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Abstract

:

Rickett’s big-footed bat, Myotis pilosus, which belongs to the family Vespertilionida, is the only known piscivorous bat in East Asia. Accurate whole genome and transcriptome annotations are essential for the study of bat biological evolution. The lack of a whole genome for M. pilosus has limited our understanding of the molecular mechanisms underlying the species’ evolution, echolocation, and immune response. In the present work, we sequenced the entire transcriptome using error-corrected PacBio single-molecule real-time (SMRT) data. Then, a total of 40 GB of subreads were generated, including 29,991 full-length non-chimeric (FLNC) sequences. After correction by Illumina short reads and de-redundancy, we obtained 26,717 error-corrected isoforms with an average length of 3018.91 bp and an N50 length of 3447 bp. A total of 1528 alternative splicing (AS) events were detected by transcriptome structural analysis. Furthermore, 1032 putative transcription factors (TFs) were identified, with additional identification of several long non-coding RNAs (lncRNAs) with high confidence. Moreover, several key genes, including PRL-2, DPP4, Glul, and ND1 were also identified as being associated with metabolism, immunity, nervous system processes, and auditory perception. A multitude of pattern recognition receptors was identified, including NLR, RLR, SRCR, the antiviral molecule IRF3, and the IFN receptor subunit IFNAR1. High-quality reference genomes at the transcriptome level may be used to quantify gene or transcript expression, evaluate alternative splicing levels, identify novel transcripts, and enhance genome annotation in bats.
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1. Introduction


With more than 1440 species of bats described worldwide, the order Chiroptera is second only to rodents in ecological and taxonomic diversity. Bats occupy a vast niche in the night sky, their diet is complex and diverse, and Myotis pilosus, a fish-eating bat, is the most striking member of the group. The East Asian fish-eating bat is large-footed and has well-developed claws, M. pilosus, uses a 37.78 ± 1.04 kHz downward frequency-modulated (FM) sweep for echolocation. This fish-eating bat can utilize echolocation to accurately detect ripples produced by fish on the surface of the water, making it an excellent model for studying high-frequency hearing and the coevolution of bats and fish [1]. In addition, increasing numbers of studies have reported that bats are potential hosts for viruses, and thus, their unique immune systems and high immune tolerance have received extensive attention [2]. However, there is still a lack of adequate genomic data for M. pilosus, and this limits the in-depth research into the ecological adaptation of fish-eating bats represented by M. pilosus. Therefore, it is crucial to perform further research on the M. pilosus genome and transcriptome.



In recent years, numerous studies from multiple omics levels have been conducted on niche expansion of feeding habits, immunologically privileged sites for microbial community residence in bats, brain metabolism during hibernation, and hearing genes in echolocation, revealing the genetic basis and ecological adaptation mechanism of M. pilosus from various perspectives. For example, Chang et al. [3] investigated the dietary composition and seasonality of M. pilosus and M. fimbriatus using DNA meta-barcoding. Their findings showed that variation in insect abundance or interspecific competition may not have had a significant impact on M. pilosus’ dietary expansion from insects to fish. Fang et al. [4] identified and described an immunosuppressant protein (MTX) that is highly concentrated in the submandibular salivary gland of M. pilosus. The presence of high levels of MTX in the salivary glands of bats suggests a mechanism for the development of immunological privilege and immune tolerance, as well as evidence of viral shedding via oral secretions. Zhang [5] compared the brain proteins of active and torpid M. pilosus bats by a proteomic approach and found that torpid bats used energy produced from anaerobic glycolysis and PTMs to adjust enzyme activities critical for TCA cycle efflux. In addition, some work has been carried out at the transcriptome level. Dong et al. [6] compared the inner ear expression difference between the M. pilosus (an echolocating bat) and Cynopterus sphinx (a non-echolocating bat). The results showed that the biological implications of upregulated genes in M. pilosus were significantly over-represented in biological process categories, consistent with the inner ear morphological and physiological differentiation between the two bat species. Although de novo transcriptome-based bioinformatic techniques can partially address the issue of no reference genome, no high-quality reference genome has been published for M. pilosus, a situation that limits our understanding of the molecular mechanisms such as coevolution, echolocation, and immune response.



Although it is possible to refine the relevant biological analysis by sequencing the genomic data of M. pilosus, the traditional genome approach is expensive, resulting in the lack of genomic reference information for many species; this limits the in-depth study of species that are beyond the affordability of general research groups. Fortunately, with the emergence of full-length transcriptome sequencing technology and the development of related analytical methods, these research difficulties can be resolved. The full-length transcriptome provides more benefits than the second-generation transcriptome, particularly for species without a reference genome. Using PacBio Iso-seq to construct a species unigene library, the reference genome at the transcriptome level of the species can be obtained without sequence assembly, thereby providing an excellent genetic information basis for subsequent research. PacBio Iso-seq is also used to detect alternative splicing events without reference genome sequences. In the study of bats’ resistance to viruses and suppression of host inflammation [7], alternative splicing is an essential reason for inhibiting NLRP3-mediated inflammation in bats, providing a basis for the special high innate immune tolerance of bats. These studies emphasize alternative splicing, a crucial transcriptional regulation process that is significant to studies of bats.



Taking advantage of this, full-length transcriptome sequencing has been widely used in the study of many species. The sequencing of the skin tissue of the marine mammal Sperm whale [8] and the sequencing of the head kidney tissue of Atlantic salmon, for example, demonstrate that the broad applicability of the full-length transcriptome and the stable and efficient solution of the follow-up series requires the analysis of genomics [9]. Ma et al. used the approach to perform full-length sequencing of the cochlear tissues of echolocating bats such as M. pilosus, providing only the transcriptome map and annotation information [10]. However, no further comparative analyses were performed. In the research mentioned above, a single tissue was utilized for transcriptome sequencing, thus limiting its applicability to specific investigations rather than producing a whole transcriptome map for the species. As a result, we propose that tissue samples from various body areas of different species could be utilized for full-length sequencing and that this will totally produce a reference transcriptome map.



In the present work, we performed full-length transcriptome sequencing and bioinformatic analysis by using the Pacific Bioscience Sequel platform and the Illumina HiSeq platform on the multiple tissues of M. pilosus. To generate a high-quality reference genome at the transcriptome level and to combine the advantages of the full-length sequencing data for the identification and analysis of novel transcripts and alternative splicing events, we further identified the molecular basis of alternative splicing events and phenotypes associated with various aspects of ecological adaptation in M. pilosus, such as the completion of the identification and characterization of novel transcripts related with echolocation and immunity.



These data not only are of practical reference significance in studies aimed at detecting variable splicing types, but also enrich and complement the genomic resources of bats in studies of adaptive evolution. In addition, the results can facilitate a comparative analysis of bat genomes and help reveal the genetic mechanisms underlying bat evolution. The relevant functional genes found by the study can help us understand the specific immune molecular mechanisms of bats and provide a reference for exploring the molecular targets of diseases.




2. Results


2.1. PacBio Iso-Seq Sequencing Data Analysis


To reveal the diversity of transcript isoforms, we constructed a full-length RNA-seq library (Figure 1B). Full-length transcripts of M. pilosus were characterized according to the analysis process shown in Figure 1. With SMRT sequencing, 40 GB of raw data consisting of 46,086,752,174 total bases were generated. Then, a total of 17,570,601 subreads were obtained, with an average read length of 2622 bp and an N50 of 2926 bp (Table 1, Figure S1A). After self-correction of all subreads, a total of 752,249 CCS were obtained, with an average CCS read length of 2978, (Table 1, Figure S1B). From these, 601,772 full-length non-chimeric reads (FLNC reads) were obtained (Table 1, Figure S1C). The CCS were further corrected to obtain 28,742 high-quality sequences (high-quality isoforms, HQ isoforms, prediction accuracy ≥ 0.99) and 1249 low-quality sequences (low-quality isoforms, LQ isoforms, prediction accuracy < 0.99).



A total of 714 low-quality sequences were corrected after rectification. A total of 29,456 corrected sequences were found with an average read length of 3027.42 bp and an N50 length of 3449 bp. Following correction, redundant sequences were deleted to produce 26,717 isoforms, with an average length of 3018.91 bp and a total length of 80,656,306 bp (Table 1, Figure S1D). The analysis of transcriptome completeness with Benchmarking Universal Single-Copy Orthologs (BUSCO) showed that 39.3% (385) were complete duplicated BUSCOs; 40.3% (395) were complete single-copy BUSCOs; 1.7% (17) were fragmented BUSCO archetypes, and 18.5% (181) were missing BUSCOs (Figure S2). We also discovered that CCS length was longer than in other bats such as Rhinolophus afnis hainanus and Rhinolophus afnis himalayanus (Figure S3) [10].




2.2. Functional Annotation


All full-length transcripts obtained above were aligned to KEGG, KOG, Nr, and Swiss-Prot databases. A total of 26,198 transcripts were successfully annotated, and for 519 transcripts the annotations were unsuccessful. In total, 39,208 transcripts were annotated in the four databases, of which 26,192, 25,970, 21,691, and 25,878 transcripts were matched to the NR, KEGG, KOG, and Swiss-Prot databases, respectively (Figure 2A). Each transcript was aligned with the homologous sequences of the NR library, to determine which species showed the best sequence comparisons, and we quantified the number of homologous sequences aligned with each species. The top three species with the highest homology were all species of the genus Myotis, Myotis davidii (7679), Myotis brandtii (5007), and Myotis lucifugus (4960). Eptesicus fuscus (2798), which is a member of the bat family, was also detected (Figure 2B). These species belong to the order Chiroptera, which explains the high similarity of their transcripts to the transcript of M. pilosus. The KOG classifications of the transcripts obtained clusters of 25 functional categories (Figure 2C). A total of 4773 transcripts were annotated in signal transduction mechanisms, the most among functional categories. Next was the general function prediction with 4758 transcripts. In KEGG pathways, the transcripts were assigned to six main categories: cellular processes (4706 transcripts), environmental information processing (4260), genetic information processing (2192 transcripts), metabolism (10,237 transcripts), human diseases (10,134 transcripts), and organismal systems (9444 transcripts). Global and overview maps (2129 transcripts) was the largest group of transcripts, followed by signal transduction (1498 transcripts) (Figure 2D). According to GO classification statistics of the transcripts, the annotated results included three broad categories: biological process (23,482 transcripts), cellular component (23,075 transcripts), and molecular function (23,334 transcripts). Cellular process, single organism process, and metabolic process were the most abundant sub-categories of the identified biological processes. Cell, cell part, organelle, and organelle part were the most abundant sub-categories of cellular components. Binding and catalytic activity were the most abundant sub-categories of molecular functions (Figure 3).




2.3. High-Level Annotation of Transcripts


Pfam protein domain prediction, isoform coding sequence (CDS) prediction, SMART protein domain prediction, protein properties, and various post-translational modification site predictions were included in the advanced functional annotation information for isoforms. The CDS of a gene is a singular section of DNA or RNA that encodes the corresponding protein. In total, 24,241 transcripts were predicted in the 5′UTR, 25,828 in the 3′UTR, and 26,316 in the CDS, for a total length of 80,018,783. Additionally, we predicted the annotation information related to isoform-encoded protein domains, the prediction results of TMHMM transmembrane helix structure, signal peptide cleavage sites and their location, protein O-GlcNAc glycosylation sites and ProP furin cleavage and more (File S1).



2.3.1. Transcription Factor (TF) Analysis


Transcription factors (TFs) are key components of gene expression in mammals. TFs are proteins that recognize and bind specific nucleotide sequences during transcription, allowing them to regulate the main expression of nearby genes. In the investigation, DIAMOND software was used to identify 1032 TFs from 59 TF families. The zf-C2H2 family (209) was the most prevalent among the top 10 TF families in (Figure 4A), followed by the BHLH family (96).




2.3.2. Identification of Long Non-Coding RNAs


LncRNAs are non-protein-coding transcripts longer than 200 nucleotides. They participate in biological processes such as transcription, translation, protein localization, cellular structural integrity, reprogramming, and other cellular functions. Altogether, 325 unigenes were identified as lncRNAs in this work (Figure 4B).




2.3.3. SSR Prediction


An SSR is a repetitive DNA sequence in which certain motifs are repeated. Upon scrutiny of the obtained SSRs, the proportions of SSRs of different tandem repeat unit types in total SSR were measured (Figure 4C). The most predominant was the tri-nucleotide repeats (3352), followed by the di-nucleotide repeats (3580) and tetra-nucleotide repeats (800). Penta- and hexa-nucleotide repeats, at 228 and 239, respectively, constituted a relatively minor portion of the total. Additionally, the majority of SSRs had 4–7 repeats (6059) (Figure 4D).





2.4. Alternative Splicing Events


The analysis identified 1528 alternative splicing events (AS events) of six different types, the most prominent of which were retained introns (RI, 1069, 69.96%), followed by 3′ splice sites (A3, 214, 14%) and 5′ splice sites (A5, 187, 12.23%). A base for the research of alternative splicing in the M. pilosus was provided by the discovery that 4869 isoforms had AS events, of which 4728 isoforms contained more than one event (Figure 5). We sequenced a variety of different tissues in order to more comprehensively detect AS events. There needed to be more research completed on the functions of isoforms because AS events may play various roles in various tissues.




2.5. Validation of the Full-Length Transcriptome of M. pilosus


Several published genes expressed in M. pilosus were compared with the full-length transcripts of bats obtained in this study to verify the accuracy of the sequencing results. The results showed that PacBio sequencing of bats was able to capture the whole length of all genes evaluated, despite some proteins having one or two amino acid mismatches. The comparison of the PRL-2, DPP4, Glul, and ND1 genes is displayed in Figures S4–S7.




2.6. Identification of M. pilosus Transcripts


2.6.1. Identification of Neural-Related Transcripts in M. pilosus


According to the GO annotation findings, 409 transcripts were annotated to the presynaptic process involved in synaptic transmission (GO: 0099531) in the biological process category. In addition, 2214 transcripts were annotated to synapse in the cellular component and 1797 transcripts were annotated to the synapse part (GO: 0044456) in the cellular component (Figure 3). Moreover, a total of 2313 genes associated with 10 neural-related pathways were enriched in KEGG pathways. Retrograde endocannabinoid signaling (331 genes), dopaminergic synapse (298 genes), glutamatergic synapse (285 genes), GABAergic synapse (274 genes), neurotrophin signaling pathway (251 genes), and serotonergic synapse (236 genes), were the pathways related to the largest numbers of genes (Figure S8).




2.6.2. Identification of Metabolite-Related Transcripts in M. pilosus


In the GO and KEGG databases, several transcripts were annotated in metabolite-related pathways. There were 19,294 transcripts in all that had metabolic process annotations (GO: 0008152), and 10,237 genes in total were enriched in 12 pathways associated with metabolism (Figure 2D). Pathways associated with the higher number of genes were global and overview maps (4183), amino acid metabolism (1316), carbohydrate metabolism (1151), energy metabolism (491), glycan biosynthesis and metabolism (419), lipid metabolism (1268), and metabolism of cofactors and vitamins (668).




2.6.3. Transcript Identification Associated with Auditory Perception in M. pilosus


Several genes related to bat high-frequency hearing were identified in the analysis, including SK2, Myo6, ACTB, FoxP2, OTOF, Cx43, Shh, KCNQ4, GJB6, and SLC26A5. Despite that some proteins had some amino acid mismatches, the results revealed that all previously published auditory perception genes were detected. Fortunately, the genes GJB6 (Figure S9) and SK2 (Figure S10) were successfully sequenced using PacBio sequencing to obtain the full length. In addition, 3927 transcripts were annotated to homeostatic process (GO: 0042592), and 393 transcripts were annotated to tissue homeostasis (GO: 0001894); 499 transcripts were annotated to ossification (GO: 0001503), and 1787 transcripts were annotated to organ morphogenesis (GO: 0009887). There were 670 transcripts annotated to multicellular organismal homeostasis (GO: 0048871). In the KEGG annotation results (Figure 2D), 1208 transcripts were annotated to nervous system pathways and 3274 transcripts were annotated to signal transduction. In terms of function, both of these pathways are closely related to auditory perception. In signal transduction, 132 and 469 genes were annotations of the NF-Kappa B signaling pathway (KO04064) and MAPK signaling pathway (KO04010) that are related to protecting the inner ears of bats from auditory damage caused by long time high-frequency calling.




2.6.4. Identification of Immune-Related Transcripts in M. pilosus


We associated the gene set with GO terms based on the human-specific gene ontology annotation. There were 4702 immune-related transcripts; among the most represented GO terms were immune response and regulation of immune system process. Due to the unique immune regulation system of bats, many transcripts were annotated in the KEGG database for immune-related pathways. Moreover, we also found that the top five immune pathways with the largest numbers of transcripts among the 21 immune pathways did not have overlapped transcripts (Figure 6 and Figure S11). Pathways associated with higher numbers of genes were complement and coagulation cascades (710 genes) followed by chemokine signaling pathway (273 genes), platelet activation (256 genes), NOD-like receptor-signaling pathway (246 genes), Leukocyte transendothelial migration (188 genes), Fc gamma R-mediated phagocytosis (180 genes), Th17 cell differentiation (176 genes), and T cell receptor signaling pathway (148 genes). These results roughly described the pathways related to immune function.



We checked the transcriptome annotation for the existence of anti-viral genes. A multitude of pattern recognition receptors was identified, including NLR, RLR, SRCR, the antiviral molecule IRF3, and the IFN receptor subunit IFNAR1 (Table 2). Additionally, we examined genes linked to B cells and discovered transcripts for CD27 (Table 2). Finally, we looked at the cytokine TGF and various immunoglobulin domains, which are crucial for determining innate and adaptive immune responses.






3. Discussion


During the past decade, transcriptome analysis has proven to be an effective means of gene discovery, genome annotation, and in-depth exploration of genes associated with phenotypic traits. The NGS RNA-Seq transcriptome databases of R. sinicus [11], Rousettus aegyptiacus [12], and Vespertilio sinensis [5] have been reported previously. However, the number of transcript isoforms or the length of the transcript limited these studies. With the development of sequencing techniques, PacBio Iso-Seq, a full-length transcriptome sequencing method that is especially ideal for the direct generation of complete transcriptomes with precise AS isoforms in non-model organisms without genomic sequences, has ushered in a new age of transcriptome-wide study. To provide effective reference genomic information at the transcriptome level for the study of M. pilosus, providing a method for the study of bats as well as other organisms regarding the genome is necessary. In the study of the molecular evolution of high-frequency hearing in echolocation bats [13], 130,381 unigenes in the reference gene set of three bats were annotated by second-generation no-reference transcriptomic sequencing. A total of 67,664 unigenes were obtained with annotation information from at least one database, for an annotation rate of 52%. Similarly, 12,427 and 13,539 transcripts were annotated with at least one GO functional category in the second generation of unreferenced transcriptome studies of the ear of M. pilosus and Cynopterus sphinx [6], with annotation rates of 38% and 30%, respectively. The annotation rate of transcripts obtained in this study was as high as 98%, much higher than the annotation rate obtained by using the previous second-generation sequencing technology. This is consistent with the results of Wan [14] demonstrating that full-length transcriptome sequencing has a higher annotation rate than second-generation sequencing technology. Furthermore, the result indicates that full-length transcriptome sequencing will produce better annotation results.



Previous studies have confirmed the reliability of the PacBio Iso-Seq platform [15], but the accuracy of full-length data can be further improved through a second-generation data correction [16]. In the present work, 1249 low-quality sequences from the bats’ brain area were corrected using PacBio sequencing technology and Illumina sequencing data. A total of 714 low-quality sequences were corrected, the correction rate was 57%; the average length of corrected transcripts was 3027.42 bp and the length of N50 length was 3449 bp. The combined approach of PacBio Iso-Seq and Illumina HiSeq improved the accuracy of the sequencing results and provided a high-confidence transcriptome map for M. pilosus, which can be used as a necessary genetic background for basic biological research in bats.



In this work, sophisticated annotations including isoform CDS prediction, Pfam protein domain prediction, SMART protein domain prediction, protein properties, and others are supplied in addition to basic annotations such NR, KEGG, KOG, Swiss-Prot, and GO. Understanding the biological functions of specific proteins expressed in bats and recognizing protein–protein interactions are made possible by studying protein structures. These processes are crucial for the study of adaptive evolution in bats as well as the distinctive immune adaptations in bats. High-level annotation of transcripts is especially necessary for the absence of a genome for M. pilosus.



Alternative splicing is a meaningful way to regulate gene expression and it plays a vital role in various biological processes in bats. Elena O. Gracheva et al. [17] confirmed that alternative splicing of TRPV1 transcripts is the basis of infrared perception in vampire bats. Chen [18] studied the role of AS events in response to cellular stress caused by a mitotic mismatch in natural populations of Rhinolophus affinis. However, it is exceedingly challenging to examine its AS isoforms owing to the dearth of genetic data. Due to the long length, PacBio sequencing technology can obtain more complete transcripts, that provide a basis for studying AS of M. pilosus.



Several published genes expressed in M. pilosus (GJB6, Glul, ND1, DPP4) were compared with the full-length transcripts of bats obtained in this study to verify the accuracy of the sequencing results. The PacBio sequencing could accurately obtain the full length of the detected genes, indicating that the full-length transcriptome in this study was relatively complete and reliable. The same validation method was applied in the PacBio sequencing of Heliocidaris crassispina [19] to verify the accuracy of the sequencing results. The accuracy of the sequencing results also showed that the data could, to a certain extent, be utilized as the genome data of M. pilosus, a result that greatly made up for the absence of the genome data of bats.



In this study, transcripts related to bat high-frequency hearing were identified, and homeostatic process (GO: 0042592), tissue homeostasis (GO: 0001894), ossification (GO: 0001503), organ morphogenesis (GO: 0009887) and multicellular organismal homeostasis (GO: 0048871) were found. These physiological processes are related to the adaptive evolution of echolocation and high-frequency hearing in laryngeal echolocation bats [20], but more transcripts directly related to auditory perception were not detected, possibly due to the specificity of cochlear tissue resulting in relatively few genes detected in the cochlea. Ma et al. [10]. reported a relatively low quality of transcriptome assembly in the cochlea due to the highly specialized cochlear tissue, and the same results were also reported in a single-cell RNA-seq study of the mouse cochlea [21]. However, all previously published auditory perception genes were detected, including SLC26A5, SK2, Myo6, OTOF, Shh, and KCNQ4. The remarkable high-frequency sensitivity and selectivity of the bat auditory system have been attributed to the evolution of mechanical amplification, in which sound waves are amplified by outer hair cells in the cochlea. SK2 is an important ion channel protein-encoding gene that plays an important role in the physiological process of cochlear hearing. These are crucial genes for understanding how echolocating high-frequency auditory adaptations have evolved, and it is believed that they have had a significant influence on the evolution of echolocation [13,22]. The CDS sequences of these genes were also identified in the transcripts, providing a basis for studying the process of auditory perception and adaptive evolution in bats.



Bats are increasingly being considered as potential reservoirs harboring a diverse and complex microbial community, including many known and unknown viruses [23,24,25,26]. Infected bats showed no or minimal signs of disease even when high viral titers were detected in tissues or sera, suggesting that the host defense–immune tolerance balance of bats confers exceptional health. As a result, we searched immune-related transcripts in the transcriptome, and we found several pattern recognition receptors. Altogether, the reference transcriptome generated for M. pilosus provides an excellent foundation for investigating reservoir host immunology in bats. However, a comprehensive understanding of its immune system and related immunoglobulin gene repertoire requires further analysis of the genome.




4. Materials and Methods


4.1. Sample Collection


Two bats were caught from a colony with more than 1500 individuals that roosted in a cave in Beijing, China (115°59′ N, 39°43′ E). The bats that returned to their roost site after predation were captured by mist nets and were then caught from the mist nets with sterile gloves. Each captured individual was put into a sterilized cloth bag. Bats were rapidly euthanized by cervical dislocation, and five tissues, the cochlea, brain, muscle, liver, and heart, were collected and transferred to RNase-free PCR tubes. Tissue samples were frozen immediately in liquid nitrogen and stored at −80 °C until RNA extraction.




4.2. Library Construction and SMRT Sequencing


Total RNA from bat tissue was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) on dry ice following the standard protocol provided by the manufacturer. The RNA concentration and purity were assessed by an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), agarose gel electrophoresis, and a Nanodrop micro-spectrophotometer (Thermo Fisher, Waltham, MA, USA) to verify RNA integrity. The mRNA was enriched using oligo dT magnetic beads. Then, the enriched mRNA was reverse transcribed into cDNA using a Clontech SMARTer PCR cDNA Synthesis Kit (Takara Bio Inc., Kusatsu, Japan). Primers, polymerases, and magnetic beads were loaded to generate a completed SMRT bell library, and sequencing of the library was performed on the PacBio RS II (Pacific Biosciences, Menlo Park, CA, USA) platform. The raw sequencing reads of cDNA libraries were analyzed by using an isoform sequencing (Iso-Seq) pipeline supported by Pacific Biosciences [27].




4.3. Data Processing and Error Correction of PacBio Iso-Seq Reads


Using the second-generation Illumina sequencing data obtained from brain tissues of three individual bats that were sampled at the same time and location, low-quality sequences were corrected for LoRDEC using a hybrid strategy that required the use of two sets of data: reference reads (second-generation short reads), and PacBio long reads. De Bruijn plots were created by reading the short reads and searching for erroneous sequences in the long reads to find the correction sequence for the error region in the long reads. After correction, we took the low-quality sequences with correction coverage (percentage of bases corrected in the second-generation data to the third-generation consistent sequences) of 99% or more and merged them with the high-quality sequences obtained by Quiver correction to obtain more accurate transcripts for subsequent analysis.




4.4. Functional Annotation of Transcripts


Basic annotation of isoforms includes protein functional annotation, pathway annotation, KOG functional annotation, and Gene Ontology (GO) annotation. Isoforms were then annotated using the NCBI non-redundant protein (Nr) database (http://www.ncbi.nlm.nih.gov, accessed on 16 November 2021), the Swiss-Prot protein database (http://www.expasy.ch/sprot, accessed on 20 November 2021), the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg, accessed on 20 November 2021), and the KOG database (http://www.ncbi.nlm.nih.gov/COG, accessed on 22 November 2021) with BLASTx program (http://www.ncbi.nlm.nih.gov/BLAST/, accessed on 22 November 2021). Gene Ontology (GO) annotation was conducted using the blast2GO [28] program with Nr annotation results of isoforms. Isoforms ranking in the top 20 highest scores and having no fewer than 33 HSPs (high-scoring segment pair) hits were selected to conduct functional classification. Functional classification of isoforms was performed using WEGO 1.0 software [29].




4.5. Open Reading Frame Prediction and Protein Domain Prediction


The coding sequence (CDS), protein sequence, and UTR sequence were obtained, and the isoform sequence of the open reading frame (ORF) was detected by ANGEL [30] software. Protein domain prediction was performed by aligning protein sequences of isoforms to the Pfam database (version 26.0) by Pfam Scan program [31] and SMART database (version 7.0) by HMMER—profile hidden Markov models for biosequence analysis program (http://hmmer.org/, accessed on 30 November 2021) to obtain protein domain annotations.




4.6. Transcription Factor (TF) Analysis and Potential Protein Function Analysis


For bats, protein-coding sequences of isoforms were aligned by hmmscan to Animal TFdb (http://www.bioguo.org/AnimalTFDB/, accessed on 2 December 2021) to predict TF families.



Potential transmembrane helices in proteins were predicted by TMHMM Server 2.0 and SignalP 4.1 Server software, and the presence and location of signal peptide cleavage sites in amino acid sequences were predicted. Mucin-type GalNAc O-glycosylation sites in mammalian proteins and arginine and lysine propeptide cleavage sites in eukaryotic protein sequences were predicted by the NetOGlyc 4.0 Server and the ProP 1.0 Server.




4.7. Simple Sequence Repeats (SSR) Prediction


The MIcroSAtellite (MISA, http://pgrc.ipk-gatersleben.de/misa/, accessed on 8 December 2021) was employed for microsatellite mining in the whole transcriptome. The parameters were as follows:



Definition (unit size, min repeats): 2–6 3–5 4–4 5–4 6–4



Interruptions (max difference between two SSRs): 100



Notes:




	(1)

	
(n, m): n is the length of repeat units. m is the minimum number of repeat units.




	(2)

	
Interruptions: the distance between two SSRs less than 100 bp is considered as one SSR










4.8. Characterization of Long Non-Coding RNAs and Alternative Splicing Detection


CNCI (version 2) [32] was used to assess the protein-coding potential of transcripts without annotations using default parameters for potential long non-coding RNAs. To focus on relatively reliable lncRNA annotations at evolution level, the software Infernal 1.1 [33] (http://eddylab.org/infernal/, accessed on 8 December 2021) was used in sequence alignment. Classification of lncRNAs is based on secondary structures and sequence conservation. To analyze alternative splicing events of transcript isoforms, COding GENome reconstruction Tool (Cogent) [34] was first used to partition transcripts into gene families based on k-mer similarity and to reconstruct each family into a coding reference genome based on De Bruijn graph methods. Alternative splicing events of transcript isoforms were performed using SUPPA tool [35].




4.9. Validating the Accuracy of Sequencing Result


In order to validate the accuracy of the sequencing results, we aligned the published gene sequences of M. pilosus with Isoform sequences. Several genes were identified by referring to the relevant papers concerning M. pilosus, including hearing-related genes GJB6 (GenBank: GU326374.1) [36] and SK2 (GenBank: MT822709.1), the immune-related gene DPP4 (GenBank: MH345673.1) [37], and metabolism-related genes Glul (GenBank: KJ561605.1), ND1 (GenBank: AB106586.1) [38], and PRL-2 (GenBank: EF534354.1) [39]. For comparison with the isoform sequences according to the GeneBank numbers in published papers, the whole CDS sequences were downloaded from the NCBI database. The downloaded nucleic acid sequence and the isoform sequence were then translated into amino acid sequences, and the two translations were then compared at the protein level. The same method was used to compare Myo6 (GenBank: JX023452.1), ACTB (GenBank: JQ284421.1), FoxP2 (GenBank: EU076403.1), OTOF (GenBank: JQ284410.1), Cx43 (GenBank: EU195813.1), Shh (GenBank: KX495654.1), KCNQ4 (GenBank: HE608291.1), and SLC26A5 (GenBank: EU914924.1), all of which were associated with high-frequency hearing, in previously published studies on M. pilosus.




4.10. Identification of Immune-Related Genes


Several immune-related genes and pattern recognition receptors were identified using the Hidden Markov Model (HMM) from the Pfam database (http://pfam.xfam.org/, accessed on 9 December 2021), including NLR (PF05729, NACHT domain), RLR (PF11648, RIG-I domain), SRCR (PF00530, scavenger receptor cysteine-rich domain), the IFN receptor subunit IFNAR1, antiviral molecule IRF-3 and genes associated with adaptive immune response and B cells, as well as cytokines and chemokines crucial for the immune response, both innate and adaptive. Afterward, all members were verified using the HMMER database. We next searched for specific genes related to various aspects of the immune responses in other mammals, primarily mice and humans.





5. Conclusions


The first full-length transcriptome of M. pilosus was constructed herein using both Illumina HiSeq and PacBio sequencing platforms. Gene annotation, CDS prediction, transcription factors, SSR discovery, lncRNA prediction, and AS analysis were performed without the reference genome. A number of transcripts related to auditory perception and immunity were identified. These findings were helpful in identifying different types of alternative splicing in M. pilosus. They can also be used to compare bat genomes and identify the genetic changes that may have influenced bat evolution. The related functional genes discovered in the study will serve as a guide for further research into the molecular basis of bats’ unique immunity, as well as human aging and molecular disease targets.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24010062/s1.





Author Contributions


X.W. and H.W. conceived and designed the study, analyzed the data with help from all authors, and wrote the manuscript. M.B., R.S., W.D. and N.X. performed the sampling and assisted with interpretation of the data. H.W. provides supervision during the entire project. J.F. and K.S. assisted with study design and provided laboratory space and reagents. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant nos. 32001089 and 32071492).




Institutional Review Board Statement


All animal experimental procedures were approved by the National Animal Research Authority of Northeast Normal University, China (approval number: Nenu-20080416), and the Forestry Bureau of Jilin Province, China (approval number: [2006] 178). All efforts were made to minimize the suffering of the animals. We confirm that all methods were performed in accordance with the relevant guidelines and regulations mentioned above. We declare that this study is reported in accordance with ARRIVE guidelines.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw sequence data and the transcripts generated were deposited into the NCBI SRA database (accession number: SRR22318483) and the TSA database (accession number: GKEA01000000), respectively.




Acknowledgments


We thank the faculty and students of the Key Laboratory of Jilin Province for the conservation and utilization of animal resources and valuable assistance in the field.




Conflicts of Interest


The authors declare no competing interest.




References


	



Hurme, E.; Gurarie, E.; Greif, S.; Herrera, M.L.; Flores-Martínez, J.J.; Wilkinson, G.S.; Yovel, Y. Acoustic evaluation of behavioral states predicted from GPS tracking: A case study of a marine fishing bat. Mov. Ecol. 2019, 7, 21. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, G.; Cowled, C.; Shi, Z.; Huang, Z.; Bishop-Lilly, K.A.; Fang, X.; Wynne, J.W.; Xiong, Z.; Baker, M.L.; Zhao, W.; et al. Comparative analysis of bat genomes provides insight into the evolution of flight and immunity. Science 2013, 339, 456–460. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.; Song, S.; Li, A.; Zhang, Y.; Li, Z.; Xiao, Y.; Jiang, T.; Feng, J.; Lin, A. The roles of morphological traits, resource variation and resource partitioning associated with the dietary niche expansion in the fish-eating bat Myotis pilosus. Mol. Ecol. 2019, 28, 2944–2954. [Google Scholar] [CrossRef] [PubMed]

	



Fang, M.; Tang, X.; Zhang, J.; Liao, Z.; Wang, G.; Cheng, R.; Zhang, Z.; Zhao, H.; Wang, J.; Tan, Z.; et al. An inhibitor of leukotriene-A4 hydrolase from bat salivary glands facilitates virus infection. Proc. Natl. Acad. Sci. USA 2022, 119, e2110647119. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, G.; Chu, Y.; Jiang, T.; Li, J.; Feng, L.; Wu, H.; Wang, H.; Feng, J. Comparative analysis of the daily brain transcriptomes of Asian particolored bat. Sci. Rep. 2022, 12, 3876. [Google Scholar] [CrossRef] [PubMed]

	



Dong, D.; Lei, M.; Liu, Y.; Zhang, S. Comparative inner ear transcriptome analysis between the Rickett’s big-footed bats (Myotis ricketti) and the greater short-nosed fruit bats (Cynopterus sphinx). BMC Genom. 2013, 14, 916. [Google Scholar] [CrossRef]

	



Ahn, M.; Anderson, D.E.; Zhang, Q.; Tan, C.W.; Lim, B.L.; Luko, K.; Wen, M.; Chia, W.N.; Mani, S.; Wang, L.C.; et al. Dampened NLRP3-mediated inflammation in bats and implications for a special viral reservoir host. Nat. Microbiol. 2019, 4, 789–799. [Google Scholar] [CrossRef]

	



Wang, D.; Li, Y.; Aierken, R.; Kang, Q.; Wang, X.; Zeng, Q.; Fan, Z.; Zhen, Y.; Zhao, L. Integrated Full-Length Transcriptome and RNA-Seq to Identify Immune System Genes from the Skin of Sperm Whale (Physeter macrocephalus). Genes 2021, 12, 233. [Google Scholar] [CrossRef]

	



Ramberg, S.; Høyheim, B.; Østbye, T.K.; Andreassen, R. A De Novo Full-Length mRNA Transcriptome Generated from Hybrid-Corrected PacBio Long-Reads Improves the Transcript Annotation and Identifies Thousands of Novel Splice Variants in Atlantic Salmon. Front. Genet. 2021, 12, 656334. [Google Scholar] [CrossRef]

	



Ma, L.; Sun, H.; Mao, X. Transcriptome sequencing of cochleae from constant-frequency and frequency-modulated echolocating bats. Sci. Data 2020, 7, 341. [Google Scholar] [CrossRef]

	



Wang, H.; Zhao, H.; Huang, X.; Sun, K.; Feng, J. Comparative cochlear transcriptomics of echolocating bats provides new insights into different nervous activities of CF bat species. Sci. Rep. 2018, 8, 15934. [Google Scholar] [CrossRef] [PubMed]

	



Lee, A.K.; Kulcsar, K.A.; Elliott, O.; Khiabanian, H.; Nagle, E.R.; Jones, M.E.; Amman, B.R.; Sanchez-Lockhart, M.; Towner, J.S.; Palacios, G.; et al. De novo transcriptome reconstruction and annotation of the Egyptian rousette bat. BMC Genom. 2015, 16, 1033. [Google Scholar] [CrossRef]

	



Wang, H.; Zhao, H.; Chu, Y.; Feng, J.; Sun, K. Assessing evidence for adaptive evolution in two hearing-related genes important for high-frequency hearing in echolocating mammals. G3 2021, 11, jkab069. [Google Scholar] [CrossRef]

	



Wan, H.; Jia, X.; Zou, P.; Zhang, Z.; Wang, Y. The Single-molecule long-read sequencing of Scylla paramamosain. Sci. Rep. 2019, 9, 12401. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Tseng, E.; Regulski, M.; Clark, T.A.; Hon, T.; Jiao, Y.; Lu, Z.; Olson, A.; Stein, J.C.; Ware, D. Unveiling the complexity of the maize transcriptome by single-molecule long-read sequencing. Nat. Commun. 2016, 7, 11708. [Google Scholar] [CrossRef] [PubMed]

	



Hackl, T.; Hedrich, R.; Schultz, J.; Förster, F. proovread: Large-scale high-accuracy PacBio correction through iterative short read consensus. Bioinformatics 2014, 30, 3004–3011. [Google Scholar] [CrossRef]

	



Gracheva, E.O.; Cordero-Morales, J.F.; González-Carcacía, J.A.; Ingolia, N.T.; Manno, C.; Aranguren, C.I.; Weissman, J.S.; Julius, D. Ganglion-specific splicing of TRPV1 underlies infrared sensation in vampire bats. Nature 2011, 476, 88–91. [Google Scholar] [CrossRef]

	



Chen, W.; Mao, X. Extensive alternative splicing triggered by mitonuclear mismatch in naturally introgressed Rhinolophus bats. Ecol. Evol. 2021, 11, 12003–12010. [Google Scholar] [CrossRef]

	



Huang, Y.; Zhang, L.; Huang, S.; Wang, G. Full-length transcriptome sequencing of Heliocidaris crassispina using PacBio single-molecule real-time sequencing. Fish Shellfish Immunol. 2022, 120, 507–514. [Google Scholar] [CrossRef]

	



Wang, H.; Zhao, H.; Sun, K.; Huang, X.; Jin, L.; Feng, J. Evolutionary Basis of High-Frequency Hearing in the Cochleae of Echolocators Revealed by Comparative Genomics. Genome Biol. Evol. 2020, 12, 3740–3753. [Google Scholar] [CrossRef]

	



Ranum, P.T.; Goodwin, A.T.; Yoshimura, H.; Kolbe, D.L.; Walls, W.D.; Koh, J.Y.; He, D.Z.Z.; Smith, R.J.H. Insights into the Biology of Hearing and Deafness Revealed by Single-Cell RNA Sequencing. Cell Rep. 2019, 26, 3160–3171.e3. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Wang, J.; Rossiter, S.J.; Jones, G.; Cotton, J.A.; Zhang, S. The hearing gene Prestin reunites echolocating bats. Proc. Natl. Acad. Sci. USA 2008, 105, 13959–13964. [Google Scholar] [CrossRef] [PubMed]

	



Leroy, E.M.; Kumulungui, B.; Pourrut, X.; Rouquet, P.; Hassanin, A.; Yaba, P.; Délicat, A.; Paweska, J.T.; Gonzalez, J.P.; Swanepoel, R. Fruit bats as reservoirs of Ebola virus. Nature 2005, 438, 575–576. [Google Scholar] [CrossRef] [PubMed]

	



Luis, A.D.; Hayman, D.T.; O’Shea, T.J.; Cryan, P.M.; Gilbert, A.T.; Pulliam, J.R.; Mills, J.N.; Timonin, M.E.; Willis, C.K.; Cunningham, A.A.; et al. A comparison of bats and rodents as reservoirs of zoonotic viruses: Are bats special? Proc. Biol. Sci. 2013, 280, 20122753. [Google Scholar] [CrossRef] [PubMed]

	



Chua, K.B.; Koh, C.L.; Hooi, P.S.; Wee, K.F.; Khong, J.H.; Chua, B.H.; Chan, Y.P.; Lim, M.E.; Lam, S.K. Isolation of Nipah virus from Malaysian Island flying-foxes. Microbes Infect. 2002, 4, 145–151. [Google Scholar] [CrossRef]

	



Drexler, J.F.; Corman, V.M.; Müller, M.A.; Maganga, G.D.; Vallo, P.; Binger, T.; Gloza-Rausch, F.; Cottontail, V.M.; Rasche, A.; Yordanov, S.; et al. Bats host major mammalian paramyxoviruses. Nat. Commun. 2012, 3, 796. [Google Scholar] [CrossRef]

	



Gordon, S.P.; Tseng, E.; Salamov, A.; Zhang, J.; Meng, X.; Zhao, Z.; Kang, D.; Underwood, J.; Grigoriev, I.V.; Figueroa, M.; et al. Widespread Polycistronic Transcripts in Fungi Revealed by Single-Molecule mRNA Sequencing. PLoS ONE 2015, 10, e0132628. [Google Scholar] [CrossRef]

	



Conesa, A.; Götz, S.; García-Gómez, J.M.; Terol, J.; Talón, M.; Robles, M. Blast2GO: A universal tool for annotation, visualization and analysis in functional genomics research. Bioinformatics 2005, 21, 3674–3676. [Google Scholar] [CrossRef]

	



Ye, J.; Fang, L.; Zheng, H.; Zhang, Y.; Chen, J.; Zhang, Z.; Wang, J.; Li, S.; Li, R.; Bolund, L.; et al. WEGO: A web tool for plotting GO annotations. Nucleic Acids Res. 2006, 34, W293–W297. [Google Scholar] [CrossRef]

	



Shimizu, K.; Adachi, J.; Muraoka, Y. ANGLE: A sequencing errors resistant program for predicting protein coding regions in unfinished cDNA. J. Bioinform. Comput. Biol. 2006, 4, 649–664. [Google Scholar] [CrossRef]

	



Finn, R.D.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Mistry, J.; Mitchell, A.L.; Potter, S.C.; Punta, M.; Qureshi, M.; Sangrador-Vegas, A.; et al. The Pfam protein families database: Towards a more sustainable future. Nucleic Acids Res. 2016, 44, D279–D285. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Luo, H.; Bu, D.; Zhao, G.; Yu, K.; Zhang, C.; Liu, Y.; Chen, R.; Zhao, Y. Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res. 2013, 41, e166. [Google Scholar] [CrossRef]

	



Nawrocki, E.P.; Eddy, S.R. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics 2013, 29, 2933–2935. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Harata-Lee, Y.; Denton, M.D.; Feng, Q.; Rathjen, J.R.; Qu, Z.; Adelson, D.L. Long read reference genome-free reconstruction of a full-length transcriptome from Astragalus membranaceus reveals transcript variants involved in bioactive compound biosynthesis. Cell Discov. 2017, 3, 17031. [Google Scholar] [CrossRef] [PubMed]

	



Alamancos, G.P.; Pagès, A.; Trincado, J.L.; Bellora, N.; Eyras, E. Leveraging transcript quantification for fast computation of alternative splicing profiles. RNA 2015, 21, 1521–1531. [Google Scholar] [CrossRef]

	



Ru, B.; Han, N.; He, G.; Brayer, K.; Zhang, S.; Wang, Z. Molecular cloning and evolutionary analysis of GJB6 in mammals. Biochem. Genet. 2012, 50, 213–226. [Google Scholar] [CrossRef]

	



Lau, S.K.P.; Fan, R.Y.Y.; Luk, H.K.H.; Zhu, L.; Fung, J.; Li, K.S.M.; Wong, E.Y.M.; Ahmed, S.S.; Chan, J.F.W.; Kok, R.K.H.; et al. Replication of MERS and SARS coronaviruses in bat cells offers insights to their ancestral origins. Emerg. Microbes Infect. 2018, 7, 209. [Google Scholar] [CrossRef]

	



Kawai, K.; Nikaido, M.; Harada, M.; Matsumura, S.; Lin, L.K.; Wu, Y.; Hasegawa, M.; Okada, N. The status of the Japanese and East Asian bats of the genus Myotis (Vespertilionidae) based on mitochondrial sequences. Mol. Phylogenet. Evol. 2003, 28, 297–307. [Google Scholar] [CrossRef]

	



Yuan, L.; Chen, J.; Lin, B.; Zhang, J.; Zhang, S. Differential expression and functional constraint of PRL-2 in hibernating bat. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2007, 148, 375–381. [Google Scholar] [CrossRef]








[image: Ijms 24 00062 g001 550] 





Figure 1. Schematic of the full-length transcriptome reconstruction and analysis pipeline. (A) Multiple tissues were extracted from M. pilosus and sequenced. (B) The workflow of library construction. (C) Bioinformatic analysis pipeline. 
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Figure 2. Functional annotation in M. pilosus. (A) Venn diagram of annotations in NR, KEGG, KOG, and Swiss-Prot databases. (B) Distribution of the top 10 species with matched transcripts in the NR database. (C) KOG categories of the transcripts. (D) KEGG pathways enriched by transcripts. 






Figure 2. Functional annotation in M. pilosus. (A) Venn diagram of annotations in NR, KEGG, KOG, and Swiss-Prot databases. (B) Distribution of the top 10 species with matched transcripts in the NR database. (C) KOG categories of the transcripts. (D) KEGG pathways enriched by transcripts.



[image: Ijms 24 00062 g002]







[image: Ijms 24 00062 g003 550] 





Figure 3. Distribution of GO terms for all annotated transcripts in biological process, cellular component, and molecular function. 
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Figure 4. Results of structural analysis for M. pilosus. (A) The number and family of TFs were predicted by SMRT. (B) Venn diagram of lncRNAs predicted by CNCI and CPC methods. (C) The proportion of SSRs of different tandem repeat unit types in total SSRs. (D) Distribution of SSR types. 
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Figure 5. AS events in M. pilosus. (A) The statistics of isoform number. (B) The statistics of AS events. 
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Figure 6. The proportion of full-length transcripts annotated in the metabolic pathways of the immune system. 
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Table 1. Description of the transcriptome of M. pilosus by PacBio Iso-Seq.
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	Sample
	M. pilosus





	Subreads number
	17,570,601



	Mean length (bp)
	2622



	CCS number
	752,249



	Mean CCS read length (bp)
	2978



	Number of transcripts
	29,456



	Number of non-redundant transcripts
	26,717



	Mean length (bp)
	3018.91
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Table 2. NACHT, RIG-I, IFN, IRF-3, CD20, and TGFβ domain containing proteins of the full-length transcriptome of M. pilosus.
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	Isoform
	Structure





	Isoform0026163
	NACHT



	Isoform0007843
	NACHT



	Isoform0007306
	NA



	Isoform0006981
	RIG-I_C-RD



	Isoform0008035
	RIG-I_C-RD



	Isoform0015581
	RIG-I_C-RD



	Isoform0017682
	IFNGR1



	Isoform0019310
	IFNGR1



	Isoform0022891
	IRF-3



	Isoform0023355
	IRF-3



	Isoform0006241
	IRF-3



	Isoform0011995
	IRF-3



	Isoform0018495
	IRF-3



	Isoform0019133
	IRF-3



	Isoform0019959
	IRF-3



	Isoform0022054
	CD20



	Isoform0022520
	CD20



	Isoform0024768
	CD20



	Isoform0010536
	CD20



	Isoform0015085
	CD20



	Isoform0019840
	CD20



	Isoform0021250
	CD20



	Isoform0021512
	CD20



	Isoform0025649
	Cd27 binding protein (Siva)



	Isoform0000889
	TGF_beta_GS



	Isoform0026593
	TGF_beta_GS



	Isoform0001938
	TGFb_propeptide



	Isoform0001938
	TGF_beta



	Isoform0003427
	TGF_beta_GS



	Isoform0009838
	TGF_beta_GS



	Isoform0012071
	TGF_beta_GS



	Isoform0011693
	TGF_beta



	Isoform0014684
	TGFb_propeptide



	Isoform0014684
	TGF_beta



	Isoform0012071
	TGF_beta_GS



	Isoform0014741
	TGFb_propeptide



	Isoform0014741
	TGF_beta



	Isoform0016251
	TGFb_propeptide



	Isoform0016251
	TGF_beta



	Isoform0017557
	TGFb_propeptide



	Isoform0017557
	TGF_beta



	Isoform0010407
	TGF_beta_GS



	Isoform0011693
	TGFb_propeptide
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