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The amphipod Gammarus lacustris has been distributing in the Tibetan region with well-known uplifts of the Tibetan plateau. It is hence considered as a good model for investigating stress adaptations of the plateau. Here, we sequenced the whole-genome and full-length transcriptome of G. lacustris, and compared the transcriptome results with its counterpart Gammarus pisinnus from a nearby plain. Our main goal was to provide a genomic resource for investigation of genetic mechanisms, by which G. lacustris adapted to living on the plateau. The final draft genome assembly of G. lacustris was 5.07 gigabases (Gb), and it contained 443,304 scaffolds (>2 kb) with an N50 of 2,578 bp. A total of 8,858 unigenes were predicted in the full-length transcriptome of G. lacustris, with an average gene length of 1,811 bp. Compared with the G. pisinnus transcriptome, 2,672 differentially expressed genes (DEGs) were up-regulated and 2,881 DEGs were down-regulated in the G. lacustris transcriptome. Along with these critical DEGs, several enriched metabolic pathways, such as oxidative phosphorylation, ribosome, cell energy homeostasis, glycolysis and gluconeogenesis, were predicted to play essential roles in the plateau adaptation. In summary, the present study provides a genomic basis for understanding the plateau adaption of G. lacustris, which lays a fundamental basis for further biological and ecological studies on other resident aquatic species in the Tibetan plateau.
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INTRODUCTION

Gammaridean amphipods are distributed in almost all aquatic environments, from fresh water to estuarine areas to the deep sea (Lincoln, 1979). As an important component of aquatic ecosystems (Duffy and Hay, 2000), they often act as a model organism for studies on ecotoxicology (Chaumot et al., 2015) and developmental biology (Wolff and Gerberding, 2015). The evolutionary history and current disjunctive distribution of gammarids are largely affected by certain past geological events, such as plate tectonic movements and Tethyan events (Hou et al., 2011, 2014a), suggesting that environmental changes have played an important role in the diversification of gammarid lineages and may have promoted adaptive radiation into new habitats.

Many aquatic species have low survival abilities in serious conditions, such as environments with low or high temperatures, strong light exposure, or low oxygen content. The low survival populations dramatically hinder sustainable development of these aquaculture species. Thus, how aquatic organisms adapt to the serious conditions have received more attention in recent years. For example, some studies have focused on distribution of organisms across pressure gradients to better understand the mechanisms by which they resist the adverse effects of severe pressure.

Although most Gammaridean amphipod species are highly endemic to a given landmass, Gammarus lacustris (Figure 1) is an intercontinental species with a wide distribution in North-western Europe, Russia, North America (Wilhelm and Schindler, 2001; Zadereev et al., 2010), and North-western part of China (Hou et al., 2014b). However, it was also collected by us (in this study) in the Tibet region at an altitude of ~4,300 m, where belongs to the uplifted area of Tibetan plateau. The Tibet region is characterized by serious environmental conditions, including high altitude, low oxygen content, low temperature, and exposure to strong sunlight. Thus, G. lacustris from Tibet is an excellent model for investigating stress adaptations of plateau. To date, the majority of studies of Tibetan plateau adaptation have been focusing on plants (Jiang et al., 2012; Liu et al., 2014; Li and Du, 2015), and only few animal studies have been conducted. Wang et al. (2014) employed a whole-genome sequencing approach to study the adaptation to hypoxia in dogs and humans on the Tibetan plateau, and they reported couple of candidate genes. In another study, Qu et al. (2013) compared avian genomes to identify genes related to energy metabolism and the immune system that may be involved in the plateau adaptation of the Tibetan ground-tit, Parus humilis. Several immune-related studies of G. lacustris also have been reported. For example, the effects of environmental calcium and flucythrinate on molt cycle and mortality of G. lacustris were conducted (Richard and Pam, 1984; Rukke, 2002). The effects of parasites (acanthocephalans) on the development of G. lacustris also have been investigated (Tokeson and Holmes, 1982). However, to the best of our knowledge, no studies have investigated the Tibetan plateau adaptation of G. lacustris at a genomic level. Although transcriptomic data are available for a few amphipod species (Gismondi and Thomé, 2016; Truebano et al., 2016; Collins et al., 2017), no genome sequences for the genus Gammarus have been reported to date.
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FIGURE 1. Picture of a G. lacustris.



G. pisinnus, collected from Shanxi Province at the altitude of ~510 m, was used for comparative studies in our present work. It has been restricted to the South of the Taihang Mountain, China (Hou et al., 2014b), although both G. pisinnus and G. lacustris are freshwater species (Hou et al., 2014a). Their close relationship and remarkable difference in the residential altitudes make G. pisinnus as a reverse counterpart for comparatively analyzing the plateau adaptation of G. lacustris.

In this study, we performed whole-genome and full-length transcriptome sequencing of G. lacustris, and subsequently compared transcriptomes between G. lacustris and G. pisinnus. The main goal of our project was to provide genetic data to better understand the adaptation of G. lacustris to the severe environment of the uplifted Tibetan plateau. These genes and their related metabolic pathways will provide a genetic basis for further biological and ecological studies on G. lacustris in the Tibetan plateau.

MATERIALS AND METHODS

Ethics Approval

We obtained permission to collect samples from the Tibet and Shanxi fishery management councils. Neither G. lacustris nor G. pisinnus is endangered species in China; therefore, both can be used for experimental purposes. All the experimental procedures were approved by the committee of the Freshwater Fisheries Research Center under Chinese Academy of Fishery Sciences.

Sample Preparation

Gammarus lacustris individuals were collected from the Tibetan plateau at the altitude of ~4,300 m (94°48′53″E, 28°41′24″N). To prevent degradation of DNA, entire bodies were stored immediately in 100% ethanol after anesthesia in MS-222, and the ethanol was changed twice before extraction of genomic DNA. For full-length and next-generation transcriptome sequencing, whole individuals were immediately immersed in RNAlater solution (Takara, Tokyo, Japan) after collection, and then were frozen in liquid nitrogen until used for RNA extraction. Meanwhile, G. pisinnus individuals for next-generation transcriptome sequencing were collected from a nearby plain in Shanxi Province of China at the altitude of ~510 m (109°7′6″E, 34°5′57″N). Entire shrimps were immediately immersed in RNAlater solution after collection, and then were frozen in liquid nitrogen for storage.

Genomic DNA Sequencing of G. lacustris and de novo Genome Assembly

Genomic DNA was extracted from muscle tissue of each G. lacustris. Seven paired-end libraries, including three short-insert libraries (250, 500, and 800 bp) and four long-insert libraries (2, 5, 10, and 20 kb), were constructed in accordance with the standard protocol from Illumina (San Diego, CA, USA). An Illumina HiSeq 2000 platform was used for subsequent sequencing of each library. In order to generate a whole-genome assembly, we employed SOAPdenovo2 (v2.04, Luo et al., 2012) with optimized parameters (–K 41) to use the reads from short-insert libraries to construct contigs and original scaffolds. These reads were then aligned for scaffold construction by utilizing the paired-end reads from the long-insert libraries. The reads of short-insert libraries were subsequently used to fill the gaps in the intra-scaffolds.

Full-Length Transcriptome Sequencing of G. lacustris and Transcriptome Annotation

Five G. lacustris individuals were pooled to provide sufficient RNA for full-length transcriptome sequencing, with an aim to establish a reference transcriptome for further analysis. UNlQ-10 Column Trizol Total RNA Isolation Kit (Sangon, Shanghai, China) was used to extract total RNA following the manufacturer's instructions. RNA integrity was checked using an Agilent RNA 6000 Nano kit and chips on a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).

Construction of full-length complementary DNA (cDNA) libraries and sequencing on a PacBio RSII platform (Pacific Bioscience Inc., Menlo Park, CA, USA) were performed at the National Instrumentation Center for Environmental Management (NICEM), Seoul National University, Seoul, Korea. In brief, Clontech SMARTer PCR cDNA Synthesis kit (Takara Bio USA Inc., Mountain View, CA, USA) was used to synthesize the first-strand cDNA. Large-scale double-strand cDNA was subsequently amplified with optimal number of polymerase chain reaction (PCR) cycles. Bluepippin™ System (Sage Science Inc., Beverly, MA, USA) was employed to purify and elute the large-scale PCR products to the optimal size (approximately 1~6 kb), and AMPure PB Beads (Pacific Biosciences Inc.) were used to re-purify the large-scale PCR products two more times. SMRTbell library kit (Pacific Biosciences Inc.) was used to prepare the template library. The process, including DNA damage repair, blunt-end ligation, and annealing of the SMRTbell adapters, was performed according to the manufacturer's protocol. The template was eluted to construct libraries of approximately 1~2 kb, 2~3 kb, and 3~6 kb, respectively using the Bluepippin™ system. An Agilent 2100 Bioanalyzer was used to measure the average molecular weight and concentration of each library. All libraries were sequenced in a PacBio RSII platform according to the manufacturer's instructions.

The RS IsoSeq pipeline (version 2.3, Pacific Biosciences, 2015) was used to process the sequence data. Adapters and artifacts were removed to generate reads of inserts (ROIs). Short sequences with length <300 bp were removed. The Bluepippin cDNA size were collected from 500 bp. The ROI sequences were further filtered into two groups, including full-length (FL) ROI sequences and non-FL sequences. The FL ROI sequences were identified based on the presence of a 5′ adapter sequence, a 3′ adapter sequence and poly A tails. The Quiver software module was used to polish the ROI sequences in the isoforms. High-quality (HQ) and low-quality (LQ) isoform sequences were generated through the polishing process of Quiver, and they corresponded to an expected accuracy of >99% or <99%, respectively. LQ outputs (or non-FL coverage sequences) are useful in some cases for correcting errors. After combining the HQ and LQ transcripts, we further processed clustering using CD-HIT-EST (c = 0.99) (Fu et al., 2012).

In the subsequent step, we removed the contaminant sequences by stepwise CLC (Cheng et al., 2017a). A number of databases were used for annotation of the LRS isoforms of G. lacustris (Cheng et al., 2017b). Using Blastp, we aligned the transcriptome factors to the PlnTFDB database (http://plntfdb.bio.uni-potsdam.de/v3.0/), which included 20 plant species with 26,184 sequences. We also mapped the transcriptome factors onto the AnimalTFDB database (http://bioinfo.life.hust.edu.cn/AnimalTFDB/), which included data of 75 animal species. The transcriptome factors were also aligned to the CARD database (https://card.mcmaster.ca/) for selection of immune-resistant related genes. These Blastp results from the above-mentioned steps were filtered using the threshold of E-value ≥ 1e−10. Finally, all Blastp results were processed with BLAST2GO (Ashburner et al., 2000) for functional annotation.

Comparison of G. lacustris and G. pisinnus Transcriptomes

We performed comparative transcriptome analysis of G. lacustris and G. pisinnus in order to identify the key metabolic pathways and related genes that may be involved in the plateau adaptation of G. lacustris. Fifteen individuals were collected for both G. lacustris and G. pisinnus. That is to say, five individuals were pooled to form one biological replicate, and three biological replicates were sequenced for both Gammarus species.

The procedures for extraction of total RNA and the integrity measurement were the same as those described for the full-length transcriptome sequencing. Truseq™ RNA Sample Prep Kit (Illumina) was used to prepare RNA samples for comparative transcriptome analysis. Isolated mRNAs were fragmented into smaller parts using a fragmentation buffer. The first-strand and second-strand cDNAs were synthesized using these short fragments as templates. The short fragments were ligated with sequencing adapters and resolved by agarose gel electrophoresis. Proper fragments were selected and purified for PCR amplification to construct the final cDNA libraries. These cDNA libraries (with insert sizes of approximately 125 bp) for each sample were sequenced from both ends on an Illumina HiSeq 2500 platform.

Clean reads were obtained using the NGS QC TOOLKIT v2.3.3 software (Patel and Jain, 2012). They were assembled into non-redundant transcripts using Trinity program (trinityrnaseq_r20131110, Grabherr et al., 2011). Differences in mRNA levels between G. lacustris and G. pisinnus transcriptomes were calculated using RSEM software (Li et al., 2010; Li and Dewey, 2011). Differentially expressed genes (DEGs) were filtered by EB-seq algorithm and subjected to false discovery rate (FDR) analysis with the criteria of FDR < 0.05 (Benjamini et al., 2001).

Quantitative Real-Time PCR (qRT-PCR) Analysis

Five DEGs predicted to be involved in the plateau adaption of G. lacustris were further analyzed by qRT-PCR. RNAiso Plus Reagent (Takara, Japan) was used to extract total RNA from both G. lacustris and G. pisinnus samples. Concentration and quality of total RNA were measured using a BioPhotometer (Eppendorf, Hamburg, Germany; set qualified A260/A280 values at 1.8~2.0) and 1% agarose gel electrophoresis. Each sample consisted of at least five mature specimens. Experiments were performed in triplicate. iscript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) was used to synthesize the first-strand cDNA with approximately 1 μg of total RNA from each sample. Bio-Rad iCycler iQ5 Real-Time PCR System was used to carry out the SYBR Green RT-qPCR assay. Realted primer pairs are listed in Table 1. β-actin was used as an internal reference. Diethylpyrocarbonate-treated (DEPC) water for replacement of the cDNA template was used as the negative control. All samples were run in triplicate (each duplicate for target gene and β-actin gene). The 2−ΔΔCT comparative CT method was used to calculate the relative copy number of each gene (Livak and Schmittgen, 2001).


Table 1. Primer pairs used for the qRT-PCR validation.
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One-way analysis of variance was conducted using SPSS software (version 18.0) to analyze the level of significance of any observed differences in gene transcription between G. lacustris and G. pisinnus. Statistically significant differences were examined by paired t-test, and P < 0.05 was considered to be statistically significant.

RESULTS

Summary of the G. lacustris Genome

The whole-genome sequencing of G. lacustris generated 464.41 Gb of raw reads. We ultimately assembled a draft genome of 5.07 Gb, which was composed of 443,304 scaffolds (>2 kb) with an N50 of 2,578 bp; the longest scaffold was 2,165,915 bp. The genome sequencing coverage was estimated to be 91.6 × on the basis of the K-mer prediction of 13.5 Gb for the G. lacustris genome.

Full-Length Transcriptome Data for G. lacustris

In total, 7,193,977 raw reads were generated, and their sizes ranged from 50 to 74,377 bp with an average of 988 bp. After removal of short sequences (<500 bp), 4,522,837 high-quality reads with the average length of 1,388 bp were retained. These reads were subjected to Blast analysis against the public NCBI non-redundant (nr) database. A total of 8,858 unigenes were identified, with an average length of 1,811 bp (Table S1), and most of them were 1,001–2,000 bp in length (Figure 2). Among these unigenes, 7,166 had coding regions that could be annotated by ESTScan (Iseli et al., 1999) and Blast (Altschul et al., 1997).
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FIGURE 2. Length distribution of unigenes in the full-length transcriptome of G. lacustris.



Functional Annotation

Functional annotation of the G. lacustris unigenes was performed using different databases. A total of 4,008 unigenes (45.25%) were annotated from the NCBI nr database. Most of these unigenes had top hits with the insect and crustacean species. In fact, 229 unigenes matched water flea (Daphnia magna), followed by Litopenaeus vannamei, Zootermopsis nevadensis, and Limulus Polyphemus; the number of unigenes for each species was more than 130 (Figure 3).
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FIGURE 3. Top 10 hit species for unigenes identified in the full-length transcriptome of G. lacustris.



Functional annotations were further conducted using the public Gene Ontology (GO) and Clusters of Orthologous Groups (COG) databases. These analyses were performed to provide a transparent vocabulary for description of the gene products. A total of 1,381 (15.59%) unigenes were assigned to the GO database (Table S2). Molecular function, cellular component, and biological process were three distinct categories characterized by GO analysis (Figure 4). Molecular function (1,874) was more abundant than biological process (1,235) and cellular component (913). Ultimately, the GO assignments were divided into 37 functional groups, in which catalytic activity (712), binding (700), and metabolic process (633) represented the most abundant.
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FIGURE 4. GO classification of unigenes identified in the full-length transcriptome of G. lacustris. According to the GO terms, we divided 1,381 unigenes into three categories with 37 functional groups, including biological process (12 functional groups), cellular component (15 functional groups), and molecular function (10 functional groups). The left y-axis indicates the percentage of a specific category of genes in the main category, whereas the right y-axis indicates the number of a specific category of genes in the main category.



A total of 905 (10.22%) unigenes were assigned to the COG database, with classification of 21 functional categories (Table S3). Cytoskeleton (235), posttranslational modification, protein turnover, chaperones (182), and translation, ribosomal structure, and biogenesis (104) represented the largest functional categories (Figure 5).
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FIGURE 5. COG classification of putative proteins. A total of 905 putative proteins were classified functionally into 21 molecular families in the COG database.



The transcripts involved in biological pathways were predicted and identified using Kyoto Encyclopedia of Genes and Genomes (KEGG) database. In total, 2,422 (27.34%) unigenes were assigned to the KEGG database. These unigenes were further mapped onto 238 predicted metabolic pathways (Table S4), in which oxidative phosphorylation, phagosome, ribosome, and focal adhesion were listed in the top four.

Based on published data from other aquatic species, 13 homolog genes were identified from the full-length transcriptome of G. lacustris (Table 2) as potentially playing essential roles in maintaining normal life processes of G. lacustris in the Tibetan region.


Table 2. Immune-related unigenes identified in the full-length transcriptome of G. lacustris.
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Identification of DEGs From G. lacustris and G. pisinnus

All assembled conspecific transcriptomes were clustered into a single file in order to eliminate the effect of redundancy. The final merged data contained 66,796 and 47,531 unigenes for the G. lacustris and G. pisinnus transcriptomes, with mean lengths of 824.85 bp and 1,328.45 bp, respectively. However, only 22,688 and 20,130 unigenes were annotated, respectively.

Gene transcription levels were quantified by values of reads per kilobase transcriptome per million mapped reads (RPKM) and compared between G. lacustris and G. pisinnus. Ultimately, 5,553 DEGs were identified in the G. lacustris transcriptome, including 2,672 up-regulated and 2,881 down-regulated genes (Table S5).

A total of 3,178 and 2,793 DEGs were further assigned to GO and KEGG databases, respectively. GO assignments contained 51 different functional groups, in which metabolic process, cellular process, and cell represented the largest. KEGG analysis revealed 291 metabolic pathways, with glycolysis/gluconeogenesis, hypoxia-inducible factor−1 (HIF-1) signaling pathway, RNA degradation, biosynthesis of amino acids, and carbon metabolism as the top pathways (Table S6).

We identified several vital DEGs that may be potential candidates for the plateau adaption of G. lacustris (Table 3). Most of these functional genes were selected out on the basis of comparisons with published data for other aquatic species. However, some were identified based on their dramatic transcriptional difference between G. lacustris and G. pisinnus. Five up-regulated DEGs were randomly selected to verify their transcriptional differences by qRT-PCR. The transcription patterns exhibited by these genes from the two Gammarus species (Figure 6) are obviously consistent with the RPKM discrepancies obtained from the transcriptome sequencing.


Table 3. Strong candidate DEGs for the plateau adaption of G. lacustris.
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FIGURE 6. Validation of the relative mRNA transcription of representative DEGs by qRT-PCR. Data are shown as mean ± SD (standard deviation) of tissues from three separate individuals. Capital letters on the bars indicate significant transcriptional differences between the two Gammarus species.



DISCUSSION

To the best of our knowledge, this is the first report of whole-genome and full-length transcriptome sequencing of amphipod species. In the present study, we integrated the genome and transcriptome data to support the biological and ecological importance of adaptation of G. lacustris to the serious environment of the Tibetan plateau. The higher transcription levels of certain genes in G. lacustris from the Tibetan plateau compared to those in G. pisinnus from a nearby plain suggested that these genes may be potentially involved in the regulatory mechanisms by which G. lacustris adapted to living on the plateau.

In this study, the draft genome of G. lacustris was 5.07 Gb, which covered 37.55% of the estimated genome and included 443,304 scaffolds (>2 kb) with an N50 of 2,578 bp. Whole-genome sequencing was performed previously in many aquatic species. For example, the assembled genome of common carp (Cyprinus carpio) was 1.69 Gb, which covered at least 92.3% of the estimated genome and had a scaffold N50 size of 1.0 Mb (Xu et al., 2014). The assembled genome of female and male grass carp (Ctenopharyngodon idellus) were 0.9 and 1.07 Gb respectively, with a scaffold N50 size of 6.4 Mb (Wang et al., 2015). The final genome of half-smooth tongue sole (Cynoglossus semilaevis) was 477 Mb, with a scaffold N50 size of 867 kb (Chen et al., 2014). However, the genomes of crustacean species with higher heterozygosity and more repeat sequences were more complex than most fishes. As we know, only one crustacean genome was reported. In our previously work (Song et al., 2016), the assembled genome of Chinese mitten crab (Eriocheir sinensis) was 1.12 Gb, which covered about 67.47% of the estimated genome and had a scaffold N50 size of 224 kb. Compared with published genomes of aquatic species, the quality of our present draft genome of G. lacustris was relatively low. A reasonable explanation is that the big and complex genome of G. lacustris is difficult for the next-generation sequencing. A PacBio genome sequencing was also failed to generate high-quality sequences because of difficulty to extract good genomic DNA from G. lacustris. However, as the first shrimp genome for a public reference, our achieved data are still useful for comparative biological and genomic studies of Tibetan animals.

Identification of the Potentially Important Pathways and Genes for Maintaining Normal Life of G. lacustris in the Tibetan Plateau

In total, 8,858 unigenes were identified from the full-length transcriptome of G. lacustris. Oxidative phosphorylation was the main metabolic pathway annotated in this study. This phenomenon occurs in almost all aerobic organisms (Mitchell and Moyle, 1967; Schägger and Pfeiffer, 2001). Oxidative phosphorylation releases and produces adenosine triphosphate (ATP) by using enzymes to oxidase nutrients (Dimroth et al., 2000), and therefore it is the most efficient way to release energy. G. lacustris likely requires more energy to maintain normal life processes in the serious environmental conditions of the Tibetan region.

Ribosome was another main pathway annotated in the full-length transcriptome of G. lacustris. Ribosomes are complex machines present in all living cells, and they are where biological protein synthesis takes place (Benne and Sloof, 1987). Ribosomes link amino acids together as specified by mRNA molecules. Ribosomes are composed of small 40S and large 60S ribosomal subunits. The small subunits read RNAs, whereas the large subunits join amino acids to form a polypeptide chain.

AMP-activated protein kinase (AMPK) is a critical enzyme with essential roles in cellular energy homeostasis. It is generally distributed in liver, skeletal muscle and brain. The important functions of AMPK activation include stimulation of skeletal muscle fatty acid oxidation and glucose uptake, stimulation of hepatic fatty acid oxidation, ketogenesis, and inhibition of cholesterol/triglyceride synthesis and lipogenesis (Winder and Hardie, 1999). AMPK contains three different subunits (α, β, and γ), and each of them is critical for both stability and activity of AMPK (Stapleton et al., 1996). For example, the sensitivity of hypothalamic neurons and pancreatic β cells decreases if the AMPK α subunit is absent in these cells, leading to changes in extracellular glucose concentration (Claret et al., 2007; Beall et al., 2010, 2012; Sun et al., 2010).

In our current study, several ubiquitin gene families were identified. The ubiquitin-proteasome affects protein homeostasis maintenance and cell degradation. It can promote or prevent protein interactions by marking them for degradation by proteasomes (Glickman and Ciechanover, 2002; Schnell and Hicke, 2003; Mukhopadhyay and Riezman, 2007). E3 ubiquitin-protein ligase (E3) regulates the binding of target protein substrate, while the ubiquitin from the ubiquitin-conjugating enzyme (E2) cysteine subsequently is transferred to a lysine residue on the target protein (Ardley and Robinson, 2005). Shen et al. (2008) reported that the transcription level of E2 transcript differed significantly among various stages of testis and ovary development, thus it plays vital roles in oogenesis and spermatogenesis.

Several important antioxidants were also identified in the full-length transcriptome of G. lacustris, such as superoxide dismutase (SOD), glutathione S-transferase (GST) and catalase (CAT). Antioxidants have dramatic effects on survival and normal development. They can protect DNAs, cytomembranes and proteins from damage by reactive oxygen species in living animals (Kong et al., 2011; Xi et al., 2015). SOD removes and eliminates the negative effects of free radicals. Thus, SOD content is a vital index of senility and death (Morris and Albright, 1981; Mila-Kierzenkowska et al., 2005; Vutukuru et al., 2006). CAT accounts for about 40% of all expressed peroxidases. It can be found in every tissue, with especially high expression in the liver. CAT can catalyze H2O2 to H2O and O2. Thus, H2O2 cannot bind with O2 to form hydroxyl radicals, which are very harmful products in biological systems (Morris and Albright, 1981; Rudneva, 1999; Vutukuru et al., 2006). GST can conjugate the reduced form of glutathione to xenobiotic substrates for detoxification (Sheehan et al., 2001; Udomsinprasert et al., 2005; Allocati et al., 2009). In summary, these three antioxidants likely have positive effects on the immune system of G. lacustris, which would help them maintain normal life processes in the Tibetan plateau.

Critical Candidate DEGs for the Plateau Adaption of G. lacustris

Several important metabolic pathways and DEGs were identified by comparing the transcriptomes of G. lacustris and G. pisinnus. Without doubt, hypoxia is one of the most serious environmental factors in the Tibetan plateau. The HIF-1 signaling pathway was identified as one of the most enriched metabolic pathways in this study. This signaling pathway plays an essential role in hypoxic conditions (Semenza, 2004; Benizri et al., 2008; Formenti et al., 2010). In general, HIFs play vital roles in development and in the regulation of human metabolism (Benizri et al., 2008). In mammals, deletion of HIF-1 genes results in perinatal death (Formenti et al., 2010). Formenti et al. (2010) also reported that HIF-1 is vital to chondrocyte survival, as it can allow cells to survive in low-oxygen conditions within the growth plates of bones.

Glycolysis/gluconeogenesis was another main metabolic pathway that was enriched with DEGs. It is involved in maintenance of the normal blood glucose levels in humans and many other animals (Young, 1977). Glucose (C6H12O6) is generated from non-carbohydrate carbon substrates, and it is converted into pyruvate (CH3COCOO-) via glycolysis (Lubert, 1995). NADH (reduced nicotinamide adenine dinucleotide) and high-energy ATP molecules are subsequently formed with the release of free energy. Therefore, glycolysis/ gluconeogenesis may be important for providing energy for G. lacustris to survive in the serious environment of the Tibetan plateau.

Several DEGs were involved in these metabolic pathways at the same time. For example, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) generates products that are involved in carbohydrate metabolism, thereby catalyzing a vital energy-yielding step. It occurs through the reversible oxidative phosphorylation of glyceraldehyde-3-phosphate when inorganic phosphate and NAD are present (Rius et al., 2008). Energy and molecular carbon are released when GADPH is catalyzed to break down glucose (Tarze et al., 2007). Thus, we predict that GADPH may be a key gene involved in environmental adaption in G. lacustris. Enolase is also known as phosphopyruvate hydratase, and it plays essential roles in the ninth and penultimate step of glycolysis, when 2-phosphoglycerate is converted to phosphoenolpyruvate (Hoorn et al., 1974; Zhang et al., 1997). Its role is to cleave carbon-oxygen bonds. Three subunits have been identified (α, β, and γ) (Peshavaria and Day, 1991; Pancholi, 2001), in which β-enolase is a muscle-specific enolase as indicated by its high level in muscle (Peshavaria and Day, 1991).

Five up-regulated genes were randomly selected to verify their transcriptional differences by qRT-PCR. These genes are up-regulated in G. lacustris and therefore may be involved in the plateau adaption. Transcription patterns of these five DEGs were confirmed to be the same as those from RNA-Seq, indicating that our RNA-Seq data were reliable. Cathepsin B may be involved in specific immune resistance (Fais, 2007) by playing an important role in intracellular proteolysis (Sloane, 1990). It is up-regulated in many diseases, including various pathological conditions, as well as in premalignant lesions and cancers (Lai et al., 2004; Ha et al., 2010; Tong et al., 2014; Yang et al., 2016). Solute carrier family 25 may be involved in the physiological “proton leak” in the liver. This gene is overexpressed when the mitochondrial membrane is potentially dissipated (Tan et al., 2004). RING-box protein 1 is a component of the SCF E3 ubiquitin ligase complex. It plays essential roles in mitotic chromosomal condensation, meiosis and cytokinesis, and it also mediates the ubiquitination and degradation of target proteins. It recruits the E2 ubiquitination enzyme to the complex through the RING-type zinc finger and brings it into close proximity to the substrate (Noureddine et al., 2002).

CONCLUSIONS

In summary, the present study integrated whole-genome and full-length transcriptome sequencing to reveal candidate genes for potential involvement in the plateau adaptation of G. lacustris. Several key metabolic pathways and DEGs were identified by comparing the transcriptomes of G. lacustris (a resident of the Tibetan plateau) and G. pisinnus (a counterpart from a nearby plain). We also observed that energy-metabolism related metabolic pathways and genes are more likely involved in the plateau adaption. A reasonable explanation for this finding is that more energy is necessary for G. lacustris to live in the low-temperature environment of the Tibetan plateau, which is consistent with the results from other Tibetan plateau adaptation studies. Our results of this study also provide large data-based genetic resources for future studies on other aquatic species.
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Cathepsin-R1 TTGAAGTAGCCCTTGTCGCC
GST-F1 GAGTACACCGGCACCGTATT
GST-R1 TCCGTCAGCTTTACGTCGTC

F, forward primer; R, reverse primer.
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Transcriptome E-value Accession number Species

AMP-activated protein kinase a 1.60E-171 GbIAKEB0479.1| Litopenaeus vannamei
AMP-activated protein kinase f 4.70E-58 GbIAKES0480. 1| Litopenaeus vannamei
Glutathione S-transferase 8.80E-61 emb|SAY41336.1| Gammarus pulex
Catalase 5.00E-223 emb|SAA00029.1] Gammarus pulex

serine proteinase inhibitor 4.20E-21 gblAJR22372.1] Eriocheir sinensis
Llactate dehydrogenase 1.10E-115 gblAIMA3585. 1] Halocaridina rubra
superoxide dismutase copper/zinc 1.50E-44 dbj|BAP28201.1| Marsupenaeus japonicus
Ubiquitin-conjugating enzyme E2 4.50E-91 gblACJ0B792.1] Seylla paramamosain

€8 Ubiquiin-protein ligase 1.30E-10 refjXP_004713113.1| Echinops telfaii

Ubiquitin carboxyl-terminal esterase L3 5.10E-43 gblALM09354.1] Penaeus monodon
Ubiquitin b 3.00E-61 gblADO32980.1| Eriocheir sinensis

60S ribosome subunit 4.70E-65 refiXP_013399191.1| Lingula anatina
Ribosome like protein 1.80E-73 dbj|BAB78484.1] Marsupenaeus japonicus
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