Assembly and Annotation of the Channel Catfish Transcriptome and Assessment of
Pervasive Expression

by

Chen Jiang

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
December12, 2015

Key words:transcriptome; pervasive transcripti@gene; long noitoding RNAS;
induced expression; correlaterlpression

Copyright 2015 by Chen Jiang

Approved by

Zhanjiang Liu, Chair, Professof School of Fisheries, Aquaculture, and Aquatic Sciences
Rex Dunham, Professor of School of Fisheries, Aquaculture, and Aquatic Sciences
Nannan LiuProfessoof Entomology and Plant Pathology
Charles Y. ChemAssociate Professaf Crop, Soil and Enviromental Sciences



Abstract

For a long period of time, waswidely believed that only a small fraction of the genome
is transcribed, and researchers were mainly focused on studying expression ofcoditein
genes. In the last a few years, pervasramscription became highly apparent from mounting
evidence, thereformcreasingattention has been given to the entire transcriptome including both
coding and nostoding regions. However, the ability to assess the extent of peruasigeription
and pressiondepend on continuous and thorough analysis of transcriptome over space, time
and various conditions.

Catfish is the primary aquaculture species in the United States. However, its transcriptome
has not been well characterized. In recent years, a number of-SRlNAstudies have been
conducted, most of which have had a focus of expression profiling unddicsgieess conditions
such as after disease infection, under high temperature exposure, or under hypoxic conditions.
With these studies, a large number of RB&g reads became available, totaling approximately
six billion reads. These datasets make isps to assemble a reference transcriptome for channel
catfish. At the same time, these RM#&qwereconducted using various tissues, allowing analysis
of transcriptome level of expression profiling among various tissues. Likewise, systematic analysis
of stressinduced expression is possible using these FB¢4 datasets obtained after various stress
treatment. The objectives tis study werdo 1) assemble a reference transcriptome using all
channel catfish RNASeq datsets; 2) anotate the protetnoding genes from the transcriptome;

3) identify a set of full length transcripts from the transcriptomendlyze expression patterns of



proteincoding gene alonghe channel catfish genome; Slentify long norcoding RNAs and
determinetheir expression pearns; 6) asess the extent of pervasive transwipin channel
catfish; and 7)dentify correlatd expression of proteinoding genes and long n@oding RNAs.

The reference transcriptome was assembled using batle th@vcand the genomguided
asserbly approaches. A total of 27,448 proteinding genes were identified, of whi@5,489
were homologous genes to known genes in other specie$, 8vere unknown genes. Of the
27,448 proteircoding genes, 800 genes were not included in the catfisimge@f all the protein
coding genes, full length transcripts were reconstructed for 20,371 genes. In addition to the
proteirncoding genes, a total 06266long norrcoding RNAs were also assembled and identified.
Through mapping of all the short readsding or norcoding, to the catfish genome, 79.7% of the
channel catfish genome was found to be transcribed.

Mapping of the short reads to the genome allowed analysis of-8psweéc and stress
induced proteircoding genes as well as INCRNAs. A tothl@gt55genes an@,599IncRNAs were
observed to be expressed in a tisspecific manner, whil®,560genes and48IncRNAs were
differentially expressed after stress treatments such as disease infections, high temperature and
shortterm deprivation. Notaly, the expression @f5 co-induced ceocalized genes and IncRNAs
sets were iddified in this study, suggestingpordinated regulation of the proteinding genes
and IncRNAs.

My dissertation work accomplished the set goals. The reference transcripilbrne a
great resource for functional research and digital gene expression aialgatfish. The full

length transcripts will provide further assistance for improvement of genome annotation and



constructions of intense phylogenetic analysis arcgiral analysis of orthologie3he identified
set of tissuespecific genes and IncRNAs enabled greater understanding of organismal
developmentcomplexity at the system levélhe identification of the IncRNAs followed with the

initial characterization ofb@ression pofiles along with the protetrtoding genes could contribute

to the future understanding of the function and mechanisms of IncRNAs.
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Chapter |

Introduction

Transcriptome is the entire RNA of a species including mRNAs, small nuclear RNAs
(snRNASs), small nucleolar RNAs (snoRNAs; mainly tRNAs and rRNAs), signal recognition
particle (7SL/SRP) RNAs, microRNAs (miRNAs), small interfering RNAs (SiRNAs), piwi RNAs
(PIRNAS) andtrans-acting siRNAs (tesiRNAS), naturatis-acting siRNAs and nenoding RNAs.

The term is often used to also describe the entire RNA in a specific cell, of a specific developmental
stage, under a specific physiological condition, or undereaifsp environment. As depicted in

the central dogma of genetics, genome (the entire DNA of an organism) is transcribed into RNA,
and RNA is translated into proteins for biological functions. This seemingly correct central dogma,
however, is increasinglyhallenged by the complexities of the transcriptome. While the genome

of an organism is relatively stable (with exceptions of certain cell types such as recombination of
immunoglobulins in certain types of immune cells), transcriptome is dynamic. Eadypeell
expresses specific set of genes in a tispezific manner, and each gene is expressed at different
levels, and such baseline expression is regulated through various factors including development,
physiology, and the environment. The many types ofcamling RNAs themselves can regulate

the composition and profiles of the transcriptome. Therefore, Studies on transcriptomes could
provide us insights into the functional elements of the genome, reveal the molecular constituents
of cells or tissues, andnderstand the mechanism of development, and responses to various
environmental stresses such as diseases, high temperature and low oxygen.

Back a quarter of century ago when the International Human Genome Sequencing
Consortium started the human genomgqaty it was estimated that the total length covered by

the coding exons is only about 1.2% of the human euchromatic gef@oneortium, 2004
1



However, it is reporteche first time by ENCODE pilot project that 93% of the human genome is
transcribedBirney et al., 200} As such, the hman genome is pervasively transcribed. Even

though different opinions exist as to the extent of pervasive transcr(lark et al., 2011van

Bakel et al., 201,(2011), increasing evidence supports the notion of pervasive transcription. The
vast maj ority of the genome is indeed transc!
transcripts are be;n demonstrated being more tiaing Atran
transcripts have important functions in gene regulation and genome ev@iMade and Grainger,

2014. In addition to humans, pervasive transcription has been also observed in many other
organisms. For exan® over 85% ofSaccharomyces cerevisigenome is transcribg®avid et

al., 2006.

Of the pervasively transcribed genome, the fraction being translated into proteins is very
small. Large numbers of naroding RNAs have been discovered, especially from mammals
(Hangauer eal., 2013 Rinn et al., 200/ Tripathi et al., 201 Various types of neroding RNAs
have been identified including lompn-coding RNAS(IncRNAS), microRNAs (miRNAS), short
interfering RNAs (siRNAs), Piwi-interacting RNAgpiRNAS), small nucleolar
RNAs (snoRNAS), etc (Kapranov 2007). Among these-ooding RNAs, InRNAs are non
coding RNAs whose sizes are greater than 200 bases. Among thessdmanRNAs, long non
coding RNAs drew the most attention since it can be easily discovered with high confidence from
existing RNASeq datasets and correlated with gene egmmesnformation from the same dataset
using existing bioinformatics too{Bawa et al., 2015 Long nonrcoding RNAs have been reported
to play essential roles in regulating gene expression and affect various biological prig®sses

et al.,2015 Hu et al., 2013Huarte and Rinn, 201®ung et al., 20L1Rinn and Chang, 20)2


http://en.wikipedia.org/wiki/MicroRNA
http://en.wikipedia.org/wiki/Small_interfering_RNA
http://en.wikipedia.org/wiki/Small_interfering_RNA

Channel cdish, Ictalurus punctatusis the most important species of aquatic animal that
commercially cultured in the United States. In recent years, the catfish industry has encountered
unprecedented challenges due to outbreaks of diseases, international competttiincreased
feed and energy costs. Such challenges caused big loss and threatened the sustainability of the
catfish industry. Recently, large amount of efforts has been devoted to generation of transcripts
using RNASeq technology under different dése and stress conditions in different tissues, trying
to uncover the molecular mechanism underlying different conditions in order to provide insight
into strategies for disease management and selection. In addition, analyses of biological
characteristicswere also conducted such as scales, barbels, sex determination, and sex
differentiation. However, a comprehensive transcriptome of catfish has not been developed.
Recently, the application of the next generation sequencing technologies has allowed rapid
generation of RNASeq datasets that provide rich resources for constructing a comprehensive and
relatively complete set of transcriptome. The main objectives of my dissertation are to develop a
relatively complete and wedinnotated transcriptome resource €hannel catfish, and analyze
expression of genes and long roding RNAs in relation to various environmental conditions.
Toward this end, a total of 13 channel catfish RS&q datasets containing approximately 4.8
billion reads, representing all thedues, various developmental stages, and various environmental
stress conditions, were collected to perform a comprehensive transcriptome assembly for
transcriptome analysis and assessment of pervasive expression.

The longterm goal of this project is twonstruct a comprehensive and relatively complete
transcriptome of channel catfish, to determine the extent to which catfish genome is transcribed,
to establish tissue expression profiles, and to examine induced transcription under various stress

conditiors such as hypoxia, high temperature and disease infections. Understanding the control of



gene expression is critical for our understanding of the relationship between genotype and
phenotype.

For my dissertation project, | had the following specific obyesi 1) Assemble a
comprehensive transcriptome using all 13 channel catfish-B&bf datasets including all the
tissues, various developmental stages, and various environmental stress cojliianstation
for the proteincoding genes from the transdome; 3) Identification of the full length transcripts
from the transcriptome; 4) Analysis of expression pattern of protelimg gene along the channel
catfish genome; 5) Assessment of pervasive transcription in channel catfish; 6) Identification of
long noncoding RNAs and determine their expression patterns; 7) Identification ieflated
expression of protetooding genes with those of long roading RNAs to identify potential target
genes of the long necoding RNAs in their regulation of gene exgg®n, as well as the positional

correlations of these RNASs.
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Chapter II

Literature review

RNA-Seq

RNA sequencing (RNASeq) is a relatively new, higihroughput method for
comprehensive transcriptome analysis that uses -skpencing technologies. It allows
measurement of expression levels of tens of thousands of genes simultaneously and protide insigh
into functional pathways and regulations in biological proce@§astoon et al., 2004 Although
technically complex, RNASeq is just the application of the next generation sequencing
technologies such ddumina sequencing using RNA as templates. Cellular RNA is extracted,
processed, and convert to cDNA, then sheared to form short segments for sequencing.

Since RNASeq is entirely based on the general principles of DNA sequencing, the
methodology is appdable to any organism, subject to the availability of a sufficient amount of
RNA. The vast majority of RNA (>90%) present in cells consists of ribosomal RNA (rRNA). In
order to avoid wasting effort in4+®quencing the same ribosomal RNA millions of tinpesyA-
enriched step was usually recommended to selectively remove ribosomal RNA, so {80100
ng of polyA enriched RNA is used for douldganded cDNA synthesis prior to sequencing
(Wilhelm and Landry, 2009 However, when dealing with low quality RNA, rRNA depletion is
the recommended ppach to get rRNA removefVikman et al., 2014 The RNA is then
fragmented and made into cDNA library that is subsequently sequenced. This can either be done
as a paired end (PE), meaning that the fragment is sequenced from both ends, or agadsing|
(SE), meaning that it is only sequenced from one side. The resulted reads are typicabp 100
bp, although the initial read length a few years ago was only 36 bp, and the read length is now

enhanced over time up to 400 bp. After sequencing, thdtirgsreads are either aligned to a
8



reference genome or reference transcriptome, or assediex/ovithout the genomic sequence
to assess the expression profiles.

RNA-Seq technique has revolutionized the way researchers examine the transcriptome. It
can not only detect the precise expression levels of thousands of genes simultaneously, but also
identify novel transcripts, miRNAs, and fusion genes. Unlike hybridizdiased approaches,
RNA-Seq is not limited to detecting transcripts that correspon&igtiregy genomic sequence,
which makes attractive for nemodel organisms without genomic sequences. In addition,-RNA
Seq has very low background signal compared to microéWayg et al., 2009 RNA-Seq can
reveal the fine structure of the transcriptome with a single nucleotide resolution, which can help
idertify allele specific expression, alternative splicing, and SNPs in the transcribed regions

(Khatoon et al., 2004

Pervasive transcription studies

The term fipervasive tr an anscrigtignofiDNAito RNATf er r e
along the genome, way more than the preteiding genes to include almost all genomic regions
including both the sense strand and the antisense strand. Analysis of pervasive transcription would
allow the generation of assenddiof different RNAs including not only the traditional protein
coding genes, those with established functions like tRNAs, rRNAs, snRNAs, and snoRNAs
(Jensen et al., 20},3ut also those whose functions are unknown such as microRNA, INCRNA,
and various typesf RNA species. Over a decade ago, the international human genome sequencing
consortium estimated that only about 1.2% of the human euchromatic genome codes for protein
(Consortium, 200¢ Studies at early times believed that only abeli@ 36 of the human genome

is stably transcribed in cell lin¢Bertea, 2012 Beginning in the early 2000s, accumulating studies



suggested that the vast majority of the genome is transcribed at some tim@edone et al.,
2004 Cheng et al., 20Q%apranov et al., 2002In 2007, the pilot phase of the EROE Project
reported that as much as 93% of the human genome is transcribed in at least one(Bathype
et al., 2007}. However, scientists did not have the same opinion at that time. Van Bakel et al. (2010)
claimed that most of the genome is not appreciably transcribed, and the majority of intergenic and
intronic transcripts observed might be caused by biologicdhetsi from improperly processed
RNAs or technical background noise produced by high fads#tive rate of tiling array
technology(van Bakel et al., 2030Their conclusion was soon being challenged by another groups
of scientists, they claimed that the pervasive transcription is observed in multiplendeepe
techniques including RPCR, RACE, and Northern blot analyses, and they pointed out that Bakel
et al -ségdatasiffars from insufficient sequencing depth and poor ass@idly et al.,
20117). Soon in a subsequent paper, van Bakel et al. did not dispute the fact that much of the genome
is transcribed but c¢cl aimed that they observed
was low, and the number of wallipported independent RNAssvstill relatively small, however
given various source of enough reads and sequencing depth, the whole genome may be covered
with transcriptqPertea, 201,2van Bakel et al., 20)1Furthermore, the sequence reads that were
previously dismissed as noise were found out to be indicative of unassembled rare transcripts
(Mercer et al., 2012

The dudies concerning pervasive transcription was only conducted in humans and a few
model species. For instance, by quantifying RNA expression on both strands of the complete
genome ofSaccharomyces cerevisiasing a highdensity oligonucleotide tiling arraw total of
85% of the yeast genome is expressed in rich m@&dsid et al., 2006 Besides the prediction

using the genome tiling array by the ENCODE project, RB&Y datasets also showed an

10



estimation that 85.2% of the human genome is transcribed, usingSeyAeads mapping to
genome as well as additional evidence from full structures of known genes, spliced ESTs and
cDNAs(Hangauer et al., 20).3n addition, analysis of fulength cDNAs from mouse using many
tissues and developmental stages showed at least 63% of the mouse genome is transcribed
(Carninci et al., 200Clark et al., 201]1Katayama et al., 200®kazaki et al., 2002 There were

also reports claimed that estimation of range of pervasive transcription for nematode worm is 70%
and 85% for fruit fly(Dinger et al., 200pP In spite of the complexity and tim@portance, analysis

of pervasive transcription in teleost fish has largely been lacking. No studies have been conducted

with any of the aquaculture species including catfish.

Application of RNA-Seq for various biological studies

The literature on RNASeqganalysis is rapidly growing. A quick search of the PubMed
database indicated publication over 5,000 papers involving-B&A Rather than reviewing such
a large body of literature, | will focus on several types of applications of-BBGA In general,
RNA-Seq has been used in the following areas of research: 1) Transcriptional profiling of tissues,
cell types, developmental stages, etc 2) Identification of differentially expressed genes with
Aitreatmento. 3) I dent i f i c entfication obafternativel splitilg s p ec
event 5) Identification of single nucleotide polymorphisms (SNPs) 6) Identification of long non
coding RNAs and 7) Identification of microRNAs (miRNAS).

RNA-Seq is such a sensitive techniques that made it possiblguers® only a small
amount of material when the material is difficult to obtain, such as oocytes or the cells of the early
embryo (Saliba et al., 20L14Tang et al., 2009 It is also a power tool to characterize the

transcriptional complexity during various development stages. Zenoni et al, reported the

11



transcriptional responses associated with berry developmevitinviniferad Cor vi na 6
RNA-Seq, resulting in 6,699enes to be expressed in a stagecific manner, suggesting
differences in expression for genes in numerous functional categories and a significant
transcriptional complexitfZenoni et al., 2010 Another primary objective of RN&eq is to

reveal differentially expressed mgs under different conditions. These studies are always
conducted by comparing between wiighe and mutant strains of the same tissues, or treated
versus untreated tissues, cancer versus normalQ=hlack et al., 20)0Slattery et al. recently
compared the expression change$4f colon cancer patients who had record of recent cigarette
smoking, recent alcohol consumption, diet, and recent aspiristeooidal antinflammatory use,
resulted that diet and lifestyle factors associated with oxidative stress can alter gergagxpres
while genes altered were unique to type of alcohol and type of antioxi#lattery et al., 2015

By comparison of hygienic and ndrygienic honeybeeApis mellifera L) hives, revealed a limited

set of genes linked to different regulation patterns associated with arexquession of
cytochrome P450 genéBoutin et al., 201p RNA-Seq also enables alledpecific expression
(ASE) studies. Identification of ASE from spleen transcriptome were proposed in response to
Streptococcus suBinfection in two differentially susceptible pig breeds, revealed 882,886 1
statisti@ally significant ASEs and got some of ASE validated using Sanger sequencing and

guantified by pyrosequencing asqayu et al., 201p In addition, RNASeq is also an efficient

us

way to comprehensively identify alternative splicing and SNPs events from the expressed genes.

Wen et al. performed genormade transcriptome analyses by pairwise comparison of gene
expression in the breast tumarsus matched healthy tissue from each patient, uncovered 2,839
differential expressed genes and nine splicing factors that were involved in aberrant splicing in

breast cancgiVen et al., 20156 Yang et al. conducted transcriptome sequencing in Asian lotus to
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identify 357,689 putative SNPs and 177,540 alternative splicing events in the four cultivars and
the alternative splicing were found to distribute in 64% of the expressed genes @Y &tgset
al., 2015. RNA-Seq is also a powerful tool to discover those-ootding RNAs, such as long non
coding RNAs and micro RNAs, and examine their expression profiles. Schrauwen et al. conducted
comprehensive transcriptome cheterization in human inner ear, revealed a tispezific
pattern of expression and uncovered spatial specificity of expression of set of RNAs including
long-noncoding RNAs in the hearing/balance sys{&uohrauwen et al., 20L.5RNA-Seq were
also utilized to identify mouse miRNAs that were differentially regulated in adult and neonatal
CD8+ T cells, and miR 29 and miR 130 were found out to be important regulators of memory
CD8+ T cell formation(Wissink et al., 2016

RNA-Seq has been also widely used in fish spe)sn et al., 2014 For instanceCui
et al. conducted transcriptome analysis on gill and swim bladdealsfugu rubripesrevealed
three immuneelated pathways and 32 immuredated genes in gill and five pathways including
43 swim bladdeenriched genes in swim bladdq@ui et al., 201% A genomewide transcriptional
analysis was performed in zebrafish embryos exposed to an environmentally relevant carcinogenic
and endcrine disrupting compound Benzo[a]pyrene (BaP) in order to reveal a set of differential
expressed genes and genes with differential exon usage, providing novel insights on the
mechanisms of action of BaRduced developmental toxiciti€sang et al., 200)5Allele-specific
expression analysis was performed in a F1 interspecies hybridized from southefishplaty
(Xiphophorus maculat¢sand monterrey platyfisiX{phophorus couchianjisrevealed 27 allele
specific expressed gengdhen et al., 20)21dentification of gen@associated SNPs at a geneme
wide scale was conducted using four strains of commign(€yprinus carpig, a total of 712,042

intrastrain SNPs and 53,893 irtBNPs were identified, which provided a solid base for the future
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genetic studies and contributed to the development of a high throughput SNP genotyping platform
(Xu et al.,, 2012 Alternative splicing event was also observed and reported in grass carp
(Ctenopharyngodon ideljachallenged with grass carp rems (GCRV). The splicing transcripts

of IL-12p40 and IE1R1 were firstly found to play diverse roles in the antiviral response of fishes
and validated using PCR amplification and rapmdplification of cDNA ends (RACE)
technology, and the expression leweisre confirmed by reverse transcription quantitative-real
time PCR (RTgPCR) (Wan and Su, 2035 RNA-Seq has also been utilized to screen the
expression profiles in Atlanta salmo®almo salay, which discovered 244 unique mature
microRNAsand 18 miRNAs were significantly differentially expressed when exposed to acid/Al

water for 3 day¢Kure et al., 2018

RNA-Seq utilized in channel catfish

Channel catfishlctalurus punctatusis the mostmportant species of aquatic animal that
commercially cultured in the United States. In recent years, the catfish industry has encountered
unprecedented challenges which could cause big loss and threated the sustainability of the catfish
industry. Recentlylarge amount of efforts has been devoted to study the molecular mechanism by
RNA-Seq under different disease or stress conditions in order to provide insights into strategies
for selection. Transcriptome analysis of pooled RNA samples from multipleidndig was
carried out by our lab to generate genesnale gen@associated SNPs in catfifliu et al., 201).
Over two million putative SNPs were identified from channel catfish, among them, 342,104 intra
specific SNPs were identified for channel catfish and 420,727sptmific SNPs were identified
between channel catfish and blue catfish. The SNPs identified in this project provided resources

for genetic studies and the development of a -digihsity SNP array. Later Liu et al. took the
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advantage of the doubled haplaiiannel catfish and comprehensively characterized a draft
transcriptome. A significant neredundant set of 370,798 transcripts including 14,240 full length
transcripts were identified, the results contributed significantly towards assembly and annotation
of the channel catfish genonfigu et al., 2012 Later, channel catfish were challenged with its

two major diseasellavobacterium columnarand Edwardsiella ictaluriin another two studies.

For the analysis of expression profile followiggictaluri, comparison of gene expression between
challenged ad control samples revealed 1,633 differentially expressed genes at 3 h, 24 h, and 3
day after exposed tB. ictaluri. Gene pathway analysis of the differentially expressed gene set
indicated the centrality of actin cytoskeletal polymerization/remodedinthjunctional regulation

in pathogen entry and subsequent inflammatory respaiisest al., 2012. Transcriptomic
profiling of host responses t6. columnarewere later conducted following an experimental
challenge at three timgoints (4 h, 24 h, and 48 h) in channel catfish gill after bath immersion
infection. Enrichment and pathway analyses of the differentially expressed genes revealed
upregulation ba RBL with putative roles in bacterial attachment and aggregation, and suppression
of NF- 8 Bsignaling pathwaySun et al., 2012 The two diseases studies revealed initial molecular
mechanisms of pathogen entry during infection, and provided insights into strategies for selection
of resistant catfish brood stocks against variosgeaBes. Furthermore, another RBEY were
conducted by Peatman et al. to profile gill expression differences between channel catfish differing
in their susceptibility td-. columnareboth basally (before infection) and at three early {oiats
postinfection (1 h, 2 h, and 8 h). Following the analyses of differentially expressed genes, the
results showed that the immune and mucin profiles obtained suggested a basal polarization in the
gill mucosa, with susceptible fish possessing a putative mucosecreti@nagenic phenotype

which may predispose them Fo columnareinfection (Peatman et al., 20L.3RNA-Seq of the

15



testis tissue was condedtwith a goal of profiling the genes expressed in this male specific organ,
and identifying maléiased transcripts, which could contribute to elucidate sex determination
mechanisms in channel catfigBun et al., 2013 Shortterm feed deprivation is a common
occurrence in aquaculture fish species due to season, production gtraiedisease. Therefore,

an RNA-Seqgbased transcriptome profiling of skin and gill homogenates from fed and 7 d fasted
channel catfish fingerlings were conducted to better understand iramutnit@nal regulation in
teleost fish. The results revealed patal mechanistic similarities between gut and surface mucosa
and underscore the complex interrelationships between nutrition, mucosal integrity, and immunity

in teleost fisn(Liu et al., 2013.

Long non-coding RNAs

For decades, most studies at the RNA level have focused on grot@ng mRNAs. Only
in recent fewyears, the attention has been given to-ooding RNAs with the discovery of
pervasive transcription. Long n@oding RNAs (IncRNA) are defined as RNAs larger than 200
basepairs that do not have coding potential, which distinguishes INcRNAs from smaltory
RNAs such as miRNAs or piRNAs. LncRNAs can be further classified based on their gene loci,
which includes antisense IncRNAsverlap known proteitoding genes), intronic INCRNAs
(encode within introns of proteinoding genes), bidirectional IncRNA(nitiate in a divergent
fashon from a promoter of a protesoding gene), and intergenic INcCRNAs (encode completely
within intergenic genomic space betweproteircoding loci) (Rinn and Chang, 20)2First
identified long norcoding RNA wasXist, which was exclusively expressed from the inactive X
chromosoméBorsani et al 199)). It only expressed on the inactive chromosand not on the

active one, X chromosomes lackiXgstwill not be inactivated, while duplication of the Xist gene
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on another chromosome causes inactivation of that chromg&ymen et al., 1992 Rinn et al.

used a highresolution tiled microarray to systematically identify and characterize another IncCRNA
HOTAIR, which is the first known lincRNA that can actstiansto regulate¢he chromatin state

of genes on distantly located chromosoiffi&ian et al., 200;AWoo0 and Kingston, 20Q7With the
development of the sequencing technology (RBEY]), genomavide identification of IncCRNAs

has only recently become possible, large numbers of IncRNAs hasdism®vered in many
organismgKung et al., 2018 Liao et al. reported the utilization of computational annotation of
IncRNA functions based on public microarray expression profiles. The functions annotated to the
IncRNAs mainly involve organ or tissue development, cellular transport or metabolicg@®ces
(Liao et al., 201} The interaction between protecoding genesnd IncRNAshas also been
reported in breast cancer patients and determined the correlation with the constructien of co
expression network®anerjee et al., 20)3The IncRNAs have also been reported to be spatially
correlated with transcription factors across the human genome among the 363 identified IncRNAs
in the lung and foregut endexan, which could play an important role in foregut and lung
endoderm development by regulating multiple aspects of gene transcfifgioiges et al., 2004

In addiion, calocalization of proteircoding genes and INCRNAs has also been observed in mouse
brain, where brahwexpressed IncCRNAs were prefereliyidocated adjacent torptein-coding

genes that are also expressed in the brain and involved in transcriptional regulation or in nervous
system developmeriPonjavic et al., 2009 However, even with the explosion of discovery of
large numbers of IncRNAs, little is known about how IncRNAs function and the biological
significance of théncRNAs. In teleost fish, analysis of IncRNAs have largely been lacking except
in zebrafish. More than 550 distinct lincRNAs were identified in zebrafish using chromatin marks,

poly(A)-site mapping and RN/eq data, where most of the INcRNA only had corezbgenomic
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locations without detectable sequence conservdtititsky et al., 2011 In order to identify
IncRNAs with potential functions in vertebrate embryogenesis, f8€é were performed in eight
stages during early zebrafish development, resulted in a stringent set of 1,133 noncoding multi
exonic transcripts expressed during embeyasigPauli et al., 2012 In addition, RNASeq was
performed to identify tissue restricted INCRNA transcript signatures from five different tissues of
adult zebrafish, and 442 predicted IncRNA transcripts were identified, outaf wh® were novel
IncRNA transcripts, tissuspecific expression pattern were also discovered across the five major
tissues investigated in 77 IncRNAKaushik et al., 2013 Recently, a comprehensive online
resource fAzfl ncRNApedi ad was constructed for
collected from the thregnnotation sets, as well as manual curation of literature to compile a total
of 2,267 IncRNA transcript®©himan et al., 2015 So far, no IncRNA studies have been conducted

in any other aquaculture species including catfish.
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Chapter IlI

ASSEMBLY AND ANNOTATION OF THE CHANNEL CATFISH TRANSCRIPTOME
AND ASSESSMENT OF PERVASIVE EXPRESSION

Materials and methods
Construction of comprehensive set of channel catfish transcriptome

There are two main approaches for assembly of a transcriptome: ggnaad approach
when a reference genome is available,d@adovaassembly when the reference genome is absent.
De novotranscriptome assembly is more challenging especially in higharyates due to the
large number of genes, great variations in the expression levels, and the large numbers of
alternatively spliced transcript variants. Howews,novoassembly could reconstruct transcripts
from regions missing in the genome assembliglleCtively, bothde novoand genomeuided
approaches have their own advantages, but neither set of assembly tools could achieve the optimal
desired assembly with sensitivity, specificity, and the ability to assemblefiglih transcripts on
their own(Jain et al., 2013 Therefore, two steps of assembly were performed to constructed a
comprehensive set of channel catfish transcriptome, including TdmityvoassemblyGrabherr
et al., 2011Haas et al., 20)3and genomguided TopHaLCufflinks assemblyKim et al., 2013

Robertson et al., 201Trapnell et al., 20Q9Trapnell et al., 2020

De novoassembly of channel catfish transcriptome

De novoassembly was conducted using the 100 bp short reads from all available channel
catfish RNASeq including all published datasets downloaded from NCBI and all roon oM A-
Seq projects thatods been working on in our

collection of 13 channel catfish RN#eq libraries, containing approximately 4.8 billion reads
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derived from various tissues including brain, gill, head kidneyakt kidney, intestine, liver,
muscle, skin, spleen, stomach, heart, fin, pancreas, brain, adipose, gall bladder, ovary, testis,
thymus, eye, swim bladder, and barbels.

Raw reads were trimmed by removing adaptor sequences, ambiguous nucleotides, and low
guality sequences (quality scores < 30 or read length < 30 bp) using Trimmomatic software version
0.32 (Bolger et al., 2014 with the option of ILLUMINACLIP:TruSeq3E.fa:2:30:10 for
removing the aaptor sequences, LEADING:3 for removing leading low quality or N bases (below
quality 3), TRAILING:3 for remove trailing low quality or N bases (below quality 3),
SLIDINGWINDOW:4:30 for scanning the read with abdse wide sliding window and cutting
when he average quality per base drops below 30, MINLEN:30 for dropping reads below the 30
bases long. The remaining highality sequences were used in the subsequent assembly. All
trimmed reads were then mapped to all genomes of potential contaminaticessdanmloaded
from NCBI using deconseq softwaf@chmieder and Edwards, 2Q1® get most clean channel
catfish reads for transcriptome assembly. The potential contamination sources included bacteria
database, protozoa database, fungi database, virus dat@baserhabditis elegeas genome,
Drosophila melanogastegenome andrabidopsis thalianggenome. Reads were also mapped to
several teleost genome sequences as retain catfish data for assembly. Only those reads that were
only mapped to the contamination databases but not ttelé@st databases are excluded from
assembly. The used teleost databases included half smooth tongueysolgdssus semilaevis
Cse _v1.0), fuguTakifugu rubripedFUGUS), tilapia Qreochromis niloticu©renill.1), medaka
(Oryzias latipesASM31367v1), cgp (Cyprinus carpi9, zebrafish Danio rerio GRCz10), European
seabassicentrarchus labraxseabassl.0), platyfish Kiphophorus maculatus.4.2), Atlantic

salmon §almo salarlCSASG_v1), green spotted puffeFgtraodon nigroviridisASM18073v1),
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stickleback Gasterosteus aculeatusSM18067v1), Amazon mollyRoecilia Formosas.1.2),
cave fish Astyanax mexicanus.0.2), zebra mbunavaylandia zebraMetZeb1.1), coelacanth
(Latimeria chalumnadatChal), Atlantic cod (GadMor May2010), spotted ghepsosteus
oculatusLepOcul).

Before assembly of these large sets of RBEY dataset# silico read normalization was
utilized to lower the memory and compute requirements for assembly.inTkgico read
normalization was carried out using the parameteirdM 200G for 200GB of system memory to
use for kmer counting by jellyfish;-max_cov 50 for targeted maximum coverage of 50X for
reads,--pairs_together for process paired reads by averaging stats between pairs and retaining
linking info, --PARALLEL_STATS in order to generate read stats in parallel for paired reads.

The assembly of the whole transcriptome was carried out using Trinity software of version
r20140717Grabherr et al., 201 Haas et al., 20)3which is a novel method for the efficient and
robust de novo reconstruction of transcriptomes from RPMAQ data. It combines three
independent software modules: Inchworm, Chrysalis, and Butterfly, applied sequentially to
process large volumes of RNgeq reads. Trinity partitions the sequence data into many individual
de Bruijngraphs, each representing the transcriptional complexity at a given gene or locus, and
then processes each graph independently to extratemgfih splicing isoforms and toase apart
transcripts derived from paralogous genes. The assembly was carried out using the parameters of
JM 150G for 150GB of system memory to use fem&r counting by jellyfish, PasaFly for
utilization of PASA assembly algorithm in the context of bdigetranscript graphs in order to
produce fewer isoforms than the most conservative parameterization of the default method,
group_pairs_distance 450 was set according to the larger insert library since multiplepdired

libraries were used, pairings thatceed that distance will be treated as if they were unpaired by
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the Butterfly process. The GBIT-EST (Li and Godzik, 2006and CAP3(Huang and Madan,

1999 were then used to remove assembly redundancy and retain the longest possible contigs by
setting global sequence identity in ¢DT-EST b 1, the minimal overlap length and percent
identity in CAP3 to 100 bp and 99%.The remaining contigs composes the final assembly of non
redundantde novocontigs. The assembled contigs were then mapped to channel catfish genome
in order to assess the guglof the assembly. The mapping was carried out using BLAT software
(Kent, 20032, with the parameter afg=rna for query type of rnaminldentity=90, for setting the
minimum sequence identity to 90%, the coverage was set to 50% and the top hit of each alignment

were pickel.

Functional annotation for the de novoassembled transcriptome

All the nonredundant contigs from final assembly were used as queries to search against
NCBI nonredundant (NR) protein database and Uniprot/SWisd database using BLASTX
program. The doff E-value was set at & and only the top gene ids and descriptions were
initially assigned to each contig. Duplicated gene ids and descriptions were removed to get unique
protein hits. Since channel catfish genome is considered almost completeréeceitigs that
had a BLAST hit but cannot map to channel catfish genome were potentially coming from
contaminants. These congits were further BLASTX to NR database again with top five gene ids
and descriptions, only those contigs that had all top fiserggions from invertebrate were

excluded from the final annotation.
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Genomeguided TopHat-Cufflinks RABT assembly of channel catfish transcriptome

The trimmed reads from each study generated previously were mappeed to channel catfish
genome by TopHat vsion 2.0.14Kim et al., 2013 Trapnell et al., 2009which allows spliced
alignment and-fut st dzepdp esavardfisknepped tethegenant then
the unmapped reads were split into shorter segments and aligned independently. Mapping was
carried out with genome annotation general transfer format (GTF) table by default parameter,
which allowed less than two misighes and less than two gaps in the final read alignments.
Cufflinks assembly version 2.1(Trapnell et al., 2010~as then utilized for reference annotation
based transcript (RABT) assembly of each s{iRbberts et al., 20)1the RABT assembler builds
upon a known reference annotation to better identify novel transcripts, reference transcripts is tiled
with faux-reads to provide additional information in assembly. After assemislgparate studies,
cuffmerge was utilized to merge together all cufflinks assemblies into a master transcriptome.
After merging of the cufflinks assemblies, cuffcompare was performed to compare the assembled

transcripts to channel catfish reference anmmtain order to assess the quality of the assembly.

Identification of putative full length transcripts

All contigs from bothde novoTrinity assembly and genongaided TopHatCufflinks
assembly that have NR or Uniprot BLAST hit were selected to predigiuiative full length
transcripts. The complete coding sequences were predicted with the software Trangtasler
et al., 2013 by finding the start and stop codon and aided by BLASTP against Uniprot and
zebrafish RefSeq protein database. Only those ORFs that were at least 100 amino acids long were
retained to avoid false positive ORF predictions. Fulgiercontigs were only selected if 1) the

contig contains a complete CDS, and 2) the ORF length ratio (catfish predicted protein
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length/reference protein length) was over 0.8. All full length contigs got from above frordeéboth
novo Trinity assembly and gemeguided TopHatCufflinks assembly were further removed

redundancy based on annotation to get final unique full length transcripts.

Assessment of pervasive transcription in channel catfish

All reads from hybrid catfish RN/ASeq datasets were trimmed using the same method
described for trimming channel catfish raw reads, along with all channel catfish trimmed reads
from each study generated previously were used to map to channel catfish dgn8Spieed
Transcripts Alignment to a Reference (STAR) softw@&ebin et al., 201Bfor its high mapping
accuracy and ultrafast spe@engstrom et al., 20)3the mapping allowed 5% mismatch of the
mapped length and restricted the minimum 90% of the bases matched to the genome. After the
resulting mapping file was sorted using sanmgasbrt function(Li et al., 2009, it is applied to
samtools deth function(Li et al., 2009, which could calculate the sequence depth for each
nucleotide in the genome based on the mapping file. If one position had its resulted depth of more
than 0O, then it had been covered at least once in the transcriptome. Then the number of all covered
nucleotides divided by the channel catfish genome size could calculate the percentage of how
much genome had been transcribed. The assessment was carried out using the accumulated

mapping file using each RN&eq datasets in a sequential but accumulative fashion

Genomewide expression profiles of channel catfish
Taken advantage of the | arge amouniSeqof RNA
datasets under normal conditions were selected to perform the gendenexpression profiles,

including the 11 pooledissues (brain, gill, head kidney, intestine, liver, muscle, skin, spleen,
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stomach, heart, and trunk kidney) from 47 adults, 19 pooled tissues (head kidney, fin, pancreas,
spleen, gill, brain, trunk kidney, adipose, liver, stomach, gall bladder, ovéegtine, thymus,

skin, eye, swim bladder, muscle, heart) from one single doubled haploid female channel catfish
adult, gill tissues of control group of the columnaris disease challenge experiments (Oh, 4h, 24h,
and 48h), intestine tissue of the controlupm®f the ESC disease challenge experiments, single
testis tissue, gill and skin tissues of the control group of the -tdront feed deprivation
experiments, two controls groups from two sets of channel catfish gill of different susceptibilities
challengedvith columnaris disease (Oh, 1h, 2h, and 8h), single skin tissue, single barbel tissue, 10
to 29 days channel catfish of whole body without head, 90 to 110 days channel catfish gonads
(both testis and ovary), whole fish of 1 to 14 days, control groupvef tissue from ESC
challenged backcross progenies, and control group of gill tissue from low oxygen challenged
backcross progenies. All trimmed reads from each time point and each treatment of channel catfish
and hybrid catfish RNASeq datasets were ustxl map to channel catfish genome by STAR
alignment softwaréDobin et al., 2018 allowed 5% mismatch of the mapped length and restricted

the minimum 90% of the basesatched to the genome. Different time points and treatments of
each study was calculated separately in order to use a weighted trimmed mean of the log expression
ratios (trimmed mean of M values (TMM)) normalization method to normalize different RNA
libraries so that data generated from different libraries was comparable and could be added up.
Genomewide expression profiles were computed by counting the library size normalized reads
coverage across 50 kilobase bin tiling the channel catfish genome &E&NpBIs version 2.24.0

coverage functiofQuinlan and Hall, 2010
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Protein-coding gene expression profiles of channel catfish

All trimmed reals from each time point and each treatment of channel catfish and hybrid
catfish RNASeq datasets were used to map to channel catfish genome by STAR alignment
software(Dobin et al., 2018 allowed 5% mismatch of the mapped length and restricted the
minimum 90% of the bases matched to the genome. Raw read counts for eackcpoitgjigenes
that annotated from genome were extracted from alignment files using htsegysokrsion 0.6.1
htsegcount function(Anders et al., 20)5with the recommended union mode. Only the uniquely
mapped reads could lsed in htsegount software in order to avoid false positives expression
level. Proteinrcoding gene expression profiles were assessed by TMM normalized RPKM (reads
per kilobase per million) gene expression value calculated using EdgeR sdfMae&arthy et al.,

2012 Robinson et al., 2090

Identification of tissue-specific expressed genes in channel catfish

All trimmed reads from each time point and each treatment ohehaatfish and hybrid
catfish from D RNA-Seq datasets were used to map to channel catfish genome by STAR
alignment softwaréDobin et al., 2018 allowed 5% mismatch of the mapped length and restricted
the minimum 90% of the bases matched to the genome. 11:3FgAdatasets contained eight
different tissues, including barbel, gill (pooled RNo&Q datasets of control groups from
columnaris diseasénallenged gill tissue (Oh, 4h, 24h, and 48h), two sets of channel catfish gill of
different susceptibilities challenged with columnaris disease (0Oh, 1h, 2h, and 8h), gill tissue from
low oxygen challenged backcross progenies, and gill tissue from F1 sighatdenged with heat
stress), intestine (control group of ESC disease challenged intestine), liver (po@&N\atasets

of control groups from ESC challenged liver tissue of backcross progenies and liver tissue from
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F1 hybrids challenged with heat sts¢, ovary (9@o 110 days), skinand testis (10 to 29 days and

90 to 110 days)Raw read counts for each prot@oding genes that annotated from the genome
were extracted from alignment files using htseq software version 0.6.1-duoiseq function

(Anders et al., 2025wvith the recommended union mode. Different time points, treatments of each
study were normalized using TMM normalizatimethod. The expression level of a gene in a
particular tissue was compared to its expression level in all remaining seven tissues. For distinction
of tissuespecific genes, the fold change in expression level was set to 32 fold with the FDR (False
discovery rate) adjusted p value of less than 0.05, which means that genes with an expression level

in one tissue that was 32 fold higher than the maximum value in any of the other seven tissues.

Identification of induced expressed proteircoding genes in chanel catfish

All trimmed reads from each time point and each treatment of channel catfish and hybrid
catfish from five disease or stress challenge Rb&% datasets were used to map to channel catfish
genome by STAR alignment softwgii@obin et al., 2018 allowed 5% mismatch of the mapped
length and restricted the minimum 90% of the bases matched to the genome. The fiEE&NA
datasets included ESC disease challenge,d&is of columnaris disease challenge, heat stress
challenge and feed deprivation challenge. Raw read counts for each -poutgig genes that
annotated from genome were extracted from alignment files using htseq software version 0.6.1
htsegcount functon (Anders et al., 200)5with the recommended union mode. Different time
point, treatment of each study was normalized using TMM nazaiadn method to calculate a
normalized RPKM using edgeR softwafieobinson et al., 2030 The fold change between

different treatments and controls were determined based on the normalized RPKM of each sample.
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Differentially induced genes were definedaateast twefold change in expression and FDR (false

discovery rate) correctedvalue < 0.05.

Identification of long non-coding RNAs (IncRNAs) in channel catfish

Cufflinks assembled contigs were scored with CPAT 1(®Vhng et al., 2013ato
determine their coding potential, only those contigs with coding probability less than 0.38 were
assigned to the prieimmed norcoding contigs. The six frames of ORF region of these contigs
were predicted using EMBOSS getorf mod{Réce et al., 2000 The mRNA and putative amino
acid sequences weresed as queries against channel catfish genome annotation, NCBI non
redundant (nr) protein database, the UniProtKB/SwissProt database and Pfam database (including
PfamA and PfammB database) using BLASTX and HMMER respective (BLASTX for nr and
Uniport databse and HMMERFinn et al., 201)ifor Pfam database) with coff Expect value of
le-4. Any contig with an Evalue greater than 34in the contig set was removed. The ORF region
of remain contigs were further predicted by NCBI ORFinder, a maximal ORF cutoff less than 100
aa were imposed to get final IncRNA datas€sntigs were also excluded that have any overlap
with the UTR regions of proteinoding genes retrieved from the UTRdb datal{@sélo et al.,
2010. Finally, the contigs that were overlap with charosfish annotated genes were excluded,
and the longest contig was remained if contigs were overlap with each other. After all the described

filtering steps, the kept contigs were considered as the candidates for InCRNA.
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LncRNA expression profiles of clannel catfish

All trimmed reads from each time point and each treatment of channel catfish and hybrid
catfish RNASeq datasets were used to map to channel catfish genome by STAR alignment
software(Dobin et al., 2018 allowed 5% mismatch of the mapped length and restricted the
minimum 90% of the bases matched to the genome. Raw read counts for each IncCRNA were
extracted from alignment files using htseq software ver@iéri htseecount function(Anders et
al., 2015 with the recommended union mode. Only the uniquely mapped reads could be used in
htseg-count software in order to avoid false positives expression level. LncRNAs expression
profiles were assessed by TMM normalized RPKM (reads per kilobase per million) gene

expression value calculated using EdgeR softfCarthy et al., 2012Robinson et al., 2030

Identification of tissue-specific expressed INCRNAs in channel catfish

All trimmed reads from each time point and each treatment of chartfishand hybrid
catfish from 10RNA-Seq datasets were used to map to channel catfish genome by STAR
alignment softwaréDobin et al., 2018 allowed 5% mismatch of the mapped lergtll restricted
the minimum 90% of théases matched to the genome.RIDA-Seq datasets contained eight
different tissuesincluding barbelsgill, intestine, liver, ovary, skin, and testis. Raw read counts
for each IncRNs were extracted from alignmentsfilssing htseq software version 0.6.1 hiseq
count function(Anders et al., 20D)5with the recommended union mode. Different time point,
treatment of each study was normalized using TMM normalization method. The expression level
of a INCRNA in a particular tissue was compared to its expression level in all remaining seven
tissues. For distinction of tissiepecific genes, the fold changeexpression level was set to 32

fold with the FDR adjusted p value of less than 0.05.
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Identification of induced expressed INcCRNAs in channel catfish

All trimmed reads from each time point and each treatment of channel catfish and hybrid
catfish from five dsease or stress challenge RI$&q datasets were used to map to channel catfish
genome by STAR alignment softwgii@obin et al., 2018 allowed 5% mismatch of the magip
length and restricted the minimum 90% of the bases matched to the genome. The fhi8=2&NA
datasets used were the same as described in identification of induced expressedaqutioigin
genes. Raw read counts for each IncRNAs were extracted from ahgrites using htseq
software version 0.6.1 htsegunt function(Anders et al., 201)5with the recommended union
mode. Different timgooint, treatment of each study was normalized using TMM normalization
method to calculate a normalized RPKM using edgeR soft{iRkinson et al., 2030The fold
change between different treatments and controls were determined based on the normalized RPKM
of each sample. Differentially induced IncRNAs were defined as at leasioliv@hange in

expression and FDR (false discovery rate) correctealye < 0.05.

Identification of correlated co-expressed INcCRNAs and genes

Correlation analysis was performessing normalized RPKM of all the significantly
differential expressed genes and IncRNAs in each time point, tissue and treatment group.
Correlation matrix was constructed between differential expressed genes and IncRNAs using R
version 3.0.3. The significat correlated cexpressed INcCRNAs and genes were defined as
correlation coefficient greater than 0.9 or smaller t#@a® and twetail significant pvalue smaller

than 0.05.
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Identification of induced co-localized INcRNAs and genes
The significantly diffeential expressed genes and IncRNAs were compared based on each
treatment group, time point and tissue. Only both the IncRNAs and their closest neighbouring gene

were significantly differentially expressed were considered as thecabzation expressiosets.
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Result
Datasets for the assembly of the catfish transcriptome

With the advantage of negeneration sequencing techniques, transcriptome sequencing
has become a powerful tool for obtaining large amount of functional genomic data. However,
separate RNAexperiment cannot give a complete and comprehensive transcriptome due to
different specific experiment aims and limited sequencing depth. Thedsom/o assembly of
pooled RNAseq datasets is necessary for analyses of channel catfish transcriptome. In order to
construct the comprehensive transcriptome, a total of 13 channel catfish<SBiNAatasets
containing approximately 4.8 billion reads, represenall the tissues including brain, gill, head
kidney, trunk kidney, intestine, liver, muscle, skin, spleen, stomach, heart, fin, pancreas, brain,
adipose, gall bladder, ovary, testis, thymus, eye, swim bladder, and barbel, various developmental

stages, amhvarious environmental stress conditions were collected in Table 1.

Table 1 Summary of channel catfish RN®eq datasets used in transcriptome assembly
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Trinity de novoassembly of the channel catfish transcriptome

RNA-seq was all conducted using lllumina sequencing. Raw sequencing reads were pooled
from the above 13 channel catfish RI$Aq libraries containing approximately 3.6 billion 4§®
short paired end reads and 1 billionty® single end reads. All the rawads were trimmed to
obtain clean, high quality sequences. After removing of the exogenous reads, a total of 3.3 billion
trimmed reads, about 70% of the raw reads were retained for the assembly. These reads were
carried forward fode novaassembly.

As stown in Table 2, assembly using Trinity resulted in 780,637 initial contigs (including
coding and noitoding RNA) with a N50 contig length of 1,289 bp, an average contig length of
784 bp, and median contig length of 422 bp. Of the assembled contigs, @y&5bad a length
of over 1,000 bp. The GBIIT-EST and CAP3 were then used to remove redundancy and retain
the longest possible contigs. The remaining-redundant7 6 9 , cBniigs composed the final
assembly of nomedundant contigs. The assembled cantiggire then mapped to channel catfish
genome in order to assess the quality of the assembly. The mapping was carried out using identity
cutoff of 90% and coverage of 50%. Vast majority of the contigs (742,956 contigs or 96.56% of

all of thede novaassemt®#d contigs) were mapped to the genome.
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Table 2 Summary of channel catfish transcriptodeenovoassembly results

Conti gs 780,
Large CONO®Ys 157,
Maxi mum | ength (bp) 59,9
Average | ength (bp) 784.
Medi an | ength (bp) 422
N50 (hprk 1,28
Nonedundant coHE-EHE « ACARI) CD 769,
Aver agednuonndant <cont i gsHIEeSnTgt+th 76 0.
Contigs mapped to genome (iden742,
Contigs mapped to genome ( %) 96. 5

Annotation for the de novoassembled transcriptome

All 769,270 noaredundant contigs from finale novoassembly were used as queries to
search against NCBI nenredundant (NR) protein database and Uniprot/SWies database using
BLASTX program. The cutdfE-value was set at 1 and only the top gene id and name were
initially assigned to each contig. Duplicated gene ids and descriptions were removed to get unique
protein hits. Collectively, of the 769,270 nroedundant contigs, 169,180 had hits to astieme
database, and resulted in 25,888 unique protein hits. Among these unique protein hits, 5,718 were
unknown, unnamed, hypothetical, or uncharacterized genes. Mapping of genes to channel catfish
genome was carried out using the same parameter abose dbntigs that cannot map to channel
catfish genome were BLASTX to NR database again with top five results for further excluding the
genes that were contaminations. After carefully eliminating the contaminates, 800 genes remained
as novel genes that catnmap to channel catfish genome but existed in the channel catfish
transcriptome, accounting for 3.09% of all genes. The final annotation fdethevoassembly

was summarized below in Table 3.
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Table 3.Summary of annotation for the channel catisinovoassembled transcriptome.

Number of contigs with hits 169,
Number of wunique protein hits 25, 8
Number of contigs with hits to 5,71
Number of wunique protein mapped 25,0
%of wunique protein mapped to ge 96. 9
%of wunique protein not mapped t 3.09

Construction of comprehensive set of channel catfish transcriptome using annotated
genomeguided TopHat-Cufflinks assembly

Even thoughde novotranscriptome assembly had lots of advantages especially for
construction of novel transcripts, however, it cannot give a complete transcriptomeesimoeo
is not sensitive enough to reconstruct all low abundant region and less ability to recover full length
transcripts. Therefore, annotated genegualed TopHatCufflinks assembly was also conducted
to reconstruct a relatively complete transcriptome. Theomemuided TopHaCufflinks
assembly was carried out using the same trimmed reads of samé&&Ndatasets. The high
guality reads were able to assemble 197,161 contigs which was much less thanniheo
assembled contigs. However, the N50 contig lerdb &;790, which was much larger thandke
novoN50 length, indicating much more fdéngth transcripts were reconstructed. The average
contig length was 3,182 bp, and median contig length of 1,971 bp. Of the assembled contigs, most
of the contigs (13340 contigs) had a length of over 1,000 bp. In order to assess the quality of the
assembly, genomguided TopHaCufflinks assembly was compared against the channel catfish
annotation using cuffcompare. Of the 26,661 channel catfish annotated genesg2bg&8Wwere
reconstructed, accounting for 97.47% of all the annotated genes. The summary of-geitzde

assembly results were summarized in Table 4. The assembled genes combirtl riovoand
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genomeguided assemblies were 27,448, where 13 genes werssembled from the genome

annotation.

Table 4 Summary of channel catfish transcriptome gengoided TopHaCufflinks assembly
results

Contigs 197,161
Large contigs (O1000 bp) 133,740
Maximum length (bp) 62,178
Average length (bp) 3,182
N50 size(bp) 5,790
Median length 1,971
Number genome annotated genes transcribed 25,987
% of genome derived protegoding gene transcribed 97.47

Identification of the full length transcripts from the transcriptome

RNA-Seq had shown its ability to be a ceffiective approach for identification and
characterization of fullength transcripts without the help from laborious clorflrig et al., 2012.
In the present study, we collected a large set of 13 channel catfisiSeiAatasets, containing
various tissues, various \wdopmental stages, and various environmental stress conditions for
assembling a relatively complete transcriptome. We took advantage of Tenitgvoassembly
in conjunction with genomguided TopHaCufflinks assembly to identify fullength transcrit.
To identify full-length transcripts, all contigs from badle novoTrinity assembly and genome
guided TopHatCufflinks assembly that had functional annotation of either NR or Uniprot were
selected to predict for putative full length transcripts. The ©ORéEre predicted with the software
Transdecoder and the ORF that had functional significance were selected by scanning all potential
ORFs for homology to known proteins from zebrafish RefSeq and Uniprot database. As shown in

Table 5, atotal of 102,279 geme-guided TopHaCufflinks assembled contigs and 72,418 Trinity
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de novaassembled contigs were identified to have complete ORF, while a total of 24,946 genome
guided TopHaCufflinks assembled transcripts and 14,070 Tridgéynovoassembled transcripts

were identified to have complete ORF. Full length contigs were then identified only if the contigs
contain a complete CDS and the ORF length ratio of catfish predicted protein length/reference
protein length was over 0.8. The resulteltllength transcripts were 19,374 from genegweded
TopHatCufflinks assembly and 10,733 from Trinithke novoassembly, the overall full length
transcripts combined from both assemblies were 20,371, which had 20,244 transcripts mapped to
channel catfis genome (Supplemental Table 1). The remaining 127 were full length transcripts

that were not included in the catfish genome assembly.

Table 5. Summary of channel catfish full length transcripts identified from the transcriptome

Cufflinks Trinity de novo
genomeguided

Number of contigs with complete ORF 102,279 72,418
Number of transcripts with complete ORF 24,946 14,070
Nu_mbe_r of full length transcripts (ORF length 19,374 10,733
ratio >=0.8)

Number of combined unique full length transcripts 20,371

Number of combined unique full length transcripts 20.244

mapped to the genome
Number of combined unique full length transcripts not

mapped to the genome 127

Assessment of pervasive transcription in channel catfish

In the present study, we took advantage of the large numbers ofSeAtudies ever
conducted using catfish (both channel catfish and hybrid catfish (female channel catfish crossed
with male blue catfisHgctalurus furcatu) to assess the pervasivenesgeanome transcription. In

addition to the above channel catfish RIS&q datasets, three more RI$&q datasets were used,
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including F2 generation backcross progenies (F1 hybrid backcrossed with the susceptible channel
catfish) of the interspecific hybrigtallenged with ESC infectidiwang et al., 2013bF1 hybrid

catfish fingerlings (female channel catfistossed with male blue catfish) challenged with heat
stress(Liu et al., 2013pand another sets of F2 generation backcross piegyehallenged with

low oxygen stress (data unpublished). As shown in Figure 1, 16 8¥pdatasets were used for
pervasive transcription assessment. Among these datasets, the 13th dataset (two different channel
catfish strains challenged with heat strds®) the largest size of about 1 billion reads, while the
smallest size were the 4th dataset which only contained about 200 million reads, all 35egNA
datasets accumulated to a total of six billion reads. The first dataset was conducted using a pool of
11 tissues, which accounted for 35% of the channel catfish genome length. When the second
dataset was used from a double haploid channel catfish with a pool of 19 tissues, along with all
the reads from the first 11 tissues, the transcriptome accountd@&%orof the whole channel

catfish genome length. After the first two datasets, several challenged datasets and specific tissues
were added to the assessment, including columnaris disease challenged gill tissue (Oh, 4h, 24h,
and 48h) (3rd dataset), ESC diseahallenged intestine tissue (4th dataset), testis tissue (5th
dataset), shoitierm feed deprivation challenged gill and skin tissues (6th dataset), two sets of
channel catfish gill of different susceptibilities challenged with columnaris disease (@h, ahd

8h) (7th dataset), skin tissue (8th dataset), barbel tissue (9th dataset), 10 to 29 days channel catfish
of whole body without head (10th dataset), 90 to 110 days channel catfish gonads (both testis and
ovary) (11th dataset ), whole fish of 114 days (12th dataset), liver tissue from two different
channel catfish strains challenged with heat stress (13th dataset), and three previously described
backcross progenies (liver tissue from ESC challenged backcross progenies was 14th dataset, gill

tissue from low oxygen challenged backcross progenies were 16th dataset) and liver tissue and gill
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tissue from F1 hybrids challenged with heat stress (15th dataset). With the increase of the added
RNA-Seq datasets and reads input, the percentage of genomgetiagiscribed also increased
gradually, until the 12th dataset. The curve was increased sharply from 11th dataset of 70.9% to
12th dataset of 77.7%. However, after th® dataset, even though more datasets were added, the
curve became plateau to the"dataset, where all the transcripts covered 79.7% of the channel
catfish genome length, suggesting that the Rb&% probably represented the full transcription

potential.

100%

g]
7]
3 13 14 15 16
T 80% PP —
12}
c
s
= 80%
>
=
8
o 40%
£
<]
c
% 20%
[T,
o
o
= 0%
0 1 2 3 4 5 6 7

Number of read (billion)

Figure 1. Assessment of pervasive transcription in channel catfisfihe X-axis represented
the number of reads used to assess the pervasive transcription in billion, whiaxise Y
represented the how much genome had been transcribed in percentage.
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Genomewide expression profiles of channel catfish

Genomewide expression profilesvere examined in order to assess the pervasive
expression | evels. Taken advantage of the | ar
RNA-Seq datasets under normal conditions were selected to perform the geioenegpression
profiles. The normatied RPKM expression values were computed by counting the library size
normalized reads coverage across 50 kilobase bin tiling the channel catfish genome. The
normalized RPKMs were depicted along each chromosome of channel catfish genome in Figure 2
with log transformation to lag(normalized RPKM + 1) for better visualization. As shown in
Figure 2, expression was detected from the vast majority of the 50 kb bins. However, some regions
were highly expressed with the highest.ldgormalized RPKM + 1) of 8.85which was
normalized RPKM equaled to 488, in chromosome 1 from 7,450,000 bp to 7,500,000 bp, while
some other regions were very lowly expressed with bars that could barely see, the lowest region

was inchromosome 2%rom 11,150, 000 bp t011,200,000 bp, with a log (normalized RPKM +

1) of 0.0013 which wasnormalized RPKM equaled to 0.0009

49



Chromosome 1
A

—
=
[, B =]

log2(RPKM+1)
2]
o

0.0 m‘\rl\ ¥ |||MI Hhu\.“\,\“\ k. s | ‘\\|‘I\\.\W.M\|\\,i||\ ‘ H ‘” -\r”'h‘il\nn:h.\ ‘I:‘”\ ‘|H|.MI.H:|‘ H[.”.VI\'iH\|‘”..”.u'-\|.“.'|.H.HI\ il \l-.'.n |-"L.r“:.l[. h:u.'\.-u.hﬂ"..”\|_‘L|\i.,,.__‘,\,\‘ L,...HZ.“.M;,Hf“‘r.}_m];.‘ ‘IZ.“,JL |\‘Iih'\|._.\.|h-w.m‘l‘f:.r.. 41 ‘I,‘.-ﬂ”.Hh,,._lﬂ\.lwu..‘ I N | O 10 |H\n L
0 5 10 15 Position (%IIOB) 25 30 35
8 Chromosome 2
T6
=
oA
x
] | )
B b b o il b it il
0 ‘ \lh‘,l\ ‘||‘,‘._.\ il Lh.:u:..“ \|fL.,|n.'.,I| H H‘ I | - [H ‘ “\‘ \”|‘|HH i LA".‘HJ‘.H\I,‘..,H,JJ,H‘LH 'Y “J“ ki | \,.'\‘,..I\ \.JN.,.,JI\JJ' 1 .H,HLH‘J‘._ ,'h\L.‘,D.;..\h\‘.,H'.(\‘,‘.'\"LJ\;.,JLI\ LN ‘I,H‘;._.‘ LR \.JH‘ |L L h,ml‘n AL b jﬂlﬁH'\m L \J‘.,H,‘HL..LJ\I,.( o u\,‘\‘.;,‘ 4 \‘ Al |m,HiH}|.‘ H‘ |
0 5 10 15 . 20 25 30 35
Position (MB)
Chromosome 3
)
+
S
o4
x
_0 L sl MI | ke MUIL LA ‘, uu‘\,‘JlHr_.‘.].\ fl .|.-u|‘.u.| bt L0 HH g ‘.\' (Ll H I |: il L _er-nL. 7,'\.‘.,“ .‘\ll\-H‘.‘ JH 1oLl NN \-__.H. 1] UI il ld U o b, S0 I. ‘I'I,,Im,l,l'mul\ Il H‘\I'u» JLI \‘L m|’|‘\‘,u, \‘\..w..|,,,,,:|n“.:"‘ ol M Hu,”. |
1N " i ol oo ) O e LA i), L b L i i
0 5 10 25 30 35

20
Position (MB)

Figure 2. Genomewide expression profiles of channel catfishX-axis represented the position of the 50K bimglthe
chromosomes in mega base pair (MB)a¥s represented the log transformed expression valgériognalized RPKM + 1). (A)
Chromosomes-8; (B) Chromosomes-8; (C) Chromosomes-9; (D) Chromosomes 102; (E) Chromosomes 1B5; (F)
Chromosomes 1&8; (G) Chromosomes 121; (H) Chromosomes 224; (I) Chromosomes 287; (J) Chromosomes 28 and 29.
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Figure 2. Genomewide expression profiles of channel catfishX-axis represented the position of the 50K bin along the
chromosomes in mega base pair (MB)a¥s represented the log transformed expression valgériognalized RPKM + 1). (A)
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Figure 2. Genomewide expression profiles of channel catfishX-axis represented the position of the 50K bin along the
chromosomes in mega base pair (MB)aXs represented the log transformed expression valuériognalized RPKM + 1). (A)
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Chromosomes 1&8; (G) Chromosomes 181; (H) Chromosomes 224; (I) Chromosomes 287; (J) Chromosomes 28 and 29.
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Figure 2. Genomewide expression profiles of channel catfishX-axis representethe position of the 50K bin along the
chromosomes in mega base pair (MB)aXs represented the log transformed expression valg€lognalized RPKM + 1). (A)
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Chromosomes 168; (G) Chromosomes 121; (H) Chromosomes 224; (1) Chromosomes 2587; (J) Chromosomes 28 and 29.
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Figure 2. Genomewide expression profiles of channel catfishX-axis represented the position of the 50K bin along the
chromosomes in mega base pair (MB)aXis represented the log transformagression value lagnormalized RPKM + 1). (A)
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Chromosomes 1@&8; (G) Chromosomes 121; (H) Chromosomes 224; (I) Chromosomes 2587; (J) Chromosmes 28 and 29.
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Protein-coding gene expression profiles of channel catfish

As dramatic range of genorwade expression profiles were observed across channel
catfish genome, the highly active region were expected to be mostly assocthtdte protein
coding genes. Therefore, protaading gene expression profiles were established to reveal the
channel catfish genome transcription active regions. The normalized RPKM expression values
were calculated based on raw read counts for eamfeipcoding genes that annotated from
genome. The normalized RPKMs were depicted along each chromosome of channel catfish
genome in Figure 3 with log transformation to Jognormalized RPKM + 1) for better
visualization. As shown in Figure 3, the expressprofiles in proteircoding genes were much
more dramatic than that across genamnde 50 kilobase bin. The highest peak was also shown in
chromosome 1, in the same highest region of genwide 50 kilobase bin expression profiles,
from 7,493,092 bp t0,494,395 bp, with a lag(normalized RPKM + L of 14.22 which was
normalized RPKM equaled to 17929. The highest expressed gene in this region was
Apolipoprotein G, which was an inhibitor of lipoprotein binding to the low density lipoprotein
(LDL) recepor, LDL receptosrelated protein, and very low density lipoprotein (VLDL) receptor.
However, proteircoding genes we not all highly expressed, 34itoteincoding genes were
barely expressed with a Ipnormalized RPKM + 1) of 0, which was normalized RPKqualed
to O either. These genes were either not transcribed or not being properly sequenced or expressed
extremely low that were normalized to 0. In addition, of ti8kkproteincoding genes with a 0
normalized RPKM expression value, most of thé&hlf were not anchored in chromosomes,
which means that they were detected from the short scaffolds, the short length of scaffolds also

makes it hard for mapping to detect the real expression values of these genes.
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Figure 3. Protein-coding gene expression profiles of channel catfisk-axis represented the position of the protiding genes
along the chromosomes in mega base pair (MBxig represented the Iog transformed expression valaériognalized RPKM +
1). (A) Chromosomes- 3; (B) Chromosomes- 8; (C) Chromosomes- g; (D) Chromosomes 102; (E) Chromosomes 1%5; (F)
Chromosomes &18; (G) Chromosomes 121; (H) Chromosomes 224; (1) Chromosomes 287; (J) Chromosomes 28 and 29.
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Figure 3. Protein-coding gene expression profiles of channel catfisk-axis represented the position of the protmiding genes
along the chromosomés mega base pair (MB),-#xis represented the Iog transformed expression valuérlognalized RPKM +
1). (A) Chromosomes-3; (B) Chromosomes-8; (C) Chromosomes-9; (D) Chromosomes 102; (E) Chromosomes 115; (F)
Chromosomes 1&8; (G) Chromosomekd-21; (H) Chromosomes 224; (I) Chromosomes 287; (J) Chromosomes 28 and 29.
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Figure 3. Protein-coding gene expression profiles of channel catfisk-axis represented the position of the prowiding genes
along the chromosomes in mega base pair (MBxig represented the loguhsformed expression value idgormalized RPKM +
1). (A) Chromosomes-3; (B) Chromosomes-8; (C) Chromosomes-9; (D) Chromosomes 102; (E) Chromosomes 115; (F)
Chromosomes 1&8; (G) Chromosomes 121; (H) Chromosomes 224; (1) Chromosomes 287; (J) Chromosomes 28 and 29.
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In order to assess the prot@oding genes expression pattern in normal condition, all
normalized expression values of all proteoding genes were classified and visualized in Figure
4. The normalized RPKB were log transformed to lpgnormalized RPKM + 1) for better
visualization. As shown in Figure 4, many genes were expressed with (@adognalized RPKM
+ 1) of less than 1, also normalized RPKM expression value less than 1, which represented
relatively lowly expressed group of genes. Liver had the most lowly expressed genes (11,375
genes), followed by intestine (10,705 genes) and ovary (10,253), while testis had the least lowly
expressed genes (8,061 genes), followed by skin (9828s) and gill (9,78genes). Genes that
were expressed with a normalized RPKM value of more than 127 was considered highly expressed
in this study, which was legnormalized RPKM + 1) more than 7. Liver also had the most highly
expressed genes (1,461 genes), followed byyofdig287 genes) and intestine (1,201 genes). On
the other hand, skin had the least highly expressed genes (641 genes), followed by gill (704 genes)
andtestis (743genes). The normalized RPKM expression value between 1 and 127 were then
considered as intmediately expressed genes, whiestis had the highest amount 857 genes)

and liver possessed the least (13,826 genes).
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Figure 4. Protein-coding genes expression level distribution in different tissues under normal conditioX-axis represented the
log transformed normalized RPKM, lpfhormalized RPKM + 1) for expression levelsaXis represented the number of genes that
had certain range of expression values.

72



Identification of tissue-specific expressed genes thannel catfish

Tissuespecific expressed genes were considered as genes whose functions and expressions
were favored in a specific tissue typ€iao et al.,, 201 These genes were important for an
organism to maintain specificity and complexity since the tispeeific expressed genes may
affect the process of development, function and maintenance of diverse cell types within an
organism(Salem et al., 20)5In the present study, we took advantage of the various previously
conducted RNASeq datasets, collecting total of eight tissues for comparison to idessifg
specific eyressed genes, including barbel, gill, intestine, liver, akihtestis. By mapping reads
from each collected tissue to channel catfish genome, the normalized expression level of each gene
in each tissue was calculated, tisspecific pressed genes were only identified if the fold
change of one specific tissues against the rest of the tissues in expression level was at least 32 fold
with the FDR (False discovery rate) adjusted p valldessfthan 0.05. A total of 1,4%5@nes were
idertified as tissuespecific expressed genes based on the above criteria, the number ef tissue
specific genes predicted in different tissues were listed in Table 6 and detailedpissiiie genes
with their fold changes were summarized in SupplementakTahiver showed the most tissue
specific expressed genes, which \83&3 genes, followed byestis(326 genes) and intestin@44
genes). Conversely, gill showed the lowest number of tispaeific expressed genes, which was
only 82 genes, followed by sk (103 genes) and barbell@8 genes). In order to assess the
specificity of these tissugpecific expressed genes, distribution of the differentially expressed fold
change of all tissuspecific expressed genes were visualized in Figure 5. As shownure g
liver had the most tissegpecific expressed genemnd most of the genes242 genes) were
expressedver 128fold higher than all other seven tissuetijle 49genes were expressed 64 to

128 fold higher than all otheix tissues an86 genes werexpresse@2to 64 fold higher than all
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others. Similarly, in intestine, most of the tissjecific genesl32) were expressed over 128 fold

higher than all other seven tissues, less genes were expressed 32 to 128 fold higher than all other
tissues §3 genes expressed 32 to 64 fold a#h@ genes expressed 64 to 128 foldpwever,

different pattern was seean testistissue, most of the tissuspecific genes1E7 genes) were
expresse@2to 64 fold higher than all other seven tissues, less genes weresagoneer 64fold

higher than all other tissues (84 genes expre84éal128fold and75 genes expressexver 128

fold).

Table 6. Number of tissuespecific (at least 32 fold higher than its expression in any of the other
tissues) genes predicteddiiferent tissues

Tissues Gene
Barbel 108
Gill 82
Intestine 244
Liver 377
Ovary 215
Skin 103
Testis 326
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Figure 5. Number of tissuespecific protein-coding genes in different scales of fold change.
X-axis represented the three differsnéles of fold change with the FDR correctedhjue less
than 0.05, which were 32 to 64 fold, 64 to 128 fold, and over 128 feski¥represented the
number of tissuspecific proteircoding genes that fell in different fold change scales.

Identification of differentially induced expressed proteincoding genes in channel catfish
Differentially induced genes after different disease and stress treatments were determined
by comparing their expression levels in normalized RPKM between treatment grougmnaond
groups. The differentially induced genes were only identified iffold change expression were
observed in at least one treatment and FDR (false discovery rate) correetee g 0.05, the

number of differentially induced expressed genes fddifierent treatments were summarized in
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Table 7 and visualized in Figure 6. A total of 8,560 genes were differentially expressed across all
used challenged RN&eq datasets (Supplemental Table 3), as shown in Table 7, the most
differentially expressed gesewvere observed in ESC challenged RNE&q dataset, while the

columnaris challenged RN&eq dataset (Oh, 4h, 24h, and 48h) had the least.

Table 7.Differentially expressed proteicoding genes that were induced in different treatments

Treatment Gene
Columnaris (gill: Oh, 4h, 24h, and 48h) 411

Columnaris (gill: Oh, 1h, 2h, and 8h) 2,918
Esc (liver) 3,362
Heat (gill) 2,867
Heat (liver) 2,652
Feed deprivation (gill and skin) 534
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Figure 6. Differentially induced gene expression profiles across different treatments along channel catfish genoiiifee outer
circle represented channel catfish 29 chromosomes, inner six circles represented the hioestcluange) against the control
group following different treatments, including columnaris infection (Oh, 4h, 24h, and 48h)teshofeed deprivation challenge

heat challenge in two different tissues, ESC infection and two sets different susceptibilities channel catfish chéltecgjedwaris
diseas€0h, 1h, 2h, and §h
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Identification of long non-coding RNAs (LncRNAS) in channel catfish

Genomeguided TopHaCufflinks assembled 197,161 transcriptome contigs were used for
identification of the IncRNAs. CPAT (Coding Potential Assment Tool) software was used to
eliminate those contigs that have coding capacities, resulting in 77,758 cotings to have coding
probability less than 0.38. BLAST analysis was then conducted to eliminate any sequences with
hits to known proteins or protedomains. The remaining contigs were further examined to retain
those contigs that had an ORF less than 100 amino acids. Lastly, the contigs were excluded if any
overlap were observed with either UTRs or channel catfish annotated gede#s 1Kb
neighbaing region After all the filtering, a total of 36,26BICRNAs were identified as INncCRNAs.
LncRNAs expression profiles of channel catfish

Channel catfish genome was pervasively transcribed as described above, however, protein
coding genes only account farsmall part of genome, in order to process pervasive transcription,
nonrcoding RNAs should also be transcribed. LncRNAs were one of the most important parts of
non-coding RNASs, their expression profiles in channel catfish were conducted to initialgf reve
transcription in nortoding regions. The normalized RPKM expression values were calculated
based on raw read counts for each IncRNAs. The normalized RPKMs were depicted along each
chromosome of channel catfish genome in Figure 7 with log transformatiog (normalized
RPKM + 1) for better visualization. As shown in Figure 7, the highedt p@s also shown in
chromosome 2from 3,734,474 bp to 3,734,742 bp, with al¢gprmalized RPKM + Jof 16.33
(normalized RPKM equaled to 77,297), which was much larger than the highest expressed protein
coding gene. Similar to protecoding genes, INCRNAs were also not all highly expé$sit with
much fewer number, 2BcRNAs were barely expressed with aJ@gormalized RPKM + 1) of

0, which was normalized RPKM equaled to O either.
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Figure 7. Long nontcoding RNAs (IncRNA) expression profiles of channel catfisiX-axis represented the position of the INCRNAs
along the chromosomes in mega baaie (MB), Y-axis represented the log transformed expression valgénognalized RPKM +

1). (A) Chromosomes-3; (B) Chromosomes-8; (C) Chromosomes-9; (D) Chromosomes 102; (E) Chromosomes 115; (F)
Chromosomes 1&8; (G) Chromosomes 181; (H) Chromosomes 224; (I) Chromosomes 287; (J) Chromosomes 28 and 29.
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Figure 7. Long noncoding RNAs (IncRNA) expression profiles of channel catfistX-axis represented the position of the INCRNAs
along the chromosomes in mega base pair (MBxig repreented the log transformed expression valug(legrmalized RPKM +

1). (A) Chromosomes-3; (B) Chromosomes-8; (C) Chromosomes-9; (D) Chromosomes 102; (E) Chromosomes 115; (F)
Chromosomes 168; (G) Chromosomes 181; (H) Chromosomes 224; (I) Chromosomes 227; (J) Chromosomes 28 and 29.

80

















































































