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 7 

Abstract  8 

Coridius chinensis, a valued species used in traditional Chinese medicine, undergo 9 

overwintering diapause. To clarify the mechanisms, we examined how low temperature 10 

treatments can affect diapause and cold tolerance in C. chinensis. Using transcriptome 11 

analysis, we obtained differently expressed 3225 mRNAs (DEGs) and 177 long non-12 

coding RNAs (lncRNAs). The more down-regulated DEGs and lncRNAs in diapause 13 

groups (DP) than low-temperature (LT) stress groups when compared with wild control 14 

(WC) groups. From co-expression network, 6 DEGs with 14 corresponding lncRNAs 15 

were finally identified and positively correlated to low temperature variation. Among 16 

them, 3 DEGs refered insulin signaling pathway as GAD and tdcB were up-regulated 17 

trends in WC-LT-DP, while JAK2 was decreaed after low temperature stress but 18 

increased at dispause stage. The qPCR test of GAD and JAK2 were obtained the similar 19 

results as transcriptome. Additionally, the genes annotated in the juvenile hormone 20 

synthesis pathway were almost at down-expression in DP when compared with LT 21 

groups, which was consistent with changes in juvenile hormone contents. Our results 22 

indicated the differences between cold stress and diapause in C.chinensis were closed 23 

related with the insulin metabolism and juvenile hormone synthesis, as well as diversity 24 

regulation in DEGs mean the diapause occurance refer various fields changing in cold 25 

stress. 26 
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Introduction 30 

Coridius chinensis, also known as Aspongopus chinensis Dallas, is an endemic 31 

insect of the order Hemiptera from China. It is used as Traditional Chinese medicine 32 

(TCM) for the treatment of pain, erectile dysfunction, and other diseases [1]. It has been 33 

recorded in the books “Compendium of Materia Medica” and “Chinese Pharmacopoeia” 34 

for the treatment of impotence and enuresis caused by deficiencies within the spleen 35 

and kidney [2,3]. Studies in modern pharmacology have shown that C. chinensis insects 36 

have a variety of nutritional or otherwise active ingredients, including fatty acids, 37 

proteins, nucleosides, and dopamine [4,5]. These ingredients have a variety of 38 

pharmacological uses, which include the improvement of reproductive health, 39 

antibacterial properties, and tumor prevention [1,6,7]. The asponguanine A separated 40 

from C. chinensis predominantly induced the proliferation of neural stem cells [8] and 41 

anti-tumor effect by inducing apoptosis and cell cycle blockage [3,5,9]. Though useful 42 

in medicine, the annual production of wild C. chinensis is insufficient for 43 

pharmacological purposes due to the limited reproduction capacity caused by diapause 44 

[10]. Elucidating the diapause mechanisms of C. chinensis is an important step toward 45 

the improvement of reproduction techniques of C. chinensis. 46 

Diapause is a biologically programmed deep resting phase that is widespread in 47 

small ectotherms, such as insects. It can be induced by photoperiod [11], temperature 48 

[12], or pollution [13] and is characterized by a cessation of reproductive and 49 

ontogenetic development, depressed metabolic rate, and increased stress tolerance 50 

[14,15]. There are multiple stages of diapause, including induction, preparation, 51 

initiation, maintenance, termination, and late developmental stages, which are affected 52 

by physiological and biochemical regulation [16,17]. Previous studies have asserted 53 

that the regulation of storage and membrane lipid profiles is affected by diapause [14], 54 

including a shift in chemical compositions (cuticular hydrocarbon) in Drosophila 55 

montana [18], and changes in sugar and polyol content in Ostrinia nubilalis [19]. This 56 

demonstrates that the strategies of insects in diapause are varied and complex.  57 

Recently, RNA-seq technology has provided valuable insight into gene expression 58 

regulation mechanisms by demonstrating a broader range of characteristics such as 59 



alternative splice forms and novel transcripts [20]. Previous studies of diapause using 60 

RNA-seq were completed using Poecilocoris lewisi [21], Megachile rotundata [22], 61 

and striped stem-borer Chilo suppressalis [23]. Long non-coding RNAs (lncRNAs) 62 

possess a wide range of functional activities, including chromatin remodeling, 63 

transcriptional control, and post-transcriptional processing [24,25,26.] Previous studies 64 

have documented lncRNA’s role in insect development, including within the honey bee 65 

[27], and Plutella xylostella [28]. However, there is still little knowledge about the 66 

lncRNA and mRNA of C. chinensis with relation to diapause. In constructing the 67 

transcriptome and screening the key lncRNA and mRNA affecting diapause, we can 68 

discover important relationships that affect C. chinensis reproduction. In this study, we 69 

compared transcriptome profiles and constructed a co-expression network of DEGs and 70 

lncRNAs in diapause, using graduated cold stress in wild groups of C. chinensis. The 71 

juvenile III hormone with related gene expression in the juvenile III synthesis pathway 72 

was further analyzed. The purpose of this study was to elucidate the mechanism of 73 

diapause occurrence as a result of cold stress in order to facilitate C. chinensis 74 

production. 75 

Materials and Methods 76 

Animal collection and treatment 77 

C. chinensis samples were collected between July and November of 2015, from 78 

Hexi Village, Gaoqiao Town, Huichuan District, Zunyi City, Guizhou Province, China 79 

(longitude: 27.72, latitude: 106.95, elevation: 1090 m). The samples of C. chinensis 80 

were divided into three groups: wild control (WC), low temperature (LT), and winter 81 

diapause groups (DP). Within each group, there were 3 sub-groups: adult males, adult 82 

females, and adult males and females combined. All collected samples of C. chinensis 83 

were bred in dark, ventilated insect cages with cobblestone bedding and 70% relative 84 

humidity. They were fed pumpkin seedlings. The study took place over 4 weeks. WC 85 

groups were kept at a constant environmental temperature of 26℃. LT groups were 86 

placed in an environment with gradually decreasing temperatures for 7 days at each 87 

temperature (26℃, 22℃, 15℃, and 11℃). DP groups were maintained at 10℃. The 88 

treatment temperatures simulated different life stages of C. chinensis in the wild. The 89 



insects were rapidly frozen in liquid nitrogen following the 28 days of treatment for 90 

further RNA extraction. 91 

Total RNA isolation, sequencing, and assembly 92 

Total RNA was extracted from the three treatment groups of C. chinensis (WC, LT, 93 

DP). First, RNA was isolated using the TRNzol Reagent Kit (DP421, TIANGEN, Inc., 94 

China). The NanoDrop 2000 was further used to measure the RNA purity and 95 

concentration; agarose gel electrophoresis was also used to confirm the RNA quality. 96 

RNA passed the quality control was then randomly fragmented to serve as a template 97 

for first-strand cDNA synthesis using random primers. The second strand cDNA was 98 

then purified with QIAquick PCR purification kit (DP, Qiagen, Inc., USA) and enriched 99 

by PCR to construct the cDNA library. Finally, cDNA library sequencing was 100 

completed using the Illumina HiSeq 2000 platform of Shanghai Biotechnology Ltd. 101 

(Shanghai, China).  102 

The adaptor sequences, low-quality reads (Q value ≤  20), and ambiguous 103 

nucleotides (N percentage ≥ 10%) from the raw reads were filtered to obtain clean 104 

reads, which were used for genome assembly using Trinity 2.4.0. The quality of the 105 

assembly was evaluated using TransRate and BUSCO[29]. By performing pair-end 106 

joining and gap filling, contigs were assembled into transcripts and subsequently 107 

clustered to obtain unigenes. 108 

DEGs screening and functional annotation  109 

The expression level of unigenes in fragments per kilobases per million reads 110 

(FPKM) was calculated using Bowtie (V2.0). The differential gene expression analysis 111 

was performed using edgeR (V2.20.9). Gene expression differences (fold change) 112 

among the WC groups, LT groups, and DP groups were further calculated. Genes 113 

showing a false discovery rate (FDR value) < 0.05 with |log2FC| > 1 were defined as 114 

differentially expressed genes (DEGs). In addition, all assembled unigenes were 115 

annotated in Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 116 

(KEGG) by Goatools, and significantly enriched terms were filtered by P ≤ 0.05 in 117 

Fisher's exact test. 118 



Construction of lncRNA-mRNA co-expression network 119 

Potential lncRNAs were obtained by filtering the data for annotated transcripts, 120 

overlapped sequences, and transcripts with potential coding ability or specific length of 121 

open reading frame (ORF) (> 225 bp). The lncRNAs with significant differential 122 

expressions (DElncRNAs) between the WC groups, LT groups, and DP groups were 123 

calculated with edgeR.  124 

The DEGs and DElncRNAs related to diapause were obtained from WC, LT, and 125 

DP groups using the WGCNA package (V1.61). The power value of the adjacency 126 

matrix parameter was selected when the squared value of the correlation coefficient 127 

reached 0.9. The average connection degree of the overall network node was equal to 128 

1, which was in line with the characteristics of the scale-free small world network. 129 

Under the condition of this parameter, the coefficient of dissimilarity between genes 130 

was calculated, and the system clustering tree was obtained. According to the hybrid 131 

dynamic tree cutting standards, the minimum number of genes in each gene network 132 

and the pruning height were set. Each module that significantly correlated with the 133 

distinct state of samples was then analyzed, and a lncRNA-mRNA co-expression 134 

network was constructed based on the correlation between the expression level of the 135 

module and the DEGs and lncRNA contained in the module.  136 

Quantitative real-time PCR (qRT-PCR) analysis 137 

To verify the accuracy of transcriptome data, seven genes were selected for qRT-138 

PCR verification. The 20 µL reaction system of qRT-PCR consisted of 1 µL of cDNA, 139 

0.4 µL each of forward and reverse primers, 10 µL of 2× SYRB Green qPCR Master 140 

Mix (MCE, Beijing, China), and 8.8 µL of sterile water. The PCR reaction parameters 141 

were as follows: 95℃ for 30 seconds; 35 cycles of 95℃ for 10 seconds, 60℃ for 10 142 

seconds, and 72℃ for 30 seconds. The melt curve was 1 cycle of 95℃ for 15 seconds, 143 

60℃ for 60 seconds, and 95℃ for 15 seconds. Three technical replicates of the qRT-144 

PCR assay were used with three biological replicates. Gene expression was calculated 145 

via the 2−ΔΔCt method. The primers used for qRT-PCR are listed in Table S1. 146 

Juvenile Ⅲ determination 147 

The samples of treated groups were selected and transferred into electropolished 148 

pipes. After adding 4 ml of PBS solution, the body of C. chinensis was powdered and 149 



measured into two 1.5 ml pipes. The supernatants were obtained by centrifugating at 150 

5000 r/min at 4℃ and used to test the contents of juvenile Ⅲ with an ELISA kit (JM-151 

0004102, JINGMEI, Inc, China). Following the protocol, using a blank well as zero, 152 

the absorbance was read at 450 nm. Finally, basing the linear regression equation of the 153 

standard curve on standard concentration and OD value, the sample concentrations of 154 

Juvenile Ⅲ were obtained. 155 

Statistical analysis 156 

Data were analyzed and visualized using R (version 4.0.5). Adobe Illustrator CS6 157 

software (V20219) was used for picture assembly. Significant differences were 158 

assessed using one-way ANOVA, as appropriate, followed by Duncan’s test. A P-value 159 

of < 0.05 was identified as a statistically significant difference. 160 

Results  161 

Illumina sequencing   162 

Through transcriptome sequencing, a total of 402,128,042 reads were obtained 163 

from the 3 groups of C. chinensis (Table s2). The GC ratio of DP groups was higher 164 

than other groups, with GC ratios for LT and WC groups ranging between 41.14-165 

43.02%. After filtering the low-quality sequences, 385,548,643 high-quality clean reads 166 

were retained. Over 75% of clean reads in each sample were mapped to the hexapod 167 

reference genes, except WC_1, which was removed in the subsequent analysis. 168 

Following clustering and redundancy removal, 319,101 transcript sequences were 169 

retained. Unigene lengths primarily ranged from 501-1000 bp, followed by 0-500 bp 170 

and 1001-1500 bp, respectively (Figure 1A). Homologous species of C. chinensis were 171 

predicted by sequence alignment using the NR database. Around 44.26% of sequences 172 

aligned with Halyomorpha halys, followed by Lasius niger (3.75%) and Diaphorina 173 

citri (3.13%) (Figure 1B). A total of 94,705 transcripts were annotated, of which 91,540 174 

were annotated in NR, 47,593 in Swiss-Prot, 43,918 in Pfam, 6,682 in COG, 14,927 in 175 

GO, and 30,884 in KEGG databases (Figure 1C). The Pfam annotation indicated the 176 

greatest number of annotated protein family were Ank_3 and Ank (Figure 1D).  177 

Comparative transcriptomics between low temperature stress and diapause 178 

DEGs identified in each comparison group were illustrated using a Venn diagram 179 

(Figure 2A). In comparing the number of up- and down-regulated DEGs, we found that 180 



more genes were significantly down-regulated after cold stress (Figure 2B). In 181 

comparison with LT groups, DP samples exhibited 790 down-regulated and 430 up-182 

regulated DEGs, demonstrating that the gene expression response was more clustered 183 

in down-regulated genes.  184 

GO and KEGG pathway enrichment analysis was performed in WC vs. LT, WC 185 

vs. DP, and LT vs. DP comparison groups. Our analysis showed that 27, 30, and 19 GO 186 

biological processes and 14, 7, and 13 KEGG signaling pathways were obtained, 187 

respectively (Figure S1). These DEGs were significantly associated with nucleic acid-188 

protein covalent cross-linking, the oxidation-reduction process, and small molecule 189 

metabolic processes. KEGG analyses demonstrated the DEGs between LT vs. DP 190 

groups were significantly enriched in antigen processing, apoptosis, and lysosome 191 

pathways.  192 

A total of 73,578 potential lncRNAs were identified, with 239 DElncRNAs 193 

obtained from comparison groups. 121, 87, and 31 DElncRNAs were obtained, 194 

respectively from WC vs. LT, WC vs. DP, and LT vs. DP comparison groups (Figure 195 

2C). The Venn diagram of DElncRNA for each comparison group showed similar 196 

trends to that of DEGs, except the number of up-regulated DElncRNA in LT vs. DP 197 

groups was much higher (Figure 2D).  198 

Construction and analysis of lncRNA-mRNA co-expression network 199 

After removing redundant sequences, 177 DElncRNA sequences with 3,225 200 

unique DEGs were used for co-expression network construction (Figure 3). Our results 201 

showed a total of 10 related modules except gray modules. A topological overlap matrix 202 

(TOM) graph was constructed by combining partitioned module information and gene 203 

tree graph results (Figure 3C, D). In a comparison of color modules, there was a higher 204 

overlap between genes of same color module. The purple and turquoise modules in this 205 

graph had a significant positive correlation with the low temperature induced 206 

characterization of sample. The turquoise module had 641 elements (including 21 207 

lncRNA and 620 mRNA) and had much higher positive correlation (0.74) with the low 208 

temperature stress characterization than other modules. Therefore, the elements 209 

contained in this module were used to complete further analysis.  210 



The co-expression network contained 229 nodes (20 lncRNAs and 209 DEGs) and 211 

689 connected edges (Figure S2). A total of 9 DEGs with GO function annotations and 212 

11 DEGs with KEGG signaling pathways were obtained. Moreover, lncRNA-DEGs-213 

GO / KEGG signaling pathway was independently constructed based on the DEGs 214 

involvement in GO function and KEGG pathways, as well as the relevant co-expression 215 

lncRNAs. The network contained 6 DEGs that participate in the GO node with KEGG 216 

signaling pathway. The network also contained 14 lncRNAs which referred to 7 KEGG 217 

signal pathways, including the primary metabolic process, hydrolase activity GO node, 218 

immune system, nervous system, and amino acid metabolism (Figure S3). The 219 

following DEGs were clustered alone within hydrolase activity and primary metabolic 220 

processes: DN128286_c0_g1, DN135849_c2_g2, DN141355_c2_g1, and 221 

DN146935_c1_g1, annotated respectively in genes of JAK2 (Janus Kinase 2), tdcB 222 

(threonine dehydratase), glutamic acid decarboxylase (GAD), and DEF(defensin) , 223 

which referred with insulin pathway. Two additional DEGs (DN144125_c1_g3 and 224 

DN108165_c1_g2) were clustered alone in relation to hydrolase activity and primary 225 

metabolic processes. The expression levels of the 6 DEGs were clustered in two types, 226 

except DN128286_c0_g1, and appeared in the up-regulating trends in WC- LT (Figure 227 

S4). However, all the 6 DEGs were up-regulated in LT- DP.  228 

Comparison of gene expression patterns between low temperature stress and 229 

diapause in juvenile hormone synthesis  230 

The unigenes annotated in the juvenile synthesis pathway were screened, and 231 

subsequently compared for expression level. A total of 40 DEGs were identified, 232 

including those encoding the juvenile hormone esterase methyl, farnesoate epoxidase, 233 

and aldehyde dehydrogenase (Figure 4A). Overall, the unigenes showed down-234 

expression in DP when compared with LT. 6 unigenes showed higher expression levels 235 

in DP than in WC. In addition, 5 unigenes (DN109327_c0_g1, DN115166_c7_g5, 236 

DN146573_c5_g1, DN134628_c3_g5, and DN138878_c4_g1) coding for juvenile 237 

hormone esterase, farnesol dehydrogenase and juvenile hormone epoxide hydrolase 238 

were found differentially expressed between the WC and DP groups, but not 239 

significantly expressed between the LT and DP groups (Table S3). The concentration 240 



of juvenile Ⅲ was shown to gradually decline in the WC, LT and DP groups. The JXC 241 

group was significantly different from the other groups (Figure 4B). 242 

Validation of DEGs with qPCR 243 

To validate the reliability of the transcriptome data, 6 DEGs were selected to verify 244 

their expression levels by qPCR. The Actb gene of C. chinensis was used as a reference 245 

control. All qPCR results correlated with the data obtained from RNA sequencing, 246 

showing similar trends in the up- or down-regulation of C. chinensis, thereby verifying 247 

the robustness of our transcriptome sequencing analysis (Figure 5). 248 

 249 

Discussion  250 

Insect diapause usually occurs after a certain period of cold at a specific 251 

temperature. Low temperatures are associated with the slow decline of metabolic rate 252 

to facilitate cold tolerance [30] but do not always result in diapause. The relationship 253 

between low temperature stress and diapause is important to assess the mechanisms 254 

behind diapause. C. chinensis is a valuable medical insect, exhibiting adult reproductive 255 

diapause during winter that begins in October or November every year depending on 256 

environmental temperature [11]. In this study, we compared the gene profile of C. 257 

chinensis under 3 temperature regimes: constant temperature, gradually reduced 258 

temperature, and diapause temperature. From the three comparison groups (WC vs. LT, 259 

WC vs. DP, and LT vs. DP), we identified 1145, 1673, and 1220 DEGs, respectively. 260 

LT and DP treatments showed a higher number of DEGs at down-regulated levels when 261 

compared with WC groups (Figure 1). The DEGs of the three comparison groups 262 

showed significant clustering in different biological processing and signal pathways 263 

(Figure S1). The DEGs in the LT vs. DP group also showed significant enrichment in 264 

the sulfur compound biosynthetic process and sulfur compound metabolic process. 265 

Sulfur compounds, such as GSH, GSSG, GSH-px, and GST, are important members of 266 

the antioxidant enzyme, which was related to diapause in silkworm [31] and European 267 

Corn Borer [32]. Therefore, sulfur compounds may play a role in diapause of C. 268 

chinensis.   269 

Some hormones with related signal pathways were present with diapause, 270 



including juvenile hormone (JH) and insulin signal pathway [33]. JH can control 271 

abnormal insect growth [34], maintain a high level of growth in the early years of 272 

insects, and decrease growth until adult morphology [35]. Insulin was an important 273 

component of the upstream regulation of JH. By regulating JH, the adult diapause of 274 

Drosophila, Culex pipiens pallens [36], and Pieris brassicae ceased [37]. The fork head 275 

transcription factor (FOX) is located downstream of the insulin signaling pathway and 276 

has an "antagonistic effect" with insulin. In the presence of insulin, FOXO is inhibited. 277 

When insulin was deficient, FOXO was activated and migrated into the nucleus, which 278 

played an important role in the accumulation of nutrients in diapause insects [38,39]. 279 

JAK2 is the upstream gene of FOXO, a downstream factor of the insulin signaling 280 

pathway, and was a protein in the immune-related signaling pathway JAK/STAT. 281 

Immunity also protects the insect from microbial infection during diapause [38].  282 

In this paper, we found that 21 DEGs related to low temperature induced were 283 

involved in antigen processing and presentation, apoptosis, and autophagy pathways. 284 

Among them, unigene DN128286-c0-g1 screened and annotated JAK2, which was 285 

significantly related with diapause in C. chinensis by WGCNA analysis. Further 286 

expression analysis showed JAK2 was at down-regulated levels after low temperature 287 

treatments and up-regulated levels at diapause when compared with the WC group. This 288 

indicated the opposite expression regulated by JAK2, likely indicating different 289 

strategies used to endure cold stress and diapause. The unigene TRINITY_DN141355-290 

c2-g1, annotated as gadA and gadB, belongs to glutamic acid decarboxylase (GAD) 291 

and was the rate-limiting enzyme that converts glutamate into the inhibitory 292 

neurotransmitter, r-aminobutyric acid (GABA). This unigene was present in GABA-293 

secreting neurons and non-neural cells such as islets B cells, thyroid, and thymus [41]. 294 

GABA can cause islet β cell damage and reduce insulin secretion. Additionally, we 295 

found that the gene expression level of FOXO6 (DN140179_c3_g1) showed increasing 296 

at low temperatures than diapause stages (Figure 5). In summary, the different 297 

expression regulated of member in insulin signaling pathway likely played a key role 298 

in the diapause of C. chinensis. Previous studies have documented JH III in relation to 299 

diapause in C. chinensis [11]. In this paper, we found that the concentration of JH III 300 



was reduced gradually with a reduction in temperature and that the 34 unigenes 301 

referenced in JH III synthesis showed a similar trend with down-expression levels 302 

following WC, LT, and DP.  303 

In summary, the diapause state of C. chinensis is further induced by low 304 

temperature as demonstrated by changes in related hormones, signal pathways, and 305 

biosynthetic compounds. Through transcriptome analysis, genes related to diapause 306 

showed up- or down-regulation trends and different in multi-process. The genes refered 307 

in insulin signaling pathway were identified positively with clod temperature. The 308 

hormone JH III exhibited lower concentrations in diapause samples than in samples 309 

subjected to low temperature stress. This could mean that the regulataion in insulin and 310 

JH signal pathway facilitated the diapause transition. 311 

Conclusion  312 

In the study, the gene profiles of C. chinensis in low-temperature induced diapause 313 

were first studied using Illumina sequencing technology. Gene expression during 314 

diapause was reduced when compared with low temperature treatments. Positively 315 

related lncRNA-mRNA showed different expression levels, while the genes refered 316 

insulin singal pathway were identified. And the lowest JH III concentration was found 317 

in diapause samples. This data not only provides genomic information for C. chinensis, 318 

but also serves as a valuable resource for further research on diapause and its molecular 319 

mechanisms.  320 
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Figures

Figure 1

The analysis of C. chinensis transcriptome unigenes. Sequence length distribution and number (A),
Homology search in the NR database (B), Functional classi�cation (C), Pfam annotation (D).



Figure 2

The statistics of different expression levels of mRNA (A, B) and lncRNAs (C, D) in comparison groups.



Figure 3

WGCNA analysis of the DEGs and DElncRNAs. (A) Silhouette coe�cient with different K-value. (B)
Clustering of DEGs on K-means. (C) Module partitioning tree diagram. (D) Module TOM cluster heat map.
(E) Sample characterization state and module correlation heat map.



Figure 4

Juvenile hormone III synthesis pathway of C. chinensis transcriptome. (A) The identi�ed genes
expression level comparison. (B) The contents of JH-III in 3 tested groups.



Figure 5

qRT-PCR analysis of 6 DEGs in C. chinensis.
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