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ARTICLE INFO ABSTRACT

Keywords: The yellow drum Nibea albiflora is less susceptible to Cryptocaryon irritans infection than is the case with other
Metabolomics marine fishes such as Larimichthys crocea, Lateolabrax japonicus, and Pagrus major. To investigate further their
Cryptocaryon irritans resistance mechanism, we infected the N. albiflora with the C. irritans at a median lethal concentration of 2050

Nibea albiflora

Ski theronts/g fish. The skins of the infected and the uninfected fishes were sampled at 24 h and 72 h followed by an
n

extensive analysis of metabolism. The study results revealed that there were 2694 potential metabolites. At 24 h
post-infection, 12 metabolites were up-regulated and 17 were down-regulated whereas at 72 h post-infection, 22
metabolites were up-regulated and 26 were down-regulated. Pathway enrichment analysis shows that the dif-
ferential enriched pathways were higher at 24 h with 22 categories and 58 subcategories (49 up, 9 down) than at
72h whereby the differential enriched pathways were 6 categories and 8 subcategories (4 up, 4 down). In
addition, the principal component analysis (PCA) plot shows that at 24 h the metabolites composition of infected
group were separately clustered to uninfected group while at 72 h the metabolites composition in infected group
were much closer to uninfected group. This indicated that C. irritans caused strong metabolic stress on the N.
albiflora at 24 h and restoration of the dysregulated metabolic state took place at 72 h of infection. Also, at 72h
post infection a total of 17 compounds were identified as potential biomarkers.

Furthermore, out of 2694 primary metabolites detected, 23 metabolites could be clearly identified and semi
quantified with a known identification number and assigned into 66 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. Most of the enriched KEGG pathways were mainly from metabolic pathway classes, including
the metabolic pathway, biosynthesis of secondary metabolites, taurine and hypotaurine metabolism, purine
metabolism, linoleic acid metabolism, phenylalanine, tyrosine and tryptophan biosynthesis. Others were
glyoxylate and dicarboxylate metabolism, glutathione metabolism, and alanine, aspartate, and glutamate me-
tabolism. Moreover, out of the identified metabolites, only 6 metabolites were statistically differentially ex-
pressed, namely, L -glutamate (up-regulated) at 24 h was important for energy and precursor for other glu-
tathiones and instruments of preventing oxidative injury; 15-hydroxy- eicosatetraenoic acid (15-HETE), (S)-
(—)-2-Hydroxyisocaproic acid, and adenine (up-regulated) at 72h were important for anti-inflammatory and
immune responses during infection; others were delta-valerolactam and betaine which were down-regulated
compared to uninfected group at 72 h, might be related to immure responses including stimulation of immune
system such as production of antibodies.

Our results therefore further advance our understanding on the immunological regulation of N. albiflora
during immune response against infections as they indicated a strong relationship between skin metabolome and
C. irritans infection.
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1. Introduction

Cyptocaryoniasis in marine fish is a major cause of massive deaths
in aquaculture and it can therefore cause a high loss of output and
economic values [1,2]. Cyptocaryoniasis is caused by Cryptocaryon ir-
ritans, a ciliated protozoan parasite which parasitizes in the epithelial
tissue of skin, gill, and fins causing small white spots and nodules on the
locally infected parts [3]. The C. irritans is known to cause diseases in
many fish species, although at a different range of harm effect [3].
Several studies [4-8] revealed that Nibea albiflora is less susceptible to
C. irritans than is the case with other marine fishes such as Larimichthys
crocea, Lateolabrax japonicus, and Pagrus major. In addition, challenged
N. albiflora with C. irritans showed immunological resistant against
cyptocaryoniasis [6].

In order to find out the mechanism of immune tolerance of fish
against pathogens, the researchers carried out studies at physiology,
biochemistry, and molecular biology levels [9-11]. In recent years,
genomic, transcriptomic, and proteomic technologies are extensively
used because of the advancement of high-throughput sequencing
technology [12-15]. In addition, low molecular weight metabolites are
the final product of gene expression, therefore their levels can be con-
sidered as a powerful approach in evaluating the responses of a living
system to pathophysiological stimuli in detecting the changes of me-
tabolites in biological samples such as somatic cells, tissues, or fluids
[16,17]. For that reason, metabolomics is an important tool of identi-
fying vital biomarkers which are responsible for metabolic attributes,
and of disclosing metabolic mechanisms during infections [18]. These
biomarkers are able to redirect a metabolome and thereby enabling
them to fight against the host environmental changes and pathogen
attack [19,20]. Furthermore, fish can produce mediators that comprise
metabolites to instigate inflammatory process as an integral part of the
innate immune system that aims at restricting, reducing, and ending the
infection [21]. For example, metabolites such as 1-valine can be im-
munoregulators that alter the function of immune cells [22]. Therefore,
metabolomics is potentially useful in the monitoring of disease-causing
agents, using the corresponding metabolite biomarkers, as it illustrates
the alteration in metabolites that participated in the same metabolic
pathway [23,24]. Furthermore, we can use these metabolic biomarkers
in the explorationof the ways of enhancing innate immune responses
because using metabolites from organisms themselves, has low anti-
genicity and little or even no toxicity to the organism [25].

Metabolomics studies on essential biomarkers in their immune re-
sponses in different aquatic organisms have been done. These studies
have shown that Pacific white shrimp Litopenaeus vannamei whereby
the White spot syndrome virus (WSSV) disease caused the absorption
inhibition of amino acids, disturbance in protein metabolism, and cell
metabolism in favour of its replication [26]. In addition, Vibrio angu-
illarum and V. splendidus infection were reported to stimulate dis-
turbances in energy metabolism and osmotic regulation, and oxidative
and immune stresses in Clam Ruditapes philippinarum [27]. Moreover,
the V. harveyi infection in Manila clam R. philippinarum was reported to
induce a disturbance in energy metabolism and immune stresses in both
White and Zebra clam hepatopancreas [28]. In addition, the study on
metabolic responses of abalones Haliotis diversicolor, which was infected
by V. parahemolyticus caused an interruption in energy metabolism,
nucleotide metabolism, osmotic balance, induce oxidative stress, im-
mune stress, and neurotoxic effect in different tissues [29]. Further-
more, a metabolomic study in tilapia Oreochromis niloticus which was
infected by Streptococcus iniae showed that N-acetylglucosamine could
significantly elevate the survival of tilapia against S. iniae infection
[301.

Apart from these efforts, to the best of our knowledge, no surveys
have been undertaken to examine the reactions induced by C. irritans in
the skin of marine fish using a metabolomic approach. The skin is the
largest organ, and functionally it is in direct contact with the en-
vironment and provides the first defence barrier against stressors
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including parasites [11]. Therefore, we employed non-targeted liquid
chromatography-mass spectrometry (LC-MS) metabolomic approach to
study the responsive profiles in the skin of N. albiflora which was in-
fected with C.irritans. Since the disease symptom starts at 24 h post-
infection and the trophonts start shedding from the infected fish after
72 h post-infection [4,5,7], therefore, to avoid reinfection we selected
two-time points, which are 24 h and 72 h for our study. Our hypothesis
was that the skin metabolome reflects a metabolic strategy against C.
irritans infection, which is responsible for the body immunity.

2. Materials and methods
2.1. Cryptocaryon irritans

C. irritans were obtained from the naturally diseased L. crocea
(100 + 10g) and transferred into the container for the C. irritans
propagation with the same fish species according to Yin et al. procedure
[7]. Briefly, twenty healthy L. crocea were selected and maintained in a
1000-L aquarium. The experimental animals L. crocea were infected
with a non-lethal concentration of theronts (10,000 theronts/fish), in
5L of seawater per fish. After 2 h post-infection in the dark, fresh sea-
water was added for maintaining standard culture condition. After
three to four days, tomonts were found at the bottom of the L. crocea
culture aquarium. The infected fishes were transferred to another clean
aquarium without tomonts. Using a banister brush, the tomonts were
carefully collected from the bottom of the aquarium and placed into a
1L beaker for incubation. After two to three days of incubation, active
C. irritans theronts that had hatched for no more than 2 h were collected
and their concentration was calculated according to Dan et al. proce-
dure before the infection examination [31].

2.2. Experimental fish

Healthy N. albiflora with an average body weight of 40 + 3g and
body length of 13.3 + 0.3 cm were obtained from fish farms in Fuding
City, Fujian Province, in China. Samples of 10 fishes were randomly
selected and examined; no parasites were identified on their gills, fins,
or skin. The selected fishes were acclimatized for one week prior to
infection. Artificial breeding was performed in a 1062L
(¢bottom = 130cm X H = 80cm) fiberglass aquarium. The fishes
were fed twice a day (8:00 and 15:00) with commercially produced
feed. Water quality and other environmental conditions such as water
salinity, temperature, light intensity, and photoperiod for both the
propagation and the experiment were 29-32%o, 27 + 1°C, 1000 lx,
and 12L: 12 D, respectively.

2.3. Experimental methods

Ninety N. albiflora were challenged with C. irritans theronts which
were hatched for no more than 2h at a dose of 2050 theronts per gram
of fish as per Yin et al. procedure [5]. The infection took place in a
1062 L fiberglass aquarium with 2 L of water for each fish. The infection
lasted for 2 h in the dark, and then clean seawater was added. Another
90 healthy fish were treated in the same manner but they were not
treated with the parasite as the control group. After 24 h post-infection,
the group of infected and the uninfected fish were then changed to
other clean 344 (¢bottom = 74 cm X H = 80 cm) fiberglass aquariums
without parasites as followed by Yin et al. [5]. Each group contained 6
parallel subgroups (15fish/aquarium). The experiment lasted for 72 h.

2.4. Skin samples collection

After 24h and 72h post-infection, 9 fish from each group were
sampled and anesthetized with buffered tricaine methanesulfonate
(MS-222; 100 mg/L buffered with 200 mg NaHCO3/L; Finquel, Argent,
Redmond, WA). They were sacrificed and skinned by using a sterilized
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knife. The skin samples were immediately flash-frozen in liquid ni-
trogen and stored at —80 °C in the laboratory until further processing.

2.5. LC-MS-based metabolome analysis

Polar metabolites were extracted from the skin sample using a two-
step biphasic extraction, methanol/chloroform/water as per Wu et al.
procedure [32]. Briefly, the skin sample of about 50 mg was homo-
genized in 4 mL/g of cold methanol and 0.85 mL/g of cold water by a
TissueLyser LT bead mill (Qiagen) with 3.2 mm stainless steel beads, for
10 minat 50vibrations/s. The homogenates were moved into glass
vials; 4 mL/g chloroform and 2 mL/g water were added. The samples
were vortexed, left on ice for 10 min for phase separation, and cen-
trifuged for 5min at 2000 g at 4°C. A 600 uL volume of the upper
methanol layer containing the polar metabolites was transferred into
glass vials, dried in a centrifugal vacuum concentrator (Eppendorf
5301), and stored at —80°C prior to liquid chromatography-mass
spectrometry (LC-MS) analysis. The LC-MS analysis of the metabo-
lomics sequence was performed as followed by Ekman et al. [33].

2.6. Differential metabolite pathways

The pathway activity profiling (PAPi) algorithm was used to cal-
culate the activity score (AS) for each metabolic pathway based on the
number and relative abundance of each metabolic pathway in the Kyoto
Encyclopedia of Genes and Genome (KEGG) database degree. Important
features were recognized using Bio Deep analysis software, an online
database for annotation of metabolites developed by IntelliCAM. The
database was set to filter out metabolites which do not fall under the
specified = 0.001% difference in the m/z values were used as followed
by Sotto et al. [34]. The identification of parent ions was performed in
the full scan mode by recording from 50 to 800 (m/z) in both positive
and negative ionization modes.

2.7. Multivariate statistical analysis

Data were analysed using the Soft Independent Modelling by Class
Analogy (SIMCA) software SIMCA-P (V13. 0) as previously performed
by Liu et al. and Lu et al. [26,29]. The supervised multivariate data
analysis methods, the principal component analysis (PCA), the partial
least squares discriminant analysis (PLS-DA), and (OPLS-DA) were se-
quentially used to uncover and extract the statistically significant me-
tabolite.

The two-way analysis of variance (ANOVA) using SPSS (V22.0) with
Tukey's test was conducted on the metabolite concentrations from both
infected anduninfected groups to test the possible metabolic differences
induced by the C. irritans in the skin of N. albiflora. All the metabolite
concentrations were shown as means * standard deviation
(mean * S.D.) A p value of less than 0.05 was considered significant.

3. Results

In order to evaluate metabolic responses between the groups, we
investigated metabolite changes in the skin following the C. irritans
infection. A total of 2694 potential metabolites, 980 from positive io-
nization mode, and 1714 from negative ionization mode were identi-
fied. Then, the plot was drawn total ion chromatogram (TIC), A for
positive ionization mode and B for negative ionization mode). The ionic
strength for the vertical axis and time for the abscissa, which could
directly show the differences in the metabolite profiles among the
groups, were recorded (Fig. 1 A and B).

The PCA were clustered into two groups (Fig. 2A and B), followed
by supervised analysis techniques the OPLS-DA so as to maximize the
difference between the two groups and assist in the viewing of the
marker metabolites, which are liable for class separation by removing
systematic variations [35]. In order to distinguish further the C. irritans
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infected groups and the uninfected groups, the OPLS-DA models were
analysed (Fig. 2C and D). For positive (A) ion, at 24 h post-infection, we
discriminated the 24 h-infected and the 24 h-uninfected group subjects
with R2X of 25.7%, an R2Y of 96.3%, and Q2 of 63.7%. At 72h, we
discriminated the 72 h-infected and the 72 h-uninfected group subjects
with an R2X of 38.8%, an R2Y of 1% and a Q2 of 70.9%. On the other
hand, when the 72 h-infected and 24 h-infected groups were compared,
we discriminated the group subjects with an R2X of 35.5%, an R2Y of
99.9%, and a Q2 of 72.1%, whereby, R2 and Q2 indicate high goodness
of fit and a high percentage of prediction, respectively.

For negative ion (B) at 24 h postinfection, we discriminated the 24
h-infected and 24 h-uninfected groups subject with R2X of 37.7%, an
R2Y of 1% and a Q2 of 50.1%. At 72h, we discriminated the 72 h-
infected and the 72 h-uninfected groups subject with an R2X of 36.7%,
an R2Y of 1% and a Q2 of 38.3%. On the other hand, when the 72 h-
infected and 24 h-infected groups were compared, we discriminated the
group subjects with an R2X of 35.2%, an R2Y of 1% and a Q2 of 26.6%,
whereby, R2 and Q2 indicate high goodness of fit and a high percentage
of prediction, respectively. The OPLS-DA of 100 Y-permutated models
were visualized in validation plots as tabulated in (Table 1). Finally, we
screened out the differential metabolites (biomarkers) by selecting
metabolites with high s-plot, P-value and P corr at P-
value < 0.05 + VIP > = 1 + s-plot. P corr =0.8 and finally, the S-plot
were plotted (Fig. 3 A and B). The closer the metabolites to the lower
left (left bottom) and upper right (top right) the greater they contribute
to the difference between treatments. At the positive ionization mode, 8
compounds were idetified as biomarkers at 72h. These include the
compounds with number 818, 835, 868, 859, 831,834,951,and 864
(Table S2). While at the negative ionization mode 9 compounds were
identified as biomarkers at 72h. These include the compounds with
number 284, 294, 907,984, 985, 1017, 1025, 1686, and 9842(Table
S3).

3.1. Metabolic changes in the skin after C. irritans treatments

After infection, the fish skin metabolites showed significant up and
down-regulation. A pairwise group comparison between the infected
and the uninfected groups at 24h and 72 h post-infection was carried
out to assess the difference in metabolites. Out of 2694 primary meta-
bolites detected, only 135 metabolites were differentially expressed. At
positive (A) ionization mode during 24 h post-infection, 5 metabolites
were up-regulated and 15 were down-regulated in the infected groups
(Fig. 4A). At negative ionization mode (B) ion, 7 metabolites were up-
regulated and 2 were down-regulated in the infected groups (Fig. 4B).
After 72h, 12 metabolites were up-regulated and 20 metabolites were
down-regulated at the positive ion mode in the infected groups
(Fig. 4A). While at the negative ion, 10 metabolites were up-regulated
and 6 were down-regulated in the infected groups (Fig. 4B). The com-
parison between the uninfected groups at 24 h and 72 h post-infection
showed that at positive ionization mode, 2 metabolites were up-regu-
lated and 12 were down-regulated in 72 h-uninfected groups. While at
negative ion, only 1 metabolite was up-regulated in the 72 h-unin-
fected. Furthermore, we performed a comparison between the infected
groups at 24 h- and 72 h and found that a total of 25 up-regulated and
18 down-regulated metabolites in both positive and negative ionization
modes. Whereby, at positive ionization mode 11 metabolites were up-
regulated and 16 were down-regulated in the 72 h-infected groups at
the positive ionization mode. While at the negative ion 14 metabolites
were up-regulated and only 2 were down-regulated in the 72 h-infected
groups (Fig. 4).

3.2. Differential enriched pathways analysis
We applied pathway enrichment analysis to differentiate pathways

that participated in response to the C. irritans infection and found 66
pathways enriched with 164 compounds, 26 categories, and 66
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Fig. 1. Total ion chromatogram (TIC) for a typical sample, (A) for positive typical sample, (B) for negative typical sample.

subcategories (Table S1). When the compounds were analysed to re-
move duplicates we found 15 compounds namely cpd:C00025,
cpd:C00042, cpd:C00049, cpd:C00079, cpd:C00122, cpd:C00127,
cpd:C00147, cpd:C00149, cpd:C00158, cpd:C00262, cpd:C0O0300,
cpd:C00366, cpd:C00414, cpd:C05953 and cpd:C14765 appeared re-
peatedly in the categories (Table S1). These include genetic information
processing (1 category, 1 subcategory), metabolism (12 categories and
41 subcategories), cellular processes (1 category, 1 subcategory), en-
vironmental information processing (3 categories, 3 subcategories),
organismal systems (5 categories, 12 subcategories), and human dis-
eases (4 categories, 8 subcategories) (Table S1).The results showed
further that the comparison between the infected and the uninfected
groups at 24h, in the differential enriched pathways included 25

664

categories and 58 subcategories (49 up, 9 down). Among these, 49 up-
regulated subcategories in the top 10 include glutathione metabolism,
gap junction, glutamatergic synapse, long-term depression, hunting-
ton's disease, alanine, aspartate and glutamate metabolism, biosynth-
esis of plant secondary metabolites, glyoxylate and dicarboxylate me-
tabolism, histidine metabolism, and phenylalanine metabolism. While
of the 9 down-regulated the top 6 in the pathways were tyrosine me-
tabolism, synaptic vesicle cycle, taurine, and hypotaurine metabolism,
taste transduction, two-component system, and toluene degradation
(Table S1). The comparison between the infected and the uninfected
group at 72 h involved 6 categories and 8 subcategories (4 up, 4 down).
Among these, 4 up-regulated subcategories involved pathways such as
GABAergic synapse, glutathione metabolism, zeatin biosynthesis, and
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B PCA for negative ionized metabolites
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sample of the first principal component and the ordinate is the score of the sample of the second principal component. R2X [1] = 0.0991, the interpretability of the
first principal component of the model; R2X [2] = 0.0416, the interpretability of the second principal component of the model (A) for PCA score plot positive mode
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Table 1
OPLS-DA model validation parameters.
Groups Principal R2X R2Y Q2
fraction
Treatment Vs Control 24hV treatment 3 + 3+0 0.354 0.976 0.6
Vs Control 72hrs (Positive)
Treatment Vs Control 24hrs(Positive) 1+1+0 0.257 0.963 0.637
Treatment Vs Control 72hrs(Positive) 1+ 3+0 0.388 1 0.709
Control 72h V control 24hrs(Positive) 1+ 2+0 0.301 0.999 0.78
Treatment 72h V Treatment 24hrs 1+ 2+0 0.355 0.999 0.721
(Positive)
Treatment Vs Control 24hV treatment 3 + 0+0 0.154 0.822 0.186
Vs Control 72hrs(Negative)
Treatment Vs Control 24hrs(Negative) 1+ 4+0 0.367 1 0.501
Treatment Vs Control 72hrs(Negative) 1+ 4+0 0.367 1 0.382
Control 72hV control 24hrs(Negative) 1 + 1+0 0.174 0.986 0.203
Treatment 72h V Treatment 24hrs 1+ 4+0 0.352 1 0.265

(Negative)

OPLS-DA model validation parameters, R2X: model (for X-variable datasets)
interpretability; R2Y: model (for Y-variable datasets) interpretability; Q2:
model predictability.

arachidonic acid metabolism. While the 4 down-regulated sub-
categories involved pathways including serotonergic synapse, purine
metabolism, linoleic acid metabolism, and bile secretion (Table S1). On
the other hand, the comparison between the uninfected at 72 h and the
uninfected 24h groups found 11 categories and 22 in subcategories
(12up, 10 down). Among these, 12up-regulated subcategories in the top
pathways included bp-glutamine and b-glutamate metabolism,

GABAergic synapse, glutathione metabolism, gap junction, glutama-
tergic synapse, long-term depression, and huntington's disease.
Whereas, in the 10 down-regulated subcategories in the top five path-
ways were taurine and hypotaurine metabolism, taste transduction,
retrograde endocannabinoid signalling, synaptic vesicle cycle, and C5-
Branched dibasic acid metabolism(Table S1). Finally, the comparison
between the infected 72hV the infected 24 h groups revealed 13 ca-
tegories and 35 in subcategories (10up, 25 down). Among these, 12up-
regulated subcategories in the top pathways were biosynthesis of plant
hormones, biosynthesis of plant secondary metabolites, glyoxylate and
dicarboxylate metabolism, phenylalanine metabolism, degradation of
aromatic compounds, methane metabolism, propanoate metabolism,
chlorocyclohexane, and chlorobenzene degradation. Whereas in the 10
down-regulated subcategories involved pathways such as tyrosine me-
tabolism, serotonergic synapse, renal cell carcinoma, styrene degrada-
tion, and metabolic pathways (Table S1). Based on the these results,
most of the differential enriched pathways were mainly enriched in the
metabolic pathway classes caused by carbohydrate metabolism, energy
metabolism, lipid metabolism, nucleotide metabolism, metabolism of
other amino acids, and amino acid metabolism as portrayed (Fig. 5).
Therefore, we describe the variation of the metabolites in these path-
ways.

3.3. Identification of differential metabolite

Out of 2694 primary metabolites detected from both positive and
negative ionization modes, only 23 metabolites could be clearly
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Fig. 3. S-plots provide visualization of OPLS-DA predicted principal component showing the screened out differential metabolites (biomarkers). The closer the
metabolites to the lower left (left bottom) and upper right (top right) the greater the contribution they contributes to the differences between treatments.

identified and semiquantified with a known identification number.
These metabolites were assigned into 66 KEGG pathways including
metabolic pathways, biosynthesis of secondary metabolites, taurine,
and hypotaurine metabolism, purine metabolism, linoleic acid meta-
bolism, phenylalanine, tyrosine and tryptophan biosynthesis, glu-
tathione metabolism, and alanine, aspartate, and glutamate metabo-
lism. Additionally, out of the identified metabolites, only 6 were
differentially expressed, namely 15-hydroxy- eicosatetraenoic acid (15-
HETE), (S)-(—)-2-Hydroxyisocaproic acid, adenine, delta-valerolactam,

72h-in Vs 72h-un

betaine,and 1-glutamate (Table 2).The KEGG analysis was assigned to
different pathways and finally, the results were visualized in the heat
maps of the differential hierarchical cluster analysis. Fig. 6 (A and B),
shows the clustering of the infected and the uninfected groups with
different metabolite regulation levels at a different time of infection.
Each color in the heat map symbolizes the concentration of the given
metabolite in the skin samples based on the normalized signal in-
tensities. A comprehensible separation of the infected and the unin-
fected groups, as reported in this study, is a strong sign of the difference
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Fig. 5. Different groups of metabolic pathway heat maps, where the Pathway Activity Profiling (PAPi) algorithm is used to calculate the activity score (AS) for each
metabolic pathway based on the number and relative abundance of each metabolic pathway in the KEGG database degree. The upper panel is based on metabolic
processes and is categorized. The dot pattern of the above metabolic pathways is statistically tested for the KEGG metabolic pathway (ANOVA p-value < 0.05).

in metabolites expressed involving the two groups. Furthermore, cate-
gorization of the detected metabolites in response to C. irritans infection
was done and revealed different kinds of metabolites significantly al-
tered abundances at P < 0.05 as follows.

Acomparison of amino acids metabolites (L-phenylalanine, glu-
tathione oxidized, 1-glutamate, creatine, r-valine, (S)-(—)-2-
Hydroxyisocaproic acid, and r-aspartic acid) at 24 h exposure to C.
irritants, showed a significant down-regulated concentration of L-
glutamate, while there were no significant differences in other me-
tabolites. At 72h, (S)-(—)-2-Hydroxyisocaproic acid, was sig-
nificantly up-regulated in the 72h infected group. Whereas, the
comparison between the 72 h-uninfected and the 24 h-uninfected
groups as well as the 72 h-infected and the 24 h-infected groups, did
not reveal any significant differences among the groups (Fig. 7).
When the groups were compared for organic acid (fumaric acid,
malic acid, citric acid, succinic acid, uric acid and 15-HETE), 15-
HETE was significantly up-regulated in the 72 h infected group while
other metabolites had no significant differences among the groups
(Fig. 8). On the other hand, when the groups were compared for
osmolyte metabolites (betaine, taurine, and glycerophosphocholine),
the results showed that betaine was significantly down-regulated in
the 72h infected group, while other metabolites had no significant
differences among the groups (Fig. 9). Furthermore, the comparison
for nucleosides and derives (guanine and hypoxanthine and adenine)
showed that adenine was significantly up-regulated at the 72 h while
other metabolites had no significant differences among the groups
(Fig. 10). Another metabolite, which was found to be significantly
up-regulated in the 24h infected group, was delta-Valerolactam
(Table 2).

3.4. Metabolites associated network analysis

Fig. 11 shows the correlation network analysis between metabolites
and metabolites, which was performed using R (v3.1.3) at the absolute
value of the correlation coefficient R = 0.7 & FDR p-value < 0.05. It dis-
plays networks, which were generated by correlation-based network ana-
lysis of the sets of data profiles from the fish skin. At 24 h post infection, the
connectivity between 3-Buten-1-amine and 13-OxoODE, as well as citric
acid and hypoxanthine showed a negative association, while connectivity
of all metabolites showed a positive association at 72h post-infection.

4. Discussion

The study of metabolomics has been used to show alteration in
metabolites which are essential for several metabolic pathways in dif-
ferent fish species organs include skin mucus, liver, and kidney
[33,36,37]. Nevertheless, metabolic variations in the skin of N. albiflora
during C.irritans infections have until now been elusive. Using an LC-MS
metabolomic approach, we observed metabolic responses reflected in
the skin of N. albiflora during 24 h and 72h post-infection with C.irri-
tans. Therefore, in the current paper, we discuss the functional sig-
nificance of the skin metabolome, specifically the more abundant me-
tabolites putatively annotated and their potential functions in skin
innate immune system.

4.1. Skin metabolome changes and their physiologic significances

Metabolites are essential marks of metabolic pathways and me-
chanisms such as inflammation, disruptions of tricarboxylic acid (TCA)
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Table 2
Metabolites obtained data matrices at both positive [M + H] + negative [M-H]-ion mode.
Infected Vs Infected Vs Uninfected 72 h Vs | Infected 72 h Vs
Type Metabolite KEGG uninfected at 24 h | uninfected at 72 h uninfected 24 h infected 24 h
Folds Folds Folds Folds

[M+H]+ | 2-Aminopropanol NA -0.19 -0.10 0.29 0.37
[M+H]+ | 3-Buten-1-amine C12244 -0.01 0.96 -0.41 0.57
[M+H]+ | Acetylcholine C01996 -0.89 0.50 -0.84 0.55
[M+H]+ | L-Valine C00183 0.39 0.37 0.62 0.60
[M+H]+ | L-Glutamate C00025 -1.25 -0.74 -0.68 -0.18
[M+H]+ | Guanine C00242 0.95 -0.56 1.24 -0.27
[M+H]+ | Taurine C00245 -0.41 -1.00 0.04 -0.55
[M+H]+ | Glycerophosphocholine NA -1.25 -2.31 0.32 -0.74
[M+H]+ | delta-Valerolactam NA -0.52 -1.62 0.59 -0.52
[M+H]+ | Butanone C02845 -0.11 -0.89 -0.87 -1.65
[M+H]+ | Cyclohexanone C00414 -0.54 -0.38 -1.46 -1.30
[M+H]+ | Betaine C00719 0.13 -1.09 0.36 -0.86
[M-H]- | 15-HETE NA 0.79 2.14 0.85 2.20
[M-H]- | (S)-(-)-2-Hydroxyisocaproic acid | NA -0.86 2.35 -0.46 2.75
[M-H]- | Adenine C00147 -0.25 1.68 -0.03 1.90
[M-H]- | 13-OxoODE C14765 0.94 2.38 0.56 2.00
[M-H]- | PGA2 C05953 2.57 2.80 1.83 2.06
[M-H]- | Citric acid C00158 -1.11 -0.23 0.09 0.97
[M-H]- | (S)-2-Hydroxyglutarate C03196 -0.46 0.14 0.29 0.89
[M-H]- | Malic acid C00149 -0.60 -0.32 0.29 0.58
[M-H]- | L-Phenylalanine C00079 -0.65 0.48 0.19 1.32
[M-H]- | Fumaric acid C00122 -0.46 0.36 -0.18 0.64
[M-H]- | Succinic acid C00042 -0.74 -0.14 -0.08 0.53
[M-H]- | Glutathione, oxidized C00127 -0.31 -0.21 0.24 0.34
[M-H]- | L-Aspartic Acid C00049 0.07 -0.27 0.75 0.40
[M-H]- | Uric acid C00366 0.26 0.37 -0.05 0.06
[M-H]- | Hypoxanthine C00262 0.61 0.74 -0.17 -0.04
[M-H]- | Creatine C00300 0.67 0.59 -0.09 -0.16

The fold change was calculated using a formula log2 (Infected/uninfected). Bold and red represents significant upregulated value, (P < 0.05). Underlined and green

stands for decreased significantly (P < 0.05).

cycle, metabolism amino acid, protein synthesis, and oxidative phos-
phorylation which are related to the natural immune response during
infection [38]. Previous research findings on N. albiflora challenged
with C. irritans revealed that the infected fish resumed feeding after
72 h [5]. The studies reveal further that N. albiflora could not die off in
the culture system when they are infected with C. irritans at a median
lethal concentration (2050 theronts/g fish) for up to 15 days and the
pathogens vanished progressively [5]. Our study revealed that the
number of differential enriched pathways were higher in 24 h group
with 22 categories and 58 subcategories (49 up, 9 down) while at 72h
the differential enriched pathways were 6 categories and 8 sub-
categories (4 up, 4 down). However, it is well known that to survive
with a lethal infection, fish have the biological needs such as con-
tinuously secretion and replacing mucus layer [39], energy metabolism
[40] immunological responses [41], as well as functioning osmor-
egulatory and respiratory systems [42]. Most of the differential en-
riched pathways were mainly from metabolic pathway classes which
may be associated with the elevation of immune protection [43] (al-
though not directly involved) including glutathione metabolism [44],
taurine and hypotaurine metabolism [45], purine metabolism [46],
arachidonic acid metabolism [47], oxidative phosphorylation [48],
TCA cycle [49] and histidine metabolism [50]. Therefore, the higher
number of differential enriched pathways, which were found at 24 h as
opposed to that at the 72h, may signify that the C. irritans caused a
strong metabolic stress on the N. albiflora at 24h of infection. Fur-
thermore, the restoration of the dysregulated metabolic state could take
place at 72 h to recover the normal healthy state of the N. albiflora. This
result is as well supported by the PCA plot analysis, whereby at 24 h
there were much differences between infected and uninfected (sepa-
rately clustered) while at 72 h there were no much difference between
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infected and uninfected. These results are also consistent with the
findings from previous studies that reported the recovering of feed in-
take and repository rate in the infected N. albiflora [5] and regulation of
more miRNA involved in regulating body restoration and immune de-
pression at 72h [6].

4.2. Immunological responses to C. irritans infection

Parasite infections stimulate inflammation and change of the
structure and function of the infected tissues [51]. Furthermore, the
parasitic infection causes fish to flash (scratch), unusual swimming,
sluggish or taking breaths more quickly as if in pain [3] just like con-
vulsion in other animals. Other researchers have verified that C. irritans
infection causes an acute phase of inflammation [52], which has been
reported to cause convulsion/seizures in the infected fish and mice
[53,54]. According to Sharkey, the inflammation comprises of different
series of homeostatic mechanisms involving the immune, nervous, and
circulatory systems in response to infection [55]. It initiates the killing
of pathogens and involves the process of tissue repair so as to help in
bringing back of homeostasis at diseased or injured sites by secreting
anti-inflammatory cytokines, and activating regulatory cells [56,57].

15-HETE is the metabolites of 15-Lipoxygenases, which are syn-
thesized by various cells including macrophages and neutrophil that
exhibit anti-inflammatory and immunomodulatory properties [58].
Also, adenine nucleotides are regarded as vital endogenous signaling
molecules in inflammatory and immunological responses [59,60] and
an important component in the purinergic system in the regulation of
immune and inflammatory responses in the fish plasma membrane
[61,62]. Numerous reports have suggested that the purinergic cascade
plays a significant role in regulating inflammatory and immune
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Fig. 6. Heat map showing the metabolites detected. Red and Green indicate an increase and decrease of metabolites relative to the median metabolite level,
respectively (see color scale). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

responses during diseases, in attempting to weaken inflammatory tissue
damage [63]. In our study, we found no significant changes at 24 h in
the levels of 15-HETE and adenine while at 72 h, post-infection levels
were significantly increased in the infected group as opposed to the
uninfected group. The increase in 15-HETE found in this study is con-
sistent with the finding earlier reported in vitro which revealed that the
exposure of macrophages to Toxoplasma gondii activates an up-regula-
tion in arachidonic acid release and lipoxygenase activity that largely
favours the production of 12-HETE [64]. Similarly, it was previously
reported that during the chronic infection, the production of 15-HETE
increases in mice infected with an intracellular parasitic protozoan T.
gondii [65]. Furthermore, the observed up-regulation in adenine in this
study would produce adenosine [66,67], which is responsible for the
anti-inflammatory and for the reduction of skin damage. In addition,
this result is in agreement with previous results reported during Strep-
tococcus agalactiae infection in silver catfish [62]. Therefore, the re-
ported up-regulationin adenine could increase the amount of ATP,
which is the main detector of inflammation [68]in the skin tissue of the
infected fish. On the other hand,15-HETE could be involved in reg-
ulating inflammation as well as other responses such as hindering the
production of or actions of the pro-inflammatory eoxins, which in turn,
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can be suggested as an anti-inflammatory in response to the infection.

Betaine is a lipotropic compound that catalyses the metabolism of
lipid in animals [69] and improves energy metabolism through the
production of carnitine, which transports long-chain fatty acids to the
mitochondria for oxidation [70]. Furthermore, betaine has been iden-
tified as having an immunostimulatory function in fish [71] due to their
role in DNA methylation which takes place during the identification of
immune and production of antibody [72]. Previously, Klasing et al. [73]
verified that betaine has an effect on the pathogenesis of Eimeria acer-
vulina infection in chicks through enhancing phagocytosis of E. acer-
vulina by macrophages and NO release from heterophils and macro-
phages which are critical effectors function in defence against parasites
[74]. In their study, they also recognized the modulatory effect of be-
taine to the development of monocyte chemotaxis and nitrous oxide
production by heterophils and macrophages. Moreover, a dietary be-
taine supplementation was reported to improve growth performance
and survival rate in common carp Cyprinus carpio [75]. Previous study
on clam R. Philippinarum which were infected with V. anguillarum,V.
splendidus and V. harveyi [27,28] showed up-regulation of betaine in the
infected groups, in our current study on the other hand, there was a
significant decline in the level of betaine in the infected fish at 72h
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postinfection. However, it has been reported that C. irritans infection
causes an osmotic imbalance due to damage in the gill chloride cells
which are mainly hindered by the discharge of ions [41] because of the
dehydration associated with the infection. Therefore, one would sup-
pose that there would be an accumulation of more betaine in the in-
fected fish than in the uninfected in an effort to maintain a normal
osmotic balance. On the contrary, our analysis shows that the infection
with C. irritans caused down-regulation of betaine at 72h post-infec-
tion. This is because the infections caused skin lesions and, as a result,
the decreases are probably due to, in part, the impaired abortion. This
could compensate increases of the amounts of betaine, which may have
been accumulated in response to the hyperosmotic extracellular con-
ditions [76].

4.3. Identified biomarkers

Biomarkers are biological molecules which indicate normal or ab-
normal process occurring in the body, responsible for metabolic attri-
butes, and disclosing metabolic mechanisms during infections [18].
These biomarkers can be used in pinpointing of elevated incidence of
disease and pathological conditions in aquatic organisms [77,78]. In
our analysis during 72h post infection a total of 17 compounds (8 at
positive ionization mode and 9at negative ionization mode) were
identified as biomarkers by screening out the differential metabolites
with high s-plot, P-value and P corr. Though we could not identify the
names of the obtained biomarkers, at present we can use them in the

diagnosis and management of C. irritans infection. Moreover, we will be
able to link these biomarkers with their biological mechanisms in the
near future once we know exactly the metabolites represented by these
biomarkers.

4.4. Energy metabolism in response to C. irritans infection

Health status and physiological processes of the organism's body are
determined by an alteration in the number of metabolites. When fish
are infected by C. irritans their feeding rate drops suddenly which is also
regarded as a precursor for many fish deaths [7]. The study by Ellis
et al. (2014) suggested that exposure to V. tubiashii infection is en-
ergetically costly [79]. Studies on sea bream P. major, tiger puffer Ta-
kifugu rubripes, and marbled rockfish Sebastiscus marmoratus show that
when they get infected by C. irritans, they die on the second or third day
after the drop of feeding rate [80,81]. However, to overcome the
stresses caused by the pathogen, the infected fish needs to consume
large amounts of energy [7,8,81]. Metabolism of amino acids is very
essential for energy dissipation, synthesis of protein for the purpose of
detoxification and fundamental organic molecules for safekeeping in-
nate immune responses in fish [29,82]. r-glutamate is a non-essential
amino acid important in anaplerotic reactions in the TCA cycle and
function as a signalling means connecting the immune and nervous
systems [83-85]. Furthermore, 1-glutamate is a key in a pathway pro-
cess of biochemical degradation, and a precursor for other amino acids
including glutathione, which is important in preventing oxidative
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injury [86,87]. In our study, the down-regulation in r-glutamate at 24 h
might be caused by the immediately energy demand for maintenance of
the immune response to control C. irritans infection, which led to the
active energy generation by TCA cycle using r-glutamate. This is done
to overcome the detrimental effects caused by pathogens and boost up
the immune system [88].

5. Conclusion

We reported a strong relationship between skin metabolome of N.
albiflora and C. irritans infection. Different major perturbations on the

innate immune system of the N. albiflora resulting from C. irritans in-
fection have been established, including inflammation, disruption of
TCA cycle, and changes in amino acid metabolism. Also, a total of 17
compounds have been identified as potential biomarkers. Considerable
changes in different metabolites have been identified. Among them, 1-
glutamate, adenine, betaine, and 15-hydroxy-eicosatetraenoic acid (15-
HETE) were involved in diverse metabolic, innate immune responses,
and physiological roles and these could potentially be considered as
biomarkers of C. irritans infection in N. albiflora. Our results therefore,
further advance our understanding on the immunological regulation of
N. albiflora during immune response against C. irritans infections.
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