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Abstract: The transition from fertilized egg to larva in fish is accompanied with various biological
processes. We selected seven early developmental stages in channel catfish, Ictalurus punctatus, for
transcriptome analysis, and covered 22,635 genes with 590 million high-quality RNA-sequencing
(seq) reads. Differential expression analysis between neighboring developmental timepoints revealed
significantly enriched biological categories associated with growth, development and morphogenesis,
which was most evident at 2 vs. 5 days post fertilization (dpf) and 5 vs. 6 dpf. A gene co-expression
network was constructed using the Weighted Gene Co-expression Network Analysis (WGCNA)
approach and four critical modules were identified. Among candidate hub genes, GDF10, FOXA2,
HCEA and SYCE3 were involved in head formation, egg development and the transverse central
element of synaptonemal complexes. CK1, OAZ2, DARS1 and UBE2V2 were mainly associated with
regulation of cell cycle, growth, brain development, differentiation and proliferation of enterocytes.
IF144L and ZIP10 were critical for the regulation of immune activity and ion transport. Additionally,
TCK1 and TGFB1 were related to phosphate transport and regulating cell proliferation. All these
genes play vital roles in embryogenesis and regulation of early development. These results serve
as a rich dataset for functional genomic studies. Our work reveals new insights of the underlying
mechanisms in channel catfish early development.

Keywords: early development; channel catfish; RNA sequencing; WGCNA

1. Introduction

Catfish (order Siluriformes) is one of the most taxonomically diverse orders, which includes over
12% of all teleost species (about 33,000 teleost species) and 6.2% of all vertebrates (64,000 vertebrates) [1].
Channel catfish (Ictalurus punctatus) and its hybrid from mating with blue catfish (I. furcatus) males,
are the most extensively cultured type of fish in the USA, accounting for a farmgate revenue of $185
million in 2015 [2].

Int. ]. Mol. Sci. 2020, 21, 5535; d0i:10.3390/ijms21155535 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-9633-2733
https://orcid.org/0000-0001-7303-4285
https://orcid.org/0000-0002-3576-8031
https://orcid.org/0000-0002-7594-5004
http://dx.doi.org/10.3390/ijms21155535
http://www.mdpi.com/journal/ijms
http://www.mdpi.com/1422-0067/21/15/5535?type=check_update&version=2

Int. ]. Mol. Sci. 2020, 21, 5535 2 0f 23

There are many studies concerning the study of channel catfish at the level of transcriptome, such
as the liver transcriptome analysis to determine the immune-response modulation in channel catfish [3],
the testicular differentiation of channel catfish revealed by transcriptome analysis [4], as well as the
genes associated with chamber formation of catfish swim bladder [5]. The study of embryogenesis is
critical for a comprehensive understanding of the gene expression patterns and underlying biological
changes during early embryonic developmental stages of an organism. There are many studies focused
on the morphology of channel catfish during early development [6-9]. Also, there are many studies
concerning the early embryonic development in model species using RNA-sequencing (seq), such as
mouse (Mus musculus), fruit fly (Drosophila melanogaster) and zebrafish (Danio rerio) [10-13]. However,
the early development in channel catfish has not been studied at the transcriptome level. This represents
a critical knowledge gap that stands in the way of improved understanding of differentiation and
growth of the channel catfish. Considering the importance of farmed channel catfish to the economy of
the southern U.S,, there is a pressing need to reveal the developmental processes in as much detail as
possible. Channel catfish are one of the most studied catfish, with the first genome assembly released
in 2016 [14]. The established genome provides an excellent resource for functional genomic studies and
biological research, thereby making the channel catfish an appropriate target for functional studies.

Unlike the genome, the transcriptome is dynamic and should be a good reflection of the cellular
function at a specific developmental stage [15]. Accordingly, RNA-Seq analysis should provide gene
expression profiles of developing embryos at different stages, as well as the transcriptional structures of
genes, which are of great value to the annotation of functional elements in the genome [16]. Weighted
gene co-expression network analysis (WGCNA) is a widely used method to correlate modules and
concatenate external traits. It can also explore relative timing of genes clustered into the same module,
because genes clustered into a module are thought to be highly connective, with potentially have
broadly similar functions that contributed to a common goal [17]. WGCNA analysis can further identify
hub genes, which are critical for a specific trait or biological process [17]. WGCNA is a powerful
method for transcriptome analysis and has been widely applied in studying many different biological
contexts, including carcinogenesis, brain imaging and early development in various species [18-20].

In this study, we used deep RNA-sequencing to investigate the gene expression profiles of channel
catfish during early development stages. Seven early developmental stages, including 2, 5,6, 7, 8,9 and
10 days post fertilization (dpf), were selected for transcriptome sequencing and analysis. From the early
embryo stage (2 dpf), which sets upon a large yolk, to the adult-like stage (10 dpf), the critical period of
channel catfish development and organogenesis was covered. The transcriptome dynamics across
early development were provided, which will serve as a blueprint for future investigation of early
development and organogenesis. We have identified differentially expressed genes (DEGs) between
neighboring developmental stages. The DEGs were used to conduct Gene Ontology (GO) enrichment
analysis to reveal the biological functions and determine the co-expressed modules in WGCNA analysis.
Eight candidate hub genes, that define eight stage-specific modules, were identified using Cytoscape.
The hub genes are expected to be heavily involved in early development in channel catfish.

2. Results

2.1. Morphology of the Channel Catfish Embryos/Larvae during Early Development

At 2 dpf, the embryos, developing within the chorion, were approximately 4 mm in length and
oval with no eyes (Figure 1). At 5 dpf, the average length was 9 mm, and tail buds were free from the
yolk sac. The larval head was close to the yolk sac, eyes were observed, larvae laid on their side in
the water and activity of the tail allowed the fish to move slowly. At 6 dpf, the yolk sac was partially
absorbed, and the embryo looked more like a larva. The larvae were able to swing their tails slowly,
propelling them to the surface of the water. Their average length was 9 mm at this stage. By7 dpf, body
length had increased to 11 mm. The dorsal fin had started to develop, and bone could be observed
clearly through the translucent body. From days 8 to 10, and especially at 10 dpf, the yolk sac was
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2.3. Identification of DEGs during Early Development of Channel Catfish
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Figure 3. M-A plots (M: log ratio of expression fold change; A: mean of normalized counts) of the
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Table 1. Significant co-expression modules in channel catfish development.

Module Color Number of Genes Correlation (r) p-Value
Turquoise 2228 0.99 1x 10710
Black 255 —0.74 2 %1073
Blue 1916 -0.78 1x1073
Pink 142 -0.68 7 %1073
Green 910 0.77 1x1073
Grey 22 0.88 3x107°
Purple 82 0.76 2x1073
Brown 1173 0.67 9 x 1072

2.7. Functional Enrichment of Genes in the Eight Selected Modules

To investigate the biological functions related to channel catfish in early development, eight
modules potentially associated with early developmental stages were selected for Gene Ontology (GO)
enrichment analysis (Supplementary Table S4). Significant Gene Ontology (GO) terms in the selected
modules were identified using ClusterProfiler R package (version 3.6).

The turquoise module was significantly correlated with the 2 dpf stage. The genes in this
module were mainly enriched in four categories: development (muscle cell development, muscle
structure development, cell migration involved in heart development, hematopoietic or lymphoid organ
development), cell cycle process (cell proliferation, DNA replication, mitotic cell cycle process, meiotic
cell cycle process), reproduction process (cellular process involved in reproduction in multicellular
organism) and many transport activities (organic acid transmembrane transport, carboxylic acid
transmembrane transport, amino acid transport, organic anion transmembrane transporter activity).

The genes in black, blue and pink modules were also strongly correlated with the 2 dpf stage,
but they showed a negative correlation relationship with this developmental stage. Genes assigned
to the black module were enriched into proteasomal activity (proteasomal ubiquitin-independent
protein catabolic process, proteasome complex), endopeptidase complex and endopeptidase activity.
Genes in blue module were mainly related to synaptic signaling (chemical synaptic transmission,
anterograde trans-synaptic signaling, regulation of trans-synaptic signaling), ion transport (metal ion
transport, cation transmembrane transport, calcium ion transmembrane transport), cell and tissue
morphogenesis (cell part morphogenesis, cell morphogenesis involved in neuron differentiation,
muscle tissue morphogenesis), heart process (regulation of heart rate, heart contraction, regulation
of heart contraction) and nervous system development (regulation of nervous system development,
nervous system process, positive regulation of nervous system development). Genes in the pink
module were mainly associated with cytosolic processes (cytoplasmic vesicle membrane, cytoplasmic
vesicle part, cytosolic small ribosomal subunit), and vesicle membrane processes (synaptic vesicle
membrane, exocytic vesicle membrane, transport vesicle membrane).

The genes assigned to the green module were significantly correlated with the 5 dpf stage. Genes
in this module were enriched in processes of bone development (cartilage development, skeletal system
development) and morphogenesis (bone morphogenesis), as well as immune system development
(positive regulation of mononuclear cell proliferation, positive regulation of T cell proliferation, positive
regulation of lymphocyte proliferation, positive regulation of leukocyte proliferation).

The grey module genes were highly expressed in the 6 dpf stage. This module mainly included
Gene Ontology categories of extracellular matrix (extracellular matrix component, collagen-containing
extracellular matrix), binding activity (Guanosine-5’-triphosphate (GTP)-binding, purine nucleotide
binding, carbohydrate-binding) and symporter activity (potassium:chloride symporter activity,
cation:chloride symporter activity, anion:cation symporter activity).

The purple module genes were turned on during the 9 dpf stage. Genes in this module were
enriched in the differentiation (regulation of myeloid leukocyte differentiation, regulation of myeloid
cell differentiation), homeostasis (cellular calcium ion homeostasis, cellular divalent inorganic cation
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homeostasis, ion homeostasis) and some transmembrane activity (urea transmembrane transporter
activity, water transmembrane transporter activity).

The brown module was significantly related to the 10 dpf stage. Genes in this module were
enriched in neuron development (regulation of neuron projection development, neural crest cell
development), morphogenesis of different tissues and organs (cell morphogenesis involved in neuron
differentiation, cell morphogenesis involved in differentiation, sensory organ morphogenesis, dendrite
morphogenesis, inner ear morphogenesis).

The enriched terms for these stage-specific co-expressed modules were in agreement with our
previous GO enrichment analysis and morphology observations, which belong to tissues and organ
differentiation, regulation of ion transportation, cell proliferation and transmembrane activities.

2.8. Protein-Protein Interaction Network Construction and Analysis of Selected Modules

To further identify the function of the co-expressed genes within each module and investigate the
hub genes, Cytoscape (version 3.7.2) software was used to construct a co-expression network of the
top 200 ranked genes for eight selected modules (Supplementary Table S5), including the turquoise,
green, grey and purple modules. Notably, the pink, grey and purple modules only have 142, 22
and 82 genes separately, so all genes in these three modules were selected for co-expression network
construction. The highest degree genes (hub genes) were illustrated with a bigger size and specific color
(Figure 8). For example, GDF10 (growth/differentiation factor 10-like), FOXA2 (hepatocyte nuclear
factor 3-beta-like), HCEA (high choriolytic enzyme 1-like) and SYCE3 (synaptonemal complex central
element protein 3) were identified as hub genes in the turquoise module for the 2 dpf stage. CK1 (casein
kinase I), DARSI (aspartyl-tRNA synthetase 1), UBE2V?2 (ubiquitin conjugating enzyme E2 variant 2)
and OAZ2 (ornithine decarboxylase antizyme 2-like) were identified as hub genes in the green module
(correlated with the 5 dpf stage). In the grey module, I[FI44L (interferon-induced protein 44-like) and
ZIP10 (zinc transporter 10-like) were recognized as hub genes (correlated with the 6 dpf stage). TGFB1
(transforming growth factor beta-1-like) and TCK1 (creatine kinase, testis isozyme-like) were verified
as hub genes in the purple module (correlated with the 9 dpf stage). Similarly, KCNT1 (potassium
channel subfamily T member 1-like) and KCNC (potassium voltage-gated channel subfamily C member
1) were identified as hub genes in the brown module (correlated with the 10 dpf stage). A complete list
of hub genes and their descriptions are shown in Table 2.

Table 2. List of hub genes in channel catfish development co-expression modules.

Module Gene ID Gene Name Description
Turquoise 108262421 GDF10 Growth/differentiation factor 10-like
Turquoise 108257557 FOXA2 Hepatocyte nuclear factor 3-beta-like
Turquoise 108259527 HCEA High choriolytic enzyme 1-like
Turquoise 108268486 SYCE3 Synaptonemal complex central element protein 3
Black 108266139 VGLL3 Vestigial like family member 3
Black 108281038 CELSR2 Cadherin EGF (epidermal growth factor) LAG (laminin G) seven-pass G-type
Black 108258146 SCARA3 Receptor 2-likescavenger receptor class A member 3
Blue 108267173 ASTN1 Astrotactin 1
Blue 108272908 GAD2 Glutamate decarboxylase 2
Pink 108255676 ARF1 ADP-ribosylation factor 1-like
Pink 108277500 NDE1 Nude neurodevelopment protein 1
Pink 108254710 RHOA Transforming protein rhoa-like
Green 108274016 CK1 Casein kinase I
Green 108266474 DARS1 Aspartyl-trna synthetase 1
Green 108264029 UBE2V2 Ubiquitin conjugating enzyme E2 variant 2
Green 108279393 OAZ2 Ornithine decarboxylase antizyme 2-like
Grey 108266103 IFI44L Interferon-induced protein 44-like
Grey 108264165 ZIP10 Zinc transporter 10-like
Purple 108279384 TGFB1 Transforming growth factor beta-1-like
Purple 108262114 TCK1 Creatine kinase, testis isozyme-like
Brown 108256037 KCNT1 Potassium channel subfamily T member 1-like

Brown 108275314 KCNC Potassium voltage-gated channel subfamily C member 1
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3. Discussion

3. Discussion
Gene expression changes are complex during the transition from fertilized eggs to larvae, and the

transcriptome profiles underlying these events have not been fully studied in catfish. The main
objectives of this study were to utilize a transcriptome sequencing method to analyze the expression of
seven early developmental stages in channel catfish and to construct a gene co-expression network
involved in embryogenesis. In this study, we investigated a set of DEGs in each developmental stage
by comparing each of the two successive stages and found that the highest numbers of DEGs occurred



Int. J. Mol. Sci. 2020, 21, 5535 11 of 23

at 5-7 days post fertilization. The vast differences in transcript expression illustrate that these stages
are of rapid, critical, expansive development in channel catfish in accordance with morphological
change observation. Gene Ontology enrichment analysis revealed that during early embryogenesis,
the most enriched Gene Ontology categories were related to development, growth, differentiation and
morphogenesis, especially during 5-7 dpf. These stages are critical for the development of muscle,
nerves, bone and other tissues, and cell differentiation during transformation from fertilized eggs
to larvae.

WGCNA [17] is a powerful method to identify co-expressed groups of genes from large RNA
expression datasets [21], and is widely used to explore the correlation among transcriptomic datasets,
identify hub genes and discover new pathways in both model and non-model species [22-24]. WGCNA
has proven its superiority over partial correlation methods and provides a powerful tool for identifying
higher-order correlation in complex traits of interest, by presenting a simplified network on the
integrated function of gene modules [25,26].

Our study is the first systematic characterization of catfish early development at the transcriptome
level. Previous research mainly focused on the physical development and anatomy. The first study
related to the embryonic development of channel catfish was conducted from 2 dpf through 11 dpf,
with a focus on the organogenesis of pronephros [7,8]. Later on, a more detailed description was
performed at 1 h intervals after fertilization for a 34 h period, which corresponded to the emergence of
the pectoral fin-buds at water temperatures from 24.7 to 26.8 °C [6]. Specific developmental stages
of channel catfish embryos were for the first time defined based on the development of the vascular
system at 26 °C. All the stages were characterized before 5 dpf [27]. Makeeva et al. reported that
stage IV (1 dpf) was mainly associated with gastrulation, stage V (~1.5 dpf) related to organogenesis
and stage VI (~2 dpf) resulted in formation of gill microstructure, eye lens, auditory vesicles and
segmentation of tail. At the end of the second day of development, they observed the heartbeat,
and also the rotation of embryo within the egg case, with its tail whipping back and forth. Stage VII
(~3 dpf) was associated with development of the vascular system, development in the brain and an
intestinal cavity can also be observed at this stage [27]. In general, our observations agreed well with
those of earlier studies. The functional annotation of DEGs between 5 and 2 dpf revealed that the
enriched terms were most associated with muscle tissue development, bone growth, morphogenesis of
different organs, chondrocyte development, heart contraction, blood coagulation and regulation of
blood circulation. However, our morphological observations found that the embryonic tails were not
observed until 5 dpf, which is slightly later than previous observations for channel catfish embryonic
development [27]. Our fertilized eggs were incubated at 25 to 26 °C (mainly 25 °C), which is not
that much different than earlier studies. Perhaps, the slower development for our channel catfish
was due to the strain, water quality or oxygen levels, which could lead to variation in the speed of
development [27].

In the current study, and for the first time, a gene co-expression network was used to investigate
the transcripts of the embryos and fry in different early developmental stages of channel catfish. Using
contrasted biological samples at different developmental stages of channel catfish embryos, four distinct
modules were identified. The genes within the same intra-module were used to perform Gene Ontology
enrichment analysis, and the genes most associated with 2, 5, 6 and 9 dpf stages were identified as
enriched in development, proliferation, morphogenesis and differentiation categories, such as muscle
structure development, hematopoietic or lymphoid organ development, bone morphogenesis and
regulation of myeloid cell differentiation categories. Then, Cytoscape was employed to build a PPI
network for the four selected modules, and the high degree of genes (hub genes) was verified to have
an essential role in the co-expression network.

3.1. Turquoise Module (Hub Genes and Node Genes)

The module most associated with the 2 days post-fertilization stage was the turquoise module,
which was a critical first stage for the transition of fertilized egg to an adult-like fry. The hub genes were
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GDF10, FOXA2, HCEA and SYCE3. GDF10 is a growth differential factor belonging to the TGC-beta
(transforming growth factor beta) superfamily, and functions predominantly in bone development [28].
Its pathways are p70S6K signaling and activation of cAMP-dependent protein kinase A [29,30]. GDF10
is necessary for head formation, skeletal morphogenesis and adipogenesis [31-33].

FOXA2 is a transcription factor involved in embryonic development [34], and regulation of gene
expression in differentiated tissues and development of multiple endoderm-derived organ systems,
such as liver, gland, pancreas and lungs [35-38]. This gene is related to pathways that include
heart developmental, Hedgehog signaling events mediated by Gli proteins and cardiac progenitor
differentiation [29,30].

HCEA participates in the breakdown process of the egg envelope, which is derived from the egg
extracellular matrix [39,40]. HCEA has a typical neutral zinc metallopeptidase domain that is involved
in the binding of zinc and proteolysis [41].

Another candidate hub gene for the 2 dpf module is SYCE3, which has associated pathways that
include the cell cycle, mitosis and meiosis [29,30]. SYCE3 is a significant component of the transverse
central element of synaptonemal complexes (SCS) formed between homologous chromosomes during
meiotic prophase. This gene is also required for chromosome loading of the central element-specific SCS
proteins, and for initiating synapsis between homologous chromosomes as well as being required for
fertility [42,43]. These hub genes findings, together with GO enrichment results in the turquoise module,
imply that the 2 dpf stage is a critical time window related to tissue differentiation, morphogenesis and
different organ development, such as bone morphogenesis, head formation, skeletal morphogenesis,
live development, gland and lungs development, which requires a series of concerted meiosis, mitosis
and synapsis activity, and SYCE3 may play an essential role regulating early development through
these functions.

Gene names and gene IDs of the remaining 2223 genes in the turquoise module are listed in
Supplementary Table S3. The functional characterization of these genes in the zebrafish model can be
retrieved from the ZFIN (Zebrafish Information Network) [44].

3.2. Black Module

The black module was most associated with 2 dpf, hub genes in this module included VGLL3,
CELSR2 and SCARA3. The VGLL proteins are transcriptional co-factors influencing myogenesis in
skeletal muscle. Figeac et al. reported that VGLL3 could contribute to muscle fiber composition
in mice, and knockout of VGLL3 gene in mice suppressed myoblast proliferation. Conversely,
the overexpression of VGLL3 highly increased myogenic differentiation. This research stated that VGLL3
was a transcriptional co-factor working with the Hippo signal transduction to control myogenesis [45].
Also, VGLL3 was verified to be linked with age at maturity in Atlantic salmon (Salmo salar). VGLL3 and
the interrelated Hippo pathway has been reported to be linked to the decreased proliferation process in
different tissues, and might play a negative role on Sertoli cell proliferation in testis, thus, compressing
the growth of pubertal testis [46].

CELSR 1-3 expression started broadly in the nervous system in early developmental stages. These
genes were found to be expressed in other organs, such as the cochlea, the kidney and the whisker.
CELSR? protein was distributed along intercellular boundaries in the whisker and related to neuronal
cells [47]. Also, the CLESR2 gene was reported to play a role in the regulation of facial motor neurons’
migration in the neuroepithelium during the development of the zebrafish hindbrain [48].

SCARAS3 belongs to the class A scavenger receptors (SR-As) family, which was identified to be
functioning with the innate immunity in mammals [49]. This gene was also identified to potentially
contribute to immunity in rainbow trout (Oncorhynchus mykiss) [49]. Further research is needed to see
if this gene also functioned as an immunity regulator in all teleost fish.
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3.3. Blue Module

For the blue module, which was most correlated with 2 dpf, hub genes contained ASTN1
and GAD2. The ASTNI works as a neuron-glial ligand for central nervous system glial-guided
migration [50]. ASTNTI is necessary for normal migration of young post-mitotic neuroblasts along glial
fibers. It also plays an important role for the migration of granule cells during brain development [50,51].
In zebrafish, GAD?2 plays a role in the dorsal hindbrain development [52]. GAD?2 is also involved in the
neurotransmitter release cycle and beta-alanine metabolism pathway [29].

3.4. Pink Module

For the pink module, which was most correlated with 2 dpf, hub genes were: ARF1, NDE1 and
RHOA. ARF1 was considered to be coupled with CDC42 to regulate the endocytosis in the plasma
membrane [53]. The association of ARF1 and endosomal membranes was regulated by the endosomal
pH, which controls the pH-dependent association of endosomal Coat proteins (COPs). ARF1 could
influence COP function through the endocytic pathway, which may suggest that ARF1 might act as the
cytosolic component for a transmembrane pH-sensing mechanism.

NDE1 was reported to play an essential role for centrosome duplication and mitotic spindle
assembly. The function and orientation of the mitotic spindle was critical for normal cerebral cortex
development in mammals [54,55]. RHOA encodes a member of the Rho family of small GTPases,
which could promote the reorganization of the actin cytoskeleton as well as regulate the shape and
motility of organisms [56]. All these findings indicate that appropriate gene expression at 2 dpf was
vital for the survival of individual as well as the development and function of different organs. More
detailed study of early embryonic development, tracing the formation of a specific tissue/organ, or
even the expression and migration of a specific gene at 2 dpf, should be examined in the future.

3.5. Green Module

For the green module, which was most correlated with 5 dpf, its hub genes included CK1, DARSI,
UBE2V2 and OAZ2. The CK1 family of protein kinases are serine/threonine-selective enzymes, which
function as key regulatory molecules involved in the cell cycle, DNA repair, transcription, translation,
the structure of the cytoskeleton, cell-cell adhesion and receptor-coupled signal transduction [57,58].
CKlis also involved in the Wnt signaling pathway [29]. The Wnt signaling pathway plays an important
role in lung organogenesis, the initial formation of the neural plate and many subsequent patterning
decisions in the embryonic nervous system [59,60]. The Wnt signaling pathway also works with other
signaling systems as primary molecular mechanisms that control embryonic development, and regulate
processes such as cell proliferation, survival, or differentiation [61].

DARS]I is critical to the processes of tRNA aminoacylation, selenoamino acid metabolism as
well as gene expression [29,30]. The DARSI gene encodes a member of a multienzyme complex,
which catalyzes the attachment of an amino acid (AA) to its connate tRNA in a two-step reaction.
The amino acid is first activated by ATP to form AA-AMP and then transferred to the acceptor end of
the tRNA [62]. Although DARS] is considered to be expressed in all organs, it has a distinct expression
pattern in the brain. Dars-knockout mice were not viable and displayed early developmental arrest
with associated embryonic lethality [63,64]. Mutations of DARST and its homolog DARS2 have been
reported in patients showing hypomyelination in the brainstem, spinal cord and leg spasticity (HBSL),
and leukoencephalopathy brain stem and spinal cord involvement and elevated lactate (LBSL), which
demonstrates that mutation in tRNA causes a similar disease and shares a common mechanism of
neurological pathology [65].

UBE2V?2 is thought to be involved in the differentiation of monocytes and enterocytes [66], and it
may also play a role in progression through the cell cycle, as well as differentiation [43,67]. Among its
related pathways are DNA double-strand break repair, and class I MHC-mediated antigen processing
and presentation [29,30].
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OAZ2 plays a role in cell growth and proliferation by regulating intracellular polyamines [43,68].
Its related pathways are cyclin-dependent kinase (CDK)-mediated phosphorylation, removal of cdc6é
and metabolism [29,30]. Five dpf is considered as a transition period from fertilized egg to adult-like fry,
and the larvae possess movement at this stage. The hub genes identified at this stage were correlated
with regulation of the cell cycle and transcription activities, as well as formation of the nervous system.

3.6. Grey Module

Another module of interest was the grey module, which was most strongly associated with 6 dpf.
Hub genes in this module included IFI44L and ZIP10. IFI44L is reported to be associated with virus
infection and immune activity, as well as the formation of microtubular structures [69-71]. This gene
has not been verified to be closely related to early embryonic development; however, the PPI network
predicts that IFI44L plays an essential role in this module, illustrating that IFI44L. may be related to
early immune response and the survival of embryos, and thus, contributes to the early development
mechanisms. The other hub gene in this module is ZIP10, which controls the membrane transport of
zinc, calcium, manganese and regulates their intracellular and cytoplasmic concentrations [72].

Functions of most other node genes, i.e., SLC12A8, MTFR1L, Tatdn2, Agxt, MX2, nd4l and nd6,
have not been experimentally documented in embryogenesis and somitogenesis of fish [44]. SLC12A8
(solute carrier family 12 member 8) was an important paralog gene of SLAI2A2, Gene Ontology (GO)
annotations assign this gene possible function that includes ATPase activity, coupled to transmembrane
movement of substances and symporter activity. MTFRIL (Mitochondrial Fission Regulator 1 Like)
was a paralog of MTFR2, which may play a role in mitochondrial aerobic respiration in the testis.
It also promotes mitochondrial fission. MX2 (MX dynamin like GTPase2) was involved in the innate
immune system [44].

The related pathways of Tatdn2 (TatD DNase Domain Containing 2) are unfolded protein
response (UPR) and metabolism of proteins. The GO annotations related to this gene include
deoxyribonuclease activity and endodeoxyribonuclease activity. Agxt (alanine-glyoxylate and
serine-pyruvate aminotransferase) are predicted to have alanine-glyoxylate transaminase activity
and serine-pyruvate transaminase activity. Both nd4l (ND4L-NADH dehydrogenase, subunit 4L)
and nd6 are involved in respiratory electron transport, ATP synthesis by chemiosmotic coupling and
heat production by uncoupling proteins [44]. At 6 dpf, channel catfish larvae possess relatively full
swimming ability. One of the most important results at 6 dpf came from GO enrichment and PPI
network analysis, which indicated that this stage was mainly associated with early immune response,
shedding light for further study of immune mechanisms in channel catfish or even other teleost fish.

3.7. Purple Module

The purple module was correlated with 9 dpf. This module contained TGFB1 and TCK1. TGFB1
can regulate cell proliferation, differentiation of various cell types and function in other processes such
as normal development, immune function and responses to neurodegeneration [43,73,74]. Among
its related functions are transcription androgen receptor nuclear signaling and the p70S6K signaling
pathway [29,30].

TCK1 reversibly catalyzes the transfer of phosphate between ATP and various phosphagens,
and also plays a crucial role in tissues with high energy requirements, such as in skeletal muscle, heart,
brain and spermatozoa [43,75,76].

The other node genes (Supplementary Table S3), AQP7, AQPS, cldn11, MMP9 and clec14a may be
involved in the somitogenesis and normal function of organs during early development. Zebrafish
AQP7 (Aquaporin 7) was maternally inherited and detected at the 2—4 cell and morula stages [77],
while other paralogs such as AQP8aa were related to somitogenesis and vascular development [78].
Cldn1la (Claudin 11), expression was detected in vascular endothelium, adjacent to the optic stalk of
embryo in normal retinal embryo [79,80]. cldn1l expression requires zic2 function in the differentiating
mammalian cerebellar ganglion cells [81]. MMP-2 (matrix metallopeptidase 2), MMP-9 and MMP-13
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were necessary for proper zebrafish craniofacial morphogenesis as morpholino knockdown of these
genes shows huge alterations in both the mandibular and hyoid arches concurrently [82]. By interacting
with Etv2 and Vegf signaling, Clec14a (C-lectin family 14 member A) in zebrafish was indispensable
for function of vascular endothelia cells during vasculogenesis and angiogenesis, as knockdown of
Etv2/Vegf results in an inhibition of intersegmental vessel sprouting [83]. The 9 dpf channel catfish
larvae was more like an adult fish and possesses fully swimming ability. Our findings reveal that this
stage mainly related to the process of immune function, neurodegeneration and vascular development.

3.8. Brown Module

The last module is the brown module, which was correlated with 10 dpf. The hub genes in
this module contain KCNT1 and KCNC. The KCNT1 gene belongs to the potassium channel family,
which is considered to regulate ion flux. It could also interact with cytoplasmic proteins related to
developmental signaling pathways [84]. The KCNC gene belongs to a potassium voltage-gated channel
family, which was critical for the rapid repolarization of fast firing brain neurons [29]. In response to the
voltage across the membrane, the channel opens, forming a potassium-selective channel, and potassium
ions, in accordance with their electrochemical gradient, could cross the channel [29,85]. The period of
10 dpf was the last timepoint selected in this channel catfish early development study as at this time,
the fry can swim freely and possess relative complete function.

4. Materials and Methods

4.1. Ethics Statement

All of the experimental protocols involved in animal care and sample collection were approved by
the Auburn University Institutional Animal Care and Use Committee (AU-IACUC, PRN#: 2016-2901
on 13 June 2016). All samples were collected after euthanization with buffered MS-222 (200 mg/L).
All animal handling procedures were performed following the Guide for the Care and Use of Laboratory
Animals and the Animal Welfare Act in the United States.

4.2. Sampling of Channel Catfish

The Kansas random strain of channel catfish was raised in earthen ponds at the Genetics Research
Unit, E.W. Shell Research Center, Auburn University. The Kansas strain was derived from the
Ninnescah River in Pratt, Kansas, in 1911 [86,87], and is the oldest domestic channel catfish strain in
the US.

After harvesting, females and males were mated and spawned at the genetics facility greenhouse.
Channel catfish embryos and larvae were obtained by artificially spawning brood stock. Fertilized
eggs were incubated in a hatching trough at 25 to 26 °C, with water hardness above 40 ppm and
dissolved oxygen level of 5 mg/L. Treatments ceased 24 h before the expected hatch date. From 7 dpf,
swim-up fry were fed to satiation six times per day using a powdered 50% protein starter diet from
Purina® AquaMax® (Purinamill, Arden Hills, MN, USA) [87]. To contain a large timeframe of channel
catfish samples, including stages of fertilized egg to a mature-like fry, channel catfish samples were
obtained at 2, 5, 6,7, 8,9 and 10 dpf based on their developmental stages. A total of 20-50 embryos or
larvae were collected at each sampling, and 200 ppm buffered MS-222 was utilized to euthanize the
larvae [87]. The samples were placed into 1.5 mL centrifuge tubes, flash-frozen in liquid nitrogen and
stored in —80 °C for RNA extraction.

4.3. Microscopic Anatomy

At each sampling timepoint, another 20-50 embryos/larvae were fixed with 10% phosphate-
buffered formalin in 1.5 mL centrifuge tubes and sealed for microscopic analysis. For microscopic
anatomical observations, samples were transferred to a 75% ethanol solution. Observations were
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conducted with a MEIJI TECHNO anatomy microscope (MEIJI Techno America, San Jose, CA, USA)
and images were photographed with a Canon DS126311 camera.

4.4. RNA Isolation, Library Construction and Sequencing

In order to examine changes in expression throughout early stages of development, at each time
point, 2,5, 6,7, 8,9 and 10 dpf, eight embryos/larvae were randomly selected and divided into two
replication pools (four embryos or larvae each). For each replicate, samples of four embryos/larvae
were homogenized in liquid nitrogen with a mortar and pestle. RNA extraction was conducted using
a Qiagen RNeasy Plus Kit following the manufacturer’s protocols. The concentration and purity of
RNA samples were measured using a NanoDrop spectrophotometer (Thermo Scientific, Madison, WI,
USA). For each time point, equal amounts of RNA from the two pooled replicates were used for library
construction and Illumina RNA sequencing [88].

Library construction and sequencing reactions were conducted at GENEWIZ, LLC. (South
Plainfield, NJ, USA). The RNA integrity was checked with 4200 TapeStation (Agilent Technologies,
Palo Alto, CA, USA). Ribosomal RNA depletion was conducted using Ribozero rRNA Removal Kit
(lumina, San Diego, CA, USA). RNA sequencing library preparation was performed using a NEBNext
Ultra RNA Library Prep Kit for lllumina (NEB, Ipswich, MA, USA). Enriched RNAs were fragmented
for 15 minutes at 94 °C. The first strand and second strand cDNA were subsequently synthesized.
The cDNA fragments were end-repaired and adenylated at 3" ends, and a universal adapter was
ligated to cDNA fragments, followed by index addition and library enrichment with limited cycle PCR.
Sequencing libraries were validated using the Agilent Tapestation 4200 (Agilent Technologies, Palo
Alto, CA, USA) and quantified by using a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA).
The samples were sequenced using a 2 X 150 paired-end (PE) configuration. Image analysis and base
calling were conducted by the HiSeq Control Software (HCS). The raw RNA-seq data is available at
NCBI GEO (Gene Expression Omnibus) databases under the accession number GSE152002.

4.5. Reads Mapping and Differential Expression

The channel catfish reference genome was used for mapping [14]. Channel catfish transcriptome
data (.bcl files) generated from Illumina HiSeq were converted into fastq files and de-multiplexed using
Illumina’s bel2fastq software (version 2.17). The quality of raw reads was controlled by FASTQC [89].
Raw reads were filtered by removing low-quality reads, adapters and reads with length shorter than
36 bases using Trimmomatic v0.36 [90]. The resulting clean reads were quality-controlled again and
aligned to the channel catfish genome by STAR software (version 2.7.0) [91], allowing less than a 4-bases
mismatch. HTSeq-count [92] was conducted to calculate the number of aligned reads of each gene
overlapping its exons. To perform the differential expression analysis with the embryonic development
of channel catfish, an R package DESeq2 [93] was employed to calculate the log2-fold change (log2FC),
a criterion with [log2FC| > 1, and adjusted p-value < 0.05 was used as the threshold for evaluating
the DEGs. The log2FC > 1 DEGs were considered to be upregulated, while log2FC < —1 DEGs were
considered to be downregulated.

4.6. Enrichment Analysis

For every differential expression comparison, the Gene Ontology (GO) terms of each gene were
assigned by using zebrafish annotations for the unigene set. Enrichment analysis was also performed
using the ClusterProfiler R package (version 3.6) [94] to profile their major biological processes,
molecular functions and cellular components. The threshold of significance criteria was set at a 0.05
g-value cutoff and the enriched GO terms were ranked by p-value.

4.7. Gene Co-Expression Network Construction

To verify the interesting gene modules and network properties of the gene expression profile in
the early development of channel catfish, an R package named weighted gene co-expressed network
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analysis (WGCNA) [17] was employed following the standard protocol. Then, the intramodular
connectivity and gene significance were applied to verify key co-expressed genes in the network and
correlate the identified modules to external information development stages. A total of 8504 DEGs
from 7 timepoints were used to calculate the correlation between samples and for the hierarchical
clustering analysis.

4.8. Identification of Development-Related Modules and Visualization

After the co-expression network was constructed, the developmental stage-responsive modules
and genes were selected based on the correlation coefficient between modules and developmental
stages. The genes within the same modules are highly connective, and the genes inside the same
module potentially have similar functions. To verify the biological function of the specific modules
as well as the correlation between the modules and different development stages, genes inside the
same modules were selected to perform GO enrichment analysis using the R package ClusterProfiler
(version 3.6) [94]. Hub genes are defined as genes inside co-expression modules with high correlation.
To further verify the hub genes and their possible roles in early development stages, the top 200 ranked
genes within each module were extracted according to the intra-modular connectivity with module
eigengenes, which were used to construct a protein—protein interaction (PPI) network. The R package
Cytoscape (version 3.7.2) [95] was employed to identify genes of the highest node degree, which may
have a critical function in the PPL

5. Conclusions

In conclusion, a comprehensive transcriptome analysis was used to explore the dynamic changes
during channel catfish early development. This study provides genomic data that has great promise for
improved understanding of channel catfish embryogenesis. A co-expression network was constructed
using the WGCNA method. As a result of that effort, 12 modules were verified, eight of them were
identified to be closely associated with channel catfish early development. Further analysis of these
eight selected modules revealed that they were enriched in biological processes related to development,
morphogenesis, growth and differentiation. Five- and six-days post-fertilization embryos contained
the most strongly differentially expressed genes (DEGs). Gene Ontology (GO) analysis revealed that
enriched categories at 5 and 6 dpf were most related to embryonic development, morphogenesis,
differentiation and formation of different organs. In addition, these stages display the most striking
changes in morphology. Thus, day 5 and 6 are likely to be critical turning points in the progression
from fertilized egg to larva in channel catfish. Hub genes identified within each module are likely to
direct critical roles during the development and growth processes in channel catfish. Taken together,
our results are a first stage in shedding light on the complex biological processes that take place during
early development. Our work provides a useful genetic resource for future studies on the metabolism,
growth and genetic enhancement programs of channel catfish. Further research should address gene
quantification and genetic behavior. Gene editing technology will be used to confirm the function of
these genes in WGCNA network.

Supplementary Materials: The following supplementary materials can be found at http://www.mdpi.com/1422-
0067/21/15/5535/s1: Table S1: Summary statistics of the transcriptome sequencing in channel catfish (Ictalurus
punctatus) early development stages (CCN1-N2; channel catfish days post-fertilization (dpf) replicate number).
Table S2: Normalized gene read counts in Channel catfish across 7 developmental stages. Table S3: Differentially
expressed genes (DEGs) in Channel catfish across 7 developmental stages. Table S4: A list of genes in eight
selected modules and Gene Ontology enrichment analysis. Table S5: A list of genes for Cytoscape analysis in each
module. Figure S1: Overview of RNA-Seq mapping in channel catfish, Ictalurus punctatus, early development.
N1dpf-N2: channel catfish days post-fertilization (dpf) replicate number. Figure S2: Analysis of network topology
for different soft thresholding powers in channel catfish, Ictalurus punctatus. In the left diagram, y-axis is the
scale-free fit index as a function of the soft-thresholding power (x-axis). The right diagram shows the mean
connectivity (degree, y-axis) as a function of the soft-thresholding power (x-axis).
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