 

cassette (Sage Science; Beverly, MA, USA) were selected as templates for PCR 

amplification. The final library sizes and qualities were evaluated 

electrophoretically with an Agilent High Sensitivity DNA kit (Agilent Technologies; 

Santa Clara, CA, USA) and the fragment was found to be between 350–450 bp. 

Subsequently, the library was sequenced using an Illumina HiSeq2500 sequencer 

(Illumina; San Diego, CA, USA). 

 

2.3. Transcriptome data analysis 

Low quality reads that were filtered included: 1) less than 10 % of the skipped 

bases (marked as ‘N’), 2) more than 40 % of the bases with quality scores less than 

20 and 3) less than 20 of average quality scores of each read. Filtered reads were 

annotated by mapping with the honey bee genome analysis data (Consortium, 2006) 

as a reference from the Baylor College of Medicine Human Genome Sequencing 

Center using the CLC Assembly Cell v4.2 (CLC Bio; Aarhus, Denmark). 

 

2.4. Gene set enrichment analysis (GSEA) 

To examine the critical pathways representing swarming phenomenon, GSEA 
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was performed based on the estimated expression level of the all annotated genes 

(n = 12,697) (Subramanian et al., 2005). All genes were first matched to the 132 

pathways provided by the Kyoto Encyclopedia of Genes and Genomes (KEGG). 

The pathways composed with at least 15 genes were evaluated, and the enrichment 

scores (ES values) of each pathway were calculated according to the ranked-ordered 

gene list. The significance scores were computated by 1,000 nonparametric 

permutation test. Pathways under following criteria (ES value ≥ |0.42|, NOM. p ≤ 

0.05, FDR q ≤ 0.42) from each experiment group were selected to characterize in 

detail. Set-up values (ES: |0.42| and FDR q-value: 0.42) were adjusted to slightly 

less or higher than generally used standard values (ES: |0.5| and FDR q-value: 0.25) 

(Subramanian et al., 2005) in order to analyze the pathways under less stringent 

conditions. 

 

2.5. CHCs extraction and GCMS analysis 

Honey bee CHCs were extracted from the collected bees. The bees were 

individually soaked into 1 ml n-pentane (Junsei; Tokyo, Japan) in 6 ml glass vial 

(SamwooKurex; Seoul, South Korea) for 30 s. The solvent was evaporated using 

nitrogen blower (VLM GmbH; Bielefeld, Germany). The extractant was re-

dissolved in 100 μl of n-pentane, immediately transferred into a new 250 μl vial 

insert (Agilent Technologies; Santa Clara, CA, USA) assembled with 2 ml glass 
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vial (Agilent Technologies) fitted with 9 mm PTFE/RS cap (Agilent Technologies) 

and stored at -80°C until analysis. Alkane standard mixture [C10 - C40 (all even); 

Sigma-Aldrich] and n-pentane were used as an external standard and blank, 

respectively. Prepared samples were analyzed with Shimadzu GCMS QP2010 

(Shimadzu, Kyoto, Japan), equipped with DB-5 column (length: 30 m, thickness: 

1.00 μm, diameter: 0.25 mm; Agilent Technologies). The column oven temperature 

was programmed to start at 100°C (hold for 4 min) and increase to 320°C (hold for 

12 min) with the ramping rate of 4°C/min. The injection temperature was 280°C, 

and helium was used as a carrier gas with a pressure of 83.7 kPa. 

 

2.6. Statistical analysis 

Pearson correlation test and heatmap illustration were performed using R v. 

3.5.3 (R Core Team 2013). Pearson correlation coefficients between the fold 

changes of FPKM from transcriptome analysis and the Cq values from real-time 

qPCR of 66 randomly selected genes from transcriptome data (p-value ≤ 0.05) were 

calculated in all comparing groups (PSC vs. SG, PSC vs. RG and SG vs. RG) to 

validate the reliability of RNA-seq results. Heatmap was illustrated to cluster the 

representative and statistically significant pathways (nominal p-value of ≤ 0.05) 

from all comparing groups by two-way hierarchical clustering. 

Since a large number of CHC peaks (n=23) were examined, we applied 
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principal component analysis to extract principal components (PCs) for all 

individual bees allocated to three experimental groups (PSC, SG and RG). The first 

two PCs (PC1 47.2% and PC2 15.7%) explained ca. 62.9% of total variation in 

CHC expression profiles (Fig. 2) and thus were used for further analyses. Using 

these extracted PCs as the response variables, we performed multivariate analysis 

of variance (MANOVA) to determine whether the pattern of these PCs were 

significantly different among three experimental groups (PSC, SG and RG). For 

MANOVA, Pillai’s trace statistic was used because it is robust to violation of 

assumptions underlying the parametric tests. If a significant group difference was 

detected, pairwise MANOVA contrasts were conducted to test which of these 

groups differed significantly from each other, with the significance level being 

adjusted by Bonferroni correction. Univariate analysis of variance (ANOVA) was 

subsequently used to test whether PC1 and PC2 differed among three groups. The 

analyses on the global pattern of CHC expression profile across groups were carried 

out using SAS v 9.2 (SAS institute, NC, USA).  
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Figure 2. The scree test for relative proportional changes of CHCs 
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3. Results 

 

3.1. GSEA 

A total of 70 pathways composed with at least 15 genes were evaluated among 

132 considered KEGG pathways. Among them, statistically different pathways (ES 

≥ |0.42|, NOM p-value ≤ 0.05, FDR q-value ≤ 0.42) were selected from all 

comparing combinations between PSC, SG and RG for further interpretation. 

Nine pathways, related with genetic information processing (ribosome, 

proteasome and protein export) and metabolism (drug metabolism, N-glycan 

biosynthesis, porphyrin and chlorophyll metabolism, glutathione metabolism, 

pentose phosphate pathway and terpenoid backbone biosynthesis), were up-

regulated in PSC when compared to SG (Table 1), suggesting that active changes 

in physiology occurs before swarming (PSC). When comparing the PSC and RG, 

two pathways related to genetic information processing (proteasome) and 

metabolism (drug metabolism) were more active in PSC than RG (Table 2) although 

the extent of changes was small (both ES values = 0.42). 

The neuroactive ligand-receptor interaction pathway, involved in environmental 

information processing, was commonly overrepresented in both SG (ES = 0.54; 

NOM p-value = 0.05) and RG (ES = 0.54; NOM p-value = 0.03) compared to PSC 

despite the high false discovery rate (FDR q-value = 1.00 in both SG and RG) (data 
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was not shown in this paper). 

In the cross-comparison between RG and SG, 16 statistically different pathways 

that were up-regulated in RG compared to SG were: genetic information processing 

(RNA transport, aminoacyl-tRNA biosynthesis, ribosome biogenesis in eukaryotes, 

ribosome, protein processing in endoplasmic reticulum and proteasome), 

environmental information processing (hedgehog signaling pathway) and 

metabolism [biosynthesis of antibiotics, carbon metabolism, citrate cycle, oxidative 

phosphorylation, pyrimidine metabolism, valine, leucine and isoleucine 

degradation, N-glycan biosynthesis and glycosylphosphatidylinositol (GPI) - 

anchor biosynthesis] (Table 3). Four pathways (ribosome, proteasome, protein 

export and N-glycan biosynthesis) were commonly down-regulated in SG 

compared to both RG and PSC. The same results were also presented in a heatmap 

(Fig. 3). Significantly altered pathways were clustered in the comparison groups of 

PSC vs. SG and RG vs. SG in particular.  



 

57 

Table 1. List of statistically significant pathways between PSC and SG identified from 

GSEA 

Category from 
KEGGa 

Pathway ESb 
NOM. 
p-val 

FDR
q-val

Genetic information 
processing 

Ribosome 0.63 0.00 0.00
Proteasome 0.63 0.00 0.00
Protein export 0.58 0.00 0.03

Metabolism Drug metabolism - other enzyme 0.75 0.00 0.00
N-glycan biosynthesis 0.59 0.00 0.00
Porphyrin and chlorophyll metabolism 0.58 0.00 0.00
Glutathione metabolism 0.52 0.00 0.05
Pentose phosphate pathway 0.53 0.01 0.06
Terpenoid backbone biosynthesis 0.45 0.05 0.20

Statistically significant pathways (ES ≥ |0.42|, NOM. p-value ≤ 0.05, FDR q-value ≤ 

0.42) changed along with the swarming behavior were listed. The positive ES value 

means that the pathways are up-regulated in PSC than SG (down-regulated in SG after 

swarming). 
a KEGG pathway database (http://www.kegg.jp/kegg/pathway.html). 
b ‘ES’ means enrichment score calculated according to the ranked-ordered gene lest. 

 

Table 2. List of statistically significant pathways between PSC and RG identified from 

GSEA 

Category from 
KEGGa 

Pathway ESb 
NOM. 
p-val 

FDR
q-val

Genetic information 
processing 

Proteasome 0.42 0.02 0.08 

Metabolism Drug metabolism - other enzymes 0.42 0.05 0.21 
Statistically significant pathways (ES ≥ |0.42|, NOM. p-value ≤ 0.05, FDR q-value ≤ 

0.42) changed along with the swarming behavior were listed. The positive ES value 

means that the pathways are up-regulated in PSC than RG. 
a KEGG pathway database (http://www.kegg.jp/kegg/pathway.html). 
b ‘ES’ means enrichment score calculated according to the ranked-ordered gene lest. 
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Table 3. List of statistically significant pathways between SG and RG identified from 

GSEA 

Category from 
KEGGa 

Pathway ESb 
NOM. 
p-val 

FDR
q-val

Organismal 
system 

Phototransduction - FLY 0.51 0.05 0.42

Genetic 
information 
processing 

RNA transport -0.44 0.02 0.17
Aminoacyl-tRNA biosynthesis -0.58 0.01 0.06
Ribosome biogenesis in eukaryotes -0.56 0.00 0.02
Ribosome -0.52 0.00 0.02
Protein processing in endoplasmic reticulum -0.46 0.00 0.08
Protein export -0.63 0.02 0.09
Proteasome -0.56 0.02 0.08

Environmental 
information 
processing 

Hedgehog signaling pathway -0.62 0.02 0.12

Metabolism Biosynthesis of antibiotics -0.46 0.00 0.04
Carbon metabolism -0.51 0.00 0.04
Citrate cycle (TCA cycle) -0.62 0.00 0.02
Oxidative phosphorylation -0.54 0.00 0.02
Pyrimidine metabolism -0.46 0.03 0.18
Valine, leucine and isoleucine degradation -0.72 0.00 0.00
N-glycan biosynthesis 0.56 0.02 0.09
Glycosylphosphatidylinositol(GPI)-anchor 
biosynthesis 

-0.59 0.05 0.17

Statistically significant pathways (ES ≥ |0.42|, NOM. p-value ≤ 0.05, FDR q-value ≤ 

0.42) changed along with the swarming behavior were listed. The positive and negative 

ES value means that the pathways are up-regulated in SG and RG than each other, 

respectively. 
a KEGG pathway database (http://www.kegg.jp/kegg/pathway.html). 
b ‘ES’ means enrichment score calculated according to the ranked-ordered gene lest. 
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Figure 3. Heatmap representing enriched pathways in each group. Statistically significant pathways (p ≤ 0.05) in any 

comparison groups were illustrated in different color according to the color scale, based on the -log10(p-value), and 

clustered by the pathways (Y-axis) and cross-comparison groups (X-axis). 
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3.2. Transcriptome analysis and differentially expressed genes (DEGs) 

A total of 60,293,178 (PSC), 60,129,166 (SG) and 61,085,156 (RG) raw reads 

were obtained from RNA-seq. Adaptor trimming and removal of low-quality reads 

resulted in 48,316,916 (PSC, 81.6%), 49,400,510 (SG, 83.9%) and 50,616,169 (RG, 

85.0%) uniquely mapped reads (sum of each paired reads). Finally, a total of 39,429 

(known 27,315 and novel 12,114) transcripts from three groups (PSC, SG and RG) 

were annotated to encode 12,697 (known 11,937 and novel 760) genes. 

Overall changes in gene expression level under the pre- and post-swarming 

conditions were analyzed to identify putative genes associated with swarming 

behavior. Pearson correlation coefficient between the fold changes in FPKM values 

and those in Cq values of 66 randomly selected genes, with statistically significant 

values from transcriptome data, was determined to high (R = 0.79, p < 2.2e-16), 

(Fig. 4) although not all the gene expression pattern from transcriptome analysis 

and real-time qPCR agreed well (Fig. 5). 

Differential expression patterns were observed in some genes depending on the 

swarming status. Fifty transcripts were commonly up-regulated in both post-

swarming groups (SG and RG) whereas 92 and 72 transcripts were specifically up-

regulated in SG and RG, respectively, compared to PSC (Supplementary Table 1-

3). While 22 transcripts were commonly down-regulated in both post-swarming 

groups (SG and RG), 43 and 172 were specifically down-regulated in SG and RG, 
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respectively, compared to PSC (Supplementary Table 4-6). When comparing 

between the post-swarming groups, 130 and 107 transcripts were up-regulated in 

SG and RG than each other, respectively (Supplementary Table 7 and 8). 
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Figure 4. Pearson correlation coefficient (R) between the fold changes in FPKM values 

and those in Cq values of 66 randomly selected genes, among the statistically significant 

genes of transcriptome data. High Pearson correlation coefficient value (R = 0.79, p < 2.2e-

16) and positive correlation was determined. 
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Figure 5. Fold changes in FPKM values and those in Cq values of 66 randomly selected 

genes from the statistically significant genes of transcriptome data. Most of the gene 

expression pattern from transcriptome analysis and real-time qPCR agreed well, although 

not all did. 
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3.3. DEGs in SG and RG 

DEGs, statistically significant in each comparison group, were manually 

categorized by functions (epigenetic alteration, CHC synthesis, sensory system and 

neuronal and hormonal signaling). 

Eight epigenetic alteration-related genes showing significant over-expression 

patterns in SG compared to PSC were: structural maintenance of chromosomes 

protein 4 (P50532), histone acetyltransferase KAT2A (Q92830), ubiquitin 

carboxyl-terminal hydrolase 48 (Q3V0C5), serine/threonine-protein kinase SBK1 

(Q90ZY4), putative methyltransferase K1AA1456 (Q80WQ4), putative 

methyltransferase NSUN7 (Q14AW5), histone H2A (P84057) and histone H4 

(Q28DR4). Two epigenetic alteration-related genes showing significantly over-

expression patterns in RG compared to PSC were: centromere protein J (Q569L8) 

and histone deacetylase 6 (Q9UBN7). In the cross comparison between SG and RG, 

the number of epigenetic alteration-related genes over-expressed in SG compared 

to RG was eight [histone deacetylase 4 (P56524), serine/threonine-protein 

phosphatase 2A regulatory subunit B subunit alpha (Q06190), histone-lysine N-

methyltransferase SETMAR (Q53H37), ubiquitin carboxyl-terminal hydrolase 34 

(Q70CQ2), histone H2B (Q27442), histone H3 (P84239), histone H4 (Q28DR4) 

and histone H2A (P84057)], whereas the number of genes over-expressed in RG 

compared to SG was four [chromatin assembly factor 1 subunit B (Q5R1S9), 
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centromere protein J (Q569L8), ubiquitin carboxyl-terminal hydrolase 8 (Q80U87) 

and structural maintenance of chromosomes protein 4 (P50532)], (Fig. 6). Taken 

together, these findings suggest that more diverse phenotypic changes induced by 

epigenetic alteration occur in SG, which directly performs bee swarming. 

The genes related with CHC synthesis and sensory system exhibited more 

apparent differential expression profiles in the comparison group of RG vs. PSC 

than that of SG vs. PSC. In the comparison between SG and PSC, three CHCs 

synthesis-related genes, fatty acyl-CoA reductase 1 (Q5ZM72), putative fatty acyl-

CoA reductase CG5065 (A1ZAI5) and peroxisomal acyl-coenzyme A oxidase 3 

(O15254), were differentially expressed. In the comparison group of RG vs. PSC, 

however, nine genes showed differential expression patterns, including fatty acyl-

CoA reductase 1 (Q5ZM72), acyl-CoA synthetase family member 2, mitochondrial 

(Q499N5), 3-ketoacyl-CoA thiolase, mitochondrial (P42765), putative fatty acyl-

CoA reductase CG5065 (A1ZAI5), cytochrome P450 4g15 (Q9VYY4), acyl-CoA 

Delta(11) desaturase (Q6US81), elongation of very long chain fatty acids protein 

AAEL008004 (Q1HRV8) and phytanoyl-CoA dioxygenase domain-containing 

protein 1 homolog (P0C660) and peroxisomal acyl-coenzyme A oxidase 3 

(O15254), (Fig. 7). Among the sensory system-related genes, expression level of 

only one gene, pikachurin (Q63HQ2), was significantly different between SG and 

PSC, whereas eight genes showed differential expression patterns in between RG 
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and PSC, including chaoptin (P12024), cadherin-23 (P58365), sine oculis-binding 

protein homolog (A7XY16), bestrophin-2 (Q8BGM5), retinol dehydrogenase 10-

A (Q6DCT3), protein NPC2 homolog (Q9VQ62), sensory neuron membrane 

protein 1 (P86905) and rhodopsin (Q17292), (Fig. 8). Taken together, genes 

involved in the CHC synthesis and the sensing of odorants, olfactants and visuals 

were more actively processed in RG than SG compared to PSC upon swarming. 
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Figure 6. Epigenetic alteration-related DEGs identified between three groups (PSC, SG 

and RG). More of the genes were differentially expressed in between SG and PSC (listed 

in blue circle) than those in between RG and PSC (listed in red circle). When compare 

the SG and RG, more of the genes were up regulated in SG than RG. 
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Figure 7. CHC synthesis-related DEGs identified between three groups (PSC, SG and 

RG). More of the genes were differentially expressed in between RG and PSC (listed in 

red circle) than those in between SG and PSC (listed in blue circle). 
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Figure 8. Sensory system-related DEGs identified between three groups (PSC, SG and 

RG). More of the genes were differentially expressed in between RG and PSC (listed in 

red circle) than those in between SG and PSC (listed in blue circle). 
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3.4. Quantitative changes in CHC components between pre-swarming and post-

swarming 

The CHC components of honey bee were identified by GC-MS, and the CHCs 

with the average % pick area of more than 0.5 in at least one group were selected 

for further investigation. A total of 23 CHC components were detected from the 

three groups (PSC, SG and RG; Table 4) with different relative proportion (area % 

of the pick; Fig. 9). Nine CHCs were identified as saturated alkanes (C21, C23, C24, 

C25, C26, C27, C28, C29 and C30) by comparing with external standard, but others 

were not identified in this study (described as ‘unknown’). When excluding the 

components with their average % pick area less than 0.5 in every three group, the 

sums of average % pick area of CHC components were 97.48 % (PSC), 95.18 (SG) 

and 95.18 % (RG). Average relative proportion of CHC components ranged from 

0.14 - 20.33 %, 0.23 - 19.60 % and 0.26 - 16.03 % in the PSC, SG and RG, 

respectively. After swarming, relative proportions of the two saturated alkanes (C21 

and C23) and eight unknown CHCs (Unknown 1, 3, 5, 7, 8, 9, 10 and 12) were 

significantly altered in RG compared to PSC, but just two saturated alkanes (C28 

and C30) were significantly different between SG and PSC. Among these CHCs 

with significant changes in relative proportion, all were significantly different 

between SG and RG, only except the C30. However, considering their extremely 

low relative proportions (less than 1.00% in at least one group), some CHC 
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components (C21, C24, C26, C28, C30, Unknown1, Unknown2, Unknown3, 

Unknown6, Unknown8 and Unknown14) did not seem to affect honey bee nest 

mate recognition although some of them showed a significant difference between 

different groups. When excluding these CHCs, relative proportion of six CHCs (C23, 

Unknown5, Unknown7, Unknown9, Unknown10 and Unknown12) were 

significantly different between different groups. 

Results from MANOVA on the PC1 and PC2 extracted from the principal 

component analysis revealed that there was a significant difference in the bivariate 

pattern of PC1 and PC2 among three groups (Pillai’s Trace = 0.255, F4,146 = 5.33, p 

< 0.001; Fig. 10 and Table 5). When the post-hoc MANOVA contrasts were 

performed to compare the pattern of PCs across three groups, it was found that PSC 

and SG group were statistically similar to each other (PSC vs. SG: Pillai’s Trace = 

0.035, F2,72 = 1.29, p = 0.281) and both were significantly separated from RG group 

(PSC vs. RG: Pillai’s Trace = 0.205, F2,72 = 9.29, p < 0.001; SG vs. RG: Pillai’s 

Trace = 0.162, F2,72 = 6.95, p = 0.002). Results from ANOVA indicated that this 

separation was driven by the group difference in PC1 (F2,73 = 10.47, p < 0.001; 

Table 6), but not by that in PC2 (F2,73 = 1.2, p = 0.307; Table 7).  
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Table 4. Profiles of the CHCs isolated from the bees in PSC, SG and RG 

Retention time CHCsa Note 
40.816 Heneicosane C21 
44.712 Unknown 1 - 
45.284 Tricosane C23 
47.305 Tetracosane C24 
48.895 Unknown 2 - 
49.395 Pentacosane C25 
50.004 Unknown 3 - 
50.523 Unknown 4 - 
51.265 Hexacosane C26 
53.201 Heptacosane C27 
53.732 Unknown 5 - 
54.935 Octacosane C28 
56.413 Unknown 6 - 
56.743 Nonacosane C29 
57.212 Unknown 7 - 
58.355 Triacontane C30 
59.511 Unknown 8 - 
59.684 Unknown 9 - 
59.796 Unknown 10 - 
60.037 Unknown 11 - 
63.292 Unknown 12 - 
63.661 Unknown 13 - 
64.081 Unknown 14 - 

Components of the CHCs extracted from honey bee whole body were 

analyzed by GC-MS. 
a Unidentified CHCs were named as ‘Unknown’. 
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Figure 9. Relative expression proportion of the honey bee CHC components discovered in three groups (PSC, SG and 

RG). CHCs with the pick’s average area% of more than 0.5 in at least one group were selected. p-values (p ≤ 0.05) between 

each group, calculated by Tukey’s multiple comparisons test (one-way ANOVA), were illustrated on the graph (*, p ≤ 0.05; 

**, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). 
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Figure 10. PCA analysis of CHCs’ relative proportion of each group (PSC, SG and RG).  
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Table 5. MANOVA test with the score of PC1 and PC2 as response variables 

Statistic Value F Value Num DF Den DF Pr > F 

Wilks' Lambda 0.75182 5.52 4 144 0.0004 

Pillai's Trace 0.254785 5.33 4 146 0.0005 

Hotelling-Lawley 
Trace 

0.32132 5.76 4 85.371 0.0004 

Roy's Greatest 
Root 

0.291144 10.63 2 73 0.0001 

 

Table 6. ANOVA test with PC1 

Source DF 
Sum of 
Squares 

Mean 
Square 

F Value Pr > F 

Model 2 181.6564 90.82822 10.47 0.0001 

Error 73 633.0451 8.67185  

Corrected 
Total 

75 814.7015    

 

Table 7. ANOVA test with PC2 

Source DF 
Sum of 
Squares 

Mean 
Square 

F Value Pr > F 

Model 2 8.587121 4.29356 1.2 0.3073 

Error 73 261.3448 3.580066  

Corrected 
Total 

75 269.9319    

  



 

78 

4. Discussion 

 

Several pathways associated with genetic information processing (ribosome, 

proteasome and protein export) and metabolism (drug metabolism, N-glycan 

biosynthesis, porphyrin and chlorophyll metabolism, glutathione metabolism, 

pentose phosphate pathway and terpenoid backbone biosynthesis) were down-

regulated in SG compared to PSC (Table 1). Honey bee swarming is modulated by 

the behavioral (vibration, piping and buzz run) and chemical factors (Nasonov and 

various queen pheromones) (Grozinger et al., 2014), and bees should undergo 

extensive changes in physiology from pre- to post-swarming (Grozinger et al., 2014; 

Liang et al., 2012; Zeng et al., 2005). The vibration signal increases and encourages 

worker’s task (Schneider and Lewis, 2004), activity and movement (Seeley et al., 

1998). It also increases a queen’s speed and stimulates egg laying, only when they 

prepare the swarming (Schneider, 1990, 1991). After swarming, in bivouac 

condition, the worker’s piping stimulates quiescent workers to raise muscle 

temperature (33~35 °C) as enough for lift off (Heinrich, 1981; Seeley and Tautz, 

2001). Thus, the relatively enhanced pathways in PSC (Table 1) are likely due to 

the vibration-induced enhanced activity of bees at the pre-swarming state, whereas 

the reduced activity in the pathways in SG is likely due to the quiescent stage 

maintained during bivouac following swarming. 
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When comparing PSC and RG, however, not much changes were observed 

except for the two pathways related to genetic information processing and 

metabolism, which were slightly up-regulated in PSC than RG (Table 2). If I 

selected pathways under a stringent condition (ES ≥ 0.5), no pathway was identified 

to be different between PSC and RG (Table 2). This finding suggests that worker 

bees remained in the parental colony (RG) maintain similar physiological 

conditions to those of the pre-swarming colony. 

In the cross-comparison between SG and RG, many pathways related with 

genetic information processing, environmental information processing and 

metabolism were down-regulated in SG compared to RG (Table 3). If assuming that 

PSC and RG are similar in their physiology, it appears to be natural to observe more 

extensive changes in pathway in SG compared to either PSC or RG. Taken together, 

bees in SG likely undergo relatively more physiological changes from pre- to post-

swarming states. 

In the post-swarming colonies (both SG and RG), the neuroactive ligand-

receptor interaction pathway was overrepresented compared to pre-swarming 

colony (PSC) although the FDR q-values were high (1.00). The expression patterns 

of individual genes composing the pathway, however, were different between SG 

and RG. Despite the high FDR q-values (1.00), if assuming that the overrepresented 

pathway is physiologically meaningful, based on the significant ES and p-values, it 
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can be speculated that physiological changes, induced by different neuronal and 

hormonal signaling, occurs in a different way in SG and RG following swarming. 

Different patterns of the statistically significant DEGs, related with neuronal and 

hormonal signaling, were also observed in all of the comparison groups (Fig. 11), 

supporting this notion. 

 

Figure 11. Neuronal and hormonal signaling-related DEGs from cross-comparison of 

three groups (PSC, SG and RG) were listed. Common DEGs in both of the SG and RG 

compared to PSC were listed in dotted line. 
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The majority of the worker bees conducting swarming are composed of nurse 

and forager bees with a higher ratio of younger bees (Gilley, 1998). The transcripts 

from the swarming bee brain appear to be generally more nurse-like pattern than 

the bees remaining in the parental colony during swarming, although the overall 

differences are not very large (Richards, 2012). Underrepresentation of all the 16 

statistically significant pathways, only except for the phototransduction-FLY, was 

observed in SG compared to RG (Table 3). Among them, the pathways associated 

with protein biosynthesis and processing, glycan biosynthesis and citrate cycle, 

which are the typical pathways more actively processed in nurse bees (Ament et al., 

2008; Kim et al., 2018), were also underrepresented in SG. Contrast to the previous 

experiment (Richards, 2012), in which swarming bees were collected when they 

began the rapid exodus, the swarming bees (SG) used in this study were collected 

when they finished constructing the bivouac. Thus, the overall underrepresentation 

of pathways in SG compared to either PSC or RG is more likely due to the quiescent 

state of bees in the bivouac, in which majority of biological activities are likely shut 

down. The overrepresentation of the phototransduction-FLY pathway in SG 

compared to RG is likely due to the necessary of swarming bees for temporary 

adjustment to new environment. This finding further indicates that the labor 

transition-like phenomenon can be induced in a short time during swarming. 

 The labor transition of the worker bees is reversible and the epigenetic 
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modifications, such as DNA methylation, lead the phenotypic differences between 

each labor with no changes of DNA sequence (Herb et al., 2012). More of the genes, 

involved in DNA methylation and histone modification (Fig. 5), were differentially 

expressed in the comparison group of SG vs. PSC than RG vs. PSC, suggesting that 

the epigenetic modification is activated in the bees participated in swarming. 

Especially, the over-expression of histone H3 (H3, gene1069) in SG compared to 

RG may suggest alteration of learning and memory (Collins et al., 2019) for 

adapting to new environment. Furthermore, the active epigenetic modification in 

SG may suggest that certain labor transition occurs during swarming. As the 

behavior of swarming bees is different from the typical behavior of the nurse or 

forager, bees might undergo specific temporary genetic changes during the 

swarming. Changes of labor transition-related and (or) behavior-induced honey bee 

physiology in different state of swarming process should merit further investigation 

in detail. 

In our brief CHC profiling experiment, not all components comprising honey 

bee CHCs were qualitatively identified with exception of alkane components. Most 

of the CHCs showing quantitative changes during swarming (between SG and RG) 

were ‘unknown components’ along with some saturated alkanes (C21, C23 and C28) 

(Fig. 8). Although some specific CHC groups, such as alkenes, are known to be 

more important for honey bee nest mate recognition (Dani et al., 2005; Dani et al., 
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2001), it is not known yet which CHCs are involved in nest mate recognition during 

swarming procedures. When considering that RG is supposed to construct a new 

communication system with the newly emerged queen, more extensive changes in 

CHC profiles in RG than SG compared to PSC might be needed for increased 

plasticity of CHC-based communication between a new queen and workers. Given 

that quantitative differences in CHC profiles were observed in different colonies 

within the same species (Lenoir et al., 1999), it remains to be elucidated whether 

the differences in relative CHCs proportion between SG and RG are related with 

nest mate recognition during swarming. Considering that both SG and RG are in 

the intermediate state of swarming, the profiles of CHCs proportion in SG and RG 

may undergo further changes until the completion of swarming and the generation 

of they settle down in the new (SG) and parental colonies (RG). In addition, the 

relative larger standard variations in CHC relative proportion observed in RG may 

support the notion that RG undergoes more dynamic changes of some CHCs at post-

swarming stage.  



 

84 

5. Conclusion 

 

Most of the changes in gene expression between pre- and post-swarming were 

related with genetic information processing and metabolism. The overrepresented 

pathways related with genetic information processing and metabolism suggest a 

large scale alteration in physiology particularly in pre-swarming state. Various 

neuronal and hormonal signaling and epigenetic alteration appeared to be affected 

upon swarming. At post-swarming state, particularly in RG, genes related with 

CHC synthesis and sensory system formation showed extensive changes. In 

addition, the relative proportion of CHC components was significantly altered in 

RG compared to SG, suggesting the active transformation of CHC-based 

communication system with the new queen. Further, the worker’s labor transition 

seems to occur in different states of swarming (exodus and bivouac) within a short 

period of time. Although this study was done with a single colony due to the failure 

of securing multiple colonies under swarming activity, the current findings should 

provide basic information on the swarming-induced gene expression profiles, 

which is essential for better understanding of physiological and behavioral changes 

during swarming. Any specific genes showing significant up- or down-regulation 

at pre-swarming state have some potentials to be exploited as molecular markers 

for predicting upcoming swarming event.
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6. Appendix 

Supplementary Table 1. DEGs commonly up-regulated in SG and RG compared with PSC 

GeneAcc TranID GeneName Desc. 
FPKM DEG (SG vs. PSC) DEG (RG vs. PSC) 

PSC SG RG PV QV LOG2FC p q LOG2FC

gene13020.r1 TBIM039514 Ccdc28b 
Coiled-coil domain-containing protein 
28B [Source:SWISS;Acc:Q8CEG5] 

0.00 5.25 7.65 0.0319 0.9982 12.97 0.0332 0.9981 13.48 

gene9735.r1 TBIM028222 nfxl1 
NF-X1-type zinc finger protein NFXL1 
[Source:SWISS;Acc:A0JMY5] 

0.00 1.11 2.35 0.0488 0.9982 12.2 0.0416 0.9981 13.23 

gene7736.r1 TBIM022944 Npc2a 
Protein NPC2 homolog 
[Source:SWISS;Acc:Q9VQ62] 

0.00 6.57 12.40 0.0443 0.9982 12.12 0.0415 0.9981 12.99 

gene8548 TBIM026279 Gale 
Probable UDP-glucose 4-epimerase 
[Source:SWISS;Acc:Q9W0P5] 

0.00 1.68 2.63 0.0441 0.9982 11.74 0.0426 0.9981 12.35 

gene13020.r1 TBIM039516 Ccdc28b 
Coiled-coil domain-containing protein 
28B [Source:SWISS;Acc:Q8CEG5] 

0.00 5.33 4.92 0.0461 0.9982 11.34 0.0401 0.9981 11.2 

gene5557.r1 TBIM017390 FACR1_DROME 
Putative fatty acyl-CoA reductase 
CG5065 [Source:SWISS;Acc:A1ZAI5] 

1.13 9.71 4.42 0.0052 0.9982 2.96 0.0481 0.9981 1.62 

gene453 TBIM003211 GPRor7 
odorant receptor 2 
[Source:SWISS;Acc:Q7QCC7] 

0.31 2.66 2.47 0.0081 0.9982 2.96 0.014 0.9981 2.64 

gene10523.r1 TBIM032446 Hr38 
Probable nuclear hormone receptor 
HR38 [Source:SWISS;Acc:P49869] 

0.25 2 1.09 0.0001 0.1023 2.84 0.0022 0.825 1.76 

gene6082 TBIM018099 Luciferase 
Luciferin 4-monooxygenase 
[Source:SWISS;Acc:P13129] 

1.96 13.17 11.26 0.0034 0.9982 2.61 0.0089 0.9981 2.17 

gene6167.r1 TBIM019117 Rdl 
Gamma-aminobutyric acid receptor 
subunit beta 
[Source:SWISS;Acc:Q75NA5] 

0.51 3.29 2.74 0.0005 0.4893 2.56 0.0006 0.3773 2.08 

gene2376.r1 TBIM007609 Pbprp1 
Pheromone-binding protein-related 
protein 1 [Source:SWISS;Acc:P54191] 

5.37 26.65 28.86 0.0106 0.9982 2.17 0.0141 0.9981 2.08 

gene1815 TBIM005471 l(2)efl 
Protein lethal(2)essential for life 
[Source:SWISS;Acc:P82147] 

280.7 1369.07 1928.03 0.0001 0.1023 2.14 0.0001 0.0566 2.43 

gene1812 TBIM005467 l(2)efl 
Protein lethal(2)essential for life 
[Source:SWISS;Acc:P82147] 

28.5 131.2 162.96 0.0001 0.1023 2.06 0.0001 0.0566 2.17 

gene1810 TBIM006734 l(2)efl 
Protein lethal(2)essential for life 
[Source:SWISS;Acc:P82147] 

42.32 193.61 224 0.0106 0.9982 2.05 0.0221 0.9981 2.05 

gene1810 TBIM006734 l(2)efl 
Protein lethal(2)essential for life 
[Source:SWISS;Acc:P82147] 

42.32 193.61 224 0.0106 0.9982 2.05 0.0221 0.9981 2.05 

gene1209.r1 TBIM004394 DGKB 
Diacylglycerol kinase beta 
[Source:SWISS;Acc:Q9Y6T7] 

0.47 2.12 3.30 0.0264 0.9982 2.02 0.0066 0.9981 2.46 

gene1811 TBIM005466 l(2)efl 
Protein lethal(2)essential for life 
[Source:SWISS;Acc:P82147] 

174.85 764.26 925.32 0.0001 0.1608 1.99 0.0006 0.3773 2.05 

gene1678.r1 TBIM002518 Kcnip4 
Kv channel-interacting protein 4 
[Source:SWISS;Acc:Q99MG9] 

0.47 1.95 1.62 0.0058 0.9982 1.93 0.0259 0.9981 1.45 
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gene1678.r1 TBIM002518 Kcnip4 
Kv channel-interacting protein 4 
[Source:SWISS;Acc:Q99MG9] 

0.47 1.95 1.62 0.0058 0.9982 1.93 0.0259 0.9981 1.45 

gene12374.r1 TBIM038000 SARNP 
SAP domain-containing 
ribonucleoprotein 
[Source:SWISS;Acc:Q5R4V4] 

3.05 11.85 21.11 0.0326 0.9982 1.82 0.0057 0.9981 2.46 

gene6166.r1 TBIM019111 HSP90 
Heat shock protein 90 
[Source:SWISS;Acc:O44001] 

532.92 1985.29 1911.64 0.0021 0.9982 1.75 0.0448 0.9981 1.49 

gene12889 TBIM039195 Pof 
Protein painting of fourth 
[Source:SWISS;Acc:Q9W123] 

3.82 14.07 10.31 0.0024 0.9982 1.74 0.0343 0.9981 1.08 

XLOC_010120 TBIM031562 br 
Broad-complex core protein isoforms 
1/2/3/4/5 [Source:SWISS;Acc:Q01295] 

0.34 1.25 1.21 0.0241 0.9982 1.73 0.034 0.9981 1.47 

gene7378.r1 TBIM022430 Rac1 
Ras-related protein Rac1 
[Source:SWISS;Acc:P40792] 

26.32 94.42 111.93 0.0234 0.9982 1.71 0.0205 0.9981 1.76 

gene6575.r1 TBIM021168 KCNIP1 
Kv channel-interacting protein 1 
[Source:SWISS;Acc:Q9NZI2] 

2.22 7.79 8.07 0.044 0.9982 1.67 0.0463 0.9981 1.51 

gene2138 TBIM005832 CEP78_DROME 
Protein Cep78 homolog 
[Source:SWISS;Acc:Q9VFH6] 

133.94 467.41 426.82 0.0001 0.1023 1.66 0.0049 0.9981 1.32 

gene11685.r1 TBIM035200 Hsc 70-4 
Heat shock 70 kDa protein cognate 4 
[Source:SWISS;Acc:Q9U639] 

48.03 166.2 270.93 0.0001 0.1608 1.65 0.0001 0.0566 2.14 

XLOC_005201 TBIM016270 Kr-h1 
Krueppel homologous protein 1 
[Source:SWISS;Acc:P08155] 

5.05 17.54 12.54 0.0001 0.1023 1.65 0.0123 0.9981 0.96 

gene13161.r1 TBIM039874 pol 
Retrovirus-related Pol polyprotein from 
type-2 retrotransposable element R2DM 
[Source:SWISS;Acc:P16423] 

1.6 5.52 5.97 0.0054 0.9982 1.64 0.0066 0.9981 1.54 

gene9349.r1 TBIM029222 PROH2_APIME 
Prohormone-2 
[Source:SWISS;Acc:P85799] 

3.37 11 9.68 0.0127 0.9982 1.57 0.031 0.9981 1.17 

gene4145.r1 TBIM013923 HMCN1 
Hemicentin-1 
[Source:SWISS;Acc:Q96RW7] 

0.54 1.68 1.31 0.0007 0.606 1.49 0.0316 0.9981 0.91 

gene3437.r1 TBIM011761 CHORD 
Cysteine and histidine-rich domain-
containing protein 
[Source:SWISS;Acc:Q9VCC0] 

15.19 46.05 43.89 0.0223 0.9982 1.46 0.0464 0.9981 1.18 

gene4984 TBIM016551 Tm2 
Tropomyosin-2 
[Source:SWISS;Acc:P09491] 

0.35 1.05 1.45 0.0433 0.9982 1.46 0.0325 0.9981 1.72 

gene1087.r1 TBIM004208 l(2)efl 
Protein lethal(2)essential for life 
[Source:SWISS;Acc:P82147] 

272.41 823.3 954.27 0.0003 0.3554 1.45 0.0013 0.5886 1.46 

gene6082 TBIM018100 Luciferase 
Luciferin 4-monooxygenase 
[Source:SWISS;Acc:P13129] 

5.85 17.33 31.78 0.0037 0.9982 1.42 0.0001 0.0566 2.09 

XLOC_010972 TBIM034205 aub 
Protein aubergine 
[Source:SWISS;Acc:O76922] 

3.93 11.4 12.43 0.0192 0.9982 1.39 0.0219 0.9981 1.3 

XLOC_010972 TBIM034205 aub 
Protein aubergine 
[Source:SWISS;Acc:O76922] 

3.93 11.4 12.43 0.0192 0.9982 1.39 0.0219 0.9981 1.3 

gene8045.r1 TBIM024367 gprs 
Serine-enriched protein 
[Source:SWISS;Acc:O61366] 

1.51 4.07 4.78 0.0216 0.9982 1.29 0.0124 0.9981 1.31 

gene4128.r1 TBIM012747 pros 
Homeobox protein prospero 
[Source:SWISS;Acc:P29617] 

1.11 2.86 2.55 0.0013 0.7816 1.23 0.0239 0.9981 0.85 

gene6351.r1 TBIM018469 serac1 
Protein SERAC1 
[Source:SWISS;Acc:Q5SNQ7] 

4.63 11.06 14.94 0.0406 0.9982 1.12 0.0123 0.9981 1.35 

gene6469.r1 TBIM019629 nanos1 
Nanos homolog 1 
[Source:SWISS;Acc:E7FDB3] 

1.37 3.29 3.08 0.0103 0.9982 1.12 0.0481 0.9981 0.81 
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gene1171.r1 TBIM004351 tipE 
Protein tipE 
[Source:SWISS;Acc:P48613] 

0.96 2.26 3.14 0.0487 0.9982 1.09 0.011 0.9981 1.36 

gene7662.r1 TBIM022841 nAcRalpha-96Aa 
Acetylcholine receptor subunit alpha-
like 1 [Source:SWISS;Acc:P09478] 

0.62 1.42 1.29 0.0033 0.9982 1.07 0.0322 0.9981 0.71 

gene8229 TBIM025802 moody 
G-protein coupled receptor moody 
[Source:SWISS;Acc:Q9W534] 

3.62 8.25 9.57 0.0177 0.9982 1.05 0.0112 0.9981 1.05 

gene703.r1 TBIM001008 Frq1 
Frequenin-1 
[Source:SWISS;Acc:P37236] 

2.04 4.49 4.4 0.0051 0.9982 1 0.0211 0.9981 0.76 

gene431.r1 TBIM003171 FKBP4 
Peptidyl-prolyl cis-trans isomerase 
FKBP4 [Source:SWISS;Acc:Q02790] 

32.18 70.17 94.44 0.0467 0.9982 0.98 0.0156 0.9981 1.2 

XLOC_011765 TBIM036474 MSS4_DROME 
Guanine nucleotide exchange factor 
MSS4 homolog 
[Source:SWISS;Acc:Q9VLP3] 

4.04 8.22 11 0.0291 0.9982 0.88 0.0039 0.9981 1.09 

XLOC_011765 TBIM036474 MSS4_DROME 
Guanine nucleotide exchange factor 
MSS4 homolog 
[Source:SWISS;Acc:Q9VLP3] 

4.04 8.22 11 0.0291 0.9982 0.88 0.0039 0.9981 1.09 

gene6510.r1 TBIM021054 SLC7A14 
Probable cationic amino acid transporter 
[Source:SWISS;Acc:Q8TBB6] 

2.78 5.57 6.25 0.0464 0.9982 0.86 0.0379 0.9981 0.82 

gene2154.r1 TBIM007214 Cdc37 
Hsp90 co-chaperone Cdc37 
[Source:SWISS;Acc:Q24740] 

34.53 68.07 71.71 0.0179 0.9982 0.84 0.0352 0.9981 0.7 

Statistically significant (p-value ≤ 0.05 and FPKM of SG and RG ≥ 1.00) DEGs commonly up-regulated in SG and RG 
compared with PSC were listed. 
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Supplementary Table 2. DEGs up-regulated in SG compared with PSC 

GeneAcc TranID GeneName Desc 
FPKM DEG (SG vs. PSC)

PSC SG RG p q LOG2FC

gene6172.r1 TBIM018207 GTF2E2 General transcription factor IIE subunit 2 [Source:SWISS;Acc:Q2KJF9] 0.00 3.48 0.57 0.0486 0.9982 13.75 

gene4196 TBIM012833 Clbn Nuclear export mediator factor NEMF homolog [Source:SWISS;Acc:Q9VBX1] 0.00 2.11 0.00 0.0467 0.9982 13.06 

gene371.r1 TBIM000482 Y381_RICFE Putative ankyrin repeat protein RF_0381 [Source:SWISS;Acc:Q4UMH6] 0.00 2.15 0.00 0.0331 0.9982 13.05 

XLOC_002721 TBIM008577 ZNF778 Zinc finger protein 778 [Source:SWISS;Acc:Q96MU6] 0.00 1.75 0.00 0.0483 0.9982 12.96 

XLOC_002721 TBIM008577 ZNF778 Zinc finger protein 778 [Source:SWISS;Acc:Q96MU6] 0.00 1.75 0.00 0.0483 0.9982 12.96 

XLOC_002721 TBIM008577 ZNF778 Zinc finger protein 778 [Source:SWISS;Acc:Q96MU6] 0.00 1.75 0.00 0.0483 0.9982 12.96 

XLOC_000879 TBIM002805 RSPH1 Radial spoke head 1 homolog [Source:SWISS;Acc:Q8WYR4] 0.00 1.51 0.00 0.038 0.9982 12.85 

gene13287.r1 TBIM040150 CYTH1 Cytohesin-1 [Source:SWISS;Acc:Q15438] 0.00 1.24 0.01 0.0435 0.9982 11.06 

XLOC_008710 TBIM027059 Cacna1h 
Voltage-dependent T-type calcium channel subunit alpha-1H 
[Source:SWISS;Acc:Q9EQ60] 

0.36 2.91 1.29 0.038 0.9982 2.88 

gene11789.r1 TBIM035310 DopR2 Dopamine receptor 2 [Source:SWISS;Acc:Q24563] 0.16 1.15 0.76 0.0094 0.9982 2.68 

gene7736.r1 TBIM022942 Npc2a Protein NPC2 homolog [Source:SWISS;Acc:Q9VQ62] 8.3 46.48 23.8 0.0217 0.9982 2.35 

gene10028 TBIM030960 msta Protein msta, isoform A [Source:SWISS;Acc:O46040] 1.07 5.85 2.19 0.0205 0.9982 2.31 

gene7346.r1 TBIM022372 smc4 Structural maintenance of chromosomes protein 4 [Source:SWISS;Acc:P50532] 0.67 3.07 0.58 0.0491 0.9982 2.03 

gene4160.r1 TBIM013961 EGFLAM Pikachurin [Source:SWISS;Acc:Q63HQ2] 0.27 1.19 0.44 0.019 0.9982 2.03 

gene11782.r1 TBIM036327 egr1 Early growth response protein 1 [Source:SWISS;Acc:A4II20] 0.69 2.83 1.12 0.0017 0.9567 1.89 

XLOC_007407 TBIM022888 Erc1 ELKS/Rab6-interacting/CAST family member 1 [Source:SWISS;Acc:Q811U3] 0.52 2.08 1.89 0.0188 0.9982 1.86 

XLOC_007407 TBIM022888 Erc1 ELKS/Rab6-interacting/CAST family member 1 [Source:SWISS;Acc:Q811U3] 0.52 2.08 1.89 0.0188 0.9982 1.86 

XLOC_007407 TBIM022888 Erc1 ELKS/Rab6-interacting/CAST family member 1 [Source:SWISS;Acc:Q811U3] 0.52 2.08 1.89 0.0188 0.9982 1.86 

gene4511.r1 TBIM013271 hop Tyrosine-protein kinase hopscotch [Source:SWISS;Acc:Q24592] 2.81 11.19 6.7 0.0391 0.9982 1.85 

gene6200 TBIM019181 Scrt1 Transcriptional repressor scratch 1 [Source:SWISS;Acc:Q99M85] 0.71 2.82 1.65 0.037 0.9982 1.84 
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gene2925.r1 TBIM009762 slc16a10 Monocarboxylate transporter 10 [Source:SWISS;Acc:A1L1W9] 0.51 1.97 1.48 0.0278 0.9982 1.82 

gene12722.r1 TBIM038771 brat Brain tumor protein [Source:SWISS;Acc:Q8MQJ9] 0.32 1.24 0.63 0.0326 0.9982 1.8 

gene12165.r1 TBIM036869 KAT2A Histone acetyltransferase KAT2A [Source:SWISS;Acc:Q92830] 1.69 6.25 5.92 0.0489 0.9982 1.76 

XLOC_002643 TBIM008305 CDK5R1 Cyclin-dependent kinase 5 activator 1 [Source:SWISS;Acc:Q28199] 1.08 3.77 2.85 0.0209 0.9982 1.66 

gene13324 TBIM040213 Kr-h1 Krueppel homologous protein 1 [Source:SWISS;Acc:P08155] 4.81 16.54 9.11 0.0005 0.4893 1.64 

gene3487.r1 TBIM010714 CaMKII 
Calcium/calmodulin-dependent protein kinase type II alpha chain 
[Source:SWISS;Acc:Q00168] 

3.95 13.45 12.34 0.0474 0.9982 1.63 

gene970.r1 TBIM001424 KLF7 Krueppel-like factor 7 [Source:SWISS;Acc:O75840] 1 3.49 0.02 0.0042 0.9982 1.63 

gene970.r1 TBIM001424 KLF7 Krueppel-like factor 7 [Source:SWISS;Acc:O75840] 1 3.49 0.02 0.0042 0.9982 1.63 

gene3093.r1 TBIM008795 Ift80 Intraflagellar transport protein 80 homolog [Source:SWISS;Acc:Q66HB3] 1.26 4.19 1.65 0.0278 0.9982 1.59 

gene14055 TBIM041205 UNC80_DROME Protein unc-80 homolog [Source:SWISS;Acc:Q9VB11] 1.75 5.56 3.52 0.0135 0.9982 1.52 

gene5351.r2 TBIM017074 pax6 Paired box protein Pax-6 [Source:SWISS;Acc:P55864] 0.33 1.02 0.76 0.0189 0.9982 1.52 

gene7440.r1 TBIM023405 FAS1 Fasciclin-1 [Source:SWISS;Acc:P10675] 2.2 6.76 6.22 0.0444 0.9982 1.48 

gene7440.r1 TBIM023405 FAS1 Fasciclin-1 [Source:SWISS;Acc:P10675] 2.2 6.76 6.22 0.0444 0.9982 1.48 

gene6240.r1 TBIM019250 CE022_DANRE UPF0489 protein C5orf22 homolog [Source:SWISS;Acc:Q7SZF1] 0.7 2.13 1.52 0.008 0.9982 1.47 

gene6173 TBIM019144 RERG 
Ras-related and estrogen-regulated growth inhibitor 
[Source:SWISS;Acc:Q0VCJ7] 

3.15 9.52 0 0.0295 0.9982 1.46 

gene7280.r1 TBIM022248 mAcR-60C Muscarinic acetylcholine receptor DM1 [Source:SWISS;Acc:P16395] 5.61 16.88 12.96 0.0092 0.9982 1.45 

gene7280.r1 TBIM022248 mAcR-60C Muscarinic acetylcholine receptor DM1 [Source:SWISS;Acc:P16395] 5.61 16.88 12.96 0.0092 0.9982 1.45 

gene10620.r1 TBIM031990 gprs Serine-enriched protein [Source:SWISS;Acc:O61366] 1.81 5.43 4.16 0.012 0.9982 1.45 

gene10620.r1 TBIM031990 gprs Serine-enriched protein [Source:SWISS;Acc:O61366] 1.81 5.43 4.16 0.012 0.9982 1.45 

gene8782.r1 TBIM028321 SLC26A11 Sodium-independent sulfate anion transporter [Source:SWISS;Acc:Q86WA9] 1.34 3.99 3.12 0.0376 0.9982 1.44 

gene9382.r1 TBIM029254 ONECUT1 Hepatocyte nuclear factor 6 [Source:SWISS;Acc:Q9UBC0] 0.7 2.09 1.88 0.0247 0.9982 1.44 

gene9382.r1 TBIM029254 ONECUT1 Hepatocyte nuclear factor 6 [Source:SWISS;Acc:Q9UBC0] 0.7 2.09 1.88 0.0247 0.9982 1.44 

gene2425.r1 TBIM006319 Es2 Protein DGCR14 homolog [Source:SWISS;Acc:O44424] 1.12 3.29 1.73 0.0456 0.9982 1.41 

gene7280.r1 TBIM022247 mAcR-60C Muscarinic acetylcholine receptor DM1 [Source:SWISS;Acc:P16395] 6.78 19.72 14.87 0.0032 0.9982 1.4 
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gene7280.r1 TBIM022247 mAcR-60C Muscarinic acetylcholine receptor DM1 [Source:SWISS;Acc:P16395] 6.78 19.72 14.87 0.0032 0.9982 1.4 

gene9349.r1 TBIM029221 PROH2_APIME Prohormone-2 [Source:SWISS;Acc:P85799] 7.7 22.09 11.88 0.0244 0.9982 1.38 

gene9349.r1 TBIM029223 PROH2_APIME Prohormone-2 [Source:SWISS;Acc:P85799] 7.71 21.52 5.16 0.0432 0.9982 1.34 

gene11097.r1 TBIM034339 Rnf207 RING finger protein 207 [Source:SWISS;Acc:Q3V3A7] 2.17 6.02 4.17 0.0228 0.9982 1.34 

gene9463 TBIM029408 ugcg Ceramide glucosyltransferase [Source:SWISS;Acc:Q5BL38] 0.72 2.01 1.21 0.015 0.9982 1.33 

gene11026.r1 TBIM033173 Usp48 Ubiquitin carboxyl-terminal hydrolase 48 [Source:SWISS;Acc:Q3V0C5] 1.21 3.3 2.03 0.0279 0.9982 1.31 

gene887.r1 TBIM001303 Scrt2 Transcriptional repressor scratch 2 [Source:SWISS;Acc:Q8BTH6] 2.09 5.64 4.63 0.0032 0.9982 1.3 

gene4954.r1 TBIM015206 Slc6a5 
Sodium- and chloride-dependent glycine transporter 2 
[Source:SWISS;Acc:Q761V0] 

2.45 6.59 6.33 0.0265 0.9982 1.29 

gene2583.r1 TBIM007957 CAC 
Voltage-dependent calcium channel type A subunit alpha-1 
[Source:SWISS;Acc:C9D7C2] 

1.34 3.6 2.3 0.0333 0.9982 1.29 

gene6007.r1 TBIM018023 Ptpn9 Tyrosine-protein phosphatase non-receptor type 9 [Source:SWISS;Acc:Q641Z2] 3.34 8.96 6.78 0.0149 0.9982 1.28 

gene4402.r1 TBIM014355 SLC8A1 Sodium/calcium exchanger 1 [Source:SWISS;Acc:P48766] 0.77 2.01 1.48 0.0124 0.9982 1.25 

gene4573.r1 TBIM014632 Unc79 Protein unc-79 homolog [Source:SWISS;Acc:Q0KK59] 2.16 5.46 4.08 0.0447 0.9982 1.19 

gene11264 TBIM033580 sbk1 Serine/threonine-protein kinase SBK1 [Source:SWISS;Acc:Q90ZY4] 1.81 4.54 3.6 0.016 0.9982 1.19 

gene10894.r1 TBIM034039 Marf1 Meiosis arrest female protein 1 [Source:SWISS;Acc:Q8BJ34] 6.07 14.96 8.63 0.0244 0.9982 1.16 

gene10642.r1 TBIM032624 chico Insulin receptor substrate 1 [Source:SWISS;Acc:B3MPN6] 2.31 5.69 2.64 0.0406 0.9982 1.16 

gene10971.r1 TBIM034157 NOX5 NADPH oxidase 5 [Source:SWISS;Acc:Q96PH1] 0.52 1.28 1.07 0.0449 0.9982 1.16 

gene4927.r1 TBIM015139 Kiaa1456 Putative methyltransferase KIAA1456 [Source:SWISS;Acc:Q80WQ4] 2.68 6.45 4.36 0.013 0.9982 1.13 

gene3572 TBIM011909 ESTF_MYZPE Esterase FE4 [Source:SWISS;Acc:P35502] 53.99 127.5 108.35 0.0129 0.9982 1.1 

gene8030.r1 TBIM025484 fam135b Protein FAM135B [Source:SWISS;Acc:Q641I1] 1.22 2.86 2.02 0.0319 0.9982 1.1 

gene718.r1 TBIM003611 Nsun7 Putative methyltransferase NSUN7 [Source:SWISS;Acc:Q14AW5] 1.11 2.59 1.91 0.0413 0.9982 1.09 

gene1909 TBIM006876 HSP97_STRPU 97 kDa heat shock protein [Source:SWISS;Acc:Q06068] 64.86 150.09 153.31 0.0152 0.9982 1.07 

gene4501 TBIM014497 corto Centrosomal and chromosomal factor [Source:SWISS;Acc:P41046] 1.34 3.07 2.33 0.0073 0.9982 1.06 

gene7920.r1 TBIM024205 sif Protein still life, isoform SIF type 1 [Source:SWISS;Acc:P91621] 9.05 20.41 18.11 0.0259 0.9982 1.04 

gene1814 TBIM005470 l(2)efl Protein lethal(2)essential for life [Source:SWISS;Acc:P82147] 354.46 800.49 796.46 0.013 0.9982 1.03 
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XLOC_012743 TBIM039341 ART2 Putative uncharacterized protein ART2 [Source:SWISS;Acc:Q8TGM7] 88.19 198.97 158.13 0.0038 0.9982 1.03 

gene3756.r1 TBIM011059 Igfals 
Insulin-like growth factor-binding protein complex acid labile subunit 
[Source:SWISS;Acc:P70389] 

0.93 2.07 1.52 0.0452 0.9982 1.02 

gene4131.r1 TBIM012756 dsx Protein doublesex [Source:SWISS;Acc:P23023] 2.74 6.1 4.25 0.0146 0.9982 1.01 

XLOC_005713 TBIM017709 FAR1 Fatty acyl-CoA reductase 1 [Source:SWISS;Acc:Q5ZM72] 8.52 18.84 13.36 0.035 0.9982 1 

gene9089.r1 TBIM028798 nkd Protein naked cuticle homolog [Source:SWISS;Acc:Q08AA9] 0.73 1.59 0.97 0.0355 0.9982 0.99 

XLOC_009764 TBIM030426 per Period circadian protein [Source:SWISS;Acc:Q25637] 20.88 45.32 35.52 0.0232 0.9982 0.98 

XLOC_009764 TBIM030426 per Period circadian protein [Source:SWISS;Acc:Q25637] 20.88 45.32 35.52 0.0232 0.9982 0.98 

gene9818.r1 TBIM030645 UNC80_DROME Protein unc-80 homolog [Source:SWISS;Acc:Q9VB11] 4.51 9.8 8.14 0.0104 0.9982 0.98 

gene5627.r1 TBIM017472 IFT74 Intraflagellar transport protein 74 homolog [Source:SWISS;Acc:Q96LB3] 3.51 7.67 5.65 0.0469 0.9982 0.98 

gene12745.r1 TBIM038846 NaCP60E Sodium channel protein 60E [Source:SWISS;Acc:Q9W0Y8] 2.64 5.75 5.5 0.0157 0.9982 0.98 

gene9819.r1 TBIM030651 UNC80_DROME Protein unc-80 homolog [Source:SWISS;Acc:Q9VB11] 1.85 4.02 2.96 0.0195 0.9982 0.98 

gene5572.r1 TBIM017404 OTOF Otoferlin [Source:SWISS;Acc:Q9HC10] 2.5 5.32 3.36 0.0435 0.9982 0.95 

XLOC_005999 TBIM018539 CECR2 Cat eye syndrome critical region protein 2 [Source:SWISS;Acc:Q9BXF3] 2.56 5.43 4.25 0.0169 0.9982 0.94 

gene4290 TBIM012989 ADORA2B Adenosine receptor A2b [Source:SWISS;Acc:Q1LZD0] 1.03 2.17 1.65 0.0318 0.9982 0.94 

gene9597.r1 TBIM029605 Cacna2d3 
Voltage-dependent calcium channel subunit alpha-2/delta-3 
[Source:SWISS;Acc:Q8CFG5] 

3 6.29 6.09 0.0333 0.9982 0.93 

gene7730.r1 TBIM023894 NLGN4Y Neuroligin-4, Y-linked [Source:SWISS;Acc:Q8NFZ3] 0.59 1.22 1.33 0.0428 0.9982 0.9 

gene13966.r1 TBIM041076 osp Protein outspread [Source:SWISS;Acc:Q27421] 3.47 7.03 4.78 0.0478 0.9982 0.88 

gene5298.r1 TBIM016992 unc-13 
Phorbol ester/diacylglycerol-binding protein unc-13 
[Source:SWISS;Acc:P27715] 

1.14 2.29 1.46 0.0357 0.9982 0.87 

gene13192.r1 TBIM039953 Q5VRN0_ORYSJ None [Source:SWISS;Acc:Q5VRN0] 4.42 8.82 7.37 0.0358 0.9982 0.86 

gene298.r1 TBIM002972 SLC17A8 Vesicular glutamate transporter 3 [Source:SWISS;Acc:Q8NDX2] 3.5 6.98 5.74 0.0199 0.9982 0.86 

gene10150 TBIM030346 ZNF732 Zinc finger protein 732 [Source:SWISS;Acc:B4DXR9] 0.54 1.06 1.04 0.0362 0.9982 0.83 

gene1032 TBIM001543 His2A Histone H2A [Source:SWISS;Acc:P84057] 27.85 53.89 30.19 0.049 0.9982 0.81 

gene484.r1 TBIM000645 ZNF81 Zinc finger protein 81 [Source:SWISS;Acc:P51508] 2.95 5.7 4.53 0.0305 0.9982 0.81 

gene1034 TBIM001544 H4_XENTR Histone H4 [Source:SWISS;Acc:Q28DR4] 43.23 82.22 45.7 0.0374 0.9982 0.79 
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Statistically significant (p-value ≤ 0.05 and FPKM of SG ≥ 1.00) DEGs up-regulated in SG compared with PSC were 
listed. 
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Supplementary Table 3. DEGs up-regulated in RG compared with PSC 

GeneAcc TranAcc GeneName Desc 
FPKM DEG (RG vs. PSC) 

PSC SG RG p q LOG2FC

gene5387 rna11647 Cenpj Centromere protein J [Source:SWISS;Acc:Q569L8] 0 0 1.28 0.0398 0.9981 12.63 

gene7806.r1 rna16712.r1.= DIRAS2 GTP-binding protein Di-Ras2 [Source:SWISS;Acc:Q5R6S2] 0 0.52 2.2 0.0387 0.9981 12.62 

gene6618.r1 rna14142.r1.j UBE2J2 Ubiquitin-conjugating enzyme E2 J2 [Source:SWISS;Acc:Q2TA03] 0 0 4 0.0491 0.9981 12.58 

XLOC_009146 rna19227.r2.j QPCT Glutaminyl-peptide cyclotransferase [Source:SWISS;Acc:Q16769] 0 0.64 1.77 0.0385 0.9981 12.5 

XLOC_009146 rna19227.r2.j QPCT Glutaminyl-peptide cyclotransferase [Source:SWISS;Acc:Q16769] 0 0.64 1.77 0.0385 0.9981 12.5 

XLOC_009146 rna19227.r2.j QPCT Glutaminyl-peptide cyclotransferase [Source:SWISS;Acc:Q16769] 0 0.64 1.77 0.0385 0.9981 12.5 

gene8548 rna18353 Gale Probable UDP-glucose 4-epimerase [Source:SWISS;Acc:Q9W0P5] 0.00 1.68 2.63 0.0426 0.9981 12.35 

gene12092 rna26053 TM-A3A Larval cuticle protein A3A [Source:SWISS;Acc:P80683] 39.86 20.47 627.26 0.0001 0.0566 3.63 

gene3969 rna8723 col2a1 Collagen alpha-1(II) chain [Source:SWISS;Acc:Q91717] 0.86 0.35 13.26 0.0001 0.0566 3.6 

gene10482.r1 rna22656.r1.= Gad1 Glutamate decarboxylase [Source:SWISS;Acc:P20228] 0.49 2.84 6.05 0.0167 0.9981 3.27 

gene11961 rna25784 TM-C1B Pupal cuticle protein C1B [Source:SWISS;Acc:P80684] 24.43 10.14 291.27 0.0001 0.0566 3.23 

gene9040.r1 rna19483 CHS8 Chitin synthase 8 [Source:SWISS;Acc:Q4P9K9] 0.16 0.14 1.48 0.0271 0.9981 2.87 

gene6160.r1 rna13196.r3.= Cha Choline O-acetyltransferase [Source:SWISS;Acc:P07668] 0.79 5.11 7.19 0.0376 0.9981 2.83 

gene13926.r1 rna29064.r1.j HDAC6 Histone deacetylase 6 [Source:SWISS;Acc:Q9UBN7] 2.1 15.12 17.45 0.0478 0.9981 2.73 

gene970.r1 rna2074.r1.= KLF7 Krueppel-like factor 7 [Source:SWISS;Acc:O75840] 0.42 0.12 3.15 0.005 0.9981 2.7 

gene970.r1 rna2074.r1.= KLF7 Krueppel-like factor 7 [Source:SWISS;Acc:O75840] 0.42 0.12 3.15 0.005 0.9981 2.7 

gene12049.r1 rna25966.r1.= F1QDF8_DANRE None [Source:SWISS;Acc:F1QDF8] 0.18 0.4 1.47 0.0152 0.9981 2.67 

gene11961 rna25783 TM-C1B Pupal cuticle protein C1B [Source:SWISS;Acc:P80684] 36.04 14.09 286.51 0.0001 0.0566 2.64 

gene7204 rna15419 - - 118.02 34.4 922.39 0.0021 0.825 2.62 

XLOC_004007 rna9002.r1.j ptc Protein patched [Source:SWISS;Acc:P18502] 0.19 0.32 1.49 0.0028 0.9461 2.61 
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gene9875 rna21336 Rbm26 RNA-binding protein 26 [Source:SWISS;Acc:Q6NZN0] 2.5 0.05 17.53 0.0029 0.9489 2.51 

gene12746.r1 rna27507 NDUFS4 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial 
[Source:SWISS;Acc:Q66XS7] 

5.93 12.83 41.53 0.0252 0.9981 2.46 

ㅇ rna10295.r1.= Q74FW6_GEOSL None [Source:SWISS;Acc:Q74FW6] 0.29 0.74 1.67 0.0421 0.9981 2.17 

XLOC_004005 rna8995.r1.j Dcst1 DC-STAMP domain-containing protein 1 [Source:SWISS;Acc:Q059Y8] 0.18 0.8 1.02 0.0123 0.9981 2.13 

XLOC_004005 rna8995.r1.j Dcst1 DC-STAMP domain-containing protein 1 [Source:SWISS;Acc:Q059Y8] 0.18 0.8 1.02 0.0123 0.9981 2.13 

gene9754.r1 rna21122 Cad89D Cadherin-89D [Source:SWISS;Acc:Q9VEU1] 0.39 0.18 1.81 0.0001 0.0566 1.87 

gene11306 rna24476 chp Chaoptin [Source:SWISS;Acc:P12024] 0.48 0.17 2.15 0.0006 0.3773 1.82 

gene1289 rna2905 HSP82 
ATP-dependent molecular chaperone HSP82 
[Source:SWISS;Acc:P02829] 

53.68 83.01 242.68 0.0001 0.1258 1.82 

gene8561.r1 rna18373.r3.j Zasp52 PDZ and LIM domain protein Zasp [Source:SWISS;Acc:A1ZA47] 0.35 0.41 1.57 0.0227 0.9981 1.8 

gene10977.r1 rna23729.r2.j Samui BAG domain-containing protein Samui [Source:SWISS;Acc:Q9BLJ6] 5.36 15.04 23.88 0.0358 0.9981 1.8 

gene8387 rna17994 Slco2a1 
Solute carrier organic anion transporter family member 2A1 
[Source:SWISS;Acc:Q9EPT5] 

0.32 0.52 1.46 0.0244 0.9981 1.79 

gene10977.r1 rna23729 Samui BAG domain-containing protein Samui [Source:SWISS;Acc:Q9BLJ6] 12.25 24.75 53.52 0.005 0.9981 1.78 

gene9937.r1 rna21441 Cdh23 Cadherin-23 [Source:SWISS;Acc:P58365] 1.71 1.92 7.29 0.0009 0.478 1.74 

gene8019.r1 rna17270.r1.= Src64B Tyrosine-protein kinase Src64B [Source:SWISS;Acc:P00528] 0.69 1.37 2.85 0.0214 0.9981 1.7 

gene10466.r1 rna22632.r1.j PARD3B Partitioning defective 3 homolog B [Source:SWISS;Acc:Q8TEW8] 1.81 3.92 7.27 0.0292 0.9981 1.65 

gene10466.r1 rna22632.r1.j PARD3B Partitioning defective 3 homolog B [Source:SWISS;Acc:Q8TEW8] 1.81 3.92 7.27 0.0292 0.9981 1.65 

gene6188.r1 rna13256.r1.= MAP3K12 
Mitogen-activated protein kinase kinase kinase 12 
[Source:SWISS;Acc:Q12852] 

3.26 7.25 12.83 0.034 0.9981 1.63 

gene3388 rna7520 Tuba1c Tubulin alpha-1C chain [Source:SWISS;Acc:P68373] 1.04 1.97 4.06 0.0314 0.9981 1.61 

gene13575 rna28683 Acsf2 
Acyl-CoA synthetase family member 2, mitochondrial 
[Source:SWISS;Acc:Q499N5] 

1.64 1.81 6.25 0.0001 0.1258 1.58 

gene12537.r1 rna27125.r1.j CD109 CD109 antigen [Source:SWISS;Acc:Q6YHK3] 2.27 3.27 8.15 0.0396 0.9981 1.53 

gene8019.r1 rna17271.r1.= Src64B Tyrosine-protein kinase Src64B [Source:SWISS;Acc:P00528] 0.83 2.09 3.05 0.0213 0.9981 1.52 

gene10977.r1 rna23729.r1.j Samui BAG domain-containing protein Samui [Source:SWISS;Acc:Q9BLJ6] 9.8 20.51 34.94 0.036 0.9981 1.48 

XLOC_006185 rna13220.r2.= Glu-RI Glutamate receptor 1 [Source:SWISS;Acc:Q03445] 1.44 2.21 5.05 0.0027 0.9374 1.46 

gene11647.r1 rna25189.r1.= adra2c Alpha-2C adrenergic receptor [Source:SWISS;Acc:Q90WY6] 0.5 1.42 1.67 0.0468 0.9981 1.39 
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gene6864.r1 rna14695.r1.j slv Sugar transporter SWEET1 [Source:SWISS;Acc:Q290X1] 13.39 29.13 43.72 0.0331 0.9981 1.36 

gene8102.r1 rna17454 SPTLC1 Serine palmitoyltransferase 1 [Source:SWISS;Acc:Q5R9T5] 15.37 25.39 48.46 0.0482 0.9981 1.31 

gene1046.r1 rna2248 Skeletor Protein Skeletor, isoforms B/C [Source:SWISS;Acc:Q9VGY6] 1.98 2.09 6.26 0.0095 0.9981 1.31 

gene1046.r1 rna2248 Skeletor Protein Skeletor, isoforms B/C [Source:SWISS;Acc:Q9VGY6] 1.98 2.09 6.26 0.0095 0.9981 1.31 

gene467.r1 rna910 Mmp25 Matrix metalloproteinase-25 [Source:SWISS;Acc:Q3U435] 1.08 1.26 3.32 0.0295 0.9981 1.28 

gene467.r1 rna910 Mmp25 Matrix metalloproteinase-25 [Source:SWISS;Acc:Q3U435] 1.08 1.26 3.32 0.0295 0.9981 1.28 

gene4251 rna9327 DnaJ-1 DnaJ protein homolog 1 [Source:SWISS;Acc:Q24133] 94.12 140.16 274.96 0.0044 0.9981 1.19 

gene5459.r1 rna11819.r1.j B3galtl Beta-1,3-glucosyltransferase [Source:SWISS;Acc:Q8BHT6] 3.49 6.86 9.99 0.0469 0.9981 1.17 

gene11287.r1 rna24448 vab-1 Ephrin receptor 1 [Source:SWISS;Acc:O61460] 0.8 1.29 2.27 0.0333 0.9981 1.15 

gene11831.r1 rna25516.r1.= Skeletor Protein Skeletor, isoforms D/E [Source:SWISS;Acc:Q9GPJ1] 0.89 0.55 2.5 0.0195 0.9981 1.15 

gene6175.r1 rna13228 ple Tyrosine 3-monooxygenase [Source:SWISS;Acc:P18459] 9.56 8.39 26.65 0.0021 0.825 1.13 

gene8126.r1 rna17493 DHX57 
Putative ATP-dependent RNA helicase DHX57 
[Source:SWISS;Acc:Q6P158] 

4.63 7.34 12.74 0.0449 0.9981 1.11 

gene431.r1 rna839 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4 [Source:SWISS;Acc:Q02790] 33.17 70.26 91 0.0392 0.9981 1.1 

gene12173.r1 rna26223 Hsp60 60 kDa heat shock protein, mitochondrial [Source:SWISS;Acc:O02649] 149.49 270.99 403.2 0.0163 0.9981 1.08 

XLOC_012202 CUFF.7839.1 Sobp Sine oculis-binding protein homolog [Source:SWISS;Acc:A7XYI6] 5.17 10.88 13.82 0.0314 0.9981 1.07 

gene8669 rna18620 y Protein yellow [Source:SWISS;Acc:Q9BI17] 6.68 3.12 17.56 0.0181 0.9981 1.05 

gene8556.r1 rna18365 ACAA2 3-ketoacyl-CoA thiolase, mitochondrial [Source:SWISS;Acc:P42765] 216.52 205.35 569.18 0.0227 0.9981 1.04 

gene3208 rna7141 RTTN Rotatin [Source:SWISS;Acc:Q86VV8] 3.57 7.17 9.09 0.021 0.9981 1 

gene4742.r1 rna10354 EXOSC9 Exosome complex component RRP45 [Source:SWISS;Acc:Q3SWZ4] 9.37 10.59 22.31 0.0469 0.9981 0.9 

gene9196 rna19846 Fbn2 Fibrillin-2 [Source:SWISS;Acc:Q61555] 4.52 3.33 10.56 0.0214 0.9981 0.88 

gene9947.r1 rna21459.r1.= LCC4 Laccase-4 [Source:SWISS;Acc:Q12719] 0.98 0.62 2.26 0.0356 0.9981 0.85 

gene2401.r1 rna5309 Best2 Bestrophin-2 [Source:SWISS;Acc:Q8BGM5] 1.82 2.37 4.12 0.0383 0.9981 0.83 

gene7363.r1 rna15743.r1.= aop Ets DNA-binding protein pokkuri [Source:SWISS;Acc:Q01842] 5.61 9.71 12.12 0.0403 0.9981 0.76 

gene1765.r1 rna3878.r1.= SNX24 Sorting nexin-24 [Source:SWISS;Acc:Q9Y343] 3.5 5.15 7.49 0.0483 0.9981 0.74 
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gene1045.r1 rna2241.r1.= Nup107 Nuclear pore complex protein Nup107 [Source:SWISS;Acc:Q8BH74] 5.49 6.28 11.61 0.0374 0.9981 0.73 

gene2562 rna5634 CACYBP Calcyclin-binding protein [Source:SWISS;Acc:Q3T168] 49.66 77.86 103.42 0.0386 0.9981 0.71 

gene10118.r1 rna21839 Ptgr1 Prostaglandin reductase 1 [Source:SWISS;Acc:Q9EQZ5] 64.5 53.84 133.22 0.0488 0.9981 0.69 

XLOC_002858 rna7204 Atpalpha 
Sodium/potassium-transporting ATPase subunit alpha 
[Source:SWISS;Acc:P13607] 

13.42 10.38 27.09 0.0449 0.9981 0.67 

Statistically significant (p-value ≤ 0.05 and FPKM of RG ≥ 1.00) DEGs up-regulated in RG compared with PSC were 
listed. 
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Supplementary Table 4. DEGs commonly down-regulated in SG and RG compared with PSC 

GeneAcc TranAcc GeneName Desc 
FPKM DEG (SG vs. PSC) DEG (RG vs. PSC) 

PSC SG RG PV QV LOG2FC p q LOG2FC

gene10676 rna23137 CYP6A1 
Cytochrome P450 6A1 
[Source:SWISS;Acc:P13527] 

4.57 0.43 0.67 0.0006 0.5159 -3.56 0.0004 0.3087 -3.12 

gene370.r1 rna709 SRSF7 
Serine/arginine-rich splicing factor 7 
[Source:SWISS;Acc:Q3T106] 

9.58 3.18 1.44 0.0462 0.9982 -1.73 0.0365 0.9981 -3.08 

gene13685 gene13685 CYP6A1 
Cytochrome P450 6A1 
[Source:SWISS;Acc:P13527] 

1.47 0.15 0.24 0.0167 0.9982 -3.46 0.0151 0.9981 -2.94 

gene10676 rna23138 CYP6A1 
Cytochrome P450 6A1 
[Source:SWISS;Acc:P13527] 

1.95 0.29 0.61 0.0129 0.9982 -2.87 0.0178 0.9981 -2.04 

gene5645.r1 rna12184 KIF4A 
Chromosome-associated kinesin 
KIF4A 
[Source:SWISS;Acc:O95239] 

2.95 0.44 1.16 0.0456 0.9982 -2.87 0.0265 0.9981 -1.69 

gene1356 rna3033 AADAT 
Kynurenine/alpha-aminoadipate 
aminotransferase, mitochondrial 
[Source:SWISS;Acc:Q5E9N4] 

27.25 13.25 13.24 0.001 0.7162 -1.18 0.0001 0.0566 -1.39 

gene10551.r1 rna22860.r1.j LYSC1_ANOGA 
Lysozyme c-1 
[Source:SWISS;Acc:Q17005] 

20.75 14.01 10.28 0.0445 0.9982 -0.71 0.0001 0.0566 -1.36 

gene3504.r1 rna7774 RpS14 
40S ribosomal protein S14 
[Source:SWISS;Acc:Q5UAM9] 

540.64 269.58 277.08 0.0236 0.9982 -1.15 0.0107 0.9981 -1.31 

gene4597 rna10071 rost 
Protein rolling stone 
[Source:SWISS;Acc:O44252] 

47.87 28.41 28.38 0.0346 0.9982 -0.89 0.0061 0.9981 -1.11 

XLOC_012054 rna26932 GSXL4_ARATH 
Flavin-containing monooxygenase 
FMO GS-OX-like 4 
[Source:SWISS;Acc:Q94BV5] 

18.25 11.27 10.98 0.0478 0.9982 -0.83 0.0094 0.9981 -1.08 

XLOC_012054 rna26932 GSXL4_ARATH 
Flavin-containing monooxygenase 
FMO GS-OX-like 4 
[Source:SWISS;Acc:Q94BV5] 

18.25 11.27 10.98 0.0478 0.9982 -0.83 0.0094 0.9981 -1.08 

gene1643.r1 rna3650 sec3 
Exocyst complex component 1 
[Source:SWISS;Acc:Q9VVG4] 

15.44 1.01 9.43 0.0244 0.9982 -3.94 0.0155 0.9981 -1.06 

gene8480 rna18205 pnr 
GATA-binding factor A 
[Source:SWISS;Acc:P52168] 

3.88 2.3 2.43 0.0159 0.9982 -0.89 0.0047 0.9981 -1.02 

XLOC_006423 rna14213 Eif2b3 
Translation initiation factor eIF-2B 
subunit gamma 
[Source:SWISS;Acc:P70541] 

284.03 167.3 185.49 0.0495 0.9982 -0.91 0.0293 0.9981 -0.97 

gene13700 rna28824 CAT 
Catalase 
[Source:SWISS;Acc:P04040] 

49.24 29.93 32.08 0.0377 0.9982 -0.86 0.0146 0.9981 -0.97 

gene5460 rna11821 ACOX3 
Peroxisomal acyl-coenzyme A 
oxidase 3 
[Source:SWISS;Acc:O15254] 

34.26 17.9 22.56 0.0207 0.9982 -1.08 0.029 0.9981 -0.95 

gene4398 rna9652 Q91WV7_MOUSE 
None 
[Source:SWISS;Acc:Q91WV7] 

68.86 45.98 46.12 0.0492 0.9982 -0.73 0.0101 0.9981 -0.93 

gene8692 rna18700 Zfp62 
Zinc finger protein 62 
[Source:SWISS;Acc:Q8C827] 

13.18 6.21 9.61 0.0249 0.9982 -1.23 0.0345 0.9981 -0.81 

gene1740 rna3823 CUD8_SCHGR 
Endocuticle structural glycoprotein 
SgAbd-8 
[Source:SWISS;Acc:Q7M4F2] 

74.59 47.87 54.48 0.0341 0.9982 -0.78 0.0224 0.9981 -0.8 
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gene6074.r1 rna13027.r1.j RpL29 
60S ribosomal protein L29 
[Source:SWISS;Acc:Q24154] 

112.8 75.17 85.7 0.0477 0.9982 -0.73 0.0263 0.9981 -0.75 

gene2861 rna6325 RpS21 
40S ribosomal protein S21 
[Source:SWISS;Acc:Q4GXP2] 

347.12 224.53 268.78 0.0352 0.9982 -0.77 0.0386 0.9981 -0.72 

gene4365 rna9585 RpS29 
40S ribosomal protein S29 
[Source:SWISS;Acc:Q4LAY1] 

685.82 383.99 536.74 0.0052 0.9982 -0.98 0.038 0.9981 -0.71 

Statistically significant (p-value ≤ 0.05 and FPKM of PSC ≥ 1.00) DEGs commonly down-regulated in SG and RG 
compared with PSC were listed. 
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Supplementary Table 5. DEGs down-regulated in SG compared with PSC 

GeneAcc TranAcc GeneName Desc 
FPKM DEG (SG vs. PSC) 

PSC SG RG p q LOG2FC

gene10127.r1 rna21848 CTH Cystathionine gamma-lyase [Source:SWISS;Acc:Q19QT7] 9.93 0 2.09 0.0445 0.9982 -14.21 

gene8524.r1 rna18301 Cry1 Cryptochrome-1 [Source:SWISS;Acc:P97784] 2.7 0 2.22 0.0305 0.9982 -13.84 

gene8094.r1 rna17435 FUNDC1 FUN14 domain-containing protein 1 [Source:SWISS;Acc:F1N5S9] 7.87 0 0 0.0418 0.9982 -13.33 

gene9786 rna21176 Coprox Coproporphyrinogen-III oxidase [Source:SWISS;Acc:Q9V3D2] 2.26 0 0.75 0.0397 0.9982 -12.92 

gene12928.r1 rna27807.r3.j MDH1B Putative malate dehydrogenase 1B [Source:SWISS;Acc:Q8T773] 1.65 0 1.04 0.0326 0.9982 -12.84 

gene8716.r1 rna18735 PPAP2B Lipid phosphate phosphohydrolase 3 [Source:SWISS;Acc:O14495] 4.27 0 1.05 0.0452 0.9982 -12.47 

gene7806.r1 rna16712.r2.j DIRAS2 GTP-binding protein Di-Ras2 [Source:SWISS;Acc:Q5R6S2] 1.48 0 0.39 0.0499 0.9982 -12.44 

gene2146.r1 rna4636.r1.j tbce Tubulin-specific chaperone E [Source:SWISS;Acc:Q5U508] 2 0 0 0.0423 0.9982 -11.83 

gene1765.r1 rna3878 SNX24 Sorting nexin-24 [Source:SWISS;Acc:Q9Y343] 1.78 0 0.53 0.0445 0.9982 -11.77 

gene9687 rna20977 RCBTB1 
RCC1 and BTB domain-containing protein 1 
[Source:SWISS;Acc:Q8NDN9] 

23.9 1.83 22.76 0.0188 0.9982 -3.7 

gene9523.r1 rna20572 Uap1 
UDP-N-acetylhexosamine pyrophosphorylase 
[Source:SWISS;Acc:Q91YN5] 

53.49 8.69 67.33 0.0011 0.7614 -2.76 

gene5557.r1 rna12034.r1.j FACR1_DROME 
Putative fatty acyl-CoA reductase CG5065 
[Source:SWISS;Acc:A1ZAI5] 

5.95 1.25 4.02 0.0244 0.9982 -2.38 

gene11536.r1 rna24989.r1.j Slc7a6 Y+L amino acid transporter 2 [Source:SWISS;Acc:Q8BGK6] 9.53 2.4 8.39 0.0146 0.9982 -2.14 

gene10980 rna23732 SLC35F6 Solute carrier family 35 member F6 [Source:SWISS;Acc:Q5RFT1] 25.54 7.26 24.05 0.037 0.9982 -1.96 

gene9017.r1 rna19438.r1.j mel-32 Serine hydroxymethyltransferase [Source:SWISS;Acc:P50432] 23.53 7.33 11.48 0.0457 0.9982 -1.83 

gene11883.r1 rna25611 chek1 Serine/threonine-protein kinase Chk1 [Source:SWISS;Acc:Q6DE87] 8.85 2.87 6.29 0.0311 0.9982 -1.77 

gene1250 rna2795 mys Integrin beta-PS [Source:SWISS;Acc:P11584] 1.36 0.48 0.94 0.0247 0.9982 -1.66 

gene3297 rna7358 Cht3 Probable chitinase 3 [Source:SWISS;Acc:Q9W5U2] 3.53 1.26 6.48 0.0136 0.9982 -1.63 

gene11961 rna25783 TM-C1B Pupal cuticle protein C1B [Source:SWISS;Acc:P80684] 36.04 14.09 286.51 0.0008 0.6431 -1.49 

gene11993.r1 rna25856.r2.j Pcdh15 Protocadherin-15 [Source:SWISS;Acc:Q0ZM14] 1.61 0.66 1.6 0.044 0.9982 -1.43 
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gene11961 rna25784 TM-C1B Pupal cuticle protein C1B [Source:SWISS;Acc:P80684] 24.43 10.14 291.27 0.0371 0.9982 -1.41 

gene609.r1 rna1200 Mkl1 MKL/myocardin-like protein 1 [Source:SWISS;Acc:Q8K4J6] 1.47 0.62 0.87 0.041 0.9982 -1.38 

gene9040.r1 rna19483.r1.j CHS8 Chitin synthase 8 [Source:SWISS;Acc:Q4P9K9] 1.03 0.46 2.03 0.0455 0.9982 -1.31 

gene13963 rna29102 Dhrs11 
Dehydrogenase/reductase SDR family member 11 
[Source:SWISS;Acc:Q3U0B3] 

23.07 10.72 23.31 0.0009 0.6683 -1.25 

gene1077.r1 rna2299 Tmem145 Transmembrane protein 145 [Source:SWISS;Acc:Q8C4U2] 20.51 9.72 24.22 0.0214 0.9982 -1.21 

gene3953.r1 rna8688.r2.j RNF220 E3 ubiquitin-protein ligase RNF220 [Source:SWISS;Acc:Q5VTB9] 1.08 0.52 0.85 0.0416 0.9982 -1.19 

gene12092 rna26053 TM-A3A Larval cuticle protein A3A [Source:SWISS;Acc:P80683] 39.86 20.47 627.26 0.0027 0.9982 -1.1 

gene11524 rna24962 CUO6_BLACR Cuticle protein 6 [Source:SWISS;Acc:P82119] 1.19 0.61 1.67 0.049 0.9982 -1.1 

gene12474 rna26987 CO4A2_ASCSU Collagen alpha-2 chain [Source:SWISS;Acc:P27393] 19.09 10.11 24.58 0.0105 0.9982 -1.05 

gene13256.r1 rna28315 CNOT2 
CCR4-NOT transcription complex subunit 2 
[Source:SWISS;Acc:Q9NZN8] 

14.9 8.37 13.18 0.0466 0.9982 -0.98 

gene7745 rna16599 Jag1 Protein jagged-1 [Source:SWISS;Acc:Q63722] 4.29 2.46 4.44 0.0233 0.9982 -0.94 

gene8642 rna18543 cut-1 Cuticlin-1 [Source:SWISS;Acc:Q03755] 3.26 1.86 3.05 0.0169 0.9982 -0.94 

gene14073 gene14073 ND1 
NADH-ubiquinone oxidoreductase chain 1 
[Source:SWISS;Acc:P34847] 

855.92 504.27 1104.52 0.0152 0.9982 -0.91 

gene7331.r1 rna15657.r1.j Gusb Beta-glucuronidase [Source:SWISS;Acc:P12265] 22.37 13.19 25.5 0.0146 0.9982 -0.9 

gene9278 rna20041 SSPO SCO-spondin [Source:SWISS;Acc:P98167] 11.6 6.84 22.46 0.0105 0.9982 -0.9 

gene6227.r1 rna13334 PLB1 
Phospholipase B1, membrane-associated 
[Source:SWISS;Acc:Q06HQ7] 

15.1 9.02 16.48 0.0373 0.9982 -0.89 

gene13727.r1 rna28849 NAP1L1 Nucleosome assembly protein 1-like 1 [Source:SWISS;Acc:P55209] 49.93 30.71 57.57 0.0462 0.9982 -0.84 

gene2421.r1 rna5337 Ranbp1 Ran-specific GTPase-activating protein [Source:SWISS;Acc:P34022] 46.61 28.97 40.33 0.0418 0.9982 -0.83 

gene3947 rna8679 akr1a1a Alcohol dehydrogenase [NADP(+)] A [Source:SWISS;Acc:Q6AZW2] 29.74 19.11 37.54 0.0483 0.9982 -0.78 

gene14061 gene14061 ND2 
NADH-ubiquinone oxidoreductase chain 2 
[Source:SWISS;Acc:P34849] 

1013.84 671.71 1441.39 0.0369 0.9982 -0.74 

gene5752 rna12363 RPL7A 60S ribosomal protein L7a [Source:SWISS;Acc:Q2TBQ5] 293.72 194.58 295.47 0.0464 0.9982 -0.74 

gene3197 rna7117 Abce1 
ATP-binding cassette sub-family E member 1 
[Source:SWISS;Acc:P61222] 

53.46 36.6 50.9 0.0475 0.9982 -0.69 

gene6861 rna14692 Coq3 
Hexaprenyldihydroxybenzoate methyltransferase, mitochondrial 
[Source:SWISS;Acc:Q63159] 

15.4 13.08 14.05 0.0438 0.9982 -0.38 
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Statistically significant (p-value ≤ 0.05 and FPKM of PSC ≥ 1.00) DEGs down-regulated in SG compared with PSC were 
listed. 
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Supplementary Table 6. DEGs down-regulated in RG compared with PSC 

GeneAcc TranAcc GeneName Desc 
FPKM DEG (RG vs. PSC) 

PSC SG RG p q LOG2FC 

XLOC_008283 rna17539.r3.j KDM1A 
Lysine-specific histone demethylase 1A 
[Source:SWISS;Acc:O60341] 

1.19 0 0 0.0471 0.9981 -14.25 

XLOC_008283 rna17539.r3.j KDM1A 
Lysine-specific histone demethylase 1A 
[Source:SWISS;Acc:O60341] 

1.19 0 0 0.0471 0.9981 -14.25 

gene11580.r1 rna25082 ppp1r3cb 
Protein phosphatase 1 regulatory subunit 3C-B 
[Source:SWISS;Acc:Q6P950] 

1.3 1.02 0 0.0219 0.9981 -13.81 

gene13020.r1 rna27944 Ccdc28b 
Coiled-coil domain-containing protein 28B 
[Source:SWISS;Acc:Q8CEG5] 

12.19 0 0 0.0476 0.9981 -13.79 

gene1181 rna2568 NAA35 
N-alpha-acetyltransferase 35, NatC auxiliary subunit 
[Source:SWISS;Acc:Q5ZHV2] 

4.01 2.4 0 0.0483 0.9981 -13.68 

gene4936.r1 rna10724 Asx Polycomb protein Asx [Source:SWISS;Acc:Q9V727] 1.69 2.55 0 0.0461 0.9981 -13.26 

gene7613.r1 rna16338 rdh10-a Retinol dehydrogenase 10-A [Source:SWISS;Acc:Q6DCT3] 1.63 0 0 0.0498 0.9981 -12.46 

gene13096.r1 rna28070.r1.j Hnf4a 
Hepatocyte nuclear factor 4-alpha 
[Source:SWISS;Acc:P49698] 

5.18 0.01 0 0.0456 0.9981 -12.22 

gene13096.r1 rna28070.r1.j Hnf4a 
Hepatocyte nuclear factor 4-alpha 
[Source:SWISS;Acc:P49698] 

5.18 0.01 0 0.0456 0.9981 -12.22 

gene5605.r1 rna12118.r1.j CLPX 
ATP-dependent Clp protease ATP-binding subunit clpX-like, 
mitochondrial [Source:SWISS;Acc:Q5R7N3] 

3.3 2.79 0 0.0472 0.9981 -12.11 

gene9787.r1 rna21177 Gpr125 
Probable G-protein coupled receptor 125 
[Source:SWISS;Acc:Q7TT36] 

7.49 0.09 0.52 0.0402 0.9981 -3.89 

gene8351.r1 rna17921 PPP2R3A 
Serine/threonine-protein phosphatase 2A regulatory subunit B 
subunit alpha [Source:SWISS;Acc:Q06190] 

7.92 5.66 1.48 0.0152 0.9981 -2.75 

gene10090.r1 rna21776 TMEM185B Transmembrane protein 185B [Source:SWISS;Acc:Q9H7F4] 16.84 11.13 3.89 0.0261 0.9981 -2.47 

gene3344.r1 rna7438.r2.j grid2 
Glutamate receptor ionotropic, delta-2 
[Source:SWISS;Acc:Q68Y21] 

1.94 1.5 0.47 0.0394 0.9981 -2.39 

gene3295.r1 rna7354 AVL9 
Late secretory pathway protein AVL9 homolog 
[Source:SWISS;Acc:Q5R991] 

5.69 3.3 1.43 0.0469 0.9981 -2.34 

gene11366.r1 rna24621.r4.j rergl 
Ras-related and estrogen-regulated growth inhibitor-like 
protein [Source:SWISS;Acc:Q6DGN0] 

2.05 2.53 0.61 0.039 0.9981 -2.11 

gene9094.r1 rna19615.r2.j bs Serum response factor homolog [Source:SWISS;Acc:Q24535] 2.99 1.72 0.93 0.0174 0.9981 -2.04 

gene11688.r1 rna25263.r2.j VWDE 
von Willebrand factor D and EGF domain-containing protein 
[Source:SWISS;Acc:Q8N2E2] 

6.39 2.88 2 0.0074 0.9981 -2.01 

gene3944.r1 rna8673 Hcrtr2 Orexin receptor type 2 [Source:SWISS;Acc:P56719] 14.64 9.3 5.09 0.0001 0.0566 -1.88 

gene1761.r1 rna3870.r2.j Gtf2h4 
General transcription factor IIH subunit 4 
[Source:SWISS;Acc:O70422] 

4.52 4.63 1.58 0.044 0.9981 -1.86 
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gene12074.r1 rna26013.r2.j Wdr81 
WD repeat-containing protein 81 
[Source:SWISS;Acc:Q5ND34] 

12.61 9.18 4.46 0.0091 0.9981 -1.86 

gene731.r1 rna1502 DDX52 
Probable ATP-dependent RNA helicase DDX52 
[Source:SWISS;Acc:A5D7C1] 

9.7 5.05 3.44 0.0226 0.9981 -1.83 

XLOC_012723 rna27803.r1.j RpII215 
DNA-directed RNA polymerase II subunit RPB1 
[Source:SWISS;Acc:P04052] 

9.51 3.64 3.43 0.0423 0.9981 -1.81 

XLOC_012723 rna27803.r1.j RpII215 
DNA-directed RNA polymerase II subunit RPB1 
[Source:SWISS;Acc:P04052] 

9.51 3.64 3.43 0.0423 0.9981 -1.81 

gene3203.r1 rna7125 Y0417_DROME 
Probable protein phosphatase CG10417 
[Source:SWISS;Acc:Q7K4Q5] 

9 3.51 3.31 0.0284 0.9981 -1.79 

gene7736.r1 rna16583.r4.j Npc2a Protein NPC2 homolog [Source:SWISS;Acc:Q9VQ62] 33.91 13.24 12.81 0.0228 0.9981 -1.75 

gene3708.r1 rna8157 Prss12 Neurotrypsin [Source:SWISS;Acc:O08762] 8.36 10.96 3.36 0.0184 0.9981 -1.68 

gene5655.r1 rna12202 inx7 Innexin inx7 [Source:SWISS;Acc:Q9V3W6] 3.23 3.34 1.29 0.012 0.9981 -1.68 

gene3302.r1 rna7365.r2.= Fam46c Protein FAM46C [Source:SWISS;Acc:Q5XIV0] 4.3 4.26 1.71 0.0049 0.9981 -1.68 

gene13595 rna28704 Gld 
Glucose dehydrogenase [FAD, quinone] 
[Source:SWISS;Acc:P18173] 

4978.32 2810.67 1973.67 0.0146 0.9981 -1.68 

gene9262.r1 rna20010 VDPP4_APIME Venom dipeptidyl peptidase 4 [Source:SWISS;Acc:B2D0J4] 3.29 1.47 1.31 0.0264 0.9981 -1.68 

gene2331.r1 rna5118.r1.j 02-Mar 
MOSC domain-containing protein 2, mitochondrial 
[Source:SWISS;Acc:Q1LZH1] 

22.67 18.59 9.12 0.0179 0.9981 -1.67 

gene1282.r1 rna2894 otx5-b Homeobox protein otx5-B [Source:SWISS;Acc:Q9PT61] 1.12 0.03 0.45 0.0428 0.9981 -1.66 

gene11689.r1 rna25265.r1.j VWDE 
von Willebrand factor D and EGF domain-containing protein 
[Source:SWISS;Acc:Q8N2E2] 

1.73 1.62 0.69 0.042 0.9981 -1.66 

gene10093.r1 rna21783 PKNOX2 Homeobox protein PKNOX2 [Source:SWISS;Acc:Q96KN3] 9.02 9.02 3.74 0.03 0.9981 -1.62 

gene1413.r1 rna3159 hook3 Protein Hook homolog 3 [Source:SWISS;Acc:Q6GQ73] 17.33 10.44 7.28 0.0056 0.9981 -1.59 

gene10461.r1 rna22617.r1.j Dgat1 
Diacylglycerol O-acyltransferase 1 
[Source:SWISS;Acc:Q9ERM3] 

20.91 17.93 8.99 0.0066 0.9981 -1.57 

gene1792.r1 rna3933 KIF3A Kinesin-like protein KIF3A [Source:SWISS;Acc:Q4R628] 6.38 4.99 2.79 0.0379 0.9981 -1.54 

gene1792.r1 rna3933 KIF3A Kinesin-like protein KIF3A [Source:SWISS;Acc:Q4R628] 6.38 4.99 2.79 0.0379 0.9981 -1.54 

gene1880.r1 rna4156 Sphk2 Sphingosine kinase 2 [Source:SWISS;Acc:Q9JIA7] 12.69 8.25 5.55 0.033 0.9981 -1.54 

gene568.r1 rna1098.r2.j Pacsin2 
Protein kinase C and casein kinase substrate in neurons protein 
2 [Source:SWISS;Acc:Q9WVE8] 

26.08 23.08 11.68 0.0258 0.9981 -1.51 

gene1498 rna3326 snk Serine protease snake [Source:SWISS;Acc:P05049] 46.85 34.11 21.33 0.0001 0.0984 -1.49 

gene10466.r1 rna22633 PARD3B 
Partitioning defective 3 homolog B 
[Source:SWISS;Acc:Q8TEW8] 

5.81 3.69 2.64 0.0309 0.9981 -1.49 

gene10466.r1 rna22633 PARD3B 
Partitioning defective 3 homolog B 
[Source:SWISS;Acc:Q8TEW8] 

5.81 3.69 2.64 0.0309 0.9981 -1.49 
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gene10153.r1 rna21905 RAPH1 
Ras-associated and pleckstrin homology domains-containing 
protein 1 [Source:SWISS;Acc:Q70E73] 

2.54 2.1 1.16 0.0087 0.9981 -1.48 

gene3608 rna7976 viaf 
Viral IAP-associated factor homolog 
[Source:SWISS;Acc:Q8MR62] 

14.14 0 6.5 0.0454 0.9981 -1.47 

gene10091.r1 rna21779 FBXL3 F-box/LRR-repeat protein 3 [Source:SWISS;Acc:Q9UKT7] 30.5 18.24 14.3 0.023 0.9981 -1.45 

gene8909 rna19188 MRJP2 Major royal jelly protein 2 [Source:SWISS;Acc:O77061] 1723.11 1339.65 817.82 0.0219 0.9981 -1.43 

gene7805.r1 rna16707 NTAN1 
Protein N-terminal asparagine amidohydrolase 
[Source:SWISS;Acc:Q96AB6] 

39.73 33.32 18.87 0.0328 0.9981 -1.42 

gene7895.r1 rna16911.r1.j ACBD3 Golgi resident protein GCP60 [Source:SWISS;Acc:Q9H3P7] 19.64 15.42 9.23 0.009 0.9981 -1.42 

gene8853.r1 rna19077 DNAJC8 
DnaJ homolog subfamily C member 8 
[Source:SWISS;Acc:O75937] 

11.29 9.51 5.47 0.0408 0.9981 -1.39 

gene13390 rna28483 BicC Protein bicaudal C [Source:SWISS;Acc:Q24009] 5.54 3.55 2.7 0.0086 0.9981 -1.39 

gene3967.r1 rna8721 MAN2B1 Lysosomal alpha-mannosidase [Source:SWISS;Acc:Q8VHC8] 41.93 24.21 20.37 0.033 0.9981 -1.39 

gene9353 rna20214 slc17a6b 
Vesicular glutamate transporter 2.1 
[Source:SWISS;Acc:Q5W8I8] 

62.59 49.68 30.69 0.026 0.9981 -1.38 

gene13242.r1 rna28297 Nudt3 
Diphosphoinositol polyphosphate phosphohydrolase 1 
[Source:SWISS;Acc:Q566C7] 

18 13.95 8.83 0.0425 0.9981 -1.38 

gene8207.r1 rna17636 KY Kyphoscoliosis peptidase [Source:SWISS;Acc:Q8NBH2] 1.94 1.15 0.95 0.0396 0.9981 -1.37 

gene4840.r1 rna10515.r2.j ACPH1_APIME 
Venom acid phosphatase Acph-1 
[Source:SWISS;Acc:Q5BLY5] 

350.2 240.59 174.37 0.0038 0.9981 -1.36 

gene8287.r1 rna17814.r4.j CORIN 
Atrial natriuretic peptide-converting enzyme 
[Source:SWISS;Acc:Q9Y5Q5] 

1.57 1.78 0.78 0.0056 0.9981 -1.36 

gene12309.r1 rna26592 Cyp4g15 Cytochrome P450 4g15 [Source:SWISS;Acc:Q9VYY4] 11.71 13.68 5.86 0.0029 0.9679 -1.35 

gene9954.r1 rna21470.r1.j tbc1d30 
TBC1 domain family member 30 
[Source:SWISS;Acc:Q28C33] 

16.03 15.39 8 0.0132 0.9981 -1.35 

gene11527.r1 rna24966 Atrnl1 Attractin-like protein 1 [Source:SWISS;Acc:Q6A051] 12.37 9.52 6.23 0.0129 0.9981 -1.34 

gene3615.r1 rna7991.r1.j MAN1A2 
Mannosyl-oligosaccharide 1,2-alpha-mannosidase IB 
[Source:SWISS;Acc:O60476] 

3.62 2.23 1.82 0.0107 0.9981 -1.34 

gene4688.r1 rna10245 su(Hw) Protein suppressor of hairy wing [Source:SWISS;Acc:P08970] 13.61 5.61 6.83 0.049 0.9981 -1.34 

gene7157 rna15332 Bap60 
Brahma-associated protein of 60 kDa 
[Source:SWISS;Acc:Q9VYG2] 

7.22 7.09 3.69 0.0471 0.9981 -1.32 

gene2547 rna5608 LDLRAP1 
Low density lipoprotein receptor adapter protein 1 
[Source:SWISS;Acc:Q5SW96] 

4.78 4.24 2.43 0.015 0.9981 -1.32 

gene4348.r1 rna9565 Arid4b 
AT-rich interactive domain-containing protein 4B 
[Source:SWISS;Acc:A2CG63] 

9.67 12.41 4.97 0.0437 0.9981 -1.31 

gene1079.r1 rna2307 GK3P Putative glycerol kinase 3 [Source:SWISS;Acc:Q14409] 10.27 7.58 5.31 0.0358 0.9981 -1.3 

gene3838 rna8420 OSGIN1 
Oxidative stress-induced growth inhibitor 1 
[Source:SWISS;Acc:Q9UJX0] 

76.72 54.18 39.86 0.0015 0.6881 -1.3 
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gene5875.r1 rna12610 Sv2c Synaptic vesicle glycoprotein 2C [Source:SWISS;Acc:Q9Z2I6] 109.19 97.83 57.06 0.0044 0.9981 -1.29 

XLOC_010667 rna23835.r1.j Vps11 
Vacuolar protein sorting-associated protein 11 homolog 
[Source:SWISS;Acc:Q91W86] 

7.11 7.84 3.73 0.0435 0.9981 -1.28 

XLOC_010667 rna23835.r1.j Vps11 
Vacuolar protein sorting-associated protein 11 homolog 
[Source:SWISS;Acc:Q91W86] 

7.11 7.84 3.73 0.0435 0.9981 -1.28 

XLOC_010085 rna22245 CORIN 
Atrial natriuretic peptide-converting enzyme 
[Source:SWISS;Acc:Q9Y5Q5] 

161.44 154.65 84.54 0.0118 0.9981 -1.28 

XLOC_010085 rna22245 CORIN 
Atrial natriuretic peptide-converting enzyme 
[Source:SWISS;Acc:Q9Y5Q5] 

161.44 154.65 84.54 0.0118 0.9981 -1.28 

XLOC_007976 rna17856 SNTB1 Beta-1-syntrophin [Source:SWISS;Acc:Q13884] 7.31 4.46 3.82 0.018 0.9981 -1.28 

XLOC_007976 rna17856 SNTB1 Beta-1-syntrophin [Source:SWISS;Acc:Q13884] 7.31 4.46 3.82 0.018 0.9981 -1.28 

gene12589 rna27237 Delta(11)-desaturase Acyl-CoA Delta(11) desaturase [Source:SWISS;Acc:Q6US81] 32.39 29.63 17.2 0.0037 0.9981 -1.26 

gene7848 rna16810 PLCXD1 
PI-PLC X domain-containing protein 1 
[Source:SWISS;Acc:Q9NUJ7] 

2.21 2.17 1.2 0.033 0.9981 -1.23 

gene13305.r1 rna28381 sens Zinc finger protein sens [Source:SWISS;Acc:Q9N658] 8.99 8.6 4.88 0.001 0.4922 -1.23 

gene10963 rna23685 CYP9E2 Cytochrome P450 9e2 [Source:SWISS;Acc:Q964T2] 61.21 55.31 33.14 0.0018 0.7689 -1.23 

gene10086 rna21769 FACR1_DROME 
Putative fatty acyl-CoA reductase CG5065 
[Source:SWISS;Acc:A1ZAI5] 

67.06 65.6 36.74 0.0202 0.9981 -1.22 

gene10101.r1 rna21811.r1.j FANCL 
E3 ubiquitin-protein ligase FANCL 
[Source:SWISS;Acc:Q9NW38] 

18.61 20.33 10.21 0.0397 0.9981 -1.21 

gene3967.r1 rna8721.r3.j MAN2B1 Lysosomal alpha-mannosidase [Source:SWISS;Acc:Q8VHC8] 103.08 63.02 56.72 0.0249 0.9981 -1.21 

gene3738 rna8233 NPL N-acetylneuraminate lyase [Source:SWISS;Acc:Q5RDY1] 154.49 138.59 85.93 0.0005 0.3234 -1.2 

gene8913 rna19193 MRJP1 Major royal jelly protein 1 [Source:SWISS;Acc:O18330] 7.21 4.62 4.01 0.0191 0.9981 -1.2 

gene9583 rna20699 Gnmt Glycine N-methyltransferase [Source:SWISS;Acc:P13255] 3.12 2.94 1.74 0.0382 0.9981 -1.19 

gene5678.r1 rna12241 Slc7a8 
Large neutral amino acids transporter small subunit 2 
[Source:SWISS;Acc:Q9WVR6] 

31.51 26.4 17.62 0.0431 0.9981 -1.19 

gene13218.r1 rna28264.r1.j brm ATP-dependent helicase brm [Source:SWISS;Acc:P25439] 17.84 14.23 10.04 0.0311 0.9981 -1.18 

gene10021.r1 rna21617 lmo4.2 
LIM domain transcription factor LMO4.2 
[Source:SWISS;Acc:Q6DJ06] 

1.41 1.16 0.79 0.0109 0.9981 -1.18 

gene7142 rna15305 Tret1 
Facilitated trehalose transporter Tret1 
[Source:SWISS;Acc:A9ZSY2] 

47.81 37.9 27.19 0.0273 0.9981 -1.17 

gene158 rna318 K1841_XENLA 
Uncharacterized protein KIAA1841 homolog 
[Source:SWISS;Acc:Q08AX9] 

12.38 7.91 7.11 0.0097 0.9981 -1.16 

gene12101.r1 rna26065 ELVL1_AEDAE 
Elongation of very long chain fatty acids protein AAEL008004 
[Source:SWISS;Acc:Q1HRV8] 

17.93 11.69 10.33 0.0106 0.9981 -1.15 

gene12684.r1 rna27391.r1.j Gtpbp1 GTP-binding protein 1 [Source:SWISS;Acc:D2XV59] 19.96 11.41 11.58 0.0311 0.9981 -1.14 
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gene6112.r1 rna13082.r2.= Upp1 Uridine phosphorylase 1 [Source:SWISS;Acc:P52624] 58.98 57.09 34.47 0.0174 0.9981 -1.13 

gene11381.r1 rna24650.r1.j CRBN Protein cereblon [Source:SWISS;Acc:P0CF65] 22.71 39.24 13.36 0.0257 0.9981 -1.12 

gene3198 rna7118 LCC5 Laccase-5 [Source:SWISS;Acc:Q99056] 528.77 571.88 312.76 0.0307 0.9981 -1.11 

gene6389.r1 rna13646 Gmd 
GDP-mannose 4,6 dehydratase 
[Source:SWISS;Acc:Q9VMW9] 

57.63 46.13 34.01 0.0052 0.9981 -1.11 

gene1607 rna3582 liph-a Lipase member H-A [Source:SWISS;Acc:Q6PA23] 18.92 16.88 11.23 0.0182 0.9981 -1.1 

gene1607 rna3582 liph-a Lipase member H-A [Source:SWISS;Acc:Q6PA23] 18.92 16.88 11.23 0.0182 0.9981 -1.1 

gene4556 rna9971 Arsb Arylsulfatase B [Source:SWISS;Acc:P50429] 33.82 29.8 20.08 0.0026 0.9164 -1.1 

gene10663.r1 rna23112 Cyp6a14 
Probable cytochrome P450 6a14 
[Source:SWISS;Acc:Q9V4U7] 

31.54 27.29 18.74 0.016 0.9981 -1.1 

gene3800.r1 rna8351 SP34 Venom serine protease 34 [Source:SWISS;Acc:Q8MQS8] 397.14 375.38 237.32 0.0381 0.9981 -1.09 

gene9262.r1 rna20010.r2.j VDPP4_APIME Venom dipeptidyl peptidase 4 [Source:SWISS;Acc:B2D0J4] 5.05 3.17 3.03 0.0102 0.9981 -1.09 

gene12587.r1 rna27233 Delta(11)-desaturase Acyl-CoA Delta(11) desaturase [Source:SWISS;Acc:Q6US81] 76.54 69.83 46.11 0.0376 0.9981 -1.08 

gene10198 rna22016 Gmer 
Probable GDP-L-fucose synthase 
[Source:SWISS;Acc:Q9W1X8] 

25.56 22.06 15.41 0.0373 0.9981 -1.08 

XLOC_007213 rna15716 Picot 
Putative inorganic phosphate cotransporter 
[Source:SWISS;Acc:Q9V7S5] 

19.96 20.52 12.26 0.0408 0.9981 -1.05 

XLOC_007213 rna15716 Picot 
Putative inorganic phosphate cotransporter 
[Source:SWISS;Acc:Q9V7S5] 

19.96 20.52 12.26 0.0408 0.9981 -1.05 

gene8901 rna19175 y Protein yellow [Source:SWISS;Acc:Q9GP71] 35.42 27.85 21.77 0.0066 0.9981 -1.05 

gene11688.r1 rna25264 VWDE 
von Willebrand factor D and EGF domain-containing protein 
[Source:SWISS;Acc:Q8N2E2] 

7.99 5.99 4.91 0.0464 0.9981 -1.05 

gene5073.r1 rna10985 EGT 
Ecdysteroid UDP-glucosyltransferase 
[Source:SWISS;Acc:Q83140] 

15.04 10.33 9.32 0.0373 0.9981 -1.04 

gene10961 rna23682 CYP9E2 Cytochrome P450 9e2 [Source:SWISS;Acc:Q964T2] 74.93 70.48 46.74 0.0157 0.9981 -1.03 

gene8681.r1 rna18666.r3.j Slc16a12 
Monocarboxylate transporter 12 
[Source:SWISS;Acc:Q8BGC3] 

6.49 3.64 4.07 0.035 0.9981 -1.03 

gene12606.r1 rna27265.r3.j ACHY-II Antichymotrypsin-2 [Source:SWISS;Acc:P80034] 135.38 103.39 85.04 0.0415 0.9981 -1.02 

gene9057.r1 rna19515 ImpL2 
Neural/ectodermal development factor IMP-L2 
[Source:SWISS;Acc:Q09024] 

29.23 30.57 18.47 0.0141 0.9981 -1.01 

gene10146 rna21890 Mmel1 
Membrane metallo-endopeptidase-like 1 
[Source:SWISS;Acc:Q9JLI3] 

134.91 118.51 85.4 0.0268 0.9981 -1.01 

gene5889.r1 rna12629 Bod1 
Biorientation of chromosomes in cell division protein 1 
[Source:SWISS;Acc:Q6AYJ2] 

5.11 2.32 3.24 0.0412 0.9981 -1.01 

gene9107 rna19643 Slc26a11 
Sodium-independent sulfate anion transporter 
[Source:SWISS;Acc:Q80ZD3] 

13.71 13.47 8.78 0.0207 0.9981 -1 
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gene13326 rna28406 Mp20 Muscle-specific protein 20 [Source:SWISS;Acc:P14318] 29.42 26.44 18.77 0.0347 0.9981 -1 

gene8102.r1 rna17454.r1.j SPTLC1 Serine palmitoyltransferase 1 [Source:SWISS;Acc:Q5R9T5] 64.01 47.84 40.79 0.0257 0.9981 -1 

gene3867.r1 rna8521 UGT1A3 
UDP-glucuronosyltransferase 1-3 
[Source:SWISS;Acc:P35503] 

19.95 16.12 12.99 0.0086 0.9981 -0.97 

gene2338 rna5145 Vegfb 
Vascular endothelial growth factor B 
[Source:SWISS;Acc:P49766] 

44.73 30.93 29.17 0.0267 0.9981 -0.97 

gene10673.r1 rna23134 Cyp6a14 
Probable cytochrome P450 6a14 
[Source:SWISS;Acc:Q9V4U7] 

36.8 55 24.1 0.0034 0.9981 -0.96 

gene2039 rna4464 Vg Vitellogenin [Source:SWISS;Acc:Q868N5] 4.25 4.77 2.81 0.0146 0.9981 -0.95 

gene8915 rna19198 MRJP1 Major royal jelly protein 1 [Source:SWISS;Acc:O18330] 89.02 72.66 58.94 0.0052 0.9981 -0.95 

gene10675 rna23136 Cyp6a13 
Probable cytochrome P450 6a13 
[Source:SWISS;Acc:Q9V4U9] 

83.17 78.01 55.36 0.0101 0.9981 -0.94 

XLOC_010243 rna23073 MTTP 
Microsomal triglyceride transfer protein large subunit 
[Source:SWISS;Acc:P55158] 

5.88 3.76 3.9 0.0429 0.9981 -0.94 

XLOC_010243 rna23073 MTTP 
Microsomal triglyceride transfer protein large subunit 
[Source:SWISS;Acc:P55158] 

5.88 3.76 3.9 0.0429 0.9981 -0.94 

gene13574.r1 rna28682.r1.j ADAMTS3 
A disintegrin and metalloproteinase with thrombospondin 
motifs 3 [Source:SWISS;Acc:O15072] 

4.16 3.57 2.78 0.0171 0.9981 -0.93 

gene4715 rna10305 PYCR2 
Pyrroline-5-carboxylate reductase 2 
[Source:SWISS;Acc:Q17QJ7] 

29.81 24.08 19.99 0.0369 0.9981 -0.93 

gene4097.r1 rna8990.r1.j Zc2hc1c 
Zinc finger C2HC domain-containing protein 1C 
[Source:SWISS;Acc:Q8CCG1] 

2.2 1.48 1.47 0.0492 0.9981 -0.93 

gene590.r1 rna1160.r1.= TFAP4 Transcription factor AP-4 [Source:SWISS;Acc:Q01664] 1.55 1.74 1.04 0.0187 0.9981 -0.92 

gene8917.r1 rna19200 y Protein yellow [Source:SWISS;Acc:O02437] 5.24 4.25 3.55 0.0341 0.9981 -0.92 

gene5340.r1 rna11550.r2.j Cat Catalase [Source:SWISS;Acc:P17336] 69.1 56.05 46.54 0.025 0.9981 -0.92 

gene504 rna974 Slc6a3 
Sodium-dependent dopamine transporter 
[Source:SWISS;Acc:Q61327] 

6.8 8.07 4.63 0.0183 0.9981 -0.91 

gene6142 rna13162 AASS 
Alpha-aminoadipic semialdehyde synthase, mitochondrial 
[Source:SWISS;Acc:A8E657] 

3.53 3.04 2.4 0.036 0.9981 -0.91 

gene7912.r1 rna16943 gk5 Putative glycerol kinase 5 [Source:SWISS;Acc:A0JPE9] 47.37 39.09 32.05 0.0141 0.9981 -0.91 

gene4677.r1 rna10225.r1.j LHFPL4 
Lipoma HMGIC fusion partner-like 4 protein 
[Source:SWISS;Acc:Q7Z7J7] 

57.45 42.25 39.11 0.033 0.9981 -0.91 

XLOC_011391 rna25539.r1.j C20orf26 
Uncharacterized protein C20orf26 
[Source:SWISS;Acc:Q8NHU2] 

126.14 116.94 86.04 0.0186 0.9981 -0.9 

XLOC_011391 rna25539.r1.j C20orf26 
Uncharacterized protein C20orf26 
[Source:SWISS;Acc:Q8NHU2] 

126.14 116.94 86.04 0.0186 0.9981 -0.9 

gene202 rna391 Hn Protein henna [Source:SWISS;Acc:P17276] 50.62 44.66 34.51 0.0162 0.9981 -0.9 

gene8231.r1 rna17683.r3.j SNMP1_APIME 
Sensory neuron membrane protein 1 
[Source:SWISS;Acc:P86905] 

29.47 24.54 20.2 0.013 0.9981 -0.9 



  

 

 

108 

gene11894 rna25640 TRYP5 Trypsin-5 [Source:SWISS;Acc:P35039] 44.69 35.87 30.52 0.0331 0.9981 -0.9 

gene648 rna1326 Tret1 
Facilitated trehalose transporter Tret1 
[Source:SWISS;Acc:A9ZSY3] 

96.18 76.65 65.6 0.0123 0.9981 -0.9 

gene11122 rna24032 5NUC Protein 5NUC [Source:SWISS;Acc:Q9XZ43] 24.51 16.82 16.74 0.0189 0.9981 -0.9 

gene2678 rna5912 Sec14l2 SEC14-like protein 2 [Source:SWISS;Acc:Q99J08] 10.99 10.77 7.62 0.0326 0.9981 -0.88 

gene6023 rna12932 ESTE_MYZPE Esterase E4 [Source:SWISS;Acc:P35501] 22.91 21.9 15.91 0.0459 0.9981 -0.88 

gene8135.r1 rna17503 SERPINC1 Antithrombin-III [Source:SWISS;Acc:Q5R5A3] 169.47 145.86 117.62 0.0411 0.9981 -0.88 

gene3847 rna8432 YCF2E_CAEEL 
Uncharacterized peptidase C1-like protein F26E4.3 
[Source:SWISS;Acc:P90850] 

31.92 21.88 22.32 0.016 0.9981 -0.87 

gene4766 rna10389 WAP1_PHIOL Waprin-Phi1 [Source:SWISS;Acc:A7X4K1] 78.22 76.06 54.89 0.0143 0.9981 -0.86 

gene4766 rna10389 WAP1_PHIOL Waprin-Phi1 [Source:SWISS;Acc:A7X4K1] 78.22 76.06 54.89 0.0143 0.9981 -0.86 

gene6120.r1 rna13100 Trhde 
Thyrotropin-releasing hormone-degrading ectoenzyme 
[Source:SWISS;Acc:Q8K093] 

14.95 12.89 10.54 0.0476 0.9981 -0.86 

gene9047.r1 rna19498.r1.j PNLIP Pancreatic triacylglycerol lipase [Source:SWISS;Acc:Q02157] 92.44 75.75 65.14 0.0244 0.9981 -0.86 

gene10154 rna21911 EST6_APIME Venom carboxylesterase-6 [Source:SWISS;Acc:B2D0J5] 67.39 60.56 47.94 0.0287 0.9981 -0.84 

gene10674.r1 rna23135.r1.j Cyp6a14 
Probable cytochrome P450 6a14 
[Source:SWISS;Acc:Q9V4U7] 

78.63 68.04 56.16 0.0147 0.9981 -0.84 

gene1036 rna2229 Aldh18a1 
Delta-1-pyrroline-5-carboxylate synthase 
[Source:SWISS;Acc:Q9Z110] 

9.79 9.89 7.02 0.0249 0.9981 -0.83 

gene12791.r1 rna27575 SNX4 Sorting nexin-4 [Source:SWISS;Acc:O95219] 23.97 17.01 17.17 0.0491 0.9981 -0.83 

gene455.r1 rna879 TTPAL 
Alpha-tocopherol transfer protein-like 
[Source:SWISS;Acc:Q9BTX7] 

87.73 80.19 63.6 0.0408 0.9981 -0.82 

gene8737 rna18787 PHYD1_CAEBR 
Phytanoyl-CoA dioxygenase domain-containing protein 1 
homolog [Source:SWISS;Acc:P0C660] 

56.62 41.75 41.05 0.0182 0.9981 -0.82 

gene10769.r1 rna23322.r1.= sens Zinc finger protein sens [Source:SWISS;Acc:Q9N658] 13.9 15.81 10.14 0.0161 0.9981 -0.81 

gene2295.r1 rna5021.r1.j CREBL2 
cAMP-responsive element-binding protein-like 2 
[Source:SWISS;Acc:O60519] 

73.14 73 53.26 0.0369 0.9981 -0.81 

gene10678.r1 rna23140.r1.j Cyp6a14 
Probable cytochrome P450 6a14 
[Source:SWISS;Acc:Q9V4U7] 

82.14 72.16 59.62 0.0261 0.9981 -0.81 

gene11880 rna25605 OPSD_CAMAT Rhodopsin [Source:SWISS;Acc:Q17292] 23.36 19.09 17.08 0.0433 0.9981 -0.8 

gene10074 rna21742 gutB Sorbitol dehydrogenase [Source:SWISS;Acc:Q9Z9U1] 44.31 37.99 32.65 0.0216 0.9981 -0.79 

gene3821 rna8387 Bphl Valacyclovir hydrolase [Source:SWISS;Acc:Q8R164] 33.77 39.74 25.5 0.0343 0.9981 -0.76 

gene7489 rna16047 cue Protein cueball [Source:SWISS;Acc:B4PD96] 65.65 59.94 49.84 0.0471 0.9981 -0.75 



  

 

 

109 

gene3942 rna8665 DAP Death-associated protein 1 [Source:SWISS;Acc:P51397] 237.28 214.1 180.06 0.0331 0.9981 -0.75 

gene13567.r1 rna28675 MRJP1 Major royal jelly protein 1 [Source:SWISS;Acc:O18330] 47.33 63.68 36.3 0.0403 0.9981 -0.74 

gene10677 rna23139 Cyp6a14 
Probable cytochrome P450 6a14 
[Source:SWISS;Acc:Q9V4U7] 

27.95 24.81 21.31 0.0314 0.9981 -0.74 

gene9039 rna19478 SOAT1 Sterol O-acyltransferase 1 [Source:SWISS;Acc:P35610] 35.28 36.7 27.33 0.035 0.9981 -0.72 

gene3647 rna8039 Slc36a1 
Proton-coupled amino acid transporter 1 
[Source:SWISS;Acc:Q8K4D3] 

17.19 16.62 13.64 0.043 0.9981 -0.69 

gene12111 rna26080 ELVL1_AEDAE 
Elongation of very long chain fatty acids protein AAEL008004 
[Source:SWISS;Acc:Q1HRV8] 

22.76 31.07 18.11 0.0496 0.9981 -0.68 

gene4941 rna10734 FPR2 FK506-binding protein 2 [Source:SWISS;Acc:P0CP96] 214.29 186.72 169.99 0.0474 0.9981 -0.68 

gene10088 rna21774 FACR1_DROME 
Putative fatty acyl-CoA reductase CG5065 
[Source:SWISS;Acc:A1ZAI5] 

26.95 21.4 21.67 0.0488 0.9981 -0.67 

Statistically significant (p-value ≤ 0.05 and FPKM of PSC ≥ 1.00) DEGs down-regulated in RG compared with PSC 
were listed. 
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Supplementary Table 7. DEGs up-regulated in SG compared with RG 

GeneAcc TranAcc GeneName Desc 
FPKM DEG (SG vs. RG) 

PSC SG RG p q LOG2FC 

XLOC_000880 rna382 scat Vacuolar protein sorting-associated protein 54 [Source:SWISS;Acc:Q9VLC0] 2.12 1.94 0 
0.007

3 
0.998

4 
-a 

XLOC_001392 rna2718 RhoGAPp190 Rho GTPase-activating protein 190 [Source:SWISS;Acc:Q9VX32] 0 3.5 0 
0.032

7 
0.998

4 
- a 

gene7873.r1 rna16861.r1.j FASN Fatty acid synthase [Source:SWISS;Acc:P12276] 1.4 2.23 0 
0.026

5 
0.998

4 
- a 

gene9611.r1 rna20777 HDAC4 Histone deacetylase 4 [Source:SWISS;Acc:P56524] 2.51 1.42 0 
0.043

2 
0.998

4 
- a 

gene5069 rna10974 MAL1_APIME Alpha-glucosidase [Source:SWISS;Acc:Q17058] 6.42 1.42 0 0.007 
0.998

4 
- a 

gene9371.r1 rna20242.r1.j chid1 Chitinase domain-containing protein 1 [Source:SWISS;Acc:Q66IL0] 1.42 6.4 0 
0.033

8 
0.998

4 
-14.28 

gene4936.r1 rna10724 Asx Polycomb protein Asx [Source:SWISS;Acc:Q9V727] 1.69 2.55 0 
0.046

2 
0.998

4 
-13.85 

gene11580.r1 rna25082 ppp1r3cb Protein phosphatase 1 regulatory subunit 3C-B [Source:SWISS;Acc:Q6P950] 1.3 1.02 0 0.028 
0.998

4 
-13.46 

gene1181 rna2568 NAA35 
N-alpha-acetyltransferase 35, NatC auxiliary subunit 
[Source:SWISS;Acc:Q5ZHV2] 

4.01 2.4 0 
0.045

7 
0.998

4 
-12.93 

gene12037.r1 rna25945.r1.j PTPLAD1 
Very-long-chain (3R)-3-hydroxyacyl-[acyl-carrier protein] dehydratase 3 
[Source:SWISS;Acc:A7YY55] 

0 2.51 0 0.043 
0.998

4 
-12.85 

gene371.r1 rna712.r1.j Y381_RICFE Putative ankyrin repeat protein RF_0381 [Source:SWISS;Acc:Q4UMH6] 0 2.15 0 
0.031

8 
0.998

4 
-12.69 

gene269.r1 rna508.r1.j WASH1 WAS protein family homolog 1 [Source:SWISS;Acc:A7Z063] 0 1.15 0 
0.045

4 
0.998

4 
-12.63 

gene8993.r1 rna19367 SPATA20 Spermatogenesis-associated protein 20 [Source:SWISS;Acc:Q8TB22] 0 1.68 0 
0.046

7 
0.998

4 
-12.08 

gene5605.r1 rna12118.r1.j CLPX 
ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial 
[Source:SWISS;Acc:Q5R7N3] 

3.3 2.79 0 
0.047

7 
0.998

4 
-11.83 

gene1750.r1 rna3848.r1.j NUDT9 ADP-ribose pyrophosphatase, mitochondrial [Source:SWISS;Acc:Q9BW91] 9 17.5 3.17 
0.030

1 
0.998

4 
-2.65 

gene7346.r1 rna15718 smc4 Structural maintenance of chromosomes protein 4 [Source:SWISS;Acc:P50532] 0.67 3.07 0.58 
0.037

2 
0.998

4 
-2.6 

gene1077.r1 rna2299.r1.j Tmem145 Transmembrane protein 145 [Source:SWISS;Acc:Q8C4U2] 0.01 13.69 2.65 
0.023

3 
0.998

4 
-2.56 

gene11536.r1 rna24989.r2.j Slc7a6 Y+L amino acid transporter 2 [Source:SWISS;Acc:Q8BGK6] 0.01 10.55 2.15 0.001 
0.409

1 
-2.48 

gene11366.r1 rna24621.r4.j rergl 
Ras-related and estrogen-regulated growth inhibitor-like protein 
[Source:SWISS;Acc:Q6DGN0] 

2.05 2.53 0.61 
0.019

9 
0.998

4 
-2.25 

gene9349.r1 rna20201 PROH2_APIME Prohormone-2 [Source:SWISS;Acc:P85799] 7.71 21.52 5.16 
0.018

5 
0.998

4 
-2.24 
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gene8351.r1 rna17921 PPP2R3A 
Serine/threonine-protein phosphatase 2A regulatory subunit B subunit alpha 
[Source:SWISS;Acc:Q06190] 

7.92 5.66 1.48 
0.037

6 
0.998

4 
-2.12 

gene13264.r1 rna28328 Usp8 Ubiquitin carboxyl-terminal hydrolase 8 [Source:SWISS;Acc:Q80U87] 6.8 13.75 3.64 
0.015

8 
0.998

4 
-2.12 

gene7465.r1 rna16004 Exd1 Exonuclease 3-5 domain-containing protein 1 [Source:SWISS;Acc:Q8CDF7] 8.32 13.77 3.68 
0.041

8 
0.998

4 
-2.08 

gene1953.r1 rna4321.r1.j TMEM8A Transmembrane protein 8A [Source:SWISS;Acc:Q9HCN3] 3.02 10.09 2.78 0.05 
0.998

4 
-2.05 

gene13939.r1 rna29077.r1.j TREA_APIME Trehalase [Source:SWISS;Acc:A8J4S9] 1.87 3.18 0.9 
0.018

6 
0.998

4 
-2.01 

gene3708.r1 rna8157 Prss12 Neurotrypsin [Source:SWISS;Acc:O08762] 8.36 10.96 3.36 
0.005

4 
0.998

4 
-1.9 

gene13566 rna28674 SETMAR Histone-lysine N-methyltransferase SETMAR [Source:SWISS;Acc:Q53H47] 5.67 9.05 2.77 
0.027

2 
0.998

4 
-1.9 

gene2053.r1 rna4488 gek Serine/threonine-protein kinase Genghis Khan [Source:SWISS;Acc:Q9W1B0] 6.5 10.98 3.5 
0.030

6 
0.998

4 
-1.83 

XLOC_008232 rna17350 RAP1GAP Rap1 GTPase-activating protein 1 [Source:SWISS;Acc:P47736] 0.09 2.15 0.69 
0.048

8 
0.998

4 
-1.82 

gene609.r1 rna1201.r5.j Mkl1 MKL/myocardin-like protein 1 [Source:SWISS;Acc:Q8K4J6] 0 1.39 0.47 
0.035

5 
0.998

4 
-1.75 

gene11381.r1 rna24650.r1.j CRBN Protein cereblon [Source:SWISS;Acc:P0CF65] 22.71 39.24 13.36 
0.001

2 
0.451

3 
-1.74 

gene1761.r1 rna3870.r2.j Gtf2h4 General transcription factor IIH subunit 4 [Source:SWISS;Acc:O70422] 4.52 4.63 1.58 
0.048

8 
0.998

4 
-1.73 

gene6022.r1 rna12931 ESTE_MYZPE Esterase E4 [Source:SWISS;Acc:P35501] 1.28 2.23 0.78 
0.022

4 
0.998

4 
-1.71 

gene11339.r1 rna24573.r1.j Tret1 Facilitated trehalose transporter Tret1 [Source:SWISS;Acc:A9ZSY2] 1.14 2.42 0.86 
0.024

6 
0.998

4 
-1.67 

XLOC_006839 rna14034 TTC21B Tetratricopeptide repeat protein 21B [Source:SWISS;Acc:Q7Z4L5] 3.16 5.41 1.96 
0.027

4 
0.998

4 
-1.65 

gene7636.r1 rna16381 ZNF146 Zinc finger protein OZF [Source:SWISS;Acc:Q5RFP4] 1.55 2.41 0.88 
0.008

4 
0.998

4 
-1.64 

gene4160.r1 rna9130 EGFLAM Pikachurin [Source:SWISS;Acc:Q63HQ2] 0.27 1.19 0.44 
0.024

8 
0.998

4 
-1.63 

gene8692 rna18701 Zfp62 Zinc finger protein 62 [Source:SWISS;Acc:Q8C827] 0.16 13.32 4.93 
0.004

3 
0.998

4 
-1.62 

gene10028 rna21639 msta Protein msta, isoform A [Source:SWISS;Acc:O46040] 1.07 5.85 2.19 
0.025

3 
0.998

4 
-1.6 

gene8586.r1 rna18423.r1.= Q93560_CAEEL None [Source:SWISS;Acc:Q93560] 0.34 1.35 0.51 
0.043

4 
0.998

4 
-1.59 

gene5655.r1 rna12202 inx7 Innexin inx7 [Source:SWISS;Acc:Q9V3W6] 3.23 3.34 1.29 
0.015

7 
0.998

4 
-1.56 

gene3093.r1 rna6871 Ift80 Intraflagellar transport protein 80 homolog [Source:SWISS;Acc:Q66HB3] 1.26 4.19 1.65 
0.028

9 
0.998

4 
-1.53 

gene11782.r1 rna25424.r2.j egr1 Early growth response protein 1 [Source:SWISS;Acc:A4II20] 0.69 2.83 1.12 
0.006

3 
0.998

4 
-1.53 

gene3302.r1 rna7365.r2.= Fam46c Protein FAM46C [Source:SWISS;Acc:Q5XIV0] 4.3 4.26 1.71 
0.008

3 
0.998

4 
-1.5 
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gene4348.r1 rna9565 Arid4b AT-rich interactive domain-containing protein 4B [Source:SWISS;Acc:A2CG63] 9.67 12.41 4.97 
0.020

6 
0.998

4 
-1.5 

gene10093.r1 rna21783 PKNOX2 Homeobox protein PKNOX2 [Source:SWISS;Acc:Q96KN3] 9.02 9.02 3.74 
0.047

8 
0.998

4 
-1.45 

gene6015.r1 rna12916.r2.j Htt Huntingtin [Source:SWISS;Acc:P42859] 11.26 13.44 5.59 0.045 
0.998

4 
-1.45 

gene12309.r1 rna26592 Cyp4g15 Cytochrome P450 4g15 [Source:SWISS;Acc:Q9VYY4] 11.71 13.68 5.86 0.001 
0.409

1 
-1.41 

gene8287.r1 rna17814.r4.j CORIN Atrial natriuretic peptide-converting enzyme [Source:SWISS;Acc:Q9Y5Q5] 1.57 1.78 0.78 
0.004

3 
0.998

4 
-1.39 

gene10673.r1 rna23134 Cyp6a14 Probable cytochrome P450 6a14 [Source:SWISS;Acc:Q9V4U7] 36.8 55 24.1 
1.00E

-04 
0.036

4 
-1.38 

gene4346.r1 rna9562 USP34 Ubiquitin carboxyl-terminal hydrolase 34 [Source:SWISS;Acc:Q70CQ2] 7.17 10.25 4.57 
0.032

4 
0.998

4 
-1.35 

gene5557.r1 rna12034 FACR1_DROME Putative fatty acyl-CoA reductase CG5065 [Source:SWISS;Acc:A1ZAI5] 1.13 9.71 4.42 
0.004

1 
0.998

4 
-1.32 

gene2772.r1 rna6156 glo-4 
X-linked retinitis pigmentosa GTPase regulator homolog 
[Source:SWISS;Acc:Q5DX34] 

6.39 7.79 3.61 
0.049

1 
0.998

4 
-1.3 

gene10642.r1 rna23062 chico Insulin receptor substrate 1 [Source:SWISS;Acc:B3MPN6] 2.31 5.69 2.64 
0.018

1 
0.998

4 
-1.29 

XLOC_011367 rna25427 tuba Tubulin alpha chain [Source:SWISS;Acc:P08537] 3.28 4.33 2.03 
0.026

3 
0.998

4 
-1.28 

XLOC_011367 rna25427 tuba Tubulin alpha chain [Source:SWISS;Acc:P08537] 3.28 4.33 2.03 
0.026

3 
0.998

4 
-1.28 

XLOC_011367 rna25427 tuba Tubulin alpha chain [Source:SWISS;Acc:P08537] 3.28 4.33 2.03 
0.026

3 
0.998

4 
-1.28 

gene4288.r1 rna9420.r1.j sup-9 Two pore potassium channel protein sup-9 [Source:SWISS;Acc:O17185] 2.21 2.77 1.31 
0.032

6 
0.998

4 
-1.27 

gene10972.r1 rna23709.r3.j unk RING finger protein unkempt [Source:SWISS;Acc:Q86B79] 6.97 9.07 4.49 
0.032

7 
0.998

4 
-1.2 

gene12456.r1 rna26948 Orct Organic cation transporter protein [Source:SWISS;Acc:Q9VCA2] 5.87 9.74 4.84 
0.029

3 
0.998

4 
-1.19 

gene13037.r1 rna27971 Shab Potassium voltage-gated channel protein Shab [Source:SWISS;Acc:P17970] 6.27 14.45 7.24 
0.039

6 
0.998

4 
-1.19 

gene10101.r1 rna21811.r1.j FANCL E3 ubiquitin-protein ligase FANCL [Source:SWISS;Acc:Q9NW38] 18.61 20.33 10.21 0.036 
0.998

4 
-1.18 

gene10461.r1 rna22617.r1.j Dgat1 Diacylglycerol O-acyltransferase 1 [Source:SWISS;Acc:Q9ERM3] 20.91 17.93 8.99 
0.030

7 
0.998

4 
-1.18 

gene12722.r1 rna27457.r1.= brat Brain tumor protein [Source:SWISS;Acc:Q8MQJ9] 0.32 1.24 0.63 0.04 
0.998

4 
-1.18 

gene3363.r1 rna7477.r1.j SLC17A6 Vesicular glutamate transporter 2 [Source:SWISS;Acc:A6QLI1] 3.76 6.87 3.49 0.033 
0.998

4 
-1.16 

gene7736.r1 rna16583.r3.j Npc2a Protein NPC2 homolog [Source:SWISS;Acc:Q9VQ62] 8.3 46.48 23.8 
0.035

8 
0.998

4 
-1.16 

gene9954.r1 rna21470.r1.j tbc1d30 TBC1 domain family member 30 [Source:SWISS;Acc:Q28C33] 16.03 15.39 8 
0.025

9 
0.998

4 
-1.13 

gene1031 rna2224 AGAP012199 Histone H2B [Source:SWISS;Acc:Q27442] 36.25 64.33 33.99 
0.001

2 
0.451

3 
-1.11 
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gene10062 rna21704 ZCCHC9 Zinc finger CCHC domain-containing protein 9 [Source:SWISS;Acc:Q8N567] 6.79 14.09 7.46 
0.030

7 
0.998

4 
-1.1 

gene12475 rna26988 Tat Tyrosine aminotransferase [Source:SWISS;Acc:Q8QZR1] 2.44 4.08 2.17 
0.018

1 
0.998

4 
-1.1 

gene1069 rna2291 H3_URECA Histone H3 [Source:SWISS;Acc:P84239] 20.74 29.67 15.9 
0.022

9 
0.998

4 
-1.09 

gene5128.r1 rna11116.r2.j MATN2 Matrilin-2 [Source:SWISS;Acc:O00339] 4.89 8.57 4.64 
0.023

3 
0.998

4 
-1.07 

gene3198 rna7118 LCC5 Laccase-5 [Source:SWISS;Acc:Q99056] 
528.7

7 
571.8

8 
312.7

6 
0.019

7 
0.998

4 
-1.06 

gene3944.r1 rna8673 Hcrtr2 Orexin receptor type 2 [Source:SWISS;Acc:P56719] 14.64 9.3 5.09 
0.024

6 
0.998

4 
-1.06 

XLOC_010085 rna22245 CORIN Atrial natriuretic peptide-converting enzyme [Source:SWISS;Acc:Q9Y5Q5] 
161.4

4 
154.6

5 
84.54 

0.027
2 

0.998
4 

-1.06 

XLOC_010085 rna22245 CORIN Atrial natriuretic peptide-converting enzyme [Source:SWISS;Acc:Q9Y5Q5] 
161.4

4 
154.6

5 
84.54 

0.027
2 

0.998
4 

-1.06 

gene10523.r1 rna22768.r1.= Hr38 Probable nuclear hormone receptor HR38 [Source:SWISS;Acc:P49869] 0.25 2 1.09 
0.012

3 
0.998

4 
-1.06 

gene4051.r1 rna8916.r3.j MYLIP E3 ubiquitin-protein ligase MYLIP [Source:SWISS;Acc:Q8WY64] 28.66 32.79 18.02 
0.037

9 
0.998

4 
-1.05 

gene13324 rna28403 Kr-h1 Krueppel homologous protein 1 [Source:SWISS;Acc:P08155] 4.81 16.54 9.11 
0.007

7 
0.998

4 
-1.05 

gene1034 rna2227 H4_XENTR Histone H4 [Source:SWISS;Acc:Q28DR4] 43.23 82.22 45.7 
0.005

9 
0.998

4 
-1.03 

gene11580.r1 rna25082.r2.= ppp1r3cb Protein phosphatase 1 regulatory subunit 3C-B [Source:SWISS;Acc:Q6P950] 5.39 10.29 5.74 
0.004

8 
0.998

4 
-1.03 

gene1032 rna2225 His2A Histone H2A [Source:SWISS;Acc:P84057] 27.85 53.89 30.19 
0.013

2 
0.998

4 
-1.02 

gene2756 rna6116 Dhx36 Probable ATP-dependent RNA helicase DHX36 [Source:SWISS;Acc:Q8VHK9] 11.8 16.03 8.99 
0.027

7 
0.998

4 
-1.02 

gene10086 rna21769 FACR1_DROME Putative fatty acyl-CoA reductase CG5065 [Source:SWISS;Acc:A1ZAI5] 67.06 65.6 36.74 0.038 
0.998

4 
-1.02 

gene13305.r1 rna28381 sens Zinc finger protein sens [Source:SWISS;Acc:Q9N658] 8.99 8.6 4.88 
0.006

9 
0.998

4 
-1.01 

gene12068.r1 rna26002 gw Protein Gawky [Source:SWISS;Acc:Q8SY33] 3.07 4.33 2.46 
0.032

7 
0.998

4 
-1 

gene13567.r1 rna28675 MRJP1 Major royal jelly protein 1 [Source:SWISS;Acc:O18330] 47.33 63.68 36.3 
0.005

6 
0.998

4 
-1 

gene504 rna974 Slc6a3 Sodium-dependent dopamine transporter [Source:SWISS;Acc:Q61327] 6.8 8.07 4.63 
0.008

9 
0.998

4 
-0.99 

gene10894.r1 rna23553 Marf1 Meiosis arrest female protein 1 [Source:SWISS;Acc:Q8BJ34] 6.07 14.96 8.63 
0.036

9 
0.998

4 
-0.98 

gene3518 rna7797 Vg Vitellogenin [Source:SWISS;Acc:Q868N5] 39.27 62.37 36.26 
0.024

9 
0.998

4 
-0.97 

gene12111 rna26080 ELVL1_AEDAE 
Elongation of very long chain fatty acids protein AAEL008004 
[Source:SWISS;Acc:Q1HRV8] 

22.76 31.07 18.11 
0.004

2 
0.998

4 
-0.97 

gene12589 rna27237 Delta(11)-desaturase Acyl-CoA Delta(11) desaturase [Source:SWISS;Acc:Q6US81] 32.39 29.63 17.2 0.023 
0.998

4 
-0.97 
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gene5875.r1 rna12610 Sv2c Synaptic vesicle glycoprotein 2C [Source:SWISS;Acc:Q9Z2I6] 
109.1

9 
97.83 57.06 

0.017
3 

0.998
4 

-0.97 

gene2039 rna4464 Vg Vitellogenin [Source:SWISS;Acc:Q868N5] 4.25 4.77 2.81 
0.012

9 
0.998

4 
-0.95 

gene12568.r1 rna27193 PHF3 PHD finger protein 3 [Source:SWISS;Acc:Q92576] 14.61 25.36 15.01 
0.015

7 
0.998

4 
-0.94 

gene10963 rna23685 CYP9E2 Cytochrome P450 9e2 [Source:SWISS;Acc:Q964T2] 61.21 55.31 33.14 
0.009

2 
0.998

4 
-0.93 

gene590.r1 rna1160.r1.= TFAP4 Transcription factor AP-4 [Source:SWISS;Acc:Q01664] 1.55 1.74 1.04 
0.015

6 
0.998

4 
-0.93 

gene2200.r1 rna4751.r1.j SLC41A2 Solute carrier family 41 member 2 [Source:SWISS;Acc:Q4R335] 9.04 10.69 6.45 
0.043

2 
0.998

4 
-0.92 

gene4813.r1 rna10473 ACPH1_APIME Venom acid phosphatase Acph-1 [Source:SWISS;Acc:Q5BLY5] 
130.3

4 
179.8

8 
107.9

7 
0.009

7 
0.998

4 
-0.92 

gene9057.r1 rna19515 ImpL2 Neural/ectodermal development factor IMP-L2 [Source:SWISS;Acc:Q09024] 29.23 30.57 18.47 
0.027

3 
0.998

4 
-0.91 

gene9089.r1 rna19606.r2.= nkd Protein naked cuticle homolog [Source:SWISS;Acc:Q08AA9] 0.73 1.59 0.97 
0.031

3 
0.998

4 
-0.91 

gene12104 rna26068 ELVL1_AEDAE 
Elongation of very long chain fatty acids protein AAEL008004 
[Source:SWISS;Acc:Q1HRV8] 

11.98 18.2 11.05 
0.010

9 
0.998

4 
-0.91 

gene6112.r1 rna13082.r2.= Upp1 Uridine phosphorylase 1 [Source:SWISS;Acc:P52624] 58.98 57.09 34.47 
0.037

5 
0.998

4 
-0.91 

gene11767.r1 rna25400 Arr1 Phosrestin-2 [Source:SWISS;Acc:P15372] 
145.0

4 
163.8

9 
99.76 

0.048
3 

0.998
4 

-0.9 

gene3861.r1 rna8461 CEP104 Centrosomal protein of 104 kDa [Source:SWISS;Acc:O60308] 4.17 6.52 4.01 
0.031

6 
0.998

4 
-0.89 

gene11165 rna24144 ninaB Carotenoid isomerooxygenase [Source:SWISS;Acc:Q9VFS2] 
107.4

7 
181.6

4 
111.51

0.038
5 

0.998
4 

-0.89 

gene2433.r1 rna5357 Hirip3 HIRA-interacting protein 3 [Source:SWISS;Acc:Q8BLH7] 12.56 22.52 13.87 
0.032

9 
0.998

4 
-0.88 

gene3738 rna8233 NPL N-acetylneuraminate lyase [Source:SWISS;Acc:Q5RDY1] 
154.4

9 
138.5

9 
85.93 0.0111

0.998
4 

-0.88 

gene1498 rna3326 snk Serine protease snake [Source:SWISS;Acc:P05049] 46.85 34.11 21.33 
0.012

4 
0.998

4 
-0.86 

gene5298.r1 rna11438.r3.j unc-13 
Phorbol ester/diacylglycerol-binding protein unc-13 
[Source:SWISS;Acc:P27715] 

1.14 2.29 1.46 
0.027

4 
0.998

4 
-0.84 

gene3821 rna8387 Bphl Valacyclovir hydrolase [Source:SWISS;Acc:Q8R164] 33.77 39.74 25.5 0.023 
0.998

4 
-0.83 

gene10769.r1 rna23322.r1.= sens Zinc finger protein sens [Source:SWISS;Acc:Q9N658] 13.9 15.81 10.14 
0.013

8 
0.998

4 
-0.83 

gene11164 rna24142 Tret1 Facilitated trehalose transporter Tret1 [Source:SWISS;Acc:A9ZSY3] 55.19 82.78 53.15 
0.014

1 
0.998

4 
-0.83 

gene12786 rna27565 Rasgrf1 Ras-specific guanine nucleotide-releasing factor 1 [Source:SWISS;Acc:P27671] 7.89 12.04 7.82 
0.049

2 
0.998

4 
-0.81 

gene10164 rna21936 CEBPZ CCAAT/enhancer-binding protein zeta [Source:SWISS;Acc:Q03701] 21.96 28.17 18.48 
0.047

3 
0.998

4 
-0.8 

gene6484.r1 rna13888.r1.= NKX6-1 Homeobox protein Nkx-6.1 [Source:SWISS;Acc:Q60554] 1.42 1.85 1.21 
0.032

2 
0.998

4 
-0.8 



  

 

 

115 

gene9240 rna19934 KLF10 Krueppel-like factor 10 [Source:SWISS;Acc:Q13118] 36.45 53.8 35.59 
0.022

8 
0.998

4 
-0.78 

gene10961 rna23682 CYP9E2 Cytochrome P450 9e2 [Source:SWISS;Acc:Q964T2] 74.93 70.48 46.74 
0.048

9 
0.998

4 
-0.78 

gene11261 rna24362 BLOP Opsin, blue-sensitive [Source:SWISS;Acc:P90680] 64.07 75.05 49.76 
0.034

6 
0.998

4 
-0.78 

XLOC_006430 rna14243 Phgdh D-3-phosphoglycerate dehydrogenase [Source:SWISS;Acc:O08651] 40.62 54.13 35.94 
0.032

3 
0.998

4 
-0.78 

gene12373 rna26741 RSF1 Remodeling and spacing factor 1 [Source:SWISS;Acc:Q96T23] 11.56 19.09 12.74 
0.031

7 
0.998

4 
-0.77 

gene4556 rna9971 Arsb Arylsulfatase B [Source:SWISS;Acc:P50429] 33.82 29.8 20.08 
0.027

2 
0.998

4 
-0.76 

gene4125 rna9054 H9KQJ7_APIME None [Source:SWISS;Acc:H9KQJ7] 
383.7

6 
552.9

8 
375.0

6 
0.048

5 
0.998

4 
-0.75 

gene11740 rna25348 ASTA_PENMO Astakine [Source:SWISS;Acc:Q56R10] 99.95 
120.1

3 
82.78 

0.042
8 

0.998
4 

-0.72 

gene4131.r1 rna9066.r1.= dsx Protein doublesex [Source:SWISS;Acc:P23023] 2.74 6.1 4.25 
0.049

2 
0.998

4 
-0.71 

gene884.r1 rna1858.r1.= Scrt1 Transcriptional repressor scratch 1 [Source:SWISS;Acc:Q99M85] 1.6 2.61 1.83 
0.047

2 
0.998

4 
-0.7 

gene2515 rna5524 miox Inositol oxygenase [Source:SWISS;Acc:Q4V8T0] 24.84 28.73 20.11 
0.032

9 
0.998

4 
-0.7 

gene7705 rna16503 Hexb Beta-hexosaminidase subunit beta [Source:SWISS;Acc:P20060] 6.87 8.41 5.95 
0.044

6 
0.998

4 
-0.69 

gene10675 rna23136 Cyp6a13 Probable cytochrome P450 6a13 [Source:SWISS;Acc:Q9V4U9] 83.17 78.01 55.36 
0.045

9 
0.998

4 
-0.68 

gene118 rna236 A7M7B9_CHICK None [Source:SWISS;Acc:A7M7B9] 9.96 16.53 15.66 
0.039

6 
0.998

4 
-0.26 

Statistically significant (p-value ≤ 0.05 and FPKM of SG ≥ 1.00) DEGs up-regulated in SG compared with RG were 
listed. 
a When the Log2FC values were not calculated due to the 0 value of RG’s FPKM, Log2FC was indicated by ‘-’.  
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Supplementary Table 8. DEGs up-regulated in RG compared with SG 

GeneAcc TranAcc
GeneNam

e 
Desc. 

FPKM DEG (SG vs. RG) 

PSC SG RG p q LOG2FC

XLOC_000621 rna2872 fam92a1 Protein FAM92A1 [Source:SWISS;Acc:Q1LU86] 0.01 0 2.33 0.0411 0.9984 -a 

gene1569 rna3514 PebIII Ejaculatory bulb-specific protein 3 [Source:SWISS;Acc:Q9W1C9] 0 0 1.01 0.0331 0.9984 -a 

gene4410.r1 rna9672.r2.j sas 
Putative epidermal cell surface receptor 
[Source:SWISS;Acc:Q04164] 

0.27 0 2.55 0.0413 0.9984 -a 

gene8760.r1 rna18841 MICAL3 
Protein-methionine sulfoxide oxidase MICAL3 
[Source:SWISS;Acc:Q7RTP6] 

1.75 0 1.09 0.0298 0.9984 -a 

gene9599.r1 rna20735 NUP98 
Nuclear pore complex protein Nup98-Nup96 
[Source:SWISS;Acc:P52948] 

0 0 4.16 0.036 0.9984 -a 

gene12568.r1 rna27193.r2.j PHF3 PHD finger protein 3 [Source:SWISS;Acc:Q92576] 1.69 0 4.61 0.0453 0.9984 -a 

gene13188 rna28223 selenbp1-a Selenium-binding protein 1-A [Source:SWISS;Acc:Q52KZ7] 0 0 1.53 0.0331 0.9984 -a 

gene8524.r1 rna18301 Cry1 Cryptochrome-1 [Source:SWISS;Acc:P97784] 2.7 0 2.22 0.0265 0.9984 13.66 

gene5627.r1 rna12156.r1.j IFT74 
Intraflagellar transport protein 74 homolog 
[Source:SWISS;Acc:Q96LB3] 

2.27 0 1.2 0.0469 0.9984 13.45 

gene3387.r1 rna7518.r1.j CHAF1B 
Chromatin assembly factor 1 subunit B 
[Source:SWISS;Acc:Q5R1S9] 

1.58 0 1.59 0.0321 0.9984 13.36 

gene7245.r1 rna15504.r3.j tmem57a Macoilin-1 [Source:SWISS;Acc:Q2TLY2] 0.57 0 2.97 0.0497 0.9984 12.56 

gene5387 rna11647 Cenpj Centromere protein J [Source:SWISS;Acc:Q569L8] 0 0 1.28 0.0493 0.9984 12.29 

gene3969 rna8723 col2a1 Collagen alpha-1(II) chain [Source:SWISS;Acc:Q91717] 0.86 0.35 13.26 1.00E-04 0.0364 5.07 

gene12092 rna26053 TM-A3A Larval cuticle protein A3A [Source:SWISS;Acc:P80683] 39.86 20.47 627.26 1.00E-04 0.0364 4.75 

gene11961 rna25784 TM-C1B Pupal cuticle protein C1B [Source:SWISS;Acc:P80684] 24.43 10.14 291.27 1.00E-04 0.0364 4.66 

gene11961 rna25783 TM-C1B Pupal cuticle protein C1B [Source:SWISS;Acc:P80684] 36.04 14.09 286.51 1.00E-04 0.0364 4.16 

gene12038.r1 rna25951 MTX1 Metaxin-1 [Source:SWISS;Acc:Q27HK4] 13.92 1.08 19.09 0.0469 0.9984 4.03 

gene9687 rna20977 RCBTB1 
RCC1 and BTB domain-containing protein 1 
[Source:SWISS;Acc:Q8NDN9] 

23.9 1.83 22.76 0.018 0.9984 3.62 

gene11306 rna24476 chp Chaoptin [Source:SWISS;Acc:P12024] 0.48 0.17 2.15 1.00E-04 0.0364 3.5 

gene9040.r1 rna19483 CHS8 Chitin synthase 8 [Source:SWISS;Acc:Q4P9K9] 0.16 0.14 1.48 0.0174 0.9984 3.26 
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gene9754.r1 rna21122 Cad89D Cadherin-89D [Source:SWISS;Acc:Q9VEU1] 0.39 0.18 1.81 1.00E-04 0.0364 3.12 

gene9523.r1 rna20572 Uap1 
UDP-N-acetylhexosamine pyrophosphorylase 
[Source:SWISS;Acc:Q91YN5] 

53.49 8.69 67.33 6.00E-04 0.2672 2.79 

gene8669 rna18620 y Protein yellow [Source:SWISS;Acc:Q9BI17] 6.68 3.12 17.56 0.0011 0.4347 2.31 

gene3297 rna7358 Cht3 Probable chitinase 3 [Source:SWISS;Acc:Q9W5U2] 3.53 1.26 6.48 0.0021 0.7134 2.18 

gene13264.r1 rna28329 Usp8 
Ubiquitin carboxyl-terminal hydrolase 8 
[Source:SWISS;Acc:Q80U87] 

8.19 3.02 14.66 0.0332 0.9984 2.17 

gene3522 rna7807 GST1_BLAGE Glutathione S-transferase [Source:SWISS;Acc:O18598] 0.44 0.88 4.38 0.0134 0.9984 2.12 

gene8900 rna19172 y Protein yellow [Source:SWISS;Acc:Q9BI23] 0.26 0.25 1.22 0.0216 0.9984 2.09 

gene1046.r1 rna2247.r1.j Skeletor Protein Skeletor, isoforms B/C [Source:SWISS;Acc:Q9VGY6] 1.57 0.87 4.18 0.0049 0.9984 2.08 

gene1046.r1 rna2247.r1.j Skeletor Protein Skeletor, isoforms B/C [Source:SWISS;Acc:Q9VGY6] 1.57 0.87 4.18 0.0049 0.9984 2.08 

XLOC_008481 rna18409 ttv Exostosin-1 [Source:SWISS;Acc:Q9V730] 3.93 1.66 7.83 0.0169 0.9984 2.05 

XLOC_008481 rna18409 ttv Exostosin-1 [Source:SWISS;Acc:Q9V730] 3.93 1.66 7.83 0.0169 0.9984 2.05 

XLOC_004007 rna9002.r1.j ptc Protein patched [Source:SWISS;Acc:P18502] 0.19 0.32 1.49 0.0049 0.9984 2.01 

gene11831.r1 rna25516.r1.= Skeletor Protein Skeletor, isoforms D/E [Source:SWISS;Acc:Q9GPJ1] 0.89 0.55 2.5 3.00E-04 0.1665 2.01 

gene11831.r1 rna25517 Skeletor Protein Skeletor, isoforms D/E [Source:SWISS;Acc:Q9GPJ1] 1 0.6 2.74 0.0024 0.761 2 

gene1207.r1 rna2648.r1.j UTP23 
rRNA-processing protein UTP23 homolog 
[Source:SWISS;Acc:Q9BRU9] 

13.13 3.87 17.28 0.0394 0.9984 1.98 

gene9040.r1 rna19483.r1.j CHS8 Chitin synthase 8 [Source:SWISS;Acc:Q4P9K9] 1.03 0.46 2.03 0.0031 0.9117 1.96 

gene5594.r1 rna12104.r3.= TL5B_TACTR Techylectin-5B [Source:SWISS;Acc:Q9U8W7] 0.18 0.88 3.65 0.009 0.9984 1.86 

gene8561.r1 rna18373.r3.j Zasp52 PDZ and LIM domain protein Zasp [Source:SWISS;Acc:A1ZA47] 0.35 0.41 1.57 0.0191 0.9984 1.74 

gene9937.r1 rna21441 Cdh23 Cadherin-23 [Source:SWISS;Acc:P58365] 1.71 1.92 7.29 1.00E-04 0.0686 1.74 

gene3044.r1 rna6768 cyb5d2 Neuferricin [Source:SWISS;Acc:A2CES0] 14.59 6.19 23.36 0.0208 0.9984 1.73 

gene12049.r1 rna25966.r1.= 
F1QDF8_DANR

E 
None [Source:SWISS;Acc:F1QDF8] 0.18 0.4 1.47 0.0392 0.9984 1.71 

gene9947.r1 rna21459.r1.= LCC4 Laccase-4 [Source:SWISS;Acc:Q12719] 0.98 0.62 2.26 3.00E-04 0.1665 1.67 

gene11536.r1 rna24989.r1.j Slc7a6 Y+L amino acid transporter 2 [Source:SWISS;Acc:Q8BGK6] 9.53 2.4 8.39 0.0299 0.9984 1.63 

gene3178 rna7078 Aper1 Peritrophin-1 [Source:SWISS;Acc:O76217] 5.93 3.44 11.9 0.0011 0.4347 1.6 
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gene3178 rna7078 Aper1 Peritrophin-1 [Source:SWISS;Acc:O76217] 5.93 3.44 11.9 0.0011 0.4347 1.6 

gene13575 rna28683 Acsf2 
Acyl-CoA synthetase family member 2, mitochondrial 
[Source:SWISS;Acc:Q499N5] 

1.64 1.81 6.25 1.00E-04 0.0686 1.6 

XLOC_000017 rna29231.r1.= ND6 
NADH-ubiquinone oxidoreductase chain 6 
[Source:SWISS;Acc:P34857] 

55.1 38.27 130.73 0.0022 0.7494 1.59 

gene6191.r1 rna13261.r3.j jarid2b Protein Jumonji [Source:SWISS;Acc:Q1LVC2] 5.12 3.33 11.21 0.0186 0.9984 1.57 

gene9278 rna20041 SSPO SCO-spondin [Source:SWISS;Acc:P98167] 11.6 6.84 22.46 1.00E-04 0.0364 1.53 

gene12746.r1 rna27507 NDUFS4 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, 
mitochondrial [Source:SWISS;Acc:Q66XS7] 

5.93 12.83 41.53 0.028 0.9984 1.51 

gene9196 rna19846 Fbn2 Fibrillin-2 [Source:SWISS;Acc:Q61555] 4.52 3.33 10.56 1.00E-04 0.0364 1.48 

gene6175.r1 rna13228 ple Tyrosine 3-monooxygenase [Source:SWISS;Acc:P18459] 9.56 8.39 26.65 1.00E-04 0.0364 1.48 

gene1046.r1 rna2248 Skeletor Protein Skeletor, isoforms B/C [Source:SWISS;Acc:Q9VGY6] 1.98 2.09 6.26 0.0043 0.9984 1.4 

gene1046.r1 rna2248 Skeletor Protein Skeletor, isoforms B/C [Source:SWISS;Acc:Q9VGY6] 1.98 2.09 6.26 0.0043 0.9984 1.4 

gene4160.r1 rna9130.r1.= EGFLAM Pikachurin [Source:SWISS;Acc:Q63HQ2] 0.8 0.45 1.32 0.0466 0.9984 1.37 

gene1289 rna2905 HSP82 
ATP-dependent molecular chaperone HSP82 
[Source:SWISS;Acc:P02829] 

53.68 83.01 242.68 6.00E-04 0.2972 1.36 

gene7346.r1 rna15717 smc4 
Structural maintenance of chromosomes protein 4 
[Source:SWISS;Acc:P50532] 

3.97 1.56 4.42 0.0415 0.9984 1.32 

gene2756 rna6117 Dhx36 
Probable ATP-dependent RNA helicase DHX36 
[Source:SWISS;Acc:Q8VHK9] 

11.18 5 14.09 0.0351 0.9984 1.31 

gene461 rna896 nas-4 Zinc metalloproteinase nas-4 [Source:SWISS;Acc:P55112] 2.24 1.78 4.97 0.0065 0.9984 1.29 

gene1750.r1 rna3848 NUDT9 
ADP-ribose pyrophosphatase, mitochondrial 
[Source:SWISS;Acc:Q9BW91] 

19.62 10.98 30.44 0.0216 0.9984 1.29 

gene8387 rna17994 Slco2a1 
Solute carrier organic anion transporter family member 2A1 
[Source:SWISS;Acc:Q9EPT5] 

0.32 0.52 1.46 0.0329 0.9984 1.29 

gene14067 gene14067 ND3 
NADH-ubiquinone oxidoreductase chain 3 
[Source:SWISS;Acc:P34851] 

65.02 38.11 106.28 0.0333 0.9984 1.29 

gene8556.r1 rna18365 ACAA2 3-ketoacyl-CoA thiolase, mitochondrial [Source:SWISS;Acc:P42765] 216.52 205.35 569.18 0.0027 0.813 1.28 

gene11524 rna24962 CUO6_BLACR Cuticle protein 6 [Source:SWISS;Acc:P82119] 1.19 0.61 1.67 0.0196 0.9984 1.27 

gene11962 rna25785 LM-76 Cuticle protein 76 [Source:SWISS;Acc:P45588] 2.95 2.39 6.53 0.0462 0.9984 1.26 

gene467.r1 rna910 Mmp25 Matrix metalloproteinase-25 [Source:SWISS;Acc:Q3U435] 1.08 1.26 3.32 0.0347 0.9984 1.22 

gene467.r1 rna910 Mmp25 Matrix metalloproteinase-25 [Source:SWISS;Acc:Q3U435] 1.08 1.26 3.32 0.0347 0.9984 1.22 

gene8210 rna17648 Tl Protein toll [Source:SWISS;Acc:P08953] 0.74 0.57 1.51 0.0044 0.9984 1.21 
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XLOC_002858 rna7204 Atpalpha 
Sodium/potassium-transporting ATPase subunit alpha 
[Source:SWISS;Acc:P13607] 

13.42 10.38 27.09 6.00E-04 0.2672 1.2 

gene3794 rna8340 acsf2 
Acyl-CoA synthetase family member 2, mitochondrial 
[Source:SWISS;Acc:Q0P4F7] 

9.75 7.61 19.66 0.0019 0.6815 1.18 

gene14066 gene14066 COIII Cytochrome c oxidase subunit 3 [Source:SWISS;Acc:P34843] 1499.92 1023.34 2608.98 0.0022 0.7434 1.16 

gene552.r1 rna1073 NAAT1 
Sodium-dependent nutrient amino acid transporter 1 
[Source:SWISS;Acc:B4GVM9] 

4.48 3.14 7.91 0.0037 0.9984 1.15 

gene1077.r1 rna2299 Tmem145 Transmembrane protein 145 [Source:SWISS;Acc:Q8C4U2] 20.51 9.72 24.22 0.0202 0.9984 1.14 

gene10118.r1 rna21839 Ptgr1 Prostaglandin reductase 1 [Source:SWISS;Acc:Q9EQZ5] 64.5 53.84 133.22 6.00E-04 0.2972 1.12 

gene8941 rna19260 Svep1 
Sushi, von Willebrand factor type A, EGF and pentraxin domain-
containing protein 1 [Source:SWISS;Acc:P0C6B8] 

6.21 4.66 11.46 0.0031 0.9149 1.11 

gene8941 rna19260 Svep1 
Sushi, von Willebrand factor type A, EGF and pentraxin domain-
containing protein 1 [Source:SWISS;Acc:P0C6B8] 

6.21 4.66 11.46 0.0031 0.9149 1.11 

gene8941 rna19260 Svep1 
Sushi, von Willebrand factor type A, EGF and pentraxin domain-
containing protein 1 [Source:SWISS;Acc:P0C6B8] 

6.21 4.66 11.46 0.0031 0.9149 1.11 

XLOC_000012 gene14065 ATP6 ATP synthase subunit a [Source:SWISS;Acc:Q00275] 1550.57 1081.59 2628.29 0.0038 0.9984 1.1 

gene12474 rna26987 CO4A2_ASCSU Collagen alpha-2 chain [Source:SWISS;Acc:P27393] 19.09 10.11 24.58 0.0077 0.9984 1.09 

XLOC_010667 rna23835.r3.j Vps11 
Vacuolar protein sorting-associated protein 11 homolog 
[Source:SWISS;Acc:Q91W86] 

4.75 4.4 10.6 0.0428 0.9984 1.08 

XLOC_010667 rna23835.r3.j Vps11 
Vacuolar protein sorting-associated protein 11 homolog 
[Source:SWISS;Acc:Q91W86] 

4.75 4.4 10.6 0.0428 0.9984 1.08 

gene14059 rna29212 Cyp6a21 Probable cytochrome P450 6a21 [Source:SWISS;Acc:Q9V774] 67.91 58.19 137.89 0.0027 0.813 1.06 

XLOC_008493 rna18480 fh Fumarate hydratase, mitochondrial [Source:SWISS;Acc:Q7SX99] 61.61 59.2 138.48 0.027 0.9984 1.04 

XLOC_008493 rna18480 fh Fumarate hydratase, mitochondrial [Source:SWISS;Acc:Q7SX99] 61.61 59.2 138.48 0.027 0.9984 1.04 

XLOC_008492 rna18472.r3.j Dat Dopamine N-acetyltransferase [Source:SWISS;Acc:Q94521] 43.77 33.42 77.24 0.0387 0.9984 1.02 

XLOC_008492 rna18472.r3.j Dat Dopamine N-acetyltransferase [Source:SWISS;Acc:Q94521] 43.77 33.42 77.24 0.0387 0.9984 1.02 

gene12580 rna27223 CUD2_SCHGR 
Endocuticle structural glycoprotein SgAbd-2 
[Source:SWISS;Acc:Q7M4F3] 

25.28 19.73 45.41 0.0111 0.9984 1.02 

gene7180 rna15381 PAPSS2 
Bifunctional 3-phosphoadenosine 5-phosphosulfate synthase 2 
[Source:SWISS;Acc:O95340] 

3.35 2.2 5.04 0.0062 0.9984 1.01 

gene6379 rna13628 Cyp305a1 Probable cytochrome P450 305a1 [Source:SWISS;Acc:Q9VW43] 79.09 55.47 126 0.0043 0.9984 1 

XLOC_006185 rna13220.r2.= Glu-RI Glutamate receptor 1 [Source:SWISS;Acc:Q03445] 1.44 2.21 5.05 0.0162 0.9984 1 

gene4948 rna10748 Tim8 
Mitochondrial import inner membrane translocase subunit Tim8 
[Source:SWISS;Acc:Q9Y1A3] 

46.06 34.04 75.87 0.0426 0.9984 0.97 

gene14073 gene14073 ND1 
NADH-ubiquinone oxidoreductase chain 1 
[Source:SWISS;Acc:P34847] 

855.92 504.27 1104.52 0.0098 0.9984 0.94 



  

 

 

120 

gene1490.r1 rna3308 SLC6A1 
Sodium- and chloride-dependent GABA transporter 1 
[Source:SWISS;Acc:P30531] 

9.37 8.21 17.85 0.014 0.9984 0.93 

gene13963 rna29102 Dhrs11 
Dehydrogenase/reductase SDR family member 11 
[Source:SWISS;Acc:Q3U0B3] 

23.07 10.72 23.31 0.0088 0.9984 0.93 

gene7771 rna16654 Bdh1 
D-beta-hydroxybutyrate dehydrogenase, mitochondrial 
[Source:SWISS;Acc:P29147] 

2.58 2.06 4.42 0.0301 0.9984 0.92 

gene14061 gene14061 ND2 
NADH-ubiquinone oxidoreductase chain 2 
[Source:SWISS;Acc:P34849] 

1013.84 671.71 1441.39 0.0109 0.9984 0.92 

gene4742.r1 rna10354 EXOSC9 
Exosome complex component RRP45 
[Source:SWISS;Acc:Q3SWZ4] 

9.37 10.59 22.31 0.0394 0.9984 0.89 

gene8489 rna18218 Pbprp3 
Pheromone-binding protein-related protein 3 
[Source:SWISS;Acc:P54193] 

26.59 24.42 50.34 0.0232 0.9984 0.86 

gene4073 rna8956 FAR1 Fatty acyl-CoA reductase 1 [Source:SWISS;Acc:Q5R834] 9.93 9 17.93 0.0393 0.9984 0.81 

gene1830.r1 rna4054 Pdzd2 PDZ domain-containing protein 2 [Source:SWISS;Acc:Q9QZR8] 4.17 2.89 5.72 0.0476 0.9984 0.8 

gene3947 rna8679 akr1a1a 
Alcohol dehydrogenase [NADP(+)] A 
[Source:SWISS;Acc:Q6AZW2] 

29.74 19.11 37.54 0.0348 0.9984 0.79 

gene4251 rna9327 DnaJ-1 DnaJ protein homolog 1 [Source:SWISS;Acc:Q24133] 94.12 140.16 274.96 0.0389 0.9984 0.79 

gene7331.r1 rna15657.r1.j Gusb Beta-glucuronidase [Source:SWISS;Acc:P12265] 22.37 13.19 25.5 0.0288 0.9984 0.76 

gene7092 rna15181 ABCG5 
ATP-binding cassette sub-family G member 5 
[Source:SWISS;Acc:Q9H222] 

3.98 4.24 7.99 0.05 0.9984 0.73 

gene5842 rna12540 IFI30 
Gamma-interferon-inducible-lysosomal thiol reductase 
[Source:SWISS;Acc:B3SP85] 

36.82 33.42 63.14 0.0333 0.9984 0.73 

gene1045.r1 rna2241.r1.= Nup107 Nuclear pore complex protein Nup107 [Source:SWISS;Acc:Q8BH74] 5.49 6.28 11.61 0.0413 0.9984 0.7 

gene7262 rna15531 SP2 Sex-specific storage-protein 2 [Source:SWISS;Acc:P20613] 32.23 24.31 44.88 0.0404 0.9984 0.7 

Statistically significant (p-value ≤ 0.05 and FPKM of RG ≥ 1.00) DEGs up-regulated in RG compared with SG were 
listed. 
a When the Log2FC values were not calculated due to the 0 value of SG’s FPKM, Log2FC was indicated by ‘-’.  
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GENERAL DISCUSSION 

 

Brood rearing and foraging are important social behaviors for successful 

prosperity of their colony. When brood rearing is suppressed by blocking of 

foraging activity, some portion of the nurse bees’ physiology is altered and becomes 

similar to that of foragers and foragers’ physiology becomes somewhat similar to 

that of nurse. Taken together, these findings further support that transition of labor 

is physiologically reversible (Johnson, 2010). 

Under the brood rearing suppressed condition, commonly up-regulated 

translocator protein which is involved in oxidative stress regulation (Batoko et al., 

2015) and allatostatin-A-receptor which is involved in energy mobilization (Even 

et al., 2012) and required for reducing aggressiveness by JH (Bendena et al., 1999; 

Huang et al., 1994) might have potential as molecular markers determining the 

degree of colony stress. 

 

During swarming process, reduced activity in the pathways in SG relative to 

pre-swarming state (PSC) is likely due to the quiescent stage during bivouac. 

Otherwise, worker bees remained in the parental colony (RG) maintain similar 

physiological conditions to those of the pre-swarming colony. The bees from 

exodus condition, containing more of younger bees, maintained more nurse-like 
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physiology (Richards, 2012) but, when after they form bivouac most of 

physiologies were down-regulated due to shut down of biological activity. The 

overrepresentation of the phototransduction-FLY pathway in SG compared to RG 

is likely due to the necessary of swarming bees for temporary adjustment to new 

environment. This finding further indicates that the labor transition-like 

phenomenon can be induced in a short time during swarming. 

Swarming-related physiological reformation seem to be due to the epigenetic 

alteration (Fig. 6) which leads the phenotypic differences between each labor with 

no changes of DNA sequence (Herb et al., 2012) and neuronal and hormonal 

signaling (Fig. 11). Since most of the epigenetic alteration-related genes showed 

more dynamic changes between PSC and SG (Figure 6), those genes have potential 

for molecular markers which can detect swarming in advance. In addition to 

epigenetic alteration-related genes, CHCs and CHC synthesis-related genes also 

can be the potential markers for swarming prediction. In apiaries, many of Korean 

beekeepers empirically argue that bees present more blue-like color changes on 

their thorax when they prepare swarming. Since most significant changes of CHCs’ 

relative proportions were identified in SG compared to PSC (Figure 9) and most of 

the genes involved in CHC synthesis also changed between SG and PSC (Figure 7), 

the blue-like color changes might be due to the changes of CHC and (or) CHC 

synthesis-related genes. To verify these markers, functional analysis on the 
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potential markers should be conducted with the bees from long time before 

swarming with no swarming symptom, just before swarming showing swarming 

symptom and finally after swarming.  
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KOREAN ABSTRACT 

 

양봉꿀벌의 육아 및 분봉 활동과 관련된 유전자발현 경로 분석 

 

서울대학교 대학원 

농생명공학부 곤충학 전공 

김경문 

 

초록 

대표적 사회성 곤충인 양봉꿀벌(Apis mellifera)은 한 마리의 여왕과 다수의 

수벌 그리고 수 만 마리의 일벌(내역봉, 외역봉)로 구성되어 하나의 봉군을 

이룬다. 이상적인 봉군 상태를 유지하기 위해서는 지속적인 육아 활동을 통한 

일정 수준의 개체 수 유지가 필수적이다. 꿀벌의 육아는 다양한 요인(예, 기온, 

먹이 자원 등)에 영향을 받으며, 외부 요인 변화에 의한 꿀벌(일벌) 집단 구성원의 

행동 및 상태 변화는 즉각적으로 봉군 내 육아를 감소시킬 수 있고, 심할 경우 

봉군의 붕괴를 유발할 수 있다. 꿀벌의 봉군 유지를 위한 중요한 사회성 행동인 

육아 활동이 생물학적으로 일벌에 미치는 영향을 분석하기 위해서 육아 억제 

또는 정상 육아 상태인 일벌의 전사체 분석을 기반으로 하는 gene set enrichment 
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analysis (GSEA)를 수행하였다. 육아가 억제 되었을 때 내역봉, 외역봉 모두에서 

정상 육아 내역봉, 외역봉에 비하여 단백질의 합성 및 분해와 관련된 유전자 

경로가 공통적으로 증가된 활성을 보였으며, 육아 억제 내역봉, 외역봉의 

전체적인 유전자 경로 패턴은 각각 순서대로 정상 상태 외역봉, 내역봉의 유전자 

경로 패턴과 유사하였다. 정상적인 일벌의 육아 억제는 일벌의 생리를 재조정 할 

수 있는 유전자 경로의 활성을 증가시켰고, 내역봉과 외역봉 간의 계급 변이가 

양방향적인 것임을 확인할 수 있었다. 또한 육아 억제 상태에서 관찰 되는 신경 

민감도(neuronal excitability), 세포 및 영양 스트레스(cellular and nutritional stress), 

공격성(aggressiveness)과 관련된 유전자의 과발현은 일반적이지 않은 환경 

상태에서 봉군의 스트레스를 조절하기 위한 것으로 추정되었다. 

꿀벌의 분봉은 봄철 봉군 내 일벌 개체수가 일정 수준 이상으로 증가할 경우 

구성원의 일부가 기존의 여왕벌과 봉군을 떠나 새로운 봉군을 형성하는 현상이다. 

분봉에 참여하지 않는 집단은 새로운 여왕벌과 기존의 봉군을 유지한다. 꿀벌의 

세계에서 각 개체의 안위 보다 봉군의 안정적인 유지가 더욱 중요하기 때문에 

봉군을 늘리는 분봉이 진정한 의미의 꿀벌 종족 번식이라 할 수 있다. 분봉 

현상은 봉군 내부(개체군 규모, 여왕벌의 상태 등) 및 환경(온도, 먹이 등) 등 

다양한 요인들의 복합적인 작용에 의하여 발생한다. 꿀 생산이 주요 목적인 

양봉가에서는 생산량 증대를 위하여 고밀도로 봉군을 유지하는 것이 중요하기 

때문에 발생시 일벌의 손실 및 생산량의 감소를 일으킬 수 있는 분봉을 최대한 

억제하기 위하여 노력한다. 육아 억제와 더불어 꿀벌 분봉이 일벌에 미치는 
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다양한 변화를 확인하기 위하여 분봉 전, 후 일벌 간의 전사체분석 기반 유전자 

경로와 차등발현유전자를 분석하였다. 분봉전 일벌(pre-swarming; PSC)과 

비교하였을 때, 유전 정보 가공 및 대사와 관련된 총 아홉 개의 유전자 경로의 

활성이 분봉에 참여하여 기존 봉군을 벗어난 일벌(swarming group; SG)에서 

감소하였으나, 분봉에 참여하지 않고 기존 봉군에 잔류한 일벌(remaining group; 

RG)에서는 두 개의 유전자 경로만이 감소 하였다. 분봉 전, 후의 각 시료 간 

통계적 유의성을 보이는 차등발현유전자를 주요 기능(epigenetic alteration, CHC 

synthesis, sensory system)별로 구분하였을 때 분봉 전 일벌(PSC)에 비하여 

대부분의 epigenetic alteration 관련 유전자는 분봉 참여 일벌(SG)에서, CHC 

synthesis와 sensory system 관련 유전자는 기존 봉군 잔류 일벌(RG)에서 

변화함을 보였다. 분봉전(PSC)과 비교하였을 때 분봉 관련 유전자 경로의 변화가 

대부분 분봉 참여 일벌(SG)에 집중된 것은 여왕벌의 부재와 개체군 감소를 

제외한 모든 주변 환경이 분봉 전(PSC)과 동일하게 유지되는 기존 봉군 잔류 

일벌(RG)과 달리 분봉 참여 일벌(SG)은 외부 환경으로의 완전한 노출에 적응하기 

위한 것으로 사료된다. 

곤충은 개체 간의 종 구분 및 다양한 의사소통 방법으로 큐티클 탄화수소 의 

차이를 이용한다. 특히 꿀벌의 봉군은 계급간 분업화를 통하여 유지되기 때문에 

봉군 유지를 위해서는 봉군의 상황 별 구성원들의 계급간 의사소통이 매우 

중요하다. 분봉의 결과 각각 다른 여왕벌에 귀속된 서로 다른 두 개의 봉군을 

구성하는 일벌로부터 23개의 큐티클 탄화수소를 확인하였으며 그룹간 발현 
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변화를 분석한 결과 분봉 전(PSC)과 비교하였을 때 두 개, 열 개의 탄화수소가 

분봉 참여 일벌(SG)과 기존 봉군 잔류 일벌(RG)에서 각각 통계적으로 유의미한 

발현 차이를 보였다. 

종합하자면, 분봉 발생시 큐티클 탄화수소 구성 물질의 발현 변화 및 이들의 

합성 관련 유전자의 발현은 분봉 전 일벌(PSC)과 비교하였을 때 분봉에 참여하지 

않고 기존 봉군에 잔류하는 일벌(RG)에서 대부분 발생하였으며, 이는 기존의 

여왕벌에 귀속되는 분봉 그룹(SG)과 달리 기존 봉군 잔류 그룹(RG)은 새로운 

여왕벌에 귀속되기 때문인 것으로 생각된다. 이와 반대로 분봉 집단(SG)에서 주된 

변화를 보이는 epigenetic alteration과 관련된 유전자의 변화는 새로운 봉군을 

형성하는 과정에서 구성원간의 계급 재분배 및 급격한 환경 변화에 대한 적응을 

위한 것으로 생각된다. 

 

검색어: 꿀벌, 사회성, 육아억제, 분봉, 전사체, 유전자 경로, gene set enrichment 

analysis (GSEA), 차등발현유전자, 큐티클 탄화수소 
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