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ABSTRACT: Skin ulceration syndrome (SUS) is the main limitation in the development of Apostichopus japonicus culture
industries, in which Vibrio splendidus has been well documented as one of the major pathogens. However, the intrinsic
mechanisms toward pathogen challenge and disease outbreak remain largely unknown at the metabolic level. In this work, the
metabolic responses were investigated in muscles of sea cucumber among natural SUS-diseased and V. splendidus-challenged
samples. The pathogen did not induce obvious biological effects in A. japonicus samples after infection for the first 24 h. An
enhanced energy storage (or reduced energy demand) and immune responses were observed in V. splendidus-challenged A.
japonicus samples at 48 h, as marked by increased glucose and branched chain amino acids, respectively. Afterward, infection of V.
splendidus induced significant increases in energy demand in A. japonicus samples at both 72 and 96 h, confirmed by decreased
glucose and glycogen, and increased ATP. Surprisingly, high levels of glycogen and glucose and low levels of threonine, alanine,
arginine, glutamate, glutamine, taurine and ATP were founded in natural SUS-diseased sea cucumber. Our present results
provided essential metabolic information about host—pathogen interaction for sea cucumber, and informed that the metabolic

biomarkers induced by V. splendidus were not usable for the prediction of SUS disease in practice.
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B INTRODUCTION

Sea cucumber Apostichopus japonicus (Echinodermata, Hol-
othuroidea), an important marine animal for commercial
fisheries, is widely distributed in the coast of north China and
has become one of the predominant industries accompanied by
its rapid increase in production over recent years. In 2011, the
total output of the species exceeded 137,754 tons in China with
5.75% increase compared to that in 2010 (China Fishery
Statistical Yearbook, 2012). However, sea cucumber farming is
sustaining a frequent occurrence disease problem in practice,
resulting in severe economic losses of the species aquaculture.’

Skin ulceration syndrome (SUS) is one of the most
characteristic diseases in sea cucumber aquaculture because of
its highly infectious and lethal rates.” The disease outbreak
usually occurs in February to April with obvious syndrome of
anorexia and shaking head at the first stage, followed ultimately
by skin ulceration. In order to establish an effective disease
control strategy, different pathogens like Vibrio, Pseudomonas
and even virus have been characterized from a variety of
diseased samples,”™> in which Vibrio splendidus was widely
accepted as one of the major pathogens by many researchers.
Thus far, many studies have been performed to explore some
key members of molecules related to this bacterial exposure
process.’ ' Meantime, different immune stimulants (pro-
biotics or their products) were also developed to imProve sea
cucumber growth and disease-resistance abilities.''~** To
better understand the responsive mechanism, two digital gene
expression (DGE) libraries from healthy and SUS samples were
deep sequenced and two differential expressed microRNAs and
4,858 unigenes were identified in our previous works, 'S
providing new evidence on this host—pathogen interaction
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process at global overview. However, how these differentially
expressed molecules perturbing sea cucumber metabolic
pathways and finally modulating the production of various
metabolites remain largely unknown.

NMR-based metabonomics is a robust means to provide
basic information on all containing metabolites in free solution
by a uniformly concentration-dependent manner without
extensive sample preparation.'® Until now, no attempt has
been made to address the linkage between metabolite richness
and host—pathogen interaction in A. japonicus. In Mpytilus
galloprovincialis, M. luteus and V. anguillarum both induced
disorders in osmotic regulation and energy metabolism in gill
and hepatopancreas.'”'® Liu et al. reported that V. anguillarum
and V. splendidus induced imbalance of three physiological
processes in clam Ruditapes philippinarum hepatopancreas, such
as oxidative and immune stresses, energy metabolism and
osmotic regulation.'” In this work, a comparative study of the
responsive profiles in muscle tissues from SUS-diseased and
pathogen-challenged A. japonicus was investigated by NMR-
based metabonomics to enhance our understanding of
biological responses to pathogen infection and disease

outbreak.

B MATERIALS AND METHODS

Animals and Challenge Experiment. Twenty adult sea
cucumbers A. japonicus (8—10 cm in length with average weight 100
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g) with the representative syndrome of skin ulceration were collected
from indoor farms of Jinzhou Hatchery in May 2013. Identical
numbers of sample without any diseased syndrome were also sampled
to serve as control group. The environmental seawater met the quality
criterion of class I water with temperature of 15—17 °C and salinity of
25-27 psu during these samples collected.

For V. splendidus challenge experiment, an overnight culture of
bacteria was grown in S0 mL of liquid 2216E broth (pH 7.6) at 28 °C
with shaking at 220 rpm. The bacteria were harvested by centrifuging
at 3,000 rpm for S min, and then were resuspended in the same
volume of filtered seawater for infection experiment. One hundred
healthy adult sea cucumbers A. japonicus (similar size to natural
diseased samples) were obtained from Bowang Aquaculture Company
(Ningbo, China) and acclimatized in five plastic tanks (80 cm X 45 cm
X 50 cm) with aerated seawater (salinity 30 psu) for S days. One tank
served as control, and the other four tanks were supplied with
overnight cultured V. splendidus to the final concentration of 10’ CFU
mL ™", Muscles were dissected from individuals in each tank at 0, 24,
48, 72, and 96 h and quickly frozen by liquid nitrogen before
metabolite extraction. Ten replicates were performed for each
experimental sample from different time points as well as unchallenged
ones.

Metabolite Extraction. Polar metabolites in A. japonicus (n = 10
for each treatment) muscle were extracted according to the protocol
described by Lin et al. and Wu et al.*>*" Briefly, each sample of muscle
tissue (approximately 100 mg wet weight) was ground into tiny
particles in liquid nitrogen, then homogenized into 1.125 mL
extraction solution (0.44 mL of methanol, 0.525 mL of water and
0.2 mL of chloroform). Subsequently, the mixture was swirled and
stilled for 10 min before centrifuging at 3000g for S min at 4 °C. The
supernatant with polar metabolites was transferred and dried in a
centrifugal concentrator. The samples were then redissolved in 600 uL
of sodium phosphate buffer in D,0O following centrifugation (3000g, S
min, 4 °C), a total of S50 uL of supernatant was transferred into S mm
NMR tubes for NMR analysis.

'H NMR Spectroscopy. '"H NMR spectra of metabolites from A.
japonicus muscle were collected on a Bruker AV 500 NMR
spectrometer recording at 500.18 MHz held at 25 °C as described
previously.””** Briefly, one-dimensional (1-D) 'H NMR spectra were
obtained using a standard 1D NOESY pulse sequence according to
manufactory instructions. TopSpin 2.1 (Bruker) was manually
employed to phase correct baseline and calibrate chemical shift of all
"H NMR spectra at 0.0 ppm.

Preprocessing of 'TH NMR Data and Statistical Analysis. 'H
NMR spectra from SUS and V. splendidus-challenged samples were
processed, put into corresponding software and further analyzed
according to the method in the references.”* >’ One-way analysis of
variance (ANOVA) was conducted on the A. japonicus between
control and V. splendidus-challenged to test the statistical significance
(P < 0.05) of separations.

B RESULTS

Metabolomic Responses in Muscle Tissues of A.
japonicus Challenged by V. splendidus. A typical 'H
NMR spectrum of the sea cucumber muscle metabolites after V.
splendidus challenge for 24 h is shown in Figure 1. Different
kinds of metabolites were detected in muscle tissues of A.
japonicus, including a wide range of amino acids (alanine,
glutamate, glutamine, glycine, isoleucine, leucine, phenyl-
alanine, threonine and valine), two energy metabolism-related
metabolites (ATP and glucose), two osmolytes (betaine and
taurine), and two Krebs cycle-related metabolites (fumarate and
succinate). All the 'H NMR spectra were dominated by betaine
(3.27 and 3.90 ppm), which is an important organic osmolyte
in marine invertebrates (Table 1).

"H NMR spectral data sets were further analyzed by PCA
method, and significant difference was detected between
control and V. splendidus-treated groups at 48 (P < 0.0S), 72
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Figure 1. Representative 1-D 'H NMR spectrum of unchallenged
Apostichopus japonicus muscle in original (A) and glog transformed (B)
forms. Key: (1) leucine, (2) isoleucine, (3) valine, (4) lactate, (5)
threonine, (6) alanine, (7) arginine, (8) glutamate, (9) glutamine, (10)
succinate, (11) malate, (12) dimethylamine, (13) dimethylglycine,
(14) unknown (2.97 ppm), (15) lysine, (16) phosphocholine, (17)
betaine, (18) taurine, (19) a-glucose, (20) f-glucose, (21) glycogen,
(22) AMP, (23) ATP, (24) fumarate, (25) tyrosine and (26)

phenylalanine.

Table 1. Metabolite Assignments of Apostichopus japonicus
Muscle Revealed by the 1-D 500 MHz 'H NMR Spectra

metabolite

valine
isoleucine
leucine
threonine
lactate

alanine
arginine
glutamate
glutamine
succinate
malate
dimethylamine
dimethylglycine
lysine
phosphocholine
betaine

taurine

glucose
glycogen

AMP

ATP

fumarate
tyrosine

phenylalanine

chemical shift (ppm, multiplicity)®
1.05 (d)
1.00 (d)
0.94 (t)
1.33 (d)
1.34 (d)
1.48 (d)
1.70 (m)
2,05 (m)
2.14 (m)
241 (s)
2.67 (dd)
2.75 (s)
291 (s)
3.03 (t)
322 (s)
3.27 (s), 3.90 (s)
327 (v)
464 (d), 524 (d)
540 (s)
401 (m), 6.13 (d)
425 (m), 6.14 (d)
6.52 (s)
6.91 (d)
7.34 (m)

“s = singlet, d = doublet, ¢ = triplet, m = multiplet, dd = double

doublet.

(P < 0.05) and 96 h (P < 0.05), respectively (Figure 2).
Furthermore, O-PLS-DA was also conducted on the 'H NMR
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Figure 2. PCA plots of 'H NMR spectra from control and V.
splendidus-challenged groups sampled at 24, 48, 72, and 96 h in A.
japonicus muscles. All data were expressed as means + SD (1 = 10) for
each group of A. japonicus samples.

spectral data sets from control and V. splendidus-challenged
samples at each sampling time point for metabolic biomarker
discovery related to V. splendidus challenge (Figure 3). The
scores plots (Figure 3A,C,E) derived from O-PLS-DA indicated
clear classifications between control and V. splendidus-
challenged groups after V. splendidus infection for 48, 72, and
96 h, respectively, with reliable Q* values (>0.4). However,
both unsupervised (PCA) and supervised (O-PLS-DA) pattern
recognition methods did not result in significant separation
between control and V. splendidus-challenged groups at the first
sampling time point, 24 h. It suggested that V. splendidus did
not induce obvious biological effects in A. japonicus muscle after
infection for 24 h.

Based on the loading plot of O-PLS-DA (Figure 3B), the
concentrations of AMP, glucose and three amino acids
(isoleucine, leucine and valine) were significantly increased in
V. splendidus-challenged A. japonicus muscle samples after
infection for 48 h (P < 0.05), while ATP was obviously
decreased. In comparison with the metabolic profile at 48 h, a
completely different metabolic response was detected in A.
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Figure 3. OPLS-DA plots of 'H NMR spectra from control (blue 4) and V. splendidus-challenged A. japonicus groups (red M) muscles at 48 h (A),
72 h (C) and 96 (E) and corresponding coefficient plots (B), (D) and (F). The significantly variations of metabolite between control and
experimental groups were indicated with color. Abundant metabolites in experimental samples were shown by peak in the positive direction, and that
in control group are presented as peaks in the negative direction. Key: (1) leucine, (2) isoleucine, (3) valine, (2) threonine, (3) arginine, (4) glucose,
(5) AMP, (6) ATP, (7) threonine, (8) alanine, (9) glycogen and (10) arginine.
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japonicus muscle tissues at 72 h. As shown in the loading plot of
O-PLS-DA (Figure 3D), two amino acids, alanine and
threonine, were apparently decreased together with glycogen.
Interestingly, other metabolites including ATP, AMP and
glucose were contrarily altered in V. splendidus-challenged A.
japonicus muscle tissue samples at 72 h compared with those at
48 h. After challenge with V. splendidus for 96 h, the metabolic
profiles presented some similar metabolic biomarkers including
elevated ATP and depleted alanine, AMP, glucose and glycogen
(Figure 3F). The level of threonine recovered to the control.
However, arginine was uniquely increased in V. splendidus-
challenged A. japonicus samples after infection for 96 h.
Metabolomic Responses in Muscle Tissues of SUS-
Diseased A. japonicus Samples. '"H NMR spectral data sets
were also analyzed by O-PLS-DA from healthy and SUS-
diseased groups sampled from indoor ponds of Jinzhou
Hatchery in May 2013 (Figure 4). The scores plot (Figure
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Figure 4. O-PLS-DA plots (A) of "H NMR spectra from healthy (blue
@) and SUS-diseased (red M) field samples, and corresponding
coefficient plot (B). The significant variations of metabolite between
healthy and SUS groups are indicated with color. Abundant
metabolites in SUS-diseased samples are shown by peak in the
positive direction, and those in healthy group are presented as peaks in
the negative direction. Key: (1) unknown 1 (1.18 ppm), (2) threonine,
(3) alanine, (4) arginine, (S) glutamate, (6) glutamine, (7) unknown 2
(2.97 ppm), (8) taurine, (9) glucose, (10) glycogen and (11) ATP.

4A) displayed a reliable classification between healthy and SUS-
diseased groups, with a high Q* value (>0.9). From the
observation of the loading plot (Figure 4B), the SUS-diseased
group presented significant metabolic differences compared
with the metabolic profiles from healthy A. japonicus samples,
including relatively high levels of glucose and glycogen and low
levels of threonine, alanine, arginine, glutamate, glutamine,
taurine and ATP.

B DISCUSSION

As shown in Figure 1, betaine is the most abundant metabolite
in A. japonicus muscle tissues. Betaine is a known organic
osmolyte that is synthesized in a two-step reaction from
choline: choline — betaine aldehyde + NAD" — betaine +
NADH in marine invertebrates to regulate osmotic balance
between intracellular and external saline environments.* In the
reaction of converting choline to betaine, the initial step is
usually catalyzed by choline dehydrogenase, subsequently by
betaine aldehyde dehydrogenasethe. However, other osmolytes
including glycine and taurine were found at relatively low
concentrations in A. japonicus samples (Figure 1). This implied
that betaine was the main organic osmolyte playing an
important role in osmotic regulation rather than other
osmolytes (e.g., taurine, glycine) and therefore was observed
in A. japonicus muscle tissues at high concentrations.”

After challenge with V. splendidus for 48 h, three branched
chain amino acids of isoleucine, leucine and valine were
significantly elevated in A. japonicus muscle tissues. Ji et al.
reported that V. anguillarum challenge could induce a similar
profile of branched chain amino acids in gills of mussel Mytilus
galloprovincialis."” In marine invertebrates, amino acids are
considered to be major players in regulating energy metabolism
and osmotic pressure.”® Usually, the high concentrations of
amino acids can be used as osmolytes to regulate the
intracellular osmolarity with the environment.>® In addition,
energy production is an everlasting event when organisms are
exposed to various stresses, which is usually produced by
oxidation of amino acids and glucose. This catabolic period is
usually accompanied by the degradation of glycogen and
protein. Since no osmolytes were significantly altered in V.
splendidus-challenged A. japonicus samples at 48 h, the elevated
amino acids might be related to a reduced energy demand
together with the elevated glucose (enhanced gluconeogenesis)
and depleted ATP. Obviously, the increased AMP resulted in
the enhanced hydrolysis of ATP. Specifically, all branched chain
amino acids have availability on the immune system to function
by incorporating into proteins.z’1 Upon pathogenic infection,
there might be a remarkable increase in demand for these
branched chain amino acids as substrates in order to maintain
the activating of the host immune system.>’ These amino acids
then provide needed energy via the pathways of amino acid
oxidation and are also used as the precursors for the
biosynthesis of new protective molecules.’ In our case,
therefore, the branched chain amino acids were increased to
deal with the infection of V. splendidus in A. japonicus muscle
tissues after challenge for 48 h.

For the A. japonicus samples challenged by V. splendidus at 72
h, the mode of action induced by V. splendidus was completely
different because of the contrarily altered metabolic biomarkers
compared with those in V. splendidus-challenged A. japonicus
samples at 48 h. The decreased amino acids (alanine and
threonine), glucose and glycogen and increased ATP meant the
promoted oxidation of these metabolites for the enhanced
energy demand. Previous studies have found that a significant
(P < 0.05) increase in the energy consumption was common in
hepatopancreas, gill, mantle and muscle tissues from Vibrio
anguillarum-challenged scallop Chlamys farreri under high
temperature and ammonia-N exposures for 96 h.*>** Evidence
suggests that organisms need more energy to deal with
exogenous stressors, such as pathogens.*”” This is totally
agreement with our present results, which show a significant
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increase in energy demand in V. splendidus-challenged A.
japonicus samples at 72 h, as indicated by decreased glucose,
glycogen and amino acids and increased ATP. The metabolic
responses of A. japonicus samples at 96 h were similar to those
at 72 h, except decreased threonine and increased arginine,
which suggested that V. splendidus infection caused a significant
increase in energy demand in A. japonicus samples at 96 h. Both
ATP and arginine are involved in the reaction, ATP + arginine
< ADP + phosphoarginine, which is catalyzed by arginine
kinase (EC 2.7.3.3). Therefore, the uniquely altered metabolite,
arginine, was increased consistently with ATP.

We originally expected to discover potential metabolic
biomarkers indicating the disease caused by V. splendidus.
Unfortunately, the metabolic differences between SUS-diseased
and healthy A. japonicus samples with the metabolic biomarkers
derived from the lab experiment. Basically, the metabolic
differences clearly indicated reduced energy demand (glucose,
glycogen, ATP and amino acids) and disturbance in osmotic
regulation (taurine) in the SUS-diseased group. Obviously,
these metabolic differences were not consistent with those from
the lab experiment. This finding was supported by the fact that
obvious syndromes of natural SUS-diseased samples like skin
ulceration were not detected in V. splendidus-challenged sea
cucumber during the whole laboratory challenge experiment.
Meanwhile, the different living environment for the two
examined samples was also accounted for in this result. As it
is known, the conditions in laboratory experiment were
identical for both control and pathogen-challenged animals.
For the field samples, however, the environmental factors (e.g,,
salinity, temperature, strains of pathogens, food, light, exposure
time) could not be controlled strictly. More importantly, mixed
infection by different pathogens was also not excluded from the
possibilities for these divergent metabolic responses. Other
than V. splendidus, Pseudomonas and even spherical virus had
been demonstrated to be potential pathogens for SUS-diseased
sea cucumber.' Deng et al. had also separated six predominant
isolates of bacteria from the SUS-diseased sea cucumbers. All of
these bacteria could successfully infect the healthy samples with
the typical morphological syndrome of natural SUS individu-
als.”> Therefore, the natural SUS-diseased sea cucumbers might
be suffered from a variety of pathogens’ combined action which
led to metabolic biomarkers different from V. splendidus-
challenged. To better address this speculation, metabolic
responses toward individual and combined pathogen exposures
would be investigated in our further work.

In summary, the major change metabolites in V. splendidus-
challenged sea cucumbers were betaine, branched chain amino
acids (alanine, threonine, argimine), glucose, glycogen, ATP,
while the metabolite pattern of SUS disease is composed of
glucose and glycogen in abundance and branched chain amino
acids (alanine, threonine, argimine, glutamate, glutamine),
taurine and ATP in low levels. The divergent metabolic
responses from SUS-diseased and V. splendidus-challenged sea
cucumbers revealed the complicated process between disease
outbreaks and pathogen infection under the varied marine
environments. The metabolic biomarkers indicating V.
splendidus challenge were not usable for the prediction of
SUS disease in practice. In order to better understand their
connection, multiple-omics techniques would be applied to our
further work to deal with the crosstalk between pathogen
infection and disease outbreaks.
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