

  agriculture-12-01088




agriculture-12-01088







Agriculture 2022, 12(8), 1088; doi:10.3390/agriculture12081088




Article



Transcriptome Analysis of Propylaea quatuordecimpunctata L. (Coleoptera: Coccinellidae) under High Temperature Stress



Qing Yang 1,2, Jinping Liu 2, Yizhong Yang 1,* and Yanhui Lu 2,3,*[image: Orcid]





1



College of Horticulture and Plant Protection, Yangzhou University, Yangzhou 225007, China






2



State Key Laboratory for Biology of Plant Diseases and Insect Pests, Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Beijing 100193, China






3



Western Agricultural Research Center, Chinese Academy of Agricultural Sciences, Changji 831100, China









*



Correspondence: yzyang@yzu.edu.cn (Y.Y.); luyanhui@caas.cn (Y.L.)







Academic Editor: Geraldo Andrade Carvalho



Received: 16 June 2022 / Accepted: 21 July 2022 / Published: 23 July 2022



Abstract

:

Simple Summary


Propylaea quatuordecimpunctata (L.), an important natural enemy of crop pests, shows different levels of survival, reproduction, and predation at different high temperatures (32, 35, and 38 °C). Therefore, it is important to understand the molecular basis for this variation in the specie’s thermotolerance. In this study, high-throughput sequencing analysis confirmed that P. quatuordecimpunctata has more genes which are mobilized under high temperature (38 °C). Meanwhile, we found that the cytochrome P450 gene and the heat shock protein Hsp70 gene were significantly overexpressed after high temperature stress (35 and 38 °C). The reliability of transcriptome sequencing was confirmed by qRT-PCR, indicating that these differentially expressed genes (DEGs) play an important role in the resistance of P. quatuordecimpunctata to high temperature stress. Our study provides a molecular basis for further analysis of the thermotolerance mechanism of P. quatuordecimpunctata.




Abstract


In cotton-growing regions of northern Xinjiang, Propylaea quatuordecimpunctata (L.) (Coleoptera: Coccinellidae) is an important natural enemy that provides significant control of some pest hemipterans. Previous studies have shown that the survival and reproduction of P. quatuordecimpunctata differs under different high temperatures. However, its molecular mechanism for thermotolerance is poorly understood. In this study, transcriptome sequencing analysis was performed on P. quatuordecimpunctata, after its exposure to different temperatures (32–38 °C) for 24 h, using high-throughput sequencing technology. The results showed that the 35 vs. 38 °C groups had the most DEGs (1425), indicating that P. quatuordecimpunctata has more genes that can be mobilized under high temperature (38 °C). The results of functional analysis showed that the DEGs were mainly involved in “Oxidation–reduction process”, “Oxidoreductase activity”, “Metabolic pathways”, and “Small molecule metabolic processing” groups. We randomly selected DEGs (eleven P450 genes and one Hsp70 gene) of interest for qRT-PCR validation. The qRT-PCR results were consistent with the transcriptome data, indicating that the transcriptome data were reliable. In summary, these genes involved in these pathways play an important role in the resistance of P. quatuordecimpunctata to high temperature stress. Our study enriched our understanding of the molecular mechanism for thermotolerance in P. quatuordecimpunctata.
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1. Introduction


As poikilotherms, insects are very sensitive to ambient environmental conditions. When the ambient temperature is too high, their growth, development, survival, and reproduction will be negatively affected [1,2]. For example, the aphids Rhopalosiphum padi (L.), Sitobion avenae (Fabricius), and Metopolophium dirhodum (Walker) present in corn fields in the northeastern part of the Iberian Peninsula were affected by high summer temperatures, causing their populations to decline from late June to mid-August [3]. Similarly, Laodelphax striatellus (Fallén) (Hemiptera: Delphacidae) showed a lower survival rate and slower development under heat stress (33 °C), which was consistent with the sharp decline of its population during the high temperatures of summer [4]. Temperature is also an important factor affecting species distribution. Oliveira et al. [5] found that temperature can directly affect the geographic distribution of two important natural enemies of mealybugs in South America: Tenuisvalvae notata (Mulsant) and Cryptolaemus montrouzieri (Mulsant). Two forest pests in Central Europe, namely Lymantria dispar (L.) and Lymantria monacha (L.), have been found to move northward in both northern and southern boundaries under climate warming scenarios [6].



With the decreasing cost of next-generation sequencing technology, high-throughput sequencing has been widely used to reveal the molecular mechanism of insect response to heat stress [7,8,9], at the levels of ecology, physiology, and biochemistry [10,11,12]. High temperature stress can change the overall gene expression pattern of insects [7,13]. Through high-throughput sequencing, we can simultaneously measure the expression levels of tens of thousands of genes and identify differentially expressed genes under different experimental treatments within the whole transcriptome [14]. Transcriptome sequencing technology has been used to study the molecular mechanism for thermotolerance in a large number of insects, such as Bombyx mori (L.) [15], Locusta migratoria tibetensis (Chen) [16], Dastarcus helophoroides (Fairmaire) [17], Frankliniella occidentalis (Pergande) [18], and Spodoptera frugiperda (Smith) [19].



Given that natural enemy insects contribute to natural biological control [20,21], it is crucial to investigate the molecular mechanism for thermotolerance of natural enemy insects. Propylea quatuordecimpunctata (L.) (Coleoptera: Coccinellidae) is an important natural enemy in cotton fields in northern Xinjiang, China. It contributes to the regulation of multiple crop pests such as aphids, mites, and thrips [22,23,24]. Based on its favorable intrinsic characteristics, such as its population’s rate of increase, doubling time, and control capabilities, it is considered promising for broad application in biological control programs [25,26,27]. Previous studies have mainly focused on the effects of high temperature on the growth, development, predation rate, and antioxidant capacity of this ladybug. For example, Papanikolaou et al. [28] found that the development time of immature-stage ladybugs was shortened with an increase in temperature from 17 to 32.5 °C, and the eggs could not hatch at 35 °C. In our previous study, we also found that the survival rate, reproduction, predation ability, and total antioxidant capacity of P. quatuordecimpunctata adults decreased gradually with an increase in temperature (32, 35, and 38 °C) [29]. However, the molecular response mechanisms to high temperature stress were not reported.



In this study, high-throughput sequencing technology was used to reveal the transcriptome changes of P. quatuordecimpunctata adults under different high temperatures (32, 35, and 38 °C). The DEGs were enriched and analyzed by GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) to further understand the biological functions of the genes. At the same time, quantitative real-time PCR (qRT-PCR) technology was used to verify the screened genes related to the high temperature tolerance of P. quatuordecimpunctata, to confirm the accuracy of the transcriptome data. The experimental data obtained fill in the blanks for the themolecular mechanism for the thermotolerance of P. quatuordecimpunctata.




2. Materials and Methods


2.1. Insect Rearing


Propylaea quatuordecimpunctata and Aphis gossypii Glover were collected from un-sprayed cotton plots at the experimental field station of Shihezi University (44.32° N, 85.92° E) (Shihezi, Xinjiang Uygur Autonomous Region, China) in 2019. Diagnostic keys were used to confirm ladybug and aphid species’ identity [30,31]. Next, field-caught individuals were transferred to the Langfang experimental station, Chinese Academy of Agricultural Sciences (CAAS; 39.53°N, 116.70°E) in Langfang, Hebei Province. Ladybugs were reared in plastic containers (diameter: 8 cm; height: 11.5 cm) within a controlled climate chamber (RXZ500D, Ningbo Jiangnan Instrument Factory, Ningbo, China) at 32 ± 1 °C, 70 ± 5% RH, and 16:8 h (L:D) photoperiod. Cotton aphids (A. gossypii) were reared on Cucurbita pepo L. (Xinzaoqing seed, Tianjin City Ji Nong Seed Co., Ltd., Tianjin, China) and maintained within screened cages (55 × 35 × 50 cm) in a greenhouse at 28–30 °C, 50 ± 5% RH, and 16:8 h (L:D) photoperiod. Ladybugs were fed daily ad libitum with cotton aphids (500 aphids per ladybug) and used for experiments after the ladybug population had stabilized.




2.2. Heat Stress Treatments


In the early stage, we combined the actual temperatures in Xinjiang and found that P. quatuordecimpunctata adults have different survival and reproduction at different temperatures (32, 35, and 38 °C) [29]. Therefore, we still choose these three temperatures to study the thermotolerance molecular mechanism of P. quatuordecimpunctata.



Newly emerged one-day-old P. quatuordecimpunctata adults (<12 h) were held for 24 h at 32 °C (as the control), or 35 °C (medium–high temperature), or 38 °C (high temperature) in climatic chambers (70 ± 5% RH and 16:8 h L:D). There were three replicates of each temperature, and each replicate consisted of two adult P. quatuordecimpunctata. Upon completion, these P. quatuordecimpunctata were immediately frozen in liquid nitrogen and stored at −80 °C before RNA extraction.




2.3. RNA Extraction and Transcriptome Sequencing


The whole bodies of these P. quatuordecimpunctata adults were used for RNA extraction. Total RNA was extracted using TRIzol reagent (TransGen Biotech, Beijing, China), and the integrity, purity, and concentration of the RNA were verified by Agilent 2100 (Agilent Technologies, Santa Clara, CA, USA) and Nanodrop 2000 (IMPLEN, Munich, Germany) [32].



After the RNA had been completely extracted, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Then, the enriched mRNA was fragmented into short fragments using a fragmentation buffer. Single-stranded cDNA was synthesized by reverse transcription with random hexamers, and then double-stranded cDNA was synthesized by adding buffer, dNTPs, and DNA polymerase Ⅰ. The double-stranded cDNA fragments were purified using AMPure XP Beads. The purified double-stranded cDNA was repaired and then added to poly(A) and adapters. AMPure XP Beads were used to select 250 bp fragment size for double-stranded cDNA, and then PCR amplification was performed to construct cDNA libraries. Finally, the mRNA library was sequenced on the Illumina sequencing platform by Allwegene technologies Co., Ltd. (Beijing, China).




2.4. Quality Control, Analysis, and Functional Annotation


Raw data (raw reads) of fastq format were first processed through in-house perl scripts. In this step, clean data (clean reads) were obtained by removing reads containing adapter, reads containing ploy-N (content higher than 5%), and low-quality reads (quality below 15) from the raw data. At the same time, the Q20, Q30, GC content, and the level of sequence duplication level of the clean data were calculated. All the downstream analyses were based on clean data with high quality.



The adaptor sequences and low-quality sequence reads were removed from the data sets. Raw sequences were transformed into clean reads after data processing. Assembly of these clean reads was performed using Trinity [33]. Finally, Tgicl [34] was used to cluster the transcripts of each sample twice for redundancy removal, and the final unigenes for subsequent analysis.



Unigene function was annotated based on the following databases: Nr (NCBI non-redundant protein sequences); Nt (NCBI non-redundant nucleotide sequences); Pfam (Protein family); KOG/COG (Clusters of Orthologous Groups of proteins); Swiss-Prot (A manually annotated and reviewed protein sequence database); KO (KEGG Ortholog database); GO (Gene Ontology).




2.5. Differentially Expressed Genes (DEGs) and Functional Enrichment Analysis


Differential expression analysis of two conditions/groups was performed using the DESeq R package (1.10.1) [35]. DESeq provides statistical routines for determining differential expression in digital gene expression data using a model based on the negative binomial distribution. The resulting p values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted p-value < 0.05 found by DESeq were assigned as differentially expressed. Then, the differential genes were functionally analyzed by GO enrichment (GOseq software, http://bioinf.wehi.edu.au/software/goseq/, accessed on 29 May 2020) [36] and KEGG pathway enrichment (online database: http://www.genome.jp/kegg/, accessed on 29 May 2020) [37].




2.6. Quantitative Real-Time PCR (qRT-PCR)


We selected DEGs of interest (eleven P450 and one Hsp70) for qRT-PCR detection to verify the reliability of the transcriptomic data. Twelve different genes were selected from the detection results and verified by qRT-PCR. EF1ɑ was selected as the internal reference gene [38]. Using Primer3Plus (http://www.primer3plus.com, accessed on 1 June 2021), we designed qRT-PCR primers (amplification efficiency and specificity of primer were measured) (Table 1). The sequencing RNA (1 μg) was used to synthesize the first-strand cDNA (template) using a reverse transcription kit (Tiangen Biotechnology (Beijing) Co., Ltd., Beijing, China) and then mixed into a 20 μL reaction system by using a fluorescence quantitative kit (Tiangen Biotechnology (Beijing) Co., Ltd., Beijing, China). Relative changes in gene expression were assessed using the 2−ΔΔCt method [39]. Three biological replicates were performed for each treatment, and three technical replicates were performed for each sample.




2.7. Data Analysis


Five dilution gradients were formed by diluting the template cDNA according to five-fold gradients. The qRT-PCR reaction was performed on the diluted template cDNA, and the standard curve was produced according to the Ct value. The amplification efficiency (E) was calculated by the formula E = [(5−1/slope of standard curve) − 1] × 100%. The amplification efficiency should be 90%~105%, and the correlation coefficient (R2) of the standard curve should be greater than 98%.



One-way analysis of variance (ANOVA) was used to analyze the expression of candidate genes of P. quatuordecimpunctata at different temperatures, and Tukey’s test was used to identify significant differences between specific temperatures in the expression of candidate genes in P. quatuordecimpunctata (p < 0.05). All statistical analyses were conducted using SPSS 25.0 (IBM Co., Ltd., Armonk, NS, USA) software and Microsoft Excel 2010 (Microsoft Co., Ltd., Redmond, WA, USA), while charts were generated using OriginPro 9.0 (OriginLab Co., Ltd., Northampton, MA, USA) and GraphPad Prism 8.0 (GraphPad Software Co., Ltd., La Jolla, CA, USA).





3. Results


3.1. Transcriptome Sequencing Quality Assessment and Functional Annotation


The results of sequencing analysis of experimental insects under different temperature treatments are shown in Table 2. In all tested samples, the base error rate was 0.02%; the Q20 value was in the range of 97.83~98.17%; the Q30 value was in the range of 93.91~94.72%; and the GC content was in the range of 39.42~40.31%. This indicates that the construction quality of the sequencing library is good, and the data obtained by sequencing are accurate and reliable.



The sequences obtained above were assembled and analyzed to obtain 73,966 unigene sequences. The obtained unigene sequences were annotated with seven databases (NR, NT, KEGG, SwissProt, Pfam, GO, and KOG) for gene function. The highest number of unigenes was found in the NR database (24,304 unigenes), accounting for 32.86% of the total. A total of 741 unigenes sequences were annotated for all data, accounting for 1% of the total (Table 3).



To understand the similarity of gene sequences between P. quatuordecimpunctata and other related species, unigene sequences of P. quatuordecimpunctata were compared and annotated with the NR database (Figure 1). We found that 44.56% of the gene sequences of P. quatuordecimpunctata were the same as the genome of Tribolium castaneum (Herbst), proving that it and T. castaneum have high similarity and share a close genetic relationship.




3.2. Differentially Expressed Genes (DEGs)


In this study, the significant DEGs among different treatments were screened by their expression levels. The standard for DEGs screening is q-value < 0.05 (after correction, FDR value). We conducted statistical analysis of the DEGs, and we found an overlapping relationship of DEGs in P. quatuordecimpunctata under three temperature treatments (see Venn diagram in Figure 2). We found that the 38 vs. 35 °C groups had the largest number of DEGs (1425), including 762 upregulated genes and 663 downregulated genes. The 35 vs. 32 °C group had the lowest number of DEGs (781), including 524 upregulated genes and 257 downregulated genes. This indicates that P. quatuordecimpunctata have more genes that can be mobilized under high temperature (38 °C).




3.3. GO Enrichment Analysis of DEGs


A large number of DEGs were identified from P. quatuordecimpunctata after different temperature treatments. According to the enrichment significance (p-value), a histogram was drawn for the first 30 GO terms of P. quatuordecimpunctata (Figure 3). In all groups, all DEGs were found to be mainly enriched in two categories: biological processes and molecular functions. In the 35 vs. 32 °C groups, the DEGs were mainly enriched in the “carbohydrate metabolic” pathway (7 upregulated genes and 4 downregulated genes) of biological processes and the “catalytic activity” (74 upregulated genes and 17 downregulated genes) and “hydrolase activity” pathway (36 upregulated genes and 6 downregulated genes) of molecular functions (Figure 3A, Supplemental Table S1). However, in the 38 vs. 35 °C groups, the DEGs were mainly enriched in the area of “small molecule metabolic process” (33 upregulated genes and 9 downregulated genes) and “oxidation−reduction” pathways (31 upregulated genes and 5 downregulated genes) of biological processes, as well as the “catalytic activity” (124 upregulated genes and 61 downregulated genes) and “oxidoreductase activity” pathways (49 upregulated genes and 9 downregulated genes) of molecular functions (Figure 3B, Supplemental Table S1). These results suggest possible reasons for the differences in the response of P. quatuordecimpunctata to different high temperatures (35 and 38 °C).




3.4. KEGG Enrichment Analysis of DEGs


The enrichment analysis based on KEGG was used to further resolve the mechanism of thermotolerance in P. quatuordecimpunctata. The DEGs of the 35 vs. 32 °C groups, the 38 vs. 35 °C groups, and the 38 vs. 32 °C groups were enriched to 183, 180, and 164 KEGG metabolic pathways, respectively. Here, we showed the top 20 most significant “metabolic pathways” that were enriched (Figure 4). “ABC transporters”, “Ascorbate and aldarate metabolism”, “Chemical carcinogenesis”, “Drug metabolism−other enzymes”, “Metabolic pathways”, “Pentose and glucuronate interconversions”, “Retinol metabolism”, “Starch and sucrose metabolism”, and “Steroid hormone biosynthesis” were the co-enriched pathways in the 35 vs. 32 °C and 38 vs. 35 °C groups (Figure 4, Supplemental Table S2). The DEGs involved in “Metabolic pathways” were further analyzed. Most of the DEGs (35 genes) of the metabolic pathways were obviously upregulated in 35 vs. 32 °C, and only a few DEGs (7 genes) were obviously downregulated in 35 vs. 32 °C. Similarly, most of the DEGs (87 genes) of the metabolic pathways were obviously upregulated in 35 vs. 32 °C, and only a few DEGs (26 genes) were obviously downregulated in 35 vs. 32 °C (Supplemental Table S2).




3.5. Real-Time Fluorescence Quantitative PCR Validation


Through functional enrichment analysis, a large number of DEGs related to heat resistance were found (Supplemental Tables S1 and S2). We selected twelve DEGs (eleven P450 and one Hsp70) of interest for qRT-PCR verification. The FPKM values of DEGs obtained by sequencing are shown in Table 4.



qRT-PCR was performed to verify the genes of the cytochrome P450 family and the heat shock protein Hsp70 family genes of P. quatuordecimpunctata. Twelve genes were selected: eleven P450 genes and one Hsp70 gene. First, we detected the primers and found that the amplification efficiency of all the primers was between 90% and 105% (Table 2). In addition, the dissolution curves were all single peaks, indicating that these primers could be used for qRT-PCR reaction. The results were consistent with those of transcriptome sequencing (RNA-Seq) (Table 4, Figure 5), indicating that the transcriptome sequencing results were reliable. After different high temperature stresses, the expression of genes such as cytochrome P450 and heat-shock protein Hsp70 were significantly upregulated (p < 0.001, Figure 5).





4. Discussion


Temperature is one of the important factors affecting insect growth and development, physiology, behavior, and geographical distribution [40,41,42]. By evaluating the effects of high temperature stress on P. quatuordecimpunctata, we were able to describe the adaptive capabilities of P. quatuordecimpunctata beetles to different high temperature environments [29]. Transcriptome sequencing is an important and effective method to explore the effects that heat stress may have in terms of tissue molecular composition, cellular transcriptional regulation, and functional genomic elements [43,44]. In this study, we found that the most DEGs (1425: 762 upregulated and 663 downregulated) were detected in the 38 vs. 35 °C group, and there were fewer overlapping genes between the 35 vs. 32 °C groups. Previous investigations have also shown that P. quatuordecimpunctata adults have different survival and reproduction at different temperatures (32, 35, and 38 °C) [29], indicating that the types of genes regulated in the comparison of the 38 vs. 35 °C groups was different from other groups and may be more complex. The differences in gene expression observed in this study between different temperature groups indicated that P. quatuordecimpunctata has different gene regulatory mechanisms for high temperatures (35 and 38 °C), which should be further explored in future studies.



In addition, we analyzed a large number of DEGs for GO and KEGG enrichment, and GO enrichment analysis showed that the first 30 pathways that showed significance enrichment in all temperature groups belonged to two categories, either genes for biological processes or those for molecular functions. In the medium–high temperature group (35 °C) vs. the 32 °C control, the DEGs were significantly enriched in the pathways for carbohydrate metabolic processes and catalytic activity, and trehalase was upregulated (Table 1). Trehalase hydrolyzes trehalose to provide energy for insects to maintain their life activities [45]. We speculated that this increase in trehalase gene expression level at 35 °C enhanced the energy supply process during high temperature stress. Comparing the highest temperature group (38 °C) to the moderate–high temperature (35 °C) group, even more metabolic pathways related to biological processes were enhanced. Specifically, there were a large number of DEGs that stimulated increases in the oxidation–reduction process and oxidoreductase activity pathway. Most of the DEGs involved in these pathways were oxidoreductases, and most of them were upregulated. Liu et al. [46] also found that some anti-oxidation-related genes in the crambid moth Glyphodes pyloalis (Walker) were significantly upregulated under heat stress (exposure to 40 °C for 4h compared with 25 °C). Meanwhile, previous studies also found that the activities of the anti-oxidative enzymes SOD and CAT in P. quatuordecimpunctata increased under high temperature stress [30], implying that these genes play important roles in the high temperature resistance process. “Monooxygenase activity” and “Oxidoreductase activity, acting on paired donors ...” were both upregulated in DEGs at 35 vs. 32 °C, while downregulated genes were found at 38 vs. 35 °C (Supplemental Table S1). Therefore, we inferred that the medium–high temperature (35 °C) may stimulate gene expression in this pathway, while the high temperature (38 °C) might inhibit expression.



High temperature stress affects the metabolic process of insects by affecting their enzymatic activity and enzymatic reactions. Many gene families are involved in the process of heat stress in insects, of which the cytochrome family is the most typical [47,48]. High temperature stress causes a large amount of reactive oxygen species (ROS) to be deposited in insect cells, resulting in the production of toxic substances [49]. As a typical detoxification enzyme system, the cytochrome P450 will assist the body to metabolize toxic substances. In our study, GO and KEGG enrichment analysis found that a large number of cytochrome P450 genes were enriched and significantly upregulated in all three temperature groups of P. quatuordecimpunctata, implying that these genes also play an important role in the process of thermotolerance of P. quatuordecimpunctata. The expression levels of the CYP450 genes (LtCYP4g1, LtCYP4g15, and LtCYP301A1) of Liriomyza trifolii (Burgess) were significantly higher than in the controls (25 °C) after 1 h treatment at different temperatures (35, 37.5, and 40 °C) [50]. Meanwhile, we also found that the expression level of the heat shock protein Hsp70 gene was significantly increased and continued to increase with the increase of temperature. Studies have shown that adverse conditions (e.g., high temperature) can increase the expression of heat shock protein genes in organisms or cells, protecting cells from damage or reducing damage [51]. A high expression level of the Hsp70 gene was also found in a transcriptome study of high temperature stress in the crambid moth Cnaphalocrocis medialis (Guenée) [52], the delphacid planthopper Sogatella furcifera (Horvath) [53], and the whitefly Bemisia tabaci (Gennadius) [54]. At the same time, RNA interference (RNAi) technology confirmed that a heat shock protein gene plays a key role in the high temperature tolerance process of the silkmoth Antheraea pernyi (Guérin-Méneville) [46], A. hygrophila [55], and the honeybee Apis cerana cerana (Fabricius) [56]. KEGG enrichment analysis also found that the DEGs related to the glucose metabolic pathway were continuously highly expressed at 35 vs. 32 °C and 38 vs. 35 °C, such as Glucose dehydrogenase and UDP-glucuronosyltransferase. However, the specific functions of these genes in the thermotolerance process of P. quatuordecimpunctata require further validation and confirmation.



Therefore, through the transcriptome sequencing analysis and DEG analysis of P. quatuordecimpunctata under different temperatures (32, 35, and 38 °C), we found that the cytochrome P450 family gene and the heat shock protein Hsp70 gene were both upregulated in the process of increasing the insect’s heat tolerance. These genes likely play an important role in the thermotolerance of P. quatuordecimpunctata, but their specific functions remain unclear. We will further verify the specific functions of these genes in the process of thermotolerance in P. quatuordecimpunctata through reliable methods, such as RNAi [57], gene knockout [58], and yeast two-hybrid [59].




5. Conclusions


In this study, we compared the transcriptome of P. quatuordecimpunctata under different high temperature (32, 35, and 38 °C) stress treatments using high-throughput sequencing, which increased our knowledge of the genomic resources of P. quatuordecimpunctata and provided an improved basis for further research. There were unique DEGs in both temperature groups (32 vs. 35 °C and 35 vs. 38 °C), indicating that the different genes were mobilized in P. quatuordecimpunctata under different high temperatures. In this study, through GO and KEGG enrichment analysis, we found that the DEGs were mainly involved in “Oxidation–reduction process”, “Oxidoreductase activity”, ”Metabolic pathways”, and “Small molecule metabolic processing”. Furthermore, the qRT-PCR results confirmed the authenticity of transcriptome sequencing, demonstrating that genes involved in these pathways play an important role in the high temperature tolerance of P. quatuordecimpunctata. This study filled in the gaps in the research on the molecular mechanism for thermotolerance of P. quatuordecimpunctata, and the key genes screened in this paper will be functionally verified in the further exploration of the thermotolerance molecular mechanism in P. quatuordecimpunctata.
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Figure 1. All unigene sequences for P. quatuordecimpunctata that had blast annotations to the NR database were analyzed for species distribution. 
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Figure 2. Differentially expressed genes (DEGs) in P. quatuordecimpunctata under different temperature stress. (A) Total numbers of individual transcripts that were significantly up- or downregulated in different temperature groups. (B) Venn diagram illustrating the number of upregulated genes in the different temperature groups. (C) Venn diagram illustrating the number of downregulated genes in the different temperature groups. 
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Figure 3. GO enrichment analysis of adult P. quatuordecimpunctata under different temperature stress. 
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Figure 4. KEGG enrichment analysis of adult P. quatuordecimpunctata under different temperature stress. 
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Figure 5. Real-time PCR validation of adult P. quatuordecimpunctata DEGs under different temperature stress. For each genes, different letters indicate statistically significant differences (ANOVA; Tukey’s post hoc test; p < 0.05). 






Figure 5. Real-time PCR validation of adult P. quatuordecimpunctata DEGs under different temperature stress. For each genes, different letters indicate statistically significant differences (ANOVA; Tukey’s post hoc test; p < 0.05).



[image: Agriculture 12 01088 g005]







[image: Table] 





Table 1. Primers used in qRT-PCR.
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	Gene
	Left Primer (5′–3′)
	Right Primer (5′–3′)
	E
	R2





	P450-01
	ACCCAGAATTGCTCAGAACCT
	TGGATCTTTGGTGTTGGGCA
	1.9210
	99.35%



	P450-02
	AGTCATTGTTACTGCAGGCCA
	ACGTGCAGAAGAGGCTTCAA
	2.0330
	99.95%



	P450-03
	CAGTTGGTGGACGATGACGA
	GTCTCAAACCCAGCCTCGAA
	1.9168
	99.69%



	P450-04
	ATGAAGTTGTCGCCCAAGCT
	TGTCTTCGTTTGCAGCACAC
	2.0464
	99.84%



	P450-05
	AGTGGGCAGTCGTCTTCATG
	AATGGTGGCCTCGGTTACAG
	1.9914
	99.61%



	P450-06
	CGTTGTGGGCTATGCAATCG
	AACACTGGAAGGACATGCGT
	1.9745
	99.73%



	P450-07
	TACGTACCATTCAGTGCCGG
	TCCACCGGTTCGAGGGTATA
	2.0112
	99.91%



	P450-08
	GCCGTTCTTTGCCCTCAAAA
	CAACGGTTTGCAATGCTGGA
	1.9404
	99.90%



	P450-09
	TTTTGACGCCTGCTTTCCAC
	TCTGGTCTCCCTTTTCTGCC
	1.9166
	99.54%



	P450-10
	TACCCATTGCAGTCTCGCAG
	AAAAGTGGCACGAGAGGAGG
	1.9318
	99.77%



	P450-11
	CTTGGCTCCGAAATTGGTGC
	CCGCTCCCTCATCATCTTCC
	1.9753
	99.95%



	Hsp70
	CTGCGGTCTCAATTCCCAGT
	AACCCAGACGAAGCAGTAGC
	1.9345
	99.83%



	EF1α
	AGCCAACATTACCACTGA
	GTATCCACGACGCAATTC
	1.9966
	99.43%







E stands for amplification efficiency; R2 stands for correlation coefficient.
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Table 2. Quality control result of sequencing data of P. quatuordecimpunctata under different temperature stress.
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	ID
	Raw Reads
	Clean Reads
	Error Rate
	Q20
	Q30
	GC Content





	32 °C-1
	25,235,610
	24,026,561
	0.02%
	98.17%
	94.72%
	39.42%



	32 °C-2
	24,910,423
	23,518,017
	0.02%
	98.09%
	94.58%
	39.94%



	32 °C-3
	24,097,717
	22,845,954
	0.02%
	97.96%
	94.36%
	39.61%



	35 °C-1
	20,599,841
	19,503,434
	0.03%
	97.89%
	94.15%
	39.55%



	35 °C-2
	21,320,532
	20,101,279
	0.03%
	97.83%
	94.09%
	40.18%



	35 °C-3
	25,480,195
	23,663,296
	0.03%
	97.94%
	94.31%
	40.31%



	38 °C-1
	24,799,340
	23,308,522
	0.02%
	98.04%
	94.51%
	40.16%



	38 °C-2
	24,572,507
	23,104,949
	0.03%
	97.88%
	93.91%
	40.23%



	38 °C-3
	25,639,042
	24,214,786
	0.02%
	98.10%
	94.62%
	40.29%
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Table 3. Numbers of all annotated unigenes of P. quatuordecimpunctata in seven databases.
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	Database
	Number of Annotations
	Percentage (%)





	Annotated in NR
	24,304
	32.86



	Annotated in NT
	9604
	12.98



	Annotated in KO
	2293
	3.10



	Annotated in SwissProt
	14,643
	19.80



	Annotated in Pfam
	21,620
	29.23



	Annotated in GO
	9926
	13.42



	Annotated in KOG
	13,490
	18.24



	Annotated in all Databases
	741
	1.00



	Annotated in at least one Database
	31,199
	42.18



	Total Unigenes
	73,966
	100
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Table 4. Statistics of FPKM values of DEGs at different temperatures of P. quatuordecimpunctata.
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Gene ID

	
Temperature (FPKM Value)

	
F2,6

	
p




	
32 °C

	
35 °C

	
38 °C






	
cytochrome P450 (P450-01)

	
0.92 ± 0.05

	
2.32 ± 0.20

	
4.32 ± 0.08

	
195.72

	
<0.001




	
cytochrome P450 (P450-02)

	
3.53 ± 0.50

	
12.62 ± 1.77

	
22.45 ± 1.65

	
62.96

	
<0.001




	
cytochrome P450 (P450-03)

	
2.15 ± 0.24

	
2.17 ± 0.12

	
6.99 ± 0.07

	
331.16

	
<0.001




	
cytochrome P450 (P450-04)

	
0.65 ± 0.10

	
0.74 ± 0.07

	
1.25 ± 0.05

	
22.95

	
0.002




	
cytochrome P450 (P450-05)

	
0.77 ± 0.18

	
1.93 ± 0.39

	
8.56 ± 0.43

	
178.20

	
<0.001




	
cytochrome P450 (P450-06)

	
1.83 ± 0.09

	
1.87 ± 0.13

	
4.53 ± 0.49

	
31.28

	
0.001




	
cytochrome P450 (P450-07)

	
1.43 ± 0.36

	
1.43 ± 0.10

	
14.35 ± 0.24

	
1267.51

	
<0.001




	
cytochrome P450 (P450-08)

	
1.82 ± 0.08

	
1.86 ± 0.09

	
7.93 ± 0.72

	
1495.79

	
<0.001




	
cytochrome P450 (P450-09)

	
1.23 ± 0.13

	
1.22 ± 0.10

	
2.08 ± 0.21

	
25.89

	
0.002




	
cytochrome P450 (P450-10)

	
0.42 ± 0.05

	
0.45 ± 0.01

	
1.45 ± 0.14

	
174.71

	
<0.001




	
cytochrome P450 (P450-11)

	
0.57 ± 0.05

	
0.60 ± 0.07

	
1.41 ± 0.19

	
28.15

	
0.001




	
Heat shock protein 70 (Hsp 70)

	
2.40 ± 0.34

	
7.17 ± 0.59

	
7.19 ± 0.18

	
51.51

	
<0.001
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