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Abstract

Mucin genes are the main component of mucus. The sea anemone species,
Aulactinia veratra (Phylum Cnidaria) contains different types of mucin genes.
In the intertidal zone, A. veratra is found to be exposed to air during the low
tide and produces large quantities of mucus as an external covering. The rela-
tion between low tide and mucus secretion is still unclear, and what is the role
of mucin during arial exposure is not yet investigated. This study hypothe-
sised that the mucin genes in A. veratra would have significantly high expres-
sion in response to aerial exposure. Therefore, the aim of current study was to
examine and analyses the response of A. veratra mucins in response to an ex-
periment involving three hours of aerial exposure. To achieve this, aim the
RNA-sequencing and bioinformatics analyses were used to examine the ex-
pression profile of A. veratra mucin genes in response to aerial exposure.
The generated results have shown that, Mucin4-like and mucin5B-like were
up-regulated in response to the three hours of aerial exposure in A. veratra.
This finding shows a significant role of mucin5B-like and mucin4-like genes
in response to air stress at low tide. The data generated from this study could be
used in conjunction with future mucin gene studies of sea anemones and other
cnidarians to compare A. veratra mucin gene expression results across time, and
to extend our understanding of mucin stress response in this phylum.

Keywords

Aulactinia veratra, Mucin4-Like, Mucin5B-Like, Cnidaria, Mucin Gene
Expression, RNA-Sequencing, Sea Anemones, Mucus, Aerial Exposure

1. Introduction

Mucins are a part of the glycoprotein family and the main proteinaceous com-
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ponent of mucus, produced by epithelial cells. [1] [2] [3] synthesized most mucins
form a thick mucus layer, while others form a glycocalyx coating [4] [5]. Mucin’s
general structure and biochemical properties such as, ysozymes, immunoglobu-
lins, complex mixture of proteins, ions, lipids, and other components [6], protect
cell surfaces, and their specific molecular structures regulate the local molecular
microenvironment near the cell surface [7]. Additionally, they act as a protective
barrier; block the passage of bacteria, large molecules, and other infectious or-
ganisms [8]. Mucins also play roles in several other biological functions, includ-
ing the regulation of gene expression, cell proliferation, cell differentiation, em-
bryogenesis, immunity, apoptosis, lubricator for internal organs in the body by
forming mucus, and key role between epithelial cells [9]. Moreover, mucins play
a role in carcinogenesis [10] and they are involved in the innate immune system
[11] [12]. Consequently, mucins are multifunctional proteins and likely under-
take multiple roles also in cnidarian species. In previous cnidarian mucins study
by [13] a repertoire of mucin genes was identified in A. veratra, but the study did
not investigate the mucin expression in this species.

The sea anemone A. veratra belong to phylum Cnidaria, within class Antho-
zoa and order Actinaria [14] [15] is also known as green shore anemone [15]. A.
veratra is a native to Australian and New Zealand coasts [15] [16]. In the inter-
tidal zone, A. veratra can be found to be covered with coarse sand and shell grit
(Figure 1) and is exposed to air during the tidal cycle. To cope with this periodic
exposure, it produces large quantities of mucus as an external covering. The
production of large amounts of mucus has been proposed as one potential adap-
tation to aerial exposure in this environment, but gene expression patterns of
mucin genes have not been examined in this species in response to temporal and

spatial environmental stresses.

Figure 1. Sea anemone A. veratra. The figure shows in (a) the sea anemone A. veratra
covered with coarse sand and shell grit (Image from Silva, 2013). (b) A. veratra at high
tide. The A. veratra size up to 6 cm in length and up to 4 cm in diameter (Image by Alaa
Haridi and Physiological Genomics Lab group in the Queensland University of Technol-
ogy, 2014, 2015).

Previous studies in cnidarians have examined the response of genes to differ-
ent environmental stresses. These studies have included the following stresses:
temperature in Montastraea faveolata, A. pallida [17] and Porites astreoides lar-
vae [18]; thermal stress in A. millepora [19]; sunlight stress in A. tenebrosa [20];

and air exposure in Palythoa caribaeorum [21]; and Veretillum cynomorium
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[22]. In fact, these studies have investigated the influence of several environ-
mental stress factors on different stress response genes in cnidarians, but no
studies have examined the expression of mucin genes under any stress treatment.

To date, sea anemone molecular studies have suggested the potential role of
the mucin genes in wound healing and in the development stages in N. vectensis
[23] [24]. None of these studies has examined the response of mucin genes, in
particular, not in the green snakelock A. veratra. What the molecular role of the
mucin genes is under aerial exposure stress is still obscure. This deficiency high-
lights the need to study the expression of mucin genes under simulated envi-
ronmental stresses in cnidarians, such as intertidal sea anemones.

This current study addressed this question by examining and analysing the
response of A. veratra mucin genes in response to an experiment involving three
hours of aerial exposure. The high-throughput next-generation sequencing tech-
nology and bioinformatics analyses were used to complete this study. This in-
formation will help researchers to understand mucins potential significant role

in protecting this species during low tides.

2. Materials and Methods
2.1. Sample Collection and Air Exposure Experiment Design

Two samples of A. veratra were collected from Port Cartwright, Queensland,
Australia, in February 2016 and maintained at the marine laboratory at the
Queensland University of Technology. In this facility, they were housed in 50 L
aquarium glass tanks under controlled conditions that reflected their natural en-
vironment as detailed in [25] for details. The first A. veratra individual was aeri-
ally exposed for three hours before RNA extraction, while the second sample was
kept immersed in the tank as a control. In this study, the air exposed sample was
named (Air) and the control sample, named (Water) (Figure 2).

Figure 2. Experiment samples. Aulactinia veratra, water sample fully submerged in water
(immersed as a control) and air sample (3 hours of exposure to air). (Images by Alaa Ha-
ridi and Physiological Genomics Lab group in the Queensland University of Technology,
2014, 2015.)

2.2. RNA Extraction, Library Preparation, Sequencing, Assembly
and Quality Assessment

Individual sea anemones (air and water samples) were snap frozen in liquid ni-
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trogen and stored at —80°C until RNA extraction. The individuals were ho-
mogenised in liquid nitrogen and total RNA was extracted from the whole or-
ganisms using a Trizol/chloroform RNA extraction protocol [26] [27]. RNA
quality and integrity were tested using a bioanalyzer 2100 RNA nano chip fol-
lowing the protocol of [28]. Library preparation was undertaken using an Illu-
mina True-Seq stranded mRNA sample preparation kit (Illumina) and following
the manufacturer’s instructions. Sequencing was performed on the Illumina
NextSeq 500 platform using 150 bp paired end reads. The non-biological se-
quences as well as low quality reads (Q < 20) were removed using Trimmomatic
[29] [30]. High-quality sequence reads with thresholds of Q > 20 were used for
assembly and other downstream analyses. The raw RNA sequence reads were
deposited to GenBank® at the National centre of biotechnology information
(NCBI), the accession numbers are available in the supplementary file: Table S1.

The two sets of clean reads were assembled using the Trinity v2.0.6 short read
de novo assembler using default settings and the stranded tag [31]. CD-Hit
v.4.6.1 [32] [33] was used to remove redundant and chimeric sequences from
all assemblies [28]. In addition, the core eukaryotic genes mapping approach
(CEGMA v.2.5) [34] was used to assess the assembly completeness by determin-
ing the percentage of full-length sequences corresponding to 248 highly con-

served eukaryotic proteins [26].

2.3. Functional Annotation and Gene Ontology

Transcriptome annotation was conducted using the Trinotate pipeline V3.0 fol-
lowing method detailed as per [13] for details. Gene Ontology (GO) terms were
assigned to contigs that received BLAST hits and had functional annotation in-
formation. The distribution of GO terms across Molecular Function (MF), Bio-
logical Process (BP) and Cellular Component (CC) categories were visualised in
WEGO [35] as per [36].

2.4. Read Mapping and Differential Gene Expression Analysis

BOWTIE2 software v.2.2.5 was used to map reads back to the reference assembly
[37] for both species in which differential gene expression analysis was under-
taken. Transcript abundance was estimated using RSEM v1.2.19 [38]. Fragments
per kilobase of transcript per millions (FPKM) was calculated for all transcripts.
Differential gene expression (DGEs) analysis was performed using the EdgeR
Bioconductor package [39] in the trinity pipeline following the scripts at
(https://github.com/trinityrnaseq/trinityrnaseq/wiki/Trinity-Differential-Expres

sion). The gene list with statistically significant differential expression based on a
false discovery rate (FDR) of <0.001 and log fold change (FC) = 2 were then
clustered using hierarchical clustering to produce a heatmap at

(https://github.com/trinityrnaseq/trinityrnaseq/wiki/Trinity-Differential-Expres

sion). The list of differentially expressed genes was filtered to find if any of the

mucin candidates were in this list.
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2.5. Gene Set Enrichment Analysis (GSEA)

Gene set enrichment analysis was conducted on the list of DGEs using trinity
scripts at

(https://github.com/trinityrnaseq/trinityrnaseq/wiki/Trinity-Differential-Expr

ession). The results were filtered to determine if specific ontologies were over
or under-represented in comparison to the overall assembly based on FDR of
<0.01.

3. Results
3.1. Sequencing, Assembly, Annotation, and Gene Ontology

A total of 69,513,111 clean reads were assembled into 118,019 contigs. The assem-
bly was highly complete and contained a high proportion of full-length transcripts
(98.4%). More statistics are available in the supplementary file: Table S2.

Overall, 47,513 contigs returned significant BLASTx hits with a stringency of
1E x 107°, and gene ontology terms were assigned to 35,574 contigs. The distri-
bution of GO terms showed that the highest number of GO terms was assigned
to BP, then MF and finally the least terms were assigned to CC. In the BP cate-
gory, cellular process (20,728 gene) (74.5%), metabolic process (14,716 genes)
(52.9%) and biological regulation (12,237 genes) (44%) were the most assigned
GO terms. Binding (18,438 genes) (66.3%) and catalytic activity (11,099 genes)
(39.9%) were the top assigned GO terms under the MF category. The greatest
number of GO terms assigned under the CC category were; cell (22,942 genes)
(82.4%), cell part (22,940 genes) (82.4%) and organelle (15,978 genes) (57.4%).
WEGO plots was presented in the supplementary: Figure S1.

3.2. The Effect of Air Exposure on Mucus Production in A. veratra

At the beginning of the experiment, the A. veratra oral disc and tentacles were
completely closed. Then, during the first hour, the oral disc opened slightly while
the tentacles were still drawn, and there was some mucus production. During the
second hour, there was a clear increase of mucus covering the oral disc. During

the third hour, mucus production increased again.

3.3. Comparative Different Gene Expression Profiles, and Cluster
Analysis across Water and Air Treatments

Overall 5686 differentially expressed sequences were found in A. veratra across
water and air treatments. The 5685 sequences included 3243 genes significantly
up-regulated in the water treatment, while the remaining 2443 genes were
up-regulated in the air treatment. The expression level across the two samples
based on (FC = 2 and FDR of <0.001) is shown in a hierarchically clustered
heat map (Figure 3). Contigs with up-regulation are indicated in yellow, the con-
tigs with down-regulation indicated, in purple. The contigs expression pattern
similarity across the samples is indicated by the three generated sub-cultures, as

shown in Figure 4.
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Figure 3. Cluster analysis heat map. Hierarchically clustered heat map showing the
RNA-sequence expression levels of 5686 differentially expressed contigs across the water
and air samples based on (FC = 2 and FDR of <0.001). The log2-transformed me-
dian-centred FPKM was the expression values. The up-regulation and down-regulation
contigs are indicated by the yellow and purple colour intensities, respectively. The simi-
larity of expression patterns across the samples is represented by the three levels of clus-
tering as indicated by the blue, red and green coloured bars. These three levels corre-
spond to the sub-clusters shown in Figure 4.
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Figure 4. The three levels of clustering. Cluster plots show the contigs with similar ex-
pression patterns across the two samples (air and water) resulting into three sub-clusters.
The grey lines show the expression of the contigs, which was measured in log2-trans-
formed median-centred FPKM, while the blue lines show the expression profile for each
cluster.

3.4. Aulactinia veratra Mucin Genes Differentially Expressed
across Water and Air Treatments

Overall, mucin5B-like, mucin4-like and mucin-like genes were differentially ex-
pressed. Specifically, the mucin5B-like and mucin4-like were differentially ex-
pressed under the aerial exposure treatment, while the mucin-like was differen-

tially expressed in the water treatment.

3.5. Gene Set Enrichment and Functional Analysis

Functional enrichment analysis was performed on the differentially expressed
contigs, and it revealed a number of over-represented GO terms in the air and
water treatments. The enrichment results based on FDR < 0.01 identified 42 sta-
tistically over-represented and 29 under-represented genes in the water sample;
while in the air sample, 28 were over-represented and 7 were under-repre-
sented genes. The highest number of over-represented genes in the water and air
samples was under the BP category, followed by CC in the water treatment and MF
in the air treatment sections, with the lowest being the CC in the air treatment op-
tion, and MF in the water sample (Figure 5). The set of over-represented genes in
the air treatment is available in the supplementary file: Table S3. Specifically, the
majority of the gene ontology terms under the BP in the air treatment belonged
to the defence and immune response functions. Additionally, genes belonging to
“binding”, “transport”, and “developments” were over-represented in response
to air exposure. On other hand, a group of extracellular genes constituted the
majority of over-represented genes under the CC category in the water treat-
ment, available in supplementary file: Table S5. However, the under-represented
genes in the air treatment included those which referred to cellular activities or

to the receptor pathway and activity are shown in supplementary file: Table S4.
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This result showed a reduction in the gene activity inside the cell when the ani-
mal body was exposed to environmental stress. In contrast, the majority of un-
der-represented genes in the water treatment were rich in receptor activity, sig-
nal transduction and transporter genes are presented in supplementary file: Ta-
ble S6. Among the over represented genes from the air treatment, the extracel-
lular region ontology was enriched by mucin5B-like, while the calcium ion

binding ontology was enriched by the mucin4-like.

CC MF BP

Air sample Water sample
30
: 25
20—
mover B over
- represented g represented
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— 0 ——— —
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Figure 5. Genes enrichment results based on FDR < 0.01. The bars show over and under-repre-
sented genes among the three gene ontology categories, Cellular Component (CC), Molecular Func-
tion (MF) and Biological Process (BP), in air and water samples based on FDR < 0.01. The highest

number of over-represented genes across water and air samples was under the BP category.

4. Discussion

To examining the expression of A. veratra mucins which were identified by [13],
the RNA sequencing and bioinformatics approaches were used. Current study
reported that A. veratra mucin4-like and mucin5B-like genes were differentially
expressed in response to air exposure; and a single mucin-like gene was differen-

tially expressed in the water treatment.

4.1. Mucin Expression

The identified mucin5B-like and mucin4-like genes were the only responsive
mucins to the three hours of air exposure, indicating that they may play an im-
portant role when the animal is out of the water and confronting conditions of
stress such as air exposure. From this data we hypothesise that mucin5B-like and
mucin4-like are the mucins that respond to this type of stress in the sea anemone
A. veratra. In a previous study, a change in mucin5B-like expression was ob-
served during development of the sea anemone species N. vectensis [24]. This
expression data indicates that mucin5B-like may have different roles across
ecologically divergent sea anemone species such as A. veratra and N. vectensis,
or that it undertakes multiple roles in different metabolic and developmental
processes. This indicates that mucin5B-like and mucin4-like may have a role in

the production of mucus and protection of this sea anemone during aerial ex-
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posure.

The function of the mucin-like gene that was differently expressed in the wa-
ter treatment is not clearly understood, but it may have a protective under sub-
merged conditions. For example, in fish natural mucus secretions occur to safe-
guard the skin against pathogen invasion [40]. The expression of the mucin-like
in the water sample could also be interpreted as mechanism to increase mucus

production for a similar role as that observed in fish.

4.2. Genes Functionally Associated with Stress Response

Most of the over-represented genes under the aerial treatment were related to
defence and immune response functions. This indicated that the response to air
exposure in A. veratra induces stress related genes, which has been observed in a
number of invertebrate species under environmental stress [41]. An earlier study
on N. vectensis identified three different groups of genes related to stress-response
in sea anemones, including genes belonging to wound healing, genes belonging
to immune response and genes belonging to chemical stresses [42]. [43] exam-
ined genome wide patterns of gene expression in Acropora hyacinthus under
thermal stress and found genes belonging to these classes to induced in ther-
mally sensitive individuals. Overall, this data indicates that aerial exposure in A.
veratra is stressful, and that the induction of stress response genes may serve a
protective role during this time.

The gene expression data from A. veratra is indicative of the cellular stress
response (CSR), a universal cellular defence mechanism, which is initiated in
response to changes in the extracellular environment [44]. Depending on the
duration and severity of stress, cells either reinstate the process of cellular ho-
meostasis to the previous state or take on a distorted state in the new and
changed environment [45]. The response includes control of the cell cycle, DNA
and chromatin stabilization and repair, removal of damaged proteins, protein
chaperoning and repair, as well as various metabolism functions [44]. Conse-
quently, the induction of stress response genes seen in A. veratra may be associ-
ated with the CSR and allow cells of this animal to re-establish normal function

when returned to water.

5. Conclusion

This investigation of mucin genes expression in A. vertara provided a first look
at how mucin genes in the intertidal species respond to aireal exposure during
low tide. Overall, the experiment has shown that the expression of A. veratra
mucin4-like and mucin5B-like genes is induced by aireal exposure. This indi-
cates that they may have an important role in defence against environmental
stresses. The study data contributed to our understanding of mucin4-like and
mucin5B-like genes and genes related to stress in sea anemones. Future mucin
gene studies in cnidarians can use these findings as baseline for future compari-

son so as to provide a greater understanding of mucin gene expression in cni-
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darians in general.
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Supplementary Tables and Figures

Table S1. Sequences read accession numbers. The raw RNA sequence reads accession
numbers at the National centre of biotechnology information for the air and water A. ve-
ratra transcriptomes.

Transcriptome SRA accession
A. veratra (Air) SRR3205708
A. veratra (Water) SRR3205707

Table S2. Assembly statistics. The assembly statistics metrics generated from A. veratra
transcriptomes (air and water treatment reads were merged to a single reads file, then as-
sembled).

Assembly statistics Bp
Total assembled base pairs 88,375,948
Number of transcripts 118,019

N50 1407 bp
Maximum length 30,277 bp
Average contigs length 748.83 bp
CEGMA
Full length (%) 95.6
Full length and partial (%) 98.4

Table S3. Gene set enrichment. List of 28 over-represented genes generated from the
aerial exposure sample based on (FDR < 0.01), GO terms in bold refer to the ontologies
enriched by mucin5B-like and mucin4-like.

Gene ontology

category Gene ontology terms FDR < 0.01
CC Kinesin complex 2.00E-07
MF Microtubule motor activity 3.07E-05
BP Immune response 0.001111
MF Inositol 1,4,5 trisphosphate binding 0.001434
BP Immune system process 0.001434
BP Innate immune response 0.001434
MF RNA-directed DNA polymerase activity 0.001434
MF Motor activity 0.001785
cc Extrinsic component of endoplasmic reticulum 0.001992

membrane
BP Defence response to bacterium 0.002612
CC Microtubule associated complex 0.002612
BP Defence response to bacterium, incompatible interaction  0.003185
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BP Defence response 0.003266
MF Carbohydrate binding 0.003266
BP Response to salicylic acid 0.003266
MF Calcium ion binding 0.003266
BP Defence response, incompatible interaction 0.003266
BP Defence response to other organism 0.003712
BP Response to bacterium 0.003935
CC Extracellular region 0.004379
BP DNA integration 0.005257
BP Thick ascending limb development 0.006159
BP Metanephric thick ascending limb development 0.006159
MF Store-operated calcium channel activity 0.007007
CC Basolateral plasma membrane 0.00727

BP Distal convoluted tubule development 0.00727

BP Metanephric distal convoluted tubule development 0.00727

MF DNA polymerase activity 0.009396

Table S4. Gene set enrichment. List of 7 under-represented genes generated from the
aerial exposure sample based on (FDR < 0.01).

Gene ontology category Gene ontology terms FDR < 0.01
CcC Intracellular organelle 0.000166
CC Intracellular part 0.000262
BP G-protein coupled receptor signalling pathway  0.000348
CC Cell part 0.000561
BP Cellular metabolic process 0.000561
MF G-protein coupled receptor activity 0.001476
CcC Intracellular membrane-bounded organelle 0.00206

Table S5. Gene set enrichment. List of 42 over-represented genes generated from the wa-
ter sample based on (FDR<0.01).

Gene ontology

category Gene ontology terms FDR < 0.01
CcC Extracellular region part 2.37E-17
CC Proteinaceous extracellular matrix 3.84E-15
CC Extracellular matrix 3.84E-15
CcC Collagen trimer 1.78E-12
CC Ribosome 1.22E-08
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MF Structural constituent of ribosome 3.35E-08
MF Structural molecule activity 2.17E-07
CC Extracellular space 3.31E-07
BP Translation 4.30E-07
BP Positive regulation of protein binding 1.16E-06
CcC Extracellular region 3.61E-06
BP Ossification involved in bone remodelling 7.93E-06
BP Establishment of planar polarity involved in neural tube 7 93E—06
closure

BP Collagen catabolic process 1.44E-05
BP Multicellular organismal catabolic process 1.78E-05
CC Extracellular vesicular exosome 1.78E-05
BP Ossification 1.78E-05
CcC Extracellular organelle 1.78E-05
CcC Extracellular membrane-bounded organelle 1.78E-05
BP Positive regulation of binding 1.83E-05
BP Establishment of planar polarity of embryonic epithelium 1.87E-05
BP Collagen metabolic process 4.48E-05
BP Regulation of osteoblast proliferation 7.55E-05
MF Chitin binding 0.000101
BP Multicellular organismal macromolecule metabolic process ~ 0.000105
BP Regulation of protein binding 0.000106
BP Positive regulation of osteoblast proliferation 0.000112
BP Multicellular organismal metabolic process 0.000112
CC Ribonucleoprotein complex 0.00021

BP Cochlea morphogenesis 0.000532
BP Whnt signalling pathway, planar cell polarity pathway 0.000536
BP Regulation of establishment of planar polarity 0.001047
CcC Myosin II complex 0.001815
BP Non-canonical Wnt signalling pathway 0.002429
BP Inner ear receptor stereocilium organization 0.00288

BP Regulation of binding 0.00426

BP Positive regulation of necrotic cell death 0.005312
BP Leukocyte migration 0.005666
CcC Basement membrane 0.005864
BP Extracellular matrix organization 0.007413
CC Extracellular matrix part 0.007942
BP Extracellular structure organization 0.007977
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Table S6. Gene set enrichment. List of 29 under-represented genes generated from the
water sample based on (FDR < 0.01).

Gene ontology

category Gene ontology terms FDR < 0.01

CC Membrane part 0

MF G-protein coupled receptor activity 0

CcC Integral component of membrane 0

MF Signal transducer activity 0

BP G-protein coupled receptor signalling pathway 2.67E-07
MF Signalling receptor activity 9.37E-07
CC Intrinsic component of membrane 9.37E-07
MF Transmembrane signalling receptor activity 1.50E-06
CC Membrane 1.60E-05
MF Molecular transducer activity 0.000147
CC Cell part 0.000678
BP Single-organism process 0.000723
MF Receptor activity 0.001242
BP Biological regulation 0.001992
CC Plasma membrane 0.0022
BP Transmembrane transport 0.002207
MF Transporter activity 0.002232
MF Transmembrane transporter activity 0.002339
BP Macromolecule modification 0.002657
BP Regulation of biological process 0.004064
BP Single-organism transport 0.005079
CC Plasma membrane part 0.005321
BP Cellular protein modification process 0.005321
BP Protein modification process 0.005321
BP Single-organism localization 0.007192
BP Establishment of localization 0.007643
BP Ion transport 0.008041
BP Regulation of metabolic process 0.008041
MF Neurotransmitter receptor activity 0.008041

DOI: 10.4236/0jms.2024.141001 17 Open Journal of Marine Science


https://doi.org/10.4236/ojms.2024.141001

A. Haridi

sauab jo JaquinN

27826
88
0

Ul |i

Y] ]
$8907 MN&Q
UoAuin s,

oNpHos5
o)

B0

] Y
PIEIS e lson,,

mm %%mm@o
Qo M\%m\w%\@%.w:@
0/a) 187 1B QU 1 Ws,
> IR e
sauab jousoieqy o

Biological Process

Cellular Component Molecular Function

Figure S1. WEGOplots. The distributions of A. veratra gene ontology termsacross GO three main catego-

ries, cellular component, molecular function, and biological process.
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