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Comprehensive transcriptome
characterization of Grus japonensis
using PacBio SMRT and lllumina
sequencing
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The red-crowned crane (Grus japonensis) is an endangered species distributed across southeast Russia,
northeast China, Korea, and Japan. Here, we sequenced for the first time the full-length unreferenced
transcriptome of red-crowned crane mixed samples using a PacBio Sequel platform. A total of 359,136
circular consensus sequences (CCS) were obtained via clustering to remove redundancy. A total

of 303,544 full-length non-chimeric sequences were identified by judging whether CCS contained
5’and 3’ adapters, and the poly(A) tail. Eight samples were sequenced using lllumina, and PacBio
sequencing data were corrected according to the collected Illumina data to obtain more accurate full-
length transcripts. A total of 4,100 long non-coding RNAs, 13,115 simple sequences repeat loci and

29 transcription factor families were identified. The expression of IncRNAs and TFs in pancreas was
lowest comparing with other tissues. Many enriched immune-related transmission pathways (MHC
and IL receptors) were identified in the spleen. This study will contribute to a better understanding

of the gene structure and post-transcriptional regulatory network, and provide references for future
studies on red-crowned cranes.

The red-crowned crane is a large wading bird that is mainly distributed in the southeast of Russia, northeast of
China, Korea, and Japan'™. The population of the red-crowned crane is split into continental and island popula-
tions, with continental groups being migratory birds and the island groups being resident birds®. In recent years,
due to the intensification of human activities and reclaimed wetland, the breeding and wintering habitats of the
migratory populations have experienced double loss of function and area®®. Hence, the range of activity of this
species in China has been continuously reduced and its population has started to decline significantly, with the
number of red-crowned cranes observed in Winter being only 8% of that reported in the 1980s°, making it an
endangered species, as declared by the International Union for Conservation of Nature in 2012°. Despite the
awareness that the red-crowned crane is on the brink of extinction and the implementation of several protective
measures, such as with the establishment of legislation and key conservation areas, the population of the migra-
tory species continues to decline>'®!*. To protect red-crowned crane, many studies about its population dynam-
ics, feeding habits, habitat protection, disease control, overwintering ecology and reproductive behavior have
been conducted”'?~'¢, including molecular studies mainly focused on marker development and genetic diversity
analysis. Several markers were identified and characterized, such as simple sequence repeats (SSRs) and single
nucleotide polymorphisms (SNPs)!"'1718 and genetic diversity and population structure of the red-crowned crane
populations were estimated using various markers, such as major histocompatibility complex (MHC), SSRs, and
mitochondrial genes'*~?>. However, only two studies involving transcriptome and genome of the red-crowned
crane have been performed, which included the analysis of the expression profiles of cytochrome P450 (CYP) 1-3
genes in red-crowned crane tissues by Illumina HiSeq 2500 and analysis of the genomic relationships between
the crane and other birds by Illumina HiSeq 2000%%%".

Although second-generation sequencing is one of the most widely employed sequencing technologies, this
is less effective in assembling the full-length transcripts for the limitation of short read length, and thus restricts
the yield of full-length genes®~*. However, the third-generation sequencing technology represented by Single
Molecule Real-Time (SMRT) effectively overcomes this limitation®'. SMRT sequencing enables direct acquisition
of the full-length transcriptome sequence of functional genes with an accuracy as high as 99.999%>*. Thus,
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Sample Rawreads | Cleanreads | Cleanbases (G) | Error (%) | Q20 (%) | Q30 (%) | GC (%)
Lung 24,145,993 | 22,747,100 6.82 0.03 97.98 94.40 51.03
Heart 21,721,663 | 20,415,889 6.12 0.03 97.95 94.22 50.12
Liver 22,896,225 | 21,884,390 6.57 0.03 98.02 94.40 50.89
Spleen 23,934,810 | 22,751,455 6.83 0.03 97.90 94.22 51.30
Muscle 21,473,933 | 20,457,834 6.14 0.03 97.84 94.10 53.09
Kidney 23,711,715 | 22,814,386 6.84 0.03 97.69 93.62 49.21
Brain 22,267,555 | 21,178,394 6.35 0.03 97.91 94.23 50.50
Pancreas 21,239,198 | 20,056,668 6.02 0.02 98.39 95.22 55.19

Table 1. Summary of transcriptome sequencing data obtained using Illumina technology.

Transcripts length interval <500bp | 500-1000 bp | 1000-2000 bp | 2000-3000 bp | >3000bp | Total
Number of transcripts 51 678 7,221 7,336 8,166 23,452
Number of Genes 29 391 4,110 4,641 5,955 15,126

Table 2. Comparison of subreads and corrected reads from PacBio sequencing.

SMRT sequencing can be used to identify new functional genes that can supplement the gene information related
to important biological process®>**-*. Currently, SMRT technology has been used to obtain full-length transcrip-
tional information of several endangered species, such as Sika deer, Manis javanica, and Macaca mulatta® .
Hence, SMRT sequencing technology provides an important method for understanding gene structure and tran-
scription network of endangered animals***. This is of great significance for studying the regulatory mechanism
of endangered animals and the differential expression of environmental impact genes.

In this study, the full-length transcripts of red-crowned crane were obtained for the first time through PacBio
SMRT sequencing and the expression landscapes of eight different tissues (brain, muscle, pancreas, heart, kidney,
liver, lung, and spleen) were further evaluated using Illumina NovaSeq 6000 sequencing. In addition, detailed
transcriptome analysis presented this novel information in light of transcript diversity, comprising information
on full-length transcripts, transcription factors (TFs), long non-coding RNAs (IncRNAs), novel genes, SSRs, and
immune-related signaling pathways. Therefore, the collected data provides a reference for understanding the
gene structure and post-transcriptional regulatory network of red-crowned crane, and may lay the foundation
for future molecular research related to red-crowned crane, and contribute to the protection of this endangered
species.

Results and discussion

High quality non-redundant full-length transcriptome. It has been reported that SMRT Sequel has
the advantage of ultra-long reading length, including the 5’- and 3’-untranslated regions (UTRs) and poly(A)
tail of the transcript, which provides important information for the stability and translation of mRNA*. Herein,
we used the PacBio sequence platform to sequence mixed samples of red-crowned crane and obtained a total of
24.54 G subreads base with an average length of 2,335 bp. The subread BAM of the offline data was self-corrected
to obtain 359,136 CCS with an average length of 2,779 bp. Moreover, the hierarchical n*log(n) algorithm was
used to cluster the full-length non-chimeric sequences of the same transcript to obtain the consensus sequence,
which was further polished by arrow software to obtain 23,452 polished consensus. In addition, eight tissue sam-
ples (brain, heart, kidney, liver, lung, muscle, pancreas, and spleen) were analyzed by Illumina technology, from
which a total of 181,391,092 raw reads were obtained. After filtering the raw data, we obtained 172,306,116 high
quality clean reads (Table 1). To more accurately identify the full-length transcriptome, the third-generation data
was corrected based on the second-generation data with high accuracy using LORDEC 0.7 software*!. Moreover,
the CD-HIT software was used to align and cluster the 23,452 polished consensus sequences and remove redun-
dant sequences, providing a total of 15,126 unigenes with an average length of 2,879 bp. The number of genes
with different transcript length in the interval (<0.5, 0.5-1, 1-2, 2-3, and >3 kb) is shown in Table 2. Overall,
22,994 gene subtypes were identified, with most genes having only one isoform. In addition, 15,126 unigenes
obtained after CD-HIT software processing were used as the reference sequence, and the clean reads of each tis-
sue sequenced by Illumina were aligned to the reference sequence using RSEM. We found that the mapping rate
between the pancreas and the reference sequence was up to 86.85%, and the minimum mapping rate between
the brain and the reference sequence was only 56.36% (Table 3).

Compared with the traditional second-generation sequencing, the PacBio SMRT technology used in this
study significantly improved the reading ability, not only providing the full-length transcripts, but also identify-
ing IncRNAs, SSRs, and TF families. Regardless of whether it was a coding or non-coding gene, the prevalence of
long transcripts was higher than previously predicted. We could predict the gene function of the obtained long
transcripts and obtain more accurate information on red-crowned crane interleukin (IL) and MHC receptor
families, which can provide additional insights into the immune function. Our sequencing research has largely
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Sample Total reads | Mapped reads (percentage)
Brain 42,356,788 | 23,872,756 (56.36%)
Heart 40,831,778 | 28,422,308 (69.61%)
Kidney 45,628,772 | 28,929,056 (63.40%)
Liver 43,768,780 | 31,899,618 (72.88%)
Lung 45,494,200 | 26,477,848 (58.20%)
Muscle 40,915,668 | 27,774,902 (67.88%)
Pancreas 40,113,336 | 34,839,298 (86.85%)
Spleen 45,502,910 | 25,910,924 (56.94%)

Table 3. The number of reads from Illumina sequencing assembling to PacBio sequencing.

filled the gap in the red-crowned crane transcriptome and provided a reference for discovering new protein
coding genes and transcripts.

Functional annotation of the transcripts. To obtain the most abundant and complete annotation infor-
mation, we annotated all sequences based on the sequence similarity search of seven major databases, includ-
ing National Center for Biotechnology Information (NCBI) non-redundant proteins (NR), NCBI nucleotide
sequences (NT), Protein family (Pfam), euKaryotic Ortholog Groups (KOG), a manually annotated and reviewed
protein sequence database (Swiss-Prot), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontol-
ogy (GO). A total of 15,026 (99.34%) unigenes were successfully matched to known sequences or domains in at
least one of the seven databases, of which 8,884 (58.73%) unigenes were annotated in all databases. In addition,
14,400 (95.20%), 14,036 (92.79%), 14,237 (94.12%), 11,167 (73.83%), 10,739 (70.99%), 14,984 (99.06%) unigenes
were annotated in NR, Swiss-Prot, KEGG, KOG, GO, NT, and Pfam database, respectively (Fig. 1a). To further
elucidate the main biological functions of red-crowned crane unigenes, GO, KOG, and KEGG pathways analyses
were performed. A total of 10,739 unigenes were annotated using the GO database, which were further divided
into 54 major functional groups according to biological processes, cellular component, and molecular func-
tion. We found that the main subgroups of biological processes were "cellular process" (GO: 0,009,987, 4,951)
and "metabolic process” (GO: 0,008,152, 4,465). In the classification of cellular components, the predominant
portion of transcripts represented “cell” (GO: 0,005,623, 2,584) and "cell part" (GO: 0,044,464, 2,587). The main
categories in the classification of molecular functions were "binding" (GO: 0,005,488, 6840) and "catalytic activ-
ity" (GO: 0,003,824, 4149) (Fig. 1b). In addition, a total of 11,167 unigenes were subdivided into KOGs, among
which "General function prediction only" (2,028, 16.18%) was the largest group, followed by "signal transduc-
tion mechanisms" (1,875, 14.96%), "posttranslational modification, protein turnover, chaperones” (1,084, 8.65%)
(Fig. 1c). To explore the biological functions and interactions of the identified genes, we searched 34,350 red-
crowned crane genes in the KEGG database. A total of 14,237 unigenes were found to match within the database
information, and they were assigned to KEGG pathways, which were divided into six sub-categories, i.e., Cel-
lular Processes (2,090), Environmental Information Processing (2,062), Genetic Information Processing (1,448),
Human Diseases (4,349), Metabolism (3,010), and Organismal Systems (3,598) (Fig. 1d). These pathways in
the KEGG pathway were closely related to normal life activities. “Human Diseases” pathway was annotated by
enriched analysis, with the largest group of unigenes being signal transduction belonging to Human Diseases. It
should be noted that the samples herein analyzed were collected from a dead red-crowned crane; thus, the main
signal pathway of red-crowned cranes at the time of death may be mainly related to " Human Diseases ".

Analysis of other genetic features. TFs were identified using animal TFDB 2.0 and a total of 29 families
were identified (Fig. 2a). ZBTB (124) was the most abundant, followed by zf-C2H2 (123). According to previous
studies, TFs of these TF families can directly bind to DNA and control gene expression nearby, thereby regulat-
ing gene transcription and playing an important role in biological processes, such as cell proliferation, differen-
tiation, apoptosis, and functional regulation*>**. Therefore, the highest expression level of these TF families may
be explained by the origin of the samples used in this study, specifically dead red-crowned cranes. In addition,
the expression of TFs in the pancreas was lowest, and differed sharply from other tissues (Fig. S1).

LncRNAs play an important role in epigenetics, transcriptional, and post-transcriptional regulation of gene
expression. Increased expression of IncRNAs has been found to play an important role in cell physiological activi-
ties, as well as in cancer and other diseases. In this study, we obtained 4,100 IncRNAs by coding prediction using
CNCI, CPC, Pfam, and PLEK databases, with an average length lower than that of mRNA sequences (Fig. 2b).
Furthermore, the expression of IncRNAs was similar to TFs. The expression of IncRNAs in pancreas was lowest,
and differed obviously from other tissues (Fig. S2). The herein provided updated high-quality transcriptome of
the red-crowned crane contributes to enhanced gene annotation and IncRNA analysis of this species.

Furthermore, a total of 13,115 SSRs loci were identified by PacBio sequencing, the single nucleotide repeat
motif was the dominant type, accounting for 76.35% of the total SSRs, followed by two and three nucleotide repeat
motifs, with frequencies of 7.05% and 14.27%, respectively (Table 4). The information regarding the SSR loci
provides more abundant molecular markers for genetic diversity analysis and map construction of red-crowned
crane. These sequencing results make the transcript dataset of red-crowned cranes more complete, which is
conducive to providing a reference basis for accurate annotation research of the red-crowned crane in the future.
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Figure 1. Functional annotation of the unigenes identified in different samples of red-crowned crane. (a)
Number of transcripts annotated by BLASTx against the available databases. (b) GO functional annotations
according to “cellular components”, “biological processes”, and “molecular functions”. The abscissa shows gene
functions and the ordinate the number of transcripts with GO functions. (c) KOG functional annotations.
The abscissa shows the function class and the ordinate is the number of matched genes. (d) KEGG pathway

annotations. The abscissa shows the number of genes and the ordinate the gene functions.
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Table 4. Distribution of SSRs with different motif types and repeat numbers in the red-crowned crane.
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Figure 3. (a) Number of genes under different expression conditions in different tissues. (b) PCA analysis of
the full-length transcriptome. (c) Heatmap of the top 20 DEGs within each tissue sample. (d) Differential gene
expression analysis volcano graph. Red and green dots indicate significantly upregulated and downregulated
genes, respectively.

Differential gene expression in different tissues. Next, the gene expression profile of different tissues
of the red-crowned crane was analyzed and compared. The CD-HIT software was used to remove the redun-
dancy of the corrected consensus sequence, and the unigenes were obtained as the reference sequence. Then, the
clean reads of each sample sequenced by Illumina were aligned to the reference sequence by using the compari-
son software bowtie2 in RSEM, with the highest mapping rate of pancrease being 86.85% (Table 3). Based on
gene expression criteria of FPKM > 0.1. We counted the number of genes under different expression conditions
and found that the genes with higher expression were the least in pancrease. This may indicate that the gene
expression profile of the pancreas is less affected by external factors (Fig. 3a).

Principal component analysis (PCA) of the full-length transcriptome of eight different tissues of red-crowned
crane revealed that the difference between the lung and spleen was the smallest, whereas that between the liver
and brain was the largest (Fig. 3b). We analyzed the differential gene expression of the top 20 genes in the different
tissues and found that the pancreas had the lowest expression profile (Fig. 3¢). To obtain more accurate data, we
analyzed the expression patterns of 17,535 genes and drew a volcano map comparing differential gene expression
between two tissues. The largest difference was between the liver and the brain with 5,494 differentially expressed
genes (DEGs), of which 1,970 were upregulated and 3,524 were downregulated. The smallest difference was
between the lung and spleen with 2,771 DEGs, of which 1,512 were upregulated and 1,259 were downregulated.
Random comparison of the remaining tissues showed 4,102 DEGs between the heart and pancreas, of which
3,407 were upregulated and 695 were downregulated. Moreover, a total of 5,168 DEGs were identified between
the kidneys and muscles, including 3,043 upregulated and 2,125 downregulated sequences (Fig. 3d).
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Figure 4. (a) Expression of immune related genes analyzed by heatmap. (b) Expression of IL receptor family in
different tissues. (c) Expression of MHC receptor family in different tissues.

Expression of immune-related IL and MHC receptors. To obtain relevant information about the
immune system of the red-crowned crane in its infancy, we used the Swiss-Prot database to predict the function
of the full-length transcriptome landscape identified for the different tissues. The expression of immune-related
genes was analyzed by heatmap, revealing that the spleen was the tissue with the most immune expression
(Fig. 4a). Moreover, many IL and MHC receptor families were identified, indicating the innate and adaptive
immunity“. Among them, 13 types of IL receptors (IL-1R, IL-3R, IL-4R, IL-6R, IL-7R, IL-8R, IL-10R, IL-11R,
IL-13R, IL-17R, IL-22R, IL-34R, and IL-36R) and two MHC receptors (MHC I and MHC II) were identified.
The IL receptor family was expressed mostly in the spleen, whereas was the lowest in the pancreas. In the spleen,
the expression of IL-8R was the highest and that of IL-36R was the lowest (Fig. 4b). The MHC I and MHCII
receptors family was expressed mostly in the lung, whereas was the lowest in the muscle. The number of MHC
II receptors in the spleen was much higher than that of MHC I receptors, as the spleen is more sensitive to
exogenous antigens (Fig. 4c). Through the expression of IL and MHC receptor families in different tissues, we
identified that the spleen was the main immune organ in the red-crowned crane that died due to a leg bone frac-
ture. As red-crowned cranes are endangered wild animals, we only use random individuals that died of disease
for analysis; thus, we could not repeat our experiments to further confirm the obtained results. Most full-length
transcripts were found to be enriched in immune-related signaling pathways, as expected in a sick state3*-¢45-47,
Accordingly, the immune expression of the spleen was found to be the highest, suggesting that the spleen is the
main immunity organ of the red-crowned cranes beyond all doubt.

Conclusion

In summary, we reported the first full-length transcriptome for critically endangered Grus japonensis using
PacBio SMRT and Illumina sequencing technology. In this study, we used full-length transcriptome sequencing
to present a new set of transcriptomic data comprising 13,115 SSRs, 4,100 IncRNAs, and 29 TFs. The purpose of
our research was to obtain a more complete and accurate transcriptome dataset of red-crowned crane through
three-generation sequencing technology, and then discuss the relevant tissues involved in immunity, to provide
a basis for the research and protection of this endangered species. Through functional annotation and structural
analysis of the transcriptome, many enriched immune-related signaling pathways were found. Our sequencing
data of the full-length transcriptome of a juvenile red-crowned crane provides valuable information to close the
knowledge gap in the transcriptome for this species, thereby providing a reference on new protein-coding genes
and transcript subtypes. In conclusion, this study provides enhanced transcriptome information, improves our
understanding regarding the gene structure and post-transcriptional regulatory network, and provides a refer-
ence for future studies on red-crowned cranes.
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Figure 5. Overview of the experimental design of this study.

Methods

Sample collection. The samples used in this study were collected from a red-crowned crane that died due
to aleg bone fracture in the Hongshan Forest Zoo of Nanjing, and related scientific research was conducted with
the relevant permission from the zoo. To maintain the original state of the samples, they were quickly stored
at -80 °C. Brain, muscle, pancreas, heart, kidney, liver, lung, and spleen tissue samples were collected. PacBio
SMRT was used to sequence the full-length transcriptome of a mixed sample, and each of the eight tissues were
sequenced separately using Illumina sequencing platform NovaSeq 6000. The overall experimental flow chart
was drawn by Adobe Photoshop v22.0.0 and shown in (Fig. 5). The project was approved by the Animal Ethics
Committee of Nanjing Forestry University and the Nanjing Hongshan Forest Zoo.

RNA extraction and quality analysis. Trizol reagent was used to obtain total RNA from samples. To
ensure that the database data of library construction was of high quality, RNA purity was detected by NanoPho-
tometer spectrophotometer (Implen, Westlake Village, CA, USA). The Qubit 2.0 Fluorometer (Life Technolo-
gies, Waltham, MA, USA) was used to accurately quantify the RNA concentration. The RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) was used to accurately investi-
gate RNA integrity. The results showed that RNA samples could be used for library construction.
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Transcriptome sequencing library construction. mRNA samples were purified using magnetic beads
with Oligo (dT), the first cDNA was synthesized by reverse transcription of mRNA using the SMARTer PCR
cDNA synthesis Kit (Pacific Biosciences, Menlo Park, CA, USA). The synthesized cDNA was enriched by PCR
amplification, the amplified cDNA fragments were divided into different size fractions using the Blue Pippin size
selection system (Pacific Biosciences). After obtaining suitable fragments, an additional PCR was performed to
obtain enough cDNA. Then, full-length cDNA for damage repair, end repair, and connection of SMRT dumb-
bell joints. Finally, exonuclease digestion was performed. The library was qualified and sequenced using PacBio
Sequel platform.

Data processing. We used PacBio Sequel to sequence the mixed samples. The PacBio official software pack-
age SMRTlink 7.0 (Parameter: minLength =50, maxLength = 15,000, minpasses 1) was used to process the origi-
nal Iso-Seq offline data. CCSs were generated from subread BAM files (parameters: min_length, 50; max_drop_
fraction, 0.8; no_polish, TRUE; min_zscore, —9999.0; min_passes, 1; min_predicted_accuracy, 0.8; max_length,
15,000)*6*%, According to sequence, whether it contained 5 and 3’ adapters and poly(A) tail, the sequence was
divided into full-length or non-full length sequences. The hierarchical n*log(n) algorithm was used to cluster
the full-length sequences and obtain a cluster consensus sequence, and then the final arrow polishing (param-
eters: hq_quiver_min_accuracy, 0.99; bin_by_primer, false; bin_size_kb, 1; qv_trim_5p, 100; qv_trim_3p, 30)
was performed?®*’. The obtained consensus sequences were calibrated with the non-full-length sequences to
obtain high-quality sequences for subsequent analysis. The LORDEC 0.7 software was used to correct with high
accuracy the third-generation data based on the second-generation data*!. Then, CD-HIT (-c 0.95-T 6-G 0-aL
0.00-a$S 0.99) software was used for sequence alignment clustering. Redundant sequences were removed based
on 95% similarity.

Gene functional annotation. The final transcript data were evaluated using seven different databases
(NCBI NR, NCBI NT, Pfam (http://pfam.sanger.ac.uk/), KOG (http://www.ncbi.nlm.nih.gov/COG/), Swiss-
Prot (http://www.ebi.ac.uk/uniprot/), KEGG (https://www.genome.jp/kegg/), and GO (http://www.geneontolo
gy.org/)) to obtain comprehensive functional gene information. SSRs were identified using MISA 1.0 (http://
pgrc.ipk-gatersleben.de/misa/misa.html). TFs were predicted using the AnimalTFDB 2.0 database (http://bioin
fo.life.hust.edu.cn/Animal TFDB/). Highly credible IncRNA were obtained through PLEK (https://sourceforge.
net/projects/plek/) using the k-mer scheme to predict potential coding capabilities. CNCI (https://github.com/
www-bioinfo-org/CNCI) was based on coding and non-coding sequence analysis to obtain more accurate
IncRNA. CPC2 (http://cpc2.cbi.pku.edu.cn/download.php) was used to predict potential coding capabilities.
PfamScan database (https://www.ebi.ac.uk/seqdb/confluence/display/THD/PfamScan) was used to obtain final
IncRNA sequence by hmmscan homologous.

Differential expression analysis. The corrected consensus sequence was further filtered using CD-HIT,
and the obtained unigenes were used as the reference sequence. The clean reads of each tissue sequenced by Illu-
mina were aligned to the reference sequence using RSEM v1.3.0 (-phred33; -quals; ~forward-prob 0.5; ~time)*’.
Gene expression was estimated using RSEM for the eight tissue samples obtained from Grus japonensis. The
expression profiles of the unigenes in different cDNA libraries were detected in terms of fragments per kilobase
of transcript per million mapped reads (FPKM). We used RSEM software to calculate the mapping results, and
further obtain the read counts value of each sample mapped to each gene and perform FPKM conversion. The
standard of gene expression was set as FPKM >0.1. R software was used for performing the PCA of the full-
length transcriptome. The top 20 DEGs among the eight tissues were screened by coeflicient of variation, using
NovoMagic v3.0 to draw the heatmaps. In addition, we also did cluster analyses on the expression of IncRNAs
and TFs in different tissues (log 2 transformation for IncRNAs and log 10 transformation for TFs).

Data availability

We have deposited the primary data underlying these analyses as follows: SubmissionID: SUB8474518; BioProject
ID: PRJNA674955; BioSample accessions: SAMN16684236, SAMN16684237, SAMN16684238, SAMN16684239,
SAMN16684240, SAMN16684241, SAMN16684242, SAMN16684243, SAMN16684244. All project information
will be accessible in the following link: http://www.ncbi.nlm. nih.gov/bioproject/674,955.

Received: 26 June 2021; Accepted: 3 December 2021
Published online: 14 December 2021

References

1. Kakimoto, K. et al. Persistent organic pollutants in red-crowned cranes (Grus japonensis) from Hokkaido, Japan. Ecotox. Environ.
Safe. 147, 367-372 (2018).

2. Xu, N. et al. Development and characterization of 33 SNP markers for the red-crowned crane (Grus japonensis) using a genotyping-
by-sequencing approach. Conserv. Genet. Resour. 12, 385-387 (2020).

3. Wang, C. et al. Effects of land-use change on the distribution of the wintering red-crowned crane (Gnus japonensis) in the coastal
area of northern Jiangsu Province, China. Land Use Policy. 90, 104269 (2020).

4. Wang, G. et al. Integrating maxent model and landscape ecology theory for studying spatiotemporal dynamics of habitat: sugges-
tions for conservation of endangered red -crowned crane. Ecol. Indic. 116, 106472 (2020).

5. Su, L. & Zou, H. Status, threats and conservation needs for the continental population of the Red-crowned Crane. Chin Birds. 3,
147-164 (2012).

6. Zou, H. F. & Wu, Q. M. Feeding habitat of red-crowned crane and white-napped crane during their courtship period in Zhalong
wetland. J. Appl. Ecol. 17, 444-449 (2006).

Scientific Reports |

(2021) 11:23927 | https://doi.org/10.1038/s41598-021-03474-7 nature portfolio


http://pfam.sanger.ac.uk/
http://www.ncbi.nlm.nih.gov/COG/
http://www.ebi.ac.uk/uniprot/
https://www.genome.jp/kegg/
http://www.geneontology.org/
http://www.geneontology.org/
http://pgrc.ipk-gatersleben.de/misa/misa.html
http://pgrc.ipk-gatersleben.de/misa/misa.html
http://bioinfo.life.hust.edu.cn/AnimalTFDB/
http://bioinfo.life.hust.edu.cn/AnimalTFDB/
https://sourceforge.net/projects/plek/
https://sourceforge.net/projects/plek/
https://github.com/www-bioinfo-org/CNCI
https://github.com/www-bioinfo-org/CNCI
http://cpc2.cbi.pku.edu.cn/download.php
https://www.ebi.ac.uk/seqdb/confluence/display/THD/PfamScan
http://www.ncbi.nlm

www.nature.com/scientificreports/

7. Luo, J. M,, Ye, Y. ], Gao, Z. Y., Wang, Y. J. & Wang, W. E. Characterization of heavy metal contamination in the habitat of red-
crowned crane (Grus Japonensis) in zhalong wetland, northeastern China. B. Environ. Contam. Tox. 93, 327-333 (2014).
8. Luo, J. M, Ye, Y. J. & Wang, Y. J. Dietary exposure of the red-crowned crane (Grus japonensis) to total and methyl mercury in
zhalong wetland, northeastern China. Biol. Trace. Elem. Res. 159, 210-218 (2014).
9. Guisan, A. ef al. Predicting species distributions for conservation decisions. Ecol. Lett. 16, 1424-1435 (2013).
10. Gong, Y. Z., Bi, X. & Wu, J. Willingness to pay for the conservation of the endangered Red-crowned Crane in China: roles of
conservation attitudes and income. Forest Policy Econ. 120, 102296 (2020).
11. Xu, P, Zhang, Y. L., Zhang, X. R., Chen, H. & Lu, C. H. Red-crowned crane (Grus japonensis) prefers postharvest reed beds during
winter period in Yancheng National Nature Reserve. Peerj. 7, €7682 (2019).
12. Wang, H. et al. Assessment of the red-crowned crane habitat in the yellow river delta nature reserve, east china. Reg. Environ.
Change. 13, 115-123 (2013).
13. Wang, H. et al. Natural and anthropogenic influences on a red-crowned crane habitat in the yellow river delta natural reserve,
1992-2008. Environ. Monit. Assess. 186, 4013-4028 (2014).
14. Lacy, A. E., Barzen, J. A., Moore, D. M. & Norris, K. E. Changes in the number and distribution of greater sandhill cranes in the
eastern population. J. Field Ornithol. 86, 317-325 (2015).
15. Masatomi, Y., Higashi, S. & Masatomi, H. A simple population viability analysis of tancho (Grus Japonensis) in southeastern Hok-
kaido, Japan. Popul. Ecol. 49, 297-304 (2007).
16. Wang, C. et al. Study on habitat suitability and environmental variable thresholds of rare waterbirds. Sci. Total Environ. 785, 147316
(2021).
17. Zou, H. E, Dong, H. Y., Kong, W. Y., Ma, J. H. & Liu, J. H. Characterization of 18 polymorphic microsatellite loci in the red-crowned
crane (Grus japonensis), an endangered bird. Anim. Sci. J. 81, 519-522 (2010).
18. Zhang, L. et al. Identification and characterization of polymorphic microsatellite loci in the red-crowned crane. Genet. Mol. Res.
14, 15169-15176 (2015).
19. Hasegawa, O., Ishibashi, Y. & Abe, S. Isolation and characterization of microsatellite loci in the red-crowned crane Grus japonensis.
Mol. Ecol. 9, 1677-1678 (2000).
20. Miura, Y. et al. Large-scale survey of mitochondrial D-loop of the red-crowned crane Grus japonensis in Hokkaido, Japan by
convenient genotyping method. J. Vet. Med. Sci. 75, 43-47 (2013).
21. Miura, Y. Origin of three red-crowned cranes Grus japonensis found in Northeast Honshu and West Hokkaido, Japan, from 2008
to 2012. J. Vet. Med. Sci. 75,9 (2013).
22. Sugimoto, T. et al. Genetic structure of the endangered red-crowned cranes in Hokkaido, Japan and conservation implications.
Conserv. Genet. 16, 1395-1401 (2015).
23. Akiyama, T., Momose, K., Onuma, M., Matsumoto, F. & Masuda, R. Low genetic variation of red-crowned cranes on Hokkaido
Island, Japan, over the hundred years. Zool Sci. 34, 211-216 (2017).
24. Akiyama, T,, Nishida, C., Onuma, M. & Masuda, R. Genetic variation of major histocompatibility complex genes in the endangered
red-crowned crane. Immunogenetics 69, 451-462 (2017).
25. Sun, C. H.,, Liu, H. Y., Xu, P. & Lu, C. H. Genetic diversity of wild wintering red-crowned crane (Grus japonensis) by microsatellite
markers and mitochondrial Cyt B gene sequence in the Yancheng reserve. Anim. Biotechnol. 2, 13 (2020).
26. Kawai, Y. K. et al. Hepatic transcriptional profile and tissue distribution of cytochrome P450 13 genes in the red-crowned crane
Grus japonensis. Comp. Biochem. Phys. C. 228, 108643 (2020).
27. Lee, H. et al. Whole genome analysis of the red-crowned crane provides insight into avian longevity. Mol. Cells. 43, 86-95 (2020).
28. Steijger, T. et al. Assessment of transcript reconstruction methods for RNA-seq. Nat. Methods. 10, 12 (2013).
29. Maio, N. D. et al. Comparison of long-read sequencing technologies in the hybrid assembly of complex bacterial genomes. Microbiol
Genomics. 5,9 (2019).
30. Chen, Y. Y. et al. Full-length transcriptome sequencing and identification of immune-related genes in the critically endangered
Hucho bleekeri. Dev. Comp. Immunol. 116, 103934 (2021).
31. Cartolano, M., Huettel, B., Hartwig, B., Reinhardt, R. & Schneeberger, K. cDNA Library enrichment of full-length transcripts for
SMRT long read sequencing. Plos One. 11, €0157779 (2016).
32. Korlach, J. et al. Real-time DNA sequencing from single polymerase molecules. Method Enzymol. 472, 431-455 (2010).
33. Rhoads, A. & Au, K. E. PacBio sequencing and its applications. Genom. Proteom. Bioinf. 13, 278-289 (2015).
34. Law, M. Y. et al. Automated update, revision, and quality control of the maize genome annotations using maker-p improves the
B73 refgen_V3 gene models and identifies new genes. Plant Physiol. 167, 25-39 (2015).
35. Ambardar, S., Gupta, R., Trakroo, D., Lal, R. & Vakhlu, J. High throughput sequencing: an overview of sequencing chemistry.
Indian J. Microbiol. 56, 394-404 (2016).
36. Yin, Z. T., Zhang, F, Smith, J., Kuo, R. & Hou, Z. C. Full-length transcriptome sequencing from multiple tissues of duck, Anas
platyrhynchos. Sci. Data. 6,275 (2019).
37. Hu, P. E et al. Full-length transcriptome and microRNA sequencing reveal the specific gene-regulation network of velvet antler
in sika deer with extremely different velvet antler weight. Mol. Genet. Genom. 294, 431-443 (2019).
38. Ma, J. E. et al. SMRT sequencing of the full-length transcriptome of the sunda pangolin (Manis Javanica). Gene 692, 208-216
(2019).
39. Brochu, H. N. et al. Systematic profiling of full-length Ig and TCR repertoire diversity in rhesus macaque through long read
transcriptome sequencing. J. Immunol. 204, 3434-3444 (2020).
40. Lytle, J. R,, Yario, T. A. & Steitz, . A. Target mRNAs are repressed as efficiently by microRNA-binding sites in the 5 UTR as in the
3" UTR. Proc. Natl. Acad. Sci. USA. 104, 9667-9672 (2007).
41. Salmela, L. & Rivals, E. LORDEC: accurate and efficient long read error correction. Bioinformatics 30, 3506-3514 (2014).
42. Maeda, T. Regulation of hematopoietic development by ZBTB transcription factors. Int. J. Hematol. 104, 310-323 (2016).
43. Materna, S. C., Howard, A. M., Gray, R. F. & Davidson, E. H. The C2H2 zinc finger genes of Strongylocentrotus purpuratus and
their expression in embryonic development. Dev. Biol. 300, 108-120 (2006).
44. Cubitt, C. L., Lausch, R. N. & Oakes, J. E. Synthesis of type II interleukin-1 receptors by human corneal epithelial cells but not by
keratocytes. Invest. Ophth. Vis. Sci. 42, 701-704 (2001).
45. Wen, S. E. et al. novo assembly and microsatellite marker development of the transcriptome of the endangered Brachymystax lenok
tsinlingensis. Genes Genom. 42, 727-734 (2020).
46. Xiu, Y. J., Li, Y. R,, Liu, X. E. & Li, C. Full-length transcriptome sequencing from multiple immune-related tissues of Paralichthys
olivaceus. Fish Shellfish Immun. 106, 930-937 (2020).
47. Zhang, X. J. et al. Full-length transcriptome analysis of Litopenaeus vannamei reveals transcript variants involved in the innate
immune system. Fish Shellfish Immun. 87, 346-359 (2019).
48. Hufnagel, D. E., Hufford, M. B. & Seetharam, A. S. SequelTools: a suite of tools for working with PacBio Sequel raw sequence dat
a. Bmc. Bioinf. 21, 429 (2020).
49. Schaarschmidt, S. et al. Utilizing PacBio Iso-Seq for novel transcript and gene discovery of abiotic stress responses in Oryza sativa
L. Int. J. Mol. Sci. 21, 8148 (2020).
50. Li, B. & Dewey, C. N. RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinf. 12,323 (2011).
Scientific Reports|  (2021)11:23927 | https://doi.org/10.1038/541598-021-03474-7 nature portfolio



www.nature.com/scientificreports/

Acknowledgements
We thank Changlin Deng and Xiaoxiao Zhang from Nanjing Hongshan Forest Zoo for sample collection. We
also thank Xuanmin Guang from BGI-Shenzhen for reviewing the manuscript.

Author contributions
C.L. and H.L. conceived the study. W.Y., W.X. and N.X. performed the experiments. W.Y., N.X. and R.C. analyzed
the data. W.Y., W.X. and H.L. wrote and edited the manuscript. All authors reviewed the manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (No. 31800453), and the Priority
Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-03474-7.

Correspondence and requests for materials should be addressed to H.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:23927 | https://doi.org/10.1038/s41598-021-03474-7 nature portfolio


https://doi.org/10.1038/s41598-021-03474-7
https://doi.org/10.1038/s41598-021-03474-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comprehensive transcriptome characterization of Grus japonensis using PacBio SMRT and Illumina sequencing
	Results and discussion
	High quality non-redundant full-length transcriptome. 
	Functional annotation of the transcripts. 
	Analysis of other genetic features. 
	Differential gene expression in different tissues. 
	Expression of immune-related IL and MHC receptors. 

	Conclusion
	Methods
	Sample collection. 
	RNA extraction and quality analysis. 
	Transcriptome sequencing library construction. 
	Data processing. 
	Gene functional annotation. 
	Differential expression analysis. 

	References
	Acknowledgements


