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Abstract

The bighead catfish (Clarias macrocephalus) and channel catfish (Ictalurus punctatus) are freshwater species in the Siluriformes
order. C. macrocephalus has both gills and modified gill structures serving as an air-breathing organ (ABO), while /. punctatus
does not possess such an organ, and cannot breathe in air, providing an excellent model for studying the molecular basis of ABO
development in teleost fish. To investigate the critical time window for the development of air-breathing function, seven
development stages were selected based on hypoxia challenge results, and RNA-seq was performed upon C. macrocephalus
to compare with the non-air-breathing . punctatus. Five-hundred million reads were generated and 25,239 expressed genes were
annotated in C. macrocephalus. Among those, 8675 genes were differentially expressed across developmental stages.
Comparative genomic analysis identified 1458 C. macrocephalus specific genes, which were absent in 1. punctatus. Gene
network and protein-protein interaction analyses identified 26 key hub genes involved in the air-breathing function. Three top
candidate genes, mb, ngb, hbae, are mainly associated with oxygen carrying, oxygen binding, and heme binding activities. Our
study provides a rich data set for exploring the genomic basis of air-breathing function in C. macrocephalus and offers insights
into the adaption to hypoxic environments.
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Introduction

Scientists have been long focused on the transition from
aquatic to aerial gas exchange in vertebrates. Fish that directly
breath air, i.e., conduct aerial respiration, provide critical evi-
dence for the evolution of life from the ocean to terrestrial
living (Brauner et al. 2004). Approximately 350 million years
ago, there was a significant change in the environment, higher
temperature and the decay of dead organic components con-
sumed oxygen in swamps, rivers, and lakes, resulting in a
gradually decline in dissolved oxygen concentration
(Johansen 1970). Certain fish ancestors started to develop
air-breathing organs (ABO) as a way of adaptation. Some of
them left water environments and eventually colonized the
land (Hsieh 2010). Air-breathing fish can rise to the surface
of water to gulp air or crawl onto land and survive for extend-
ed periods of time (Hsieh 2010).

It is estimated that there are more than 370 air-breathing
fish species in 49 families (Graham and Lee 2004). The ABOs
vary considerably among different fishes. Clarias
macrocephalus and Clarias batrachus have the air-breathing
organs evolved from the gill. In these fish, the efferent bran-
chial arteries of the anterior (first and second) gill arches are
sites for gas exchange and they act as accessory ABOs. Other
species use a modified intestine as an ABO, such as
Misgurnus anguillicaudatus (Mcmahon and Burggren
1987). In such cases, the posterior region of intestine is highly
modified: it is well vascularized with intraepithelial capil-
laries, which provide a suitable place for gas exchange
(Mcmahon and Burggren 1987; Luo et al. 2016). Other fish
use their swim bladder as an ABO. These include the
Gonorynchiformes, Characiformes. and some species in
Siluriformes, such as the suborder Gymnotus and in
Pangasianodon hypophthalmus (Motta 1984; Graham et al.
1978). The swim bladder extends from the posterior of the
head back into the body cavity and serves as the major place
for gas exchange for aerial breathing (Liem et al. 1984).

C. macrocephalus, also known as the bighead catfish, be-
longs to the Siluriformes order. C. macrocephalus is native to
Thailand and Vietnam and has been introduced to several
Southeast Asian countries (Fishbase 2020). Bighead
catfish has both gills and a modified gill structure serving as
an ABO. Therefore, it is well adapted to hypoxic conditions in
muddy marshes (Teugels and Adriaens 2003). It burrows into
the mudflats during summer periods, staying alive through
direct air-breathing (Chatchaiphan et al. 2017; Islam et al.
2007; Saha and Ratha 2007). After a heavy rainfall, bighead
catfish can slither across the land (Li et al. 2018; Bruton
1979). Its “walking” ability allows C. macrocephalus to
survive in extreme environments, such as hypoxia, short-
term desiccation stress and high ammonia, which are not
ideal conditions for aquaculture (Belao et al. 2011). This
capability makes bighead catfish a perfect model to study

the evolution of adaptions to air-breathing, as well as the
mechanisms for hypoxia and ammonia tolerance.

Previous studies in Misgurnus anguillicaudatus and
Clarias batrachus have investigated the underlying mecha-
nisms for intestinal ABO development (Saha and Ratha
2007; Li et al. 2018). However, little is known about the un-
derlying mechanisms in the formation and function of the
ABO in C. macrocephalus during early developmental stages.
Our research filled this knowledge gap and advances the un-
derstanding of the molecular basis of accessory ABO organ
development in fish, as well as adaptions to terrestrial life. In
this study, two hypoxia challenges were performed to identify
the critical time window in the development of the ABO func-
tion in C. macrocephalus. Comparative genomic analysis and
RNA-seq analysis of seven early development stages elucidat-
ed the genes that potentially contribute to air-breathing and
terrestrial adaptations.

Material and Methods
Ethics Statement

This study was performed in strict accordance with the rec-
ommendations in the Guide for the Care and Use of
Laboratory Animals and the Animal Welfare Act in the
United States and in Vietnam. All experimental protocols in-
volving animal care and tissue collection were approved by
the Auburn University and Can Tho University Institutional
Animal Care and Use Committee (AU-IACUC, PRN#: 2016-
2901 on June 13, 2016 and the Can Tho University Animal
Welfare Committee on November 15, 2016).

Experimental Animals and Tissue Collection

C. macrocephalus samples were collected from Can Tho
University, Vietnam in June 2017. Fertilized eggs were cul-
tured in flowing water at 26.5+2 °C. Twenty to fifty
C. macrocephalus embryos or larvae were harvested every
24 h over a 30-day period after hatching. Samples were eu-
thanized with 200 ppm buffered MS-222 (Finquel, Argent
Chemicals) and stored in RNAlater solution (Thermo Fisher
Scientific). Samples were shipped to the USA on dry ice and
stored at — 80 °C until RNA extraction.

Oxygen Challenge for Clarias macrocephalus

Two oxygen challenge experiments were conducted at Can
Tho University, Vietnam, to determine the air-breathing abil-
ity of C. macrocephalus. Clarias macrocephalus larvae older
than 3 days post-fertilization (dpf), which had completely
absorbed the yolk sac, were challenged with low dissolved
oxygen each day from 3 days to 20 dpf. Fifteen to twenty
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Clarias macrocephalus larvae were placed in a 2-L container
with oxygen supply as a control treatment. A separate group
was stocked in a second 2-L container with supplemental ox-
ygen removed, and the dissolved oxygen level was decreased
by bubbling nitrogen gas into the water until a 0 mg/L dis-
solved oxygen concentration was obtained (measured by a
DO meter). Dissolved oxygen levels, larval behavior, and sur-
vival rate were observed and recorded every 10 min; the re-
sults at each time point were calculated and responses to hyp-
oxia were represented graphically.

Moist adult Clarias macrocephalus can leave the water and
walk on land and live indefinitely. Therefore, another oxygen
challenge experiment was conducted in a petri dish test to
simulate this situation. Clarias macrocephalus larvae were
exposed directly to air and challenged each day from 3 to
27 dpf. One group of 15-20 larvae was placed in a Petri dish
without water and misted to keep them wet. This treatment
forced the fish to obtain O, from the air. For the petri dish
treatment, fish were also stocked into an aerated 2-L water-
filled tank as a control treatment. Larval behavior and survival
rate were observed and recorded every 10 min.

The bighead catfish candidate air-breathing related genes
during development were identified in a stepwise manner.
Through annotation with UniProt database and with compar-
ison to the channel catfish database, genes were detected for
Clarias macrocephalus. Then differentially expressed genes
were identified between each adjacent, critical developmental
time point based on the anoxia challenges, narrowing the can-
didate genes. Comparative genomic analysis was conducted
between bighead catfish and channel catfish to identify puta-
tive Clarias-specific genes. The intersection of the genes from
the previous two steps was executed to further narrow the list
of candidate key genes. Expression profile analysis was con-
ducted, and the genes that are accordant with the development
of ABO were retained. Additionally, the narrowed list of
genes was inputted to STRING database to detect the putative
key hub genes. Bioinformatics analysis was conducted,
resulting in 3 key hub genes based on their classifying to
oxygen carrier activity as well as oxygen binding ability in
UniProt key words and based upon GO enrichment and
Reactome pathways. The results were further confirmed by
searching for the putative key genes in the literature review.
Protein-protein interaction pathway analysis identified the in-
terrelated expression at key developmental time points with
the 3 key oxygen-carrying related genes.

RNA Extraction, Library Construction, and Sequencing

Seven time points (3, 5, 13, 14, 16, 17, 24 dpf) were selected
based on the low oxygen challenge results. Samples were
collected at each time point and stored in the — 80 °C freezer.
Two biological replicates were included for each timepoint
and treatment group. Pooled samples of 4 individual fish were
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homogenized in liquid nitrogen to a fine powder using mortar
and pestle. RNA was extracted using a RNeasy Plus Kit
(Qiagen, Valencia, California) following the manufacturer’s
directions. For each time point, equal amounts of RNA from
the two pooled replicates were used for library construction
and following sequencing with HiSeq 2000 system.

Library construction and sequencing were performed by
GENEWIZ, LLC. (South Plainfield, NJ, USA). RNA integrity
of each sample was measured by 4200 TapeStation (Agilent
Technologies, Palo Alto, CA, USA). Ribosomal RNA deple-
tion method was carried out using a Ribozero rRNA Removal
Kit (Illumina, San Diego, CA, USA). Sequencing libraries
were checked with the Agilent Tapestation 4200 (Agilent
Technologies, Palo Alto, CA, USA), and quantified by using
Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as
by quantitative PCR (Applied Biosystems, Carlsbad, CA,
USA). The sequencing libraries were multiplexed, clustered
on three lanes of a flowcell, and loaded on the Illumina HiSeq
instrument with a 2 X 150 Paired End (PE) configuration. Raw
sequence data (.bcl files) generated from the HiSeq were con-
verted into fastq files and de-multiplexed using Illumina’s
bel2fastq 2.17 software.

De Novo Assembly and Gene Annotation

The detailed bioinformatics tools and scripts can be
found in GitHub at https://github.com/xzm00171122/
Scripts-for-Clarias-ABO. De novo assembly was
performed on C. macrocephalus-cleaned reads using
Trinity (version 2.8.5) (Haas et al. 2013). Prior to as-
sembly, quality of raw reads were evaluated in FastQC
(version 0.11.5) (Patel and Jain 2012), and raw reads
were filtered by removing adaptor sequences and ambig-
uous nucleotides using Trimmomatic (version 0.36)
(Bolger et al. 2014). Reads with quality scores less than
25 and length shorter than 36 bp were all trimmed. The
remaining high-quality reads were used in subsequent
assembly. In brief, the clean reads of the seven libraries
were jointly assembled into unique sequences of tran-
scripts in Inchworm via greedy K-mer extension (K-mer
25). After mapping of reads to Inchworm contigs,
Chrysalis incorporated reads into de Bruijn graphs.
Butterfly ultimately generated the full-length transcripts.
The assembled transcriptome was passed to CD-HIT
(version 4.7) to reduce redundancy with 95% identity
(Li and Godzik 2006).

The non-redundant contigs were annotated against the
UniProt database (Swissprot), channel catfish (Ictalurus
punctatus) database, and zebrafish (Danio rerio) database
using BLASTX program (version 2.6.0). The cutoff
Expected value (E-value) was set at le-5, and only the top
hit result was allocated as the annotation for each contig.
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Identification of Orthologous Protein Groups

The protein sequences of I punctatus were downloaded from
NCBI based on sequence orthology (Yu et al. 2012); the protein
sequences of C. macrocephalus were obtained with transdecoder
based on our transcriptome assembly data. Orthologs and
orthogroups between 1. punctatus and C. macrocephalus were
detected with OrthoFinder software (version 2.2.7) (Barrett et al.
2012; Emms and Kelly 2015; Liu et al. 2016; Li et al. 2018). To
identify the Clarias-specific genes, a second round of Protein
BLAST (BLASTP) was performed for genes with no match in
the orthologue groups with a criterion of maximum £ value of
1E-10 (Emms and Kelly 2015). Subsequently, a reciprocal
BLASTP search was carried out to query genes with no hits from
previous steps with a maximum £ value of 1E-5. These leftover
genes were recognized as Clarias-specific gene candidates for
subsequent analysis.

To further define the Clarias-specific genes from the pre-
vious step, the species-specific genes in Clarias
macrocephalus were aligned with the channel catfish genome
using TBLASTN with a maximum £ value of 1E-10 (Altschul
etal. 1990). The identified Clarias-catfish specific genes were
then filtered with the percentage of identical matches (pident)
and query coverage per subject (qcovs). The remaining genes
without a TBLASTN hits in channel catfish genome were
finally classified as the Clarias-specific genes absent from
the channel catfish genome.

Identification and Analysis of Differentially Expressed
Genes

The merged transcriptome assembly served as the reference
transcriptome. The high-quality reads from each sample were
mapped back to it using the align _and estimate abundance.pl
package in Trinity (Haas et al. 2013). The mapped reads num-
ber for each transcript was detected using RSEM software (Li
and Dewey 2011). Differential expression analysis was per-
formed between two adjacent time points using an R package
DESeq2 (3 dpfvs. 5 dpf, 5 dpf vs. 13 dpf, 13 dpf'vs. 14 dpf,
14 dpfvs. 16 dpf, 16 dpfvs. 17 dpf, 17 dpf vs. 24 dpf) (Love
et al. 2014). Differentially expressed genes (DEGs) were de-
tected with a criterion of |log2-fold change| > 1 and adjusted p
value < 0.05. The distribution of upregulated and downregu-
lated genes was demonstrated in a volcano plot using the
function plotMA, which shows the log2-fold changes attrib-
utable to a given variable over the mean of normalized counts
for all the samples in the DESeqDataSet.

Gene Ontology and Functional Enrichment Analysis
To identify the overrepresented GO terms with in the DEGs,

GO terms for each gene were assigned by using zebrafish
annotations for the Unigenes set. Gene Ontology (GO)

analysis and enrichment analysis were performed using the
ClusterProfiler R package (version 3.6) (Yu et al. 2012). The
final annotation result was categorized in terms of biological
process, cellular component, and molecular functions.
ClusterProfiler was also used for a GO functional enrichment
analysis of certain genes. p value and ¢ value cutoff criteria of
0.05 were used as thresholds of significance.

Clustering of Gene Expression and Protein-Protein
Interaction (PPI) Network Analysis of the Key Genes
As Well as Expression Analysis of Selected Genes

Ultimately, the genes that are present in C. macrocephalus, but
absent from 1. punctatus, and differentially expressed for at least
in one time point over C. macrocephalus development, were
recognized to be critical genes involved in the morphogenesis
of the ABO and for differences in aerial breathing ability. GO
enrichment analysis of the key genes was performed using
ClusterProfiler R package (version 3.6) (Yu et al. 2012), and a
q value <0.05 was used as the threshold of significance. A soft
clustering software, Mfuzz, revealed expression patterns of key
genes through development stage and assigned a general classi-
fication based on expression profiles (Kumar and Futschik
2007). In addition, the retrieval of interacting genes (STRING)
database was used to investigate the network properties of the
enzymes encoded by the key genes, and a protein-protein (PPI)
network was constructed (Szklarczyk et al. 2016). The STRING
database also provided both enrichment and experimental infor-
mation (Szklarczyk et al. 2016).

The expression patterns of selected genes were detected in
C. macrocephalus and 1. punctatus by polymerase chain reac-
tion (PCR). Samples were digested with 600 pl of DNA ex-
traction cocktail buffer [100 mM NaCl, 10 mM Tris-HCI
(pH 8.0), 25 mM EDTA (pH 8.0), 0.5% sodium dodecyl sul-
fate] and 3 pl of 20 mg/ml freshly made proteinase K (Sigma-
Aldrich, St. Louis, MO) for 4-5 h at 55 °C (Shang et al. 2018).
Then protein precipitation solution (Qiagen) and isopropanol
were used to precipitated protein and DNA, respectively.
DNA was washed twice in cold 75% ethanol, dried with air,
then resuspended in RNase/DNase-free water (Shang et al.
2018). The quantification and integrity of the DNA were mea-
sured using Nanodrop 2000 Spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware).

The 1-kb plus DNA ladder (Invitrogen) was used as PCR
marker; PCR products were resolved in a 1% agarose gel.
PCR amplification was in a volume of 10 uL containing
2 uL nuclease-free water; 1 ul of 10 uM each gene-specific
primer and 5 pL of EconoTaq®PLUS2X Master Mix
(Lucigen, Middleton, WI), and 1 ul (250 ng/ul) DNA. The
cycling conditions of PCR were 92 °C/3 min, 40 cycles of
92 °C/30 s, 60 °C/45 s, 72 °C/45 s then 72 °C/5 min, 4 °C/
5 min. The 18 s rRNA and f3-actin genes were selected as an
internal reference gene (Bas et al. 2004). All the specific

@ Springer



94

Mar Biotechnol (2021) 23:90-105

primers were designed using Primer3 and listed in Table S1
(Untergasser et al. 2012).

Results
Low Oxygen Challenge

To investigate the critical developmental stages associated with
the air-breathing ability, low oxygen challenge experiments were
performed to test the survival of C. macrocephalus in 0 mg/L
dissolved oxygen (DO) in 67 early developmental stages. At
3 dpf, C. macrocephalus larvae had a survival rate of 93.3%
when oxygen was decreased to 0.5 mg/L (14 of 15 fish survived)
(Fig. 1a). The aeration was removed from the container at the
beginning of this experiment. Oxygen concentration was at
5.3 mg/L, and fish were active and swam on the bottom as
normal. After 5 min, DO level dropped below 3.9 mg/L, and fish
had a little slower movement and came closer together at the
bottom. After 25 min, when DO level reached 1.2 mg/L, fish
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Fig. 1 Oxygen depletion challenge for Clarias macrocephalus at 6 early
developmental stages. Dissolved oxygen concentrations (in blue, right y-
axis) and survival curve (in red, left y-axis) for Clarias macrocephalus at
3,5, 13, 14, 16, 17 days post-fertilization (dpf) was plotted at the low
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were swimming slower and some tried to move to the surface.
This behavior remained the same until DO concentration de-
creased to 0.6 mg/L at 75 min; during the challenge, one fish
died. The rest moved to the water surface and back to the bottom.
No more fish died.

At 5 dpf, when oxygen concentration decreased from 5.5 to
2.5 mg/L 20 min after removing the aeration, all fish swam at the
bottom (Fig. 1b). Between 25 and 165 min, the dissolved oxygen
level dropped from 2.1 to 0.5 mg/L; the fish were slowly swim-
ming, and some fish went up to the surface. At 195 min, the
dissolved oxygen level was 0.5 mg/L and all fish swam slowly
on the surface. After 405 min, the dissolved oxygen concentra-
tion was of 0.3 mg/L, the fish remained moving slowly at the
surface, and no fish died in this experiment. We observed similar
fish behavior for challenges at 13 dpf, 14 dpf, 16 dpf, and 17 dpf;
and the survival rates were 80%, 90%, 100%, and 100%, respec-
tively (Fig. 1c—f). Detailed information is shown in Table S2.

In addition to the tank experiments with decreasing
oxygen levels, we performed additional challenge exper-
iments by directly exposing Clarias macrocephalus
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dissolved oxygen challenge. Dissolved oxygen level was reduced by
replacing with the oxygen stripping. Fish were determined moribund
when the opercular movement ceased



Mar Biotechnol (2021) 23:90-105

95

larvae to the air in a petri dish from 3 to 24 dpf. At
3 dpf, two fish (out of 15) died within 25 min, and two
more died after 30 min (Table 1, Fig. 2a). The rest of
the fish stopped moving and all were dead by 80 min.
At 5 dpf, all Clarias macrocephalus larvae survived in
petri dish without water until the first two fish were
found dead at 62 min. The survival rate within the first
hour was much higher compared to 3 dpf (90% vs.
40%). No fish survived after 108 min (Fig. 2b). At
13-dpf larvae, all fish survived during the first
93 min, which is half an hour longer than at 5 dpf.
The first dead fish was found at 93 min into challenge
and no fish survived after 382 min (Fig. 2c¢). Similar
results were observed at 14 dpf and 16 dpf, and the
ability to survive in the air was increasing gradually,
but no fish survived the entire 7-h experiment (Fig.
2d-e). At 17 dpf and 24 dpf, a large proportion of fish
remained alive after 420 min, with a 45% and 60%
survival rate, respectively (Fig. 2f—g and Table S3).

In summary, from 3 dpf, the first day after
C. macrocephalus completely absorbed all of the yolk sac,
the fish already had a high tolerance of extremely low oxygen
levels. At this stage, some fish could move to the surface and
had air-gulping behavior. From 3 to 16 dpf, the air-breathing
ability gradually increased during the development of
C. macrocephalus. By 16 dpf, all fish larvae could live in
extremely low oxygen water environment. However, at this
stage, no larvae could survive in a water-free aerial environ-
ment for an extend period (more than 2.5-6 h). Forty-five
percent of the fish could survive by air-breathing at 17 dpf,
and the proportion increased to 60% at 24 dpf in the environ-
ment. C. macrocephalus were close to having full air-
breathing ability at 24 dpf as 60% of the population survived.

Transcriptome Sequencing and de Novo Assembly

A total of 1331 million raw reads was generated through RNA
sequencing. Low-quality bases (quality score <25) and

Table 1 Time of first death, last death, and survival of larval bighead
catfish (Clarias macrocephalus) at various times day post-fertilization
(dpf) in an aerial environment

dpf First death (min) Last death (min) Total survival (%)

3 1 80 0
5 42 110 0
13 110 390 0
14 110 290 0
16 155 340 0
17 280 410 42
24 280 370 60

adapter sequences were trimmed; reads less than 36 bases after
trimming were excluded from subsequent analysis (Table S4).
Five-hundred-four million high-quality reads from the seven
different transcriptome timepoints were assembled using the
Trinity software. After removing the redundant transcripts
using CD-HIT tool of 95% identity, approximately
1,841,162 transcripts remained with an average contig length
of 829 bp and N50=1390 bp (Table 2). The average ORF
length was 592 bp, at a GC content of 42.3%. The correlation
of the two biological replicates IS illustrated in Fig. S1.

Gene Content Differences Between Clarias
macrocephalus and Channel Catfish

C. macrocephalus and I. punctatus both belong to the
same Siluriformes order, but air-breathing ability is a ma-
jor difference between the two species. To identify genes
involved in the air-breathing function in
Clarias macrocephalus, we compared the gene contents
between C. macrocephalus and 1. punctatus genomes, and
found 1458 genes that are present in C. macrocephalus,
but absent from /. punctatus (Table S5). Some of these
Clarias-specific genes are expected to contribute to air-
breathing organ structure and function in
C. macrocephalus. Air-breathing is not the only pheno-
typical and physiological difference between
C. macrocephalus and I. punctatus. The other major dif-
ference between the two species is the lack of cold toler-
ance in Clarias macrocephalus. Genes related to ABO
development and air-breathing should be differentially
expressed during C. macrocephalus development.

Transcriptome Annotation and Identification of
Differentially Expressed Genes (DEGs)

The assembled transcripts were BLASTed against three data-
bases: UniProt protein database (SwissProt), the channel cat-
fish transcript database, and zebrafish transcript database,
using an £ value cutoff of le-5. The best hit contigs were
retained, resulting a total of 25,239 annotated unigene tran-
script for expression analysis (Table 2).

Differential gene expression analysis was performed to
identify the DEGs by comparing of each stage with its previ-
ous stage. In Clarias macrocephalus, comparisons between
the first three developmental timepoints (5 dpf vs. 3 dpf and
13 dpfvs. 5 dpf) discovered more than 5000 DEGs (Fig. 3 and
Table S6), which is consistent with the dramatic gene expres-
sion changes during early development. There were 1906,
2703, and 1718 DEGs detected in the next three comparisons
(14 dpf'vs. 13 dpf, 16 dpf vs. 14 dpf, and 17 dpf vs. 16 dpf).
The comparison between the last developmental point
(24 dpf) and its previous stage (17 dpf) identified the least
number of DEGs (449). The significance and fold-changes
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Fig. 2 Survival curve was plotted for Clarias macrocephalus exposed to
the aerial environment at 3, 5, 13, 14, 16, 17, 24 days post-fertilization

of DEGs were shown in volcano plots (Fig. 4). As we already
detected 1458 C. macrocephalus-specific genes, in which 291
genes were also identified to be differentially expressed across
C. macrocephalus development (Fig. S2). These genes
served as candidate key genes for air-breathing function
development.

Table 2 Statistics and quality assessment transcript contig assembly of
bighead catfish (Clarias macrocephalus)

Assembly and annotations Clarias macrocephalus

Number of transcripts 1,841,162
Number of nonredundant transcripts 1,004,981
GC% 42.3%
Average contig length (bp) 829
Average ORF length 592
Transcript contig N50 1390
N50 longest isoform 799
Number of unigenes 25,239
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(dpf). Fish were determined moribund when the opercular movement
ceased

Gene Ontology Enrichment Analysis of DEGs at
Different Stages

To classify the gene ontology (GO) enrichment category with
related functions, the enrichment analysis of DEGs at different
development stages was conducted, and GO categories signif-
icantly enriched during Clarias macrocephalus development
are listed in Table S6. The most significantly enriched GO
terms for each stage are shown in Fig. S3.

Between days 3 and 5, the DEGs were mainly related to
hemopoiesis (GO:0030097), response to aerobic respiration
(GO:0009060), response to decreased oxygen levels
(G0O:0036293), response to hypoxia (GO:0001666), blood
vessel development (GO:0001568), and angiogenesis
(GO:0001525). The enriched GO terms in response to hypox-
ia, blood vessel development, and angiogenesis is evidenced
with the fact that the air-breathing ability started to develop as
early as 5 dpf.

Between days 5 and 13, DEGs were mainly enriched for aer-
obic respiration (GO:0009060), response to oxidative stress
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Fig. 3 Gene expression during 7000
early embryonic development in
Clarias macrocephalus. The 6000
number of differentially
expressed genes (DEGs) was de- 5000
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(GO:0006979), response to hypoxia (GO:0001666), respiratory
electron transport chain (GO:0022904), and respiratory
chain complex (GO:0098803). Between days 13 and 14,
enriched categories for the DEGs were mainly related to
cardiac muscle cell development (GO:0055013), blood
coagulation (GO:0007596), myosin complex

5 dpf vs. 3 dpf

13 dpf vs. 5 dpf
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(GO:0016459), and myosin filament assembly
(GO:0031034).

For 16 dpf compared 14 dpf stage, the DEGs were mainly
enriched for erythrocyte homeostasis (GO:0034101), ATP met-
abolic process (GO:0046034), acrobic electron transport chain
(GO:0019646), myosin filament organization (GO:0031033),

14 dpf vs. 13 dpf
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Fig. 4 Volcano plot of the differentially expressed genes (DEGs) during
Clarias macrocephalus air-breathing organ development. Red dots indi-
cate downregulated (negative value) and upregulated (positive value)
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genes at each stage. Gray dots represent non-DEGs. a 5 days post-
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and NADH dehydrogenase complex (GO:0030964). Between
days 16 and 17, the DEGs were mainly related to blood coagu-
lation (GO:0007596), gas transport (GO:0015669), oxygen
transport (GO:0015671), oxygen binding (GO:0019825), oxy-
gen carrier activity (GO:0005344), hemoglobin complex
(GO:0005833), response to oxidative stress (GO:0006979), and
morphogenesis of an epithelial sheet (GO:0002011).
Additionally, DEGs between 17 and 24 were enriched in gas
transport (GO:0015669), oxygen transport (GO:0015671), oxy-
gen binding (GO:0019825), oxygen carrier activity
(GO:0005344), heart contraction (GO:0060047), hemoglobin
metabolic process (GO:0020027), myofibril (GO:0030016),
and heme binding (GO:0020037). These most enriched GO cat-
egories were consistent with the observed behaviors during air-
breathing development.

Dynamic Genes Expression Profiles of Key Genes in
Clarias macrocephalus

To obtain the expression patterns of the 291 key genes over
different development stages, Mfuzz was used to classify
genes based on changes in their expression. The 291 genes
form 4 co-expression clusters (Fig. 5). The most abundant
group was cluster 1, with 169 genes showing a peak of ex-
pression at 5 dpf, which may correspond to the developmental
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fate determination of the air-breathing organ. Cluster 2 (35
genes) showed an unaltered expression profile at the first four
developmental timepoints, and peaked at 17 dpf, which are
correlated to the key transition between 16 and 17 dpf. Our
hypoxia challenge experiments suggest the ability of surviv-
ing in air environment was obtained during this critical win-
dow. The 29 genes assigned to cluster 3 displayed an expres-
sion profile that peaked at 14 dpf. The 29 genes of cluster 4
had variable expression across seven developmental stages,
which are less likely to be involved in the formation of air-
breathing function in C. macrocephalus. In addition, the two
oxygen challenge experiments indicate that the air-breathing
organ in C. macrocephalus can partially function even as early
as the stage of complete yolk sac absorption (3 dpf) and that
full air-breathing ability is present at 24 dpf for more than half
the population. In this regard, we considered that the genes in
clusters 1-3 have the greatest potential to play a critical role in
ABO development and function in C. macrocephalus.

Twenty-Six Hub Genes Were Identified to Be Critical
for Air-Breathing Function in Clarias macrocephalus

To further understand these 291 genes in C. macrocephalus
and identify their interactions, we searched through Retrieval
of Interacting Genes (STRING) (Table S7). A protein-protein

Cluster 2

()

(@))

c

4y}

z

O‘_

i)

O -

a T T T T T 1

b 3 5 13 14 16 17 24 (dpf)

Time

Cluster 4

()

(@))

c

4y}

T

(&)

8 5

Ne)

o «

x 1

i

3 5 13 14 16
Time

17 24 (dpf)

Fig. 5 Expression clusters of 291 key genes across Clarias macrocephalus developmental stages
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interaction (PPI) network was constructed (Fig. 6). A subsetof ~ neuroglobin isoform X1 (ngb). Also, from GO enrichment
the genes was closely associated with hypoxia-related path-  analysis, mb, ngb genes were considered to be related to oxy-
ways (Table 3). Oxygen transport was associated with the  gen carrier activity, oxygen binding, and heme binding cate-
formation of air-breathing organ in C. macrocephalus, and  gories, which likely contribute to the air-breathing function. In
UniProt analysis detected three genes from this category: he-  addition, reactome pathway analysis revealed that mb and ngb
moglobin alpha embryonic-3 (hbae), myoglobin (mb), and  were closely related with the intracellular oxygen transport
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Table 3

Functional enrichment and pathway analysis for 291 key genes in Clarias macrocephalus

UniProt key words

No. Term ID Term description Observed gene count  Background gene count  False discovery ~ Matching genes in
rate (FDR) network (labels)
KW-0009 Actin-binding 143 0.0036 macfl, pleca
KW-0561 Oxygen transport 19 0.0047 hbae, mb, ngb
GO enrichment
GO0:0005344 Oxygen carrier activity 6 0.0415 mb, ngb
GO:0008144 Drug binding 214 0.0415 mb, ngb
GO:0016772 Transferase activity, transferring 129 0.0415 gmppb
phosphorus-containing groups
G0O:0019825 Oxygen binding 6 0.0415 mb, ngb
GO:0036094 Small molecule binding 322 0.0415 gmppb, mb, ngb
GO0O:0043167 Ion binding 10 832 0.0415 gmppb, lepl, mb, ngb
GO:0046872 Metal ion binding 9 573 0.0415 lepl, mb, ngb
G0:002003 Heme binding 23 0.0425 mb, ngb
GO:0000166 Nucleotide binding 286 0.0475 gmppb
Reactome pathways
DRE-8981607  Intracellular oxygen transport 2 3 0.0361 mb, ngb

function. Taken together, mb, ngb, and hbae were highly as-
sociated with the formation of air-breathing in
C. macrocephalus.

Subsequent PPI analysis identified a total of 26 genes
with a high degree of connectivity (threshold of 0.200)
with each node. The three genes, mb, ngb, and hbae are
among them (Fig. 6), suggesting a critical role in the
occurrence of air-breathing organ function and growth in
the development of C. macrocephalus. The other hub
genes are mainly related to the function of calcium ion
binding and chromatin binding, maintenance of myofiber
integrity, the regulation of epidermal-basement membrane
adhesion and organogenesis during development, mainte-
nance of cell and tissue integrity, and orchestrating dy-
namic changes in cytoarchitecture and cell shape, serving
as scaffolding platforms for the assembly, positioning,
and regulation of signaling complexes. These 26 key
genes were expressed at low levels at 3 dpf, dramatically
increased at 5 dpf and then steadily decreased through
24 dpf (Fig. 7 and Table S8).

Validation of Species-Specific Genes

The 18S rDNA and (-actin reference genes were
expressed high levels in both C. macrocephalus and
L punctatus. All the selected key genes, including pdcd,
mb, fras, vidlr, pdia4, uevld, slc6a9, and hars, exhibited
species-specific expression patterns in C. macrocephalus
as well as absent in I punctatus (Fig. S4). This is
consistent with our hypothesis that these genes are
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potentially critical for the air-breathing ability in
C. macrocephalus.

Discussion

For water breathing fish, gills served as the primary gas
exchange organ for millions of years. Certain fish ances-
tors developed air-breathing organs to adapt to low dis-
solved oxygen level environments (Szklarczyk et al.
2016). C. macrocephalus is a descendent of those air-
breathing fishes, which can use an accessory air-
breathing organ to breathe in air, allowing them to survive
in extreme environments, such as hypoxia and high ammo-
nia (Hsia et al. 2013). Therefore, C. macrocephalus could
be a perfect model to explore the mechanisms of air-
breathing function. In this study, low oxygen challenge
experiments were conducted under anoxic conditions. We
also tested larval fish with exposure to atmospheric air.
These latter tests revealed critical timepoints for the devel-
opment of air-breathing capability as well as the formation
of ABO in C. macrocephalus.

The water-filled tank experiments did not elucidate the
air breathing development of C. macrocephalus as the sys-
tem was not completely effective and dropped the oxygen
level to 0.3 mg/L instead of the water becoming completely
hypoxic. At all developmental stages, the bighead catfish
had 80—100% survival in this system. This indicates that at
even at a very young age, the bighead catfish is highly tol-
erant of low dissolve oxygen, which is likely correlated to
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its air breathing ability, and may be an important step to- The petri dish experiment, which forces the fish to breathe
wards terrestrial living. air while keeping their skin moist by misting, was more
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revealing. No fish survived from 3 to 16 dpf, but time to first
death and last death progressively increased during this time
period, indicating that none of the fish had complete air
breathing ability, but it was developing over time. At day
17 dpf, 42% of the population had air breathing ability based
on 42% of the population surviving out of water for 7 h. By
24 dpf, this number had increased to 60% of the population.
At these 2 dates, the survivors were the largest individuals.
Apparently, like other developmental traits in fish like sex
determination (Dunham 2011; Gabriel et al. 2017), size is
likely more important than age for achieving complete devel-
opment. This is another reason that asynchronous develop-
ment is expected in the population. Some gene expressions
might have stronger signals if the experiment were to be ex-
tended a larger period of time.

To the best of our knowledge, our work is the first to per-
form RNA sequencing during the development of
C. macrocephalus, including 3 dpf, 5 dpf, 13 dpf, 14 dpf,
16 dpf, 17 dpf, and 24 dpf. In total, 8675 DEGs were detected
during the early development of C. macrocephalus. The most
significantly enriched GO categories revealed that these
DEGs were mainly enriched in response to oxidative stress,
decreased oxygen levels, hypoxia, angiogenesis, hemopoiesis,
ATP metabolic process, gas transport, epithelial sheet mor-
phogenesis, and the hemoglobin complex. These enriched
GO terms were illustrated to be mainly related to the oxygen
binding and transport, which is believed to be benefits for
improving the ability and efficiency of air-breathing ability.
The genomic contents of C. macrocephalus and 1. punctatus
were compared, and 1458 unique genes were identified in
C. macrocephalus that were absent from . punctatus. Two
hundred ninety-one genes were detected to be both Clarias-
specific genes and DEGs across the development of
C. macrocephalus, indicating that these genes might be criti-
cal to the formation of air-breathing function in
C. macrocephalus. Twenty-six hub genes were identified
through gene expression and STRING database analyses.
There genes have no orthologs between C. macrocephalus
and . punctatus, with both percentage of identical matches
(pident) and query coverage per subject (qcovs) less than
70%. Of these 26 candidate genes, hbae3, pc, pleca, ezrb,
and Irfn4b were found strictly in Clarias macrocephalus com-
pared to channel catfish. The remaining 21 genes have at least
one paralog in 1. punctatus, but the sequence similarity is less
than 70%. We speculate that all these 26 genes are potentially
important for the function of ABO in Clarias macrocephalus.

Luo et al. (2016) examined the development of air
breathing in larva of Dojo loach, Misgurnus
anguillicaudatus, which is an intestinal air breather. This
strategy is much different than in Clarias, and apparently,
a totally different evolutionary and genomic path was
taken to accomplish this type of air breathing as none of
the 26 Clarias macrocephalus genes in the current study
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matched the 25 key Dojo loach genes. Li et al. (2018)
conducted comparative genomics for /. punctatus and
C. batrachus using adult fish. They identified copy number
expansion of mb (myoglobin), oral (olfactory receptor
class A related 1), and sult6b1 (sulfotransferase 6b1) genes
in the air-breathing C. batrachus genome, with 15, 15, and
12 copies, respectively. In addition, a comparative
transcriptomic analysis of the gills and air-breathing organ
revealed that there were eight “elastic fiber formation”
genes, eight “hemoglobin” genes, and eighteen “angiogen-
esis” genes related to air-breathing in C. batrachus (Li
et al. 2018). The authors pointed out that ABOs are highly
committed to oxygen transport and cellular respiration (Li
et al. 2018). Duong et al. (2020) also conducted a genome
sequencing and assembly for adult bighead catfish, and
also reported an obvious expansion of myoglobin (mb),
olfactory receptor class A related 1 (oral) genes in
C. macrocephalus compared to non-air-breathing fishes.
The findings of Li et al. and Duong et al. are, in general,
in accordance with the current study for air-breathing abil-
ity in developing larval C. macrocephalus. The mb gene,
which was also identified in the 2 species of adult Clarias,
was a key gene as well as ngb and hbae3 that were not
reported in the previous studies. All three genes found to
be critical in the bighead catfish larva belong to the globin
family, which is directly related to oxygen binding and
transport (Li et al. 2018; Vlecken et al. 2009; Duong
et al. 2020). The two other copy number expansion genes,
sult6bl and oral, were not identified as key larval genes in
our study, which may not play a role in air breathing, or not
until later on in development.

Myoglobin (mb) has a critical function in the supply of
oxygen to muscle tissue, and sustains the oxidative metabo-
lism of heart and muscle through facilitating oxygen diffusion
to the respiratory chain (Tian et al. 2017; Tiedke et al. 2011).
In mammals, mb is expressed in muscle and cardiac muscles
in early embryonic stages and the expression dramatically
increases in the later developmental stages (Wittenberg and
Wittenberg 2003). In Japanese medaka (Oryzias latipes), a
fish species that is well adapted to tolerate hypoxia, exposure
of adult fish to low oxygen resulted in strong upregulation of
myoglobin (Weller et al. 1986). In zebrafish (Danio rerio), mb
is associated with circulatory oxygen transport and supply to
muscles. Maternal mb mRNA is present in the early stages of
development, as early as 22 h post-fertilization (hpf). A 50-
fold increase in expression was observed between 18 and
31 hpf. Later, at 4-5 dpf, this expression further increased
by 10 to 20-fold (Wawrowski et al. 2011, Tiedke et al.
2011). The mb expression upregulation during embryonic
stages is consistent with the onset of the blood circulation
(Vlecken et al. 2009; Tiedke et al. 2011). In our study, the
expression profile of mb genes belonged to cluster 1 with an
increasing expression value through 3-5 dpf (Fig. 5), which is
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consistent with what was reported in zebrafish (Vlecken et al.
2009; Tiedke et al. 2011).

Neuroglobin (ngb) is a recently discovered vertebrate glo-
bin preferentially expressed in the brain and nervous system. It
reversibly binds oxygen (Vlecken et al. 2009) and is related to
oxygen-dependent oxidative metabolism (Hankeln et al.
2005; Bentmann et al. 2005). In zebrafish, ngh expression
level is low during early stages, when respiration function is
achieved by simple oxygen diffusion. At 45 dpf when circu-
lation starts, ngb expression starts to increase along with mb
(Roesner et al. 2006; Grillitsch et al. 2005). Our expression
profile analysis found that ngb gene also belongs to cluster 1,
which in perfectly correlation with mb expression.

Hemoglobin alpha embryonic-3 (hbae3) and mb are best
known for respiratory functions, which enable the cellular
oxygen supply in support of aerobic metabolism (Tiedke
et al. 2011). Hemoglobin (Hb) consists of two « and two f3
chains located in the erythrocytes. It dramatically increases the
oxygen carrying capacity of the blood (Tian et al. 2017). Hb
can enhance the efficiency of oxygen transport from the respi-
ratory surfaces to the interior of the body in the lungs, gills,
and skin (Roesner et al. 2006). In zebrafish, activation of
hemoglobin biosynthesis was reported to be associated with
hypoxia-protection (Tian et al. 2017). All of these genes play
different roles in the hypoxia response and alternative meta-
bolic processes of several fish species coping with O, depri-
vation. Further experiments will consider using over expres-
sion, knock out, and in-situ hybridization method to charac-
terize their specific functions and to provide a comprehensive
understanding of their molecular roles in air-breathing.

These 3 genes and the other 23 hub genes showed
variable waves of expression during the critical develop-
mental time points. At 3 dpf, 6 (hbae3, pdia, uevld,
Irfndb, vidilr, and sars2) of these genes had detectable,
but low levels of expression. At 5 dpf, when we see ev-
idence of the beginning of air breathing ability, there is an
explosion of gene expression with 18 (ngb, mb, macfl,
kifl1, ezrb, nrcam, slc6a9, Ilcbl, robol, egfr, pdia, uevld,
vidlr, gmppb, sars2, hacll, pc, and pdcdl]l) of the 26 key
genes having detectable or high expression. Two stand
out with /chl having relatively high and mb having ex-
tremely high expression. mb must have been particularly
important at this stage as its expression was not detected
before or after this timepoint. From 5 to 13 dpf, survival
times in the hypoxic environment greatly increased. By
day 13 dpf, the expression of these key genes was steadily
decreasing as 10 genes are expressing at detectable levels,
but expression of synelb, notchlb, pleca, frasl, lrnf4b,
hars, and mtif3 was observed for the first time. In partic-
ular, expression of hbae3 was extremely high; synelb,
pleca, frasl, and notchlb were only active at this time;
frasl expression was high and mtif3 and sars2 were
peaking. Expression levels continued to drop at day

16 dpf with only 7 genes having detectable expression.
At day 17 dpf, the first individuals had attained complete
air breathing ability, the overall gene expression contin-
ued to drop with only 5 of these genes having detectable
gene expression, lrnf4b peaked and sars2 had a second
peak. It appears most of the groundwork for air breathing
had been accomplished by this time. More than half of the
population had reached complete air breathing ability by
24 dpf, and only 3 key genes had detectable expression.

These 26 key genes appear to be expressed in waves over a
21-day period for air breathing function and form to come into
existence. sars2 was the only gene detectable the entire
21 days, and experienced 3 separate peaks in expression.
sars2 (seryl-tRNA synthetase 2, mitochondrial) encodes the
mitochondrial seryl-tRNA synthethase precursor (https://ghr.
nlm.nih.gov/gene). Its molecular function involves protein
biosynthesis in contents of ATP binding, serine-tRNA ligase
activity, and tRNA binding. It is responsible for mitochondrial
seryl-tRNA aminoacylation and seryl-tRNA aminoacylation.
The survival data indicates that complete air breathing ability
is reached between 11 and 15 mm in total length. Future
research should examine gene expression based on size as
well as age to better define key moments in time and key
genes for air-breathing development.

Conclusion

In conclusion, C. macrocephalus is an aquatic species that can
utilize its accessory ABO to obtain oxygen directly from air,
while I punctatus cannot perform air-breathing function.
These two species provide an excellent model to reveal the
critical genes that contribute to the development of ABO. Our
study is the first report using high-throughput sequencing for
transcriptome analysis during the early developmental stages
in C. macrocephalus. A total of 25,239 unique genes were
detected, and 8,675 DEGs were identified during develop-
ment in C. macrocephalus. Through comparative genomic
contents analysis between C. macrocephalus and
1 punctatus, 1458 genes were identified to be unique in
C. macrocephalus. Through gene expression profile and PPI
network analysis, and 26 hub genes were identified to be
candidate key genes involved in the formation of air-
breathing function in C. macrocephalus. Future overexpres-
sion, knock-out, and in situ hybridization could be performed
to further investigate the candidate key genes for air-
breathing.
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