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ABSTRACT

Hypoxia is a common concern in shrimp aquaculture, affecting growth and survival. Although recent studies
have revealed important insights into hypoxia in shrimp and crustaceans, knowledge gaps remain regarding this
stressor at the molecular level. In the present study, a gas chromatography-mass spectrometry (GC-MS)-based
metabolomics approach was employed to characterize the metabolic signatures and pathways underlying re-
sponses of Pacific white shrimp (Penaeus vannamei) to hypoxia and to identify associated candidate biomarkers.
We compared metabolite profiles of shrimp haemolymph before (0 h) and after exposure to hypoxia (1 & 2 h).
Dissolved oxygen levels were maintained above 85 % saturation in the control and before hypoxia, and 15 %
saturation in the hypoxic stress treatment. Results showed 44 metabolites in shrimp haemolymph that were
significantly different between before and after hypoxia exposure. These metabolites were energy-related me-
tabolites (e.g., intermediates of citric acid cycle, lactic acid, alanine), fatty acids and amino acids. Pathway
analysis revealed 17 pathways that were significantly affected by hypoxia. The changes in metabolites and
pathways indicate a shift from aerobic to anaerobic metabolism, disturbance in amino acid metabolism, osmo-
regulation, oxidative damage and Warburg effect-like response caused by hypoxic stress. Among the altered
metabolites, lactic acid was most different between before and after hypoxia exposure and had the highest ac-
curate value for biomarker identification. Future investigations may validate this molecule as a stress biomarker
in aquaculture. This study contributes to a better understanding of hypoxia in shrimp and crustaceans at the
metabolic level and provides a base for future metabolomics investigations on hypoxia.

1. Introduction

enhancing the efficiency of oxygen uptake (e.g. increasing respiration
rate, number of red blood cells, or oxygen binding capacity of hemo-

The level of dissolved oxygen (DO) in water plays a key role in
aquaculture production, especially in intensive aquaculture systems
with active stock such as shrimp. While the ideal DO level for most
aquaculture species is 4 or 5 mg-L~! or higher (Boyd, 2003; Robertson,
2006), these levels may be difficult to maintain. Thus, low levels of DO
in water (hypoxia) are a threat to production since they may reduce
growth rates and lead to high mortalities (Ferreira et al., 2011). To cope
with these conditions, marine organisms are known to have adaptation
strategies that allow them to mitigate hypoxic effects, including

globin), saving energy (e.g. lowering metabolic rate, down-regulation of
protein synthesis, altering the expression of genes and proteins of certain
regulatory enzymes), and eventually utilizing anaerobic metabolism
(Childress and Seibel, 1998; Wu, 2002).

For the Pacific white shrimp (Penaeus vannamei), which is the most
important Penaeid species in aquaculture, hypoxia appears to be a big
concern in cultivation settings. Under hypoxic conditions, P. vannamei
shrimp have been reported to turn to anaerobic metabolism which re-
sults in rapid increases of lactic acid and glucose in the haemolymph
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(Racotta et al., 2002; Sonanez-Organis et al., 2009). In addition to ac-
cumulations of lactic acid, Mugnier et al. (2008) also reported decreases
in total haemocyte counts (THC) in shrimp exposed to hypoxia and
reduction of total protein concentrations if exposed to both ammonia
and hypoxia simultaneously. Lactate dehydrogenase (LDH) is a key
enzyme of the anaerobic metabolism in all living cells that catalyzes the
synthesis of lactate and pyruvate in a reversible reaction, as it converts
NAD" to NADH and back to NAD™. The structure of the LDH gene
(LvanLDH) and its expression has been characterized as a response to
hypoxia in P. vannamei (Sonanez-Organis et al., 2012). The silencing of
the transcriptional activator hypoxia inducible factor 1 (HIF-1) has been
shown to block the increase of LDH mRNA and activity produced by
hypoxia in gills, suggesting expression of LvanLDH during hypoxia via
the HIF-1 pathway (Sonanez-Organis et al., 2012). Under anaerobic
conditions, shrimp require more glucose uptake in the cells by GLUT
proteins - glucose transporters (Martinez-Quintana et al., 2014; Marti-
nez-Quintana et al., 2015). The genes encoding for these proteins and
gene expression during hypoxia have been characterized for P. vannamei
which provides a better understanding of facilitative glucose trans-
porters and gene regulation under hypoxic conditions in crustaceans.
Phosphofructokinase (PFK) and fructose 1,6-bisphosphatase (FBP) are
key enzymes in glycolytic and gluconeogenic metabolism. The cDNA of
FBP and expression of PFK and FBP under normoxia (normal levels of
oxygen) and hypoxia have been investigated in P. vannamei (Cota-Ruiz
et al., 2015). In that study, the authors observed the expression of PFK
and FBP in hepatopancreas, but not in gill and muscle tissues, suggesting
tissue-specific expression of these genes. Although such investigations
on shrimp hypoxia have revealed important information regarding the
molecular responses of shrimp to hypoxia, there are still many un-
answered questions. To address such questions, new approaches, such
as high throughput metabolomics (study of biochemical processes of
small molecules or metabolites) may be best suited to provide compre-
hensive mechanistic information about the complex biochemical pro-
cesses that underpin the animal’s responses to these physiological
stresses.

Metabolomics is one of the newest and fastest growing omics.
Metabolomics aims to characterize the metabolites, which are the end
products of metabolism. Hence, metabolomics can be used as a tool to
reveal insights into the molecular mechanisms underlying the responses
of aquatic organisms to external stresses, diseases and developmental
processes. Metabolomics investigations for molluscan species began in
the early 2000, and the approach has expanded in recent years as ap-
plications continue to widen in scope. These studies cover diverse topics,
including diet and nutrient (Grandiosa et al., 2018; Grandiosa et al.,
2020), immunology and disease (Nguyen et al., 2019; Nguyen, 2020;
Nguyen and Alfaro, 2020), environmental stress (Huo et al., 2019; Li
et al., 2019; Nguyen and Alfaro, 2020), eco-toxicology (Li et al., 2017;
Nguyen et al., 2018a), and post-harvest handling (Alfaro et al., 2019;
Nguyen et al., 2020). Several studies have also employed metabolomics
techniques to explore hypoxic effects in molluscan species, such as sea
cucumbers (Huo et al., 2019; Li et al., 2019), abalone (Lu et al., 2016;
Venter et al., 2018), mussels (Tuffnail et al., 2009; Haider et al., 2020)
and prawn (Sun et al., 2018). In general, these studies have reported
changes in metabolites from different tissues of the host under hypoxic
stress conditions compared to controls. Most of the altered metabolites
have been found to be involved in energy and osmoregulation. These
studies have led to significant progress in understanding molecular
response mechanisms of animals to hypoxic stress. However, no
metabolomics investigation has been reported for hypoxic effects on
Penaeid shrimp, even though this is a major production bottleneck in
shrimp pond production. Hence, this study was conducted to reveal
insights into the molecular pathways underlying the responses of
Penaeid shrimp to hypoxic stress. For this purpose, we exposed Pacific
white shrimp (P. vannamei) to different oxygen levels (85 % and 15 %
saturation) and analyzed the haemolymph metabolite profilesat O h, 1 h
and 2 h after exposure using a GC-MS-based metabolomics approach.
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Changes in haemolymph metabolite profiles were also used to identify
biomarkers associated with hypoxic stress as a tool for on-farm
management.

2. Materials and methods
2.1. Experimental design

The hypoxic stress experiment was conducted at the National Center
for Aquaculture and Marine Research (CENAIM) of ESPOL University
(Valdivia, Ecuador). Pacific white shrimp (P. vannamei) (5.6 + 0.7 g)
were obtained from CENAIM’s Experimental Station (Palmar, Santa
Elena Province, Ecuador) and were acclimatized in the lab for a week.
Prior to the start of the experiment, 120 shrimp were randomly trans-
ferred to 20 3-L glass flasks (6 shrimp per flask) containing filtered and
UV treated seawater (34.2 ppt) (Fig. 1). The DO in all tanks was main-
tained at 85 % saturation (5.8-6.7 mg~L’l) by bubbling air into the
flasks through an air stone. DO was measured by a handheld oxygen
meter (YSI EcoSense DO200A, YSI Company, Yellow Springs, Ohio,
USA). Among these flasks, 10 flasks were used as control while another
ten flasks were used for the hypoxia treatment. At the beginning of the
experiment (0 h), two shrimp from each tank were randomly sampled
for metabolomics analysis. For that purpose, 200 pL haemolymph from
each animal were withdrawn and placed into 2 mL cyro-vials and
immediately quenched into liquid nitrogen. Then, the DO level in ten
flasks from the hypoxia treatment was reduced to 15 % saturation
(0.9-1.2 mg-L_l) and the DO level in the control flasks was maintained
above 85 % saturation (5.8-6.7 mg-L™!). DO was reduced by adding a
pre-determined volume of a 2,000 mg-L ! sodium sulfite stock solution
to all 3-L experimental flasks. Control flasks were aerated while treat-
ment flasks were not. Then, 10 shrimp from each treatment (one shrimp
per flask) were randomly sampled at 1 h and 2 h and snap-frozen in
liquid nitrogen, as described above. All haemolymph samples were
stored at —-80 °C until drying in a SpeedVac Concentrator with a
Refrigerated Vapor trap (SavantTM SC250EXP, Thermo Scientific) for 4
h (0 °C, vacuum ramp 3,42 torr/min). Dried samples were then sent to
the Auckland University of Technology (New Zealand) for metabolomics
analysis (Permit no: 2019073018 issued by Ministry of Primary In-
dustries). The shrimp were not fed during the experiment.

2.2. Metabolomics analysis and quality control

Metabolites from haemolymph (200 pL) were extracted with cold
(—20 °C) methanol-water and derivatized with methylchloroformate
(MCF), as described by Smart et al. (2010) with minor modifications
(Nguyen, 2020) (Protocols are in the supplementary file). Ds-alanine
(20 pL of 10 mM) was added to each sample before extraction as an
internal standard. Blank samples containing only 20 pL of 10 mM d4
alanine were extracted together with samples for quality control pur-
poses. Another type of QC sample was amino acid mixtures (20 pL, 20
mM) that were derivatized as the protocol for samples. After derivati-
zation, 10 uL from each sample were pooled to make pooled QC samples.
The derivatized samples of shrimp haemolymph were analysed in a gas
chromatograph — mass spectrometer (GC-MS) system. Details of the
instruments, setting parameters and quality control are described in the
supplementary file).

2.3. Spectra processing, data analysis and pathway analysis

Raw spectral data were processed using multiple software, including
ChemStation (Agilent Technologies, Inc., US), Automated Mass Spectral
Deconvolution and Identification System (AMDIS) software (htt
ps://www.amdis.net/) and in-house MassOmics package (the Univer-
sity of Auckland) as previously described (Nguyen and Alfaro, 2019).

Data analyses including statistical analysis, pathway analysis and
biomarker analysis were performed using the integrated web-based
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Fig. 1. Experimental design and metabolomics workflow.

platform MetaboAnalyst 5.0 (https://www.metaboanalyst.ca) (Pang
et al., 2021) as previously described by Alfaro et al. (2021). Data were
normalized to the internal standard (d4 alanine) and then by auto
scaling. Principal components analysis (PCA) and partial least squares -
discriminant analysis (PLS-DA) were used to assess variability among
samples and between sample groups as well as the accuracy of the
classification and prediction model. Univariate analyses were performed
using one-way analysis of variance (ANOVA) (p < 0.05 and post-hoc
analysis: Fisher’s LSD) to identify different metabolites in haemo-
lymph samples among different treatments. A heatmap of altered me-
tabolites identified via ANOVA was constructed to assess the abundance
of these metabolites (hypoxia/control) via intuitive visualization.

Identification of pathways influenced by hypoxia was conducted via
quantitative enrichment analysis (QEA) using global test algorithm (Xia
and Wishart, 2010) and network topology analysis (NTA) using relative-
betweeness centrality (Nikiforova and Willmitzer, 2007). The pathway
library of Drosophila melanogaster (fruit fly) in the Kyoto encyclopedia of
genes and genomes (KEGG) database (Kanehisa and Goto, 2000) was
used as the reference pathway library. Pathways were considered as
potential primary pathways of interest if they had at least two annotated
metabolites matching with the KEGG database with simultaneous QEA
p-values < 0.05 and with NTA pathway impact (PI) scores greater than
0.0.

Classical univariate receiver operating characteristic (ROC) analysis
was performed to assess the specificity and sensitivity of metabolites for
biomarker models based on the value of the area under the ROC curve
(AUCQ).

3. Results
3.1. Metabolite profiles of shrimp haemolymph

Overall, we identified 81 metabolites including 75 annotated and 5
unknown metabolites from 480 components in the metabolite profiles of
shrimp haemolymph. The majority of these metabolites were energy-
related metabolites (e.g., intermediates of citric acid [TCA] cycle, lac-
tic acid), amino acids, fatty acids and other organic acids. PCA score
plots revealed clear separations between the hypoxia group and the
control group (Fig. 2A). However, PCA score plots did not show differ-
ences between sampling times for any treatment or control. Similar
patterns were observed in PLS-DA score plots with an exception in the
control group where the 0 h sampling was clearly separated from the 1 h
and 2 h sampling points (Fig. 2B).

In consistent with multivariate data analyses, univariate data anal-
ysis via one-way ANOVA revealed 39 metabolites that were significantly
different among the control and treatment groups. These metabolites
were visualized in a heatmap to reveal details of differences (Fig. 2C).
Most of the differences were observed between the hypoxia group (1 and
2 h) and the control. Since there was no difference between different
sampling times within each treatment, data from different sampling
times were pooled together to achieve a bigger dataset to compare the
effects of hypoxia on shrimp.

3.2. Effects of hypoxia on shrimp haemolymph

A t-test analysis of haemolymph metabolite profiles before hypoxia
(0 h) and after hypoxia exposure (1 & 2 h) revealed 44 metabolites that
differed between these two groups (Table 1). Among these altered me-
tabolites, there were 17 increased metabolites and 27 decreased
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metabolites. Most of the increased metabolites were energy related
metabolites (e.g., TCA cycle intermediates, lactic acids) some amino
acids (e.g., alanine, threonine) and a few fatty acids (e.g., 2-hydroxyglu-
taramic acid, palmitic acid) while the decreased metabolites included
mostly amino acids (e.g., asparagine, lysine, histidine) and fatty acids
(palmitelaidic acid, conjugated linoleic acid, DHA).

Pathway analysis indicated 37 involved pathways. After filtering (p
< 0.05 and IP > 0.01), 17 pathways were identified as significantly
affected by the low oxygen stress (Fig. 3). Although glycolysis/gluco-
neogenesis had IP greater than 0.001, its p-value was great than 0.05.
Hence, we included this pathway as a slightly affected pathway of
interest.

3.3. Biomarker analysis

Classical univariate ROC curve analyses revealed that AUC of lactic
acid in haemolymph was equal to 1 (Fig. 4). The very high value of AUC
suggests that lactic acid could be an important and accurate biomarker
for classification and prediction models. In addition to lactic acid, there
were 8 metabolites with AUC equal to 1 and 13 metabolites with AUC
greater than 0.9 (Fig. 4).

4. Discussion

In the present study, we applied a GC-MS-based metabolomics
approach to reveal insights into the metabolic responses of P. vannamei
to acute hypoxia. The metabolic change was observed in both control
and hypoxia conditions. Under the control condition, there were sig-
nificant decreases in some fatty acids and amino acids at 1 and 2 h post
sampling compared to the 0 h sampling time (Fig. 2). The alteration of
fatty acids and amino acids in this case may indicate the use of these
metabolite classes for energy demands to maintain the normal physio-
logical functions and basic metabolic activities of shrimp. The hypoxia
exposure led to changes in many metabolites in the haemolymph of
shrimp compared to the control (0 h). These metabolites are involved in
many pathways associated with the response of shrimp to hypoxic stress,
including a shift in energetic metabolism from aerobic to anaerobic,
osmoregulation, oxidative damage, disturbance of amino acid meta-
bolism and Warburg effect-like response.

Under the hypoxic condition, shrimp metabolite profile showed
increased levels of many TCA cycle intermediates (citric acid, fumaric
acid, succinic acid, cis-aconitic acid, itaconic acid). The TCA cycle is a
major energy-producing catabolic pathway in all aerobic organisms, and
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Table 1
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List of altered metabolites due to the effects of hypoxia on shrimp haemolymph metabolome. Arrows (1 and |) respectively indicate the increase and decrease of a

metabolite in hypoxia-exposed shrimp compared to that of control shrimp.

Metabolites t-test statistic p-value Hypoxia effect Metabolites t-test statistic p-value Hypoxia effect
Lactic acid -22.405 0.000 1 Asparagine 2.712 0.012 !
2-Hydroxyglutaramic acid —17.051 0.000 ) cis-Vaccenic acid 2.833 0.009 l
Citramalic acid —15.999 0.000 1 Palmitelaidic acid 2.902 0.008 |
3-Hydroxyoctanoic acid —14.097 0.000 1 2,6-Diaminopimelic acid 3.232 0.004 l
Threonine -13.137 0.000 1 Oleic acid 3.295 0.003 |
Succinic acid —12.032 0.000 1 Tyrosine 3.303 0.003 1
Fumaric acid —-11.019 0.000 1 Lysine 3.582 0.002 l
Maleic acid -9.910 0.000 1 Cysteine 3.881 0.001 |
cis-4-Hydroxyproline —9.061 0.000 1 Histidine 4.124 0.000 1
2-Hydroxybutyric acid —6.923 0.000 1 Glutamic acid 4.444 0.000 l
Citraconic acid —6.411 0.000 1 Methionine 4.596 0.000 |
Citric acid —5.912 0.000 1 Linoleic acid 4.711 0.000 |
Malic acid —5.091 0.000 1 Glutamine 4.772 0.000 |
Alanine —4.472 0.000 1 Glutathione 4.784 0.000 !
Nicotinic acid —3.488 0.002 ) Conjugated linoleic acid 4.850 0.000 l
Malonic acid —2.939 0.007 1 Benzothiazole 5.434 0.000 |
beta-Alanine —2.521 0.019 1 Aspartic acid 5.825 0.000 1
Stearic acid 2.408 0.024 | Unknown 24.419 5.830 0.000 1
Unknown 9.255 2.467 0.021 | EPA 6.310 0.000 |
Palmitic acid 2.515 0.019 1 Gondoic acid 6.333 0.000 |
Unknown 29.597 2.667 0.013 1 DHA 6.953 0.000 |
9-Heptadecenoic acid 2.672 0.013 | Unknown 27.006 6.973 0.000 |
- Order Pathways Hits/Total
™ Compounds
3
1 D-Glutamine and D-glutamate metabolism 2/5
8 2 Phenylalanine, tyrosine and tryptophan biosynthesis 2/4
§ 12 4 3 Alanine, aspartate and glutamate metabolism 7/23
0 14'. 4 Glycine, serine and threonine metabolism 4/30
N
5 Glutathione metabolism 6/26
1(" 6 . . .
q @ 6  Arginine and proline metabolism 5/31
o
s o 7 Histidine metabolism 1/9
[=2]
£ 15g 8  Phenylalanine metabolism 2/7
= 7 9  Cysteine and methionine metabolism 5/32
0' 11 10  Glyoxylate and dicarboxylate metabolism 6/24
o _| a 11  beta-Alanine metabolism 3/14
- 9 @ 7 : .
@® 5 12 Arginine biosynthesis 5/12
" 08 O 13  Tryptophan metabolism 1/30
17 ) 13 14  Citrate cycle (TCA cycle) 5/20
18 O 15  Tyrosine metabolism 2/33
@ | 16  Aminoacyl-tRNA biosynthesis 19/48
0.0 0.2 0.4 0.6 0.8 1.0 17  Glycolysis / Gluconeogenesis 1/26
18  Fatty acid biosynthesis 2/43

Pathway Impact

Fig. 3. List of pathways that were affected by hypoxia in shrimp haemolymph. The most impacted metabolic pathways are specified by the size and the colour of the
spheres (yellow = least relevant; red = most relevant) according to their statistical relevance and pathway impact (PI) values resulting from Quantitative Enrichment
Analysis (QTA) and Network Topology Analysis (NTA), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

does not function during hypoxia (Mimura and Furuya, 1995). A number
of studies in both vertebrates and invertebrates have demonstrated that
disturbances of the TCA cycle by stress conditions (e.g., pathogen in-
fections, environmental stress) lead to accumulation of TCA cycle in-
termediates (Jha et al., 2015; Young et al., 2017; Alfaro et al., 2019;
Nguyen, 2020). The accumulation of citric acid due to TCA cycle
disturbance, in turn, leads to the generation of itaconic acid via the
enzyme immune-responsive gene 1 (IRG1) (Michelucci et al., 2013).
This has recently been observed in bivalves exposed to Vibrio sp. in-
fections (Nguyen et al., 2018¢c; Nguyen and Alfaro, 2019), OsHV-1 virus
(Young et al., 2017) and also in shrimp under immune stimulation with

prebiotic and probiotics (Alfaro et al., 2022). Hence, the increases in
many TCA cycle intermediates, itaconic acid and citraconic acid suggest
the disturbance or inhibition of the aerobic TCA cycle pathway.

Along with the increase of metabolites involved in aerobic meta-
bolism, there were accumulations of anaerobic end-products, including
lactic acid, succinic acid, alanine and 2-hydroxyglutaramic acid (volatile
fatty acid). Lactic acid is formed under insufficient oxygen conditions
(anaerobiosis, onset of anaerobic metabolism) via LDH that covert py-
ruvic acid to lactic acid in a reversible reaction to generate ATP (Fig. 5).
Hence, lactic acid is considered to be a final product of anaerobic
metabolism and it has been used as a stress index (Plowman and Smith,
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Lactic acid Compounds AUC P value
Lactic acid 1.000 <0.001
o | Fumaric acid 1.000 <0.001
A R IO Succinic acid 1.000 <0.001
21 Maleic acid 1.000 <0.001
= Citramalic acid 1.000 <0.001
S ] 3-Hydroxyoctanoic acid 1.000 <0.001
* Threonine 1.000 <0.001
% I o 2-Hydroxyglutaramic acid 1.000 <0.001
“ o7 cis-4-Hydroxyproline 1.000 <0.001
g 2-Hydroxybutyric acid 0.969 <0.001
-‘§ ?1“8 : Unknown 27.006 0.963 <0.001
o g- — Citraconic acid 0.956 <0.001
g 24 Citric acid 0.944 <0.001
= Aspartic acid 0.938 <0.001
g _ Glutamine 0.938 <0.001
Glutamic acid 0.931 <0.001
Glutathione 0.925 <0.001
o | -4 EPA 0.925 <0.001
< ! | I ! | | Linoleic acid 0.919 <0.001
0.0 0.2 0.4 0.6 0.8 10 Control Hypoxia Malic acid 0.913 <0.001
Conjugated linoleic acid 0.906 <0.001
False positive rate DHA 0.906 <0.001

Fig. 4. Biomarker analysis with univariate ROC curve of lactic acid and other metabolites with AUC greater than 0.9 in shrimp haemolymph.

Warburg effect
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Fig. 5. Anaerobic glycolysis and Warburg effect-like response of shrimp under the hypoxia stress. The hypoxia exposure led to the significant increases of lactic acid,
citric acid, succinic acid, fumaric acid and malic acid in shrimp haemolymph, which may indicate the presence of a Warburg effect-like response.

2007). Indeed, an increase of lactic acid has often been observed in bi-
valves under different stress conditions (Enomoto et al., 2000; Strahl
et al.,, 2011; Giacomin et al., 2014; Alfaro et al., 2019; Nguyen and
Alfaro, 2019). In shrimp, accumulation of lactic acid has been recorded
during out of water storage stress (Paterson, 1993) and elevated tem-
peratures (Sanchez et al., 2001). Interestingly, increased levels of lactic

acid as a consequence of hypoxic stress have been recently reported in
M. nipponense (Sun et al., 2018) and P. vannamei (Racotta et al., 2002;
Sonanez-Organis et al., 2009; Sonanez-Organis et al., 2010; Aparicio-
Simon et al., 2018). In addition to lactic acid, other metabolites, such as
succinic acid, alanine and volatile fatty acids are also anaerobic end-
products in invertebrates (de Zwaan and Wijsman, 1976b; Zurburg
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and Ebberink, 1980; Ellington, 1983). Increased levels of these metab-
olites in hypoxic shrimp are probably initial end products of anaerobic
metabolism. Together, our findings suggest that hypoxia inhibited aer-
obic energy metabolism and resulted in a shift from aerobic to anaerobic
metabolism in shrimp. Among these metabolites, lactic acid was the
most altered metabolite after the hypoxia exposure (Table 1) and its
AUC value was very high (=1). This suggests that lactic acid could be a
very accurate biomarker for hypoxia and stress responses in shrimp.

Interestingly, the shift in energetic metabolism from aerobic to
anaerobic may indicate the presence of a Warburg effect-like response.
The Warburg effect is an abnormal metabolic shift from the oxidative
phosphorylation to the rapid aerobic glycolysis by upregulation of
several major glycolytic enzymes to facilitate the production of more
energy and building blocks (Schroder, 2020). The Warburg effect was
first found in cancer cells (Warburg, 1956), but has also been described
in vertebrate cells infected by viruses (Zwerschke et al., 1999; Munger
et al., 2006; Munger et al., 2008; Delgado et al., 2010; Diamond et al.,
2010). In addition, Warburg effect-like responses have been reported in
invertebrate species, such as shrimp (P. vannamei) infected with white
spot syndrome virus (WSSV) (Chen et al., 2011; Su et al., 2014), prawn
(Macrobrachium nipponense) exposed to hypoxia (Sun et al., 2018),
oysters (Crassostrea gigas) infected with Oyster Herpesvirus type 1
(OsHV1) (Young et al., 2017) and mussels (P. canaliculus) challenged
with Vibrio sp. (Nguyen et al., 2018c).

Decreases of amino acids and fatty acids in hypoxia-exposed shrimp
may be involved in energy metabolism. Fatty acids are components of
cell membranes and have diverse roles in all cells, including source of
metabolic energy, signalling molecules, precursors for the synthesis of
eicosanoids (Yaqoob, 2003). Hence, the reduction of fatty acids has been
commonly observed in marine bivalves as a consequence of high energy
demands in responses to external stresses, such as semi-anhydrous
living-preservation (Chen et al., 2015), aerial and heat exposure stress
(Alfaro et al., 2019) and pathogen infections (Nguyen et al., 2018b;
Nguyen and Alfaro, 2019). Such reduction may be due to the depression
in the glycogen pathway and activation of gluconeogenesis that gener-
ates glucose from non-carbohydrate carbon substrates. In this pathway,
fatty acids can be oxidized to yield propionyl CoA, which enters into
gluconeogenesis through Acetyl- CoA (de Zwaan and Wijsman, 1976a).
Sun et al. (2018) also observed the decrease of linoleic acid in hypoxic
prawns compared to control animals, suggesting the use of fatty acid
metabolism to supply energy. Hence, the decrease of many fatty acids in
the shrimp haemolymph indicates the use of fatty acids as an energy
source and the elevated gluconeogenesis under the hypoxic condition.

Similar to fatty acids, amino acids are also a source of energy and
their decreases in shrimp haemolymph may indicated degradation of
proteins to provide energy for shrimp under hypoxic conditions. Indeed,
pathway analysis revealed 13 amino acid pathways that were signifi-
cantly affected by the hypoxia. This suggests the disturbance of amino
acid metabolisms by the hypoxia. In agreement with this study, Sun et al.
(2018) observed decreases of some amino acids (valine, leucine,
isoleucine, lysine, glutamate and methionine) in prawn under hypoxia
and reoxygenation conditions. In sea cucumbers under the combination
of heat and hypoxia, most metabolites involved in amino acid meta-
bolism were significantly decreased compared to the controls (Huo
et al., 2019). Furthermore, decreases of amino acids to supply energy
have been reported in mussels (P. canaliculus) exposed to pathogenic
Vibrio sp. (Nguyen et al., 2018b; Nguyen and Alfaro, 2019). Among the
decreased amino acids, glutamine is an important a-amino acid that
serves as an energy substrate, and a building block of glucose, peptides
and protein (Souba, 1991). Under hypoxic conditions, cells use gluta-
mine as an alternative fuel to generate citrate and support proliferation
(Sun and Denko, 2014). Aspartic acid is a constituent of most proteins,
and also play an important role in the metabolism of nitrogen and
neurotransmission (Johnson, 2017). A study by Graham and Ellington
(1985) who investigated the metabolism of aspartate by in vitro prepa-
rations of the ventricle of the whelk (Busycon contrarium) under anoxic
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conditions found that there was a substantial conversion of aspartate to
succinate with no detectable enrichment of other metabolites. Tyrosine,
also known as 4-hydroxyphenylalanine, is an aromatic amino acid that is
used for protein synthesis. Tyrosine is also an antioxidant that can
scavenge free radicals and contribute to reducing oxidative damage
caused by hypoxic stress (Cui et al., 2017). Lysine is an essential amino
acid for protein synthesis and a precursor for carnitine, a substance that
transports fatty acids to the mitochondria to be oxidised for the release
of energy (Vaz and Wanders, 2002; Flanagan et al., 2010). Hence, the
common observation in reduction of these amino acids in marine mol-
luscs exposed to external stressors (Lu et al., 2017; Nguyen et al., 2018b;
Sun et al., 2018; Huo et al., 2019; Li et al., 2019) as well as in shrimp
under the hypoxia in this study may suggest the key role of these amino
acids in energy metabolism and other unknown functions which require
future investigations.

On the other hand, there were accumulations of some fatty acids (2-
hydroxyglutaramic acid, 3-hydroxyoctanoic acid, 9-heptadecenoic acid,
stearic acid and palmitic acid) and amino acids (alanine, beta-alanine,
cis-4-hydroxyproline and threonine) in hypoxic shrimp. It has been
shown that short-term exposure to hypoxia can have a negative effect on
shrimp osmoregulation (Charmantier and Soyez, 1994; Mugnier and
Soyez, 2005). The lipid in the gill tissues of marine molluscs is known to
have an important role in osmoregulation and ion exchange (Palacios
et al., 2004; Chen et al., 2014; Ray, 2018). Hence, the increases in fatty
acids observed in shrimp under the hypoxic condition in the present
study may suggest the involvement of these compounds in osmoregu-
lation or ion exchange. Aquatic invertebrates are able to use high con-
centrations of amino acids to regulate the intracellular osmolarity with
that of their surrounding environment (Viant et al., 2003; Fasulo et al.,
2012; Cappello et al., 2013). Thus, the significant increase of many
amino acids in this study may also be involved in osmoregulation of the
host. In addition, alanine and proline are among the most abundant
osmolytes in molluscs and crustaceans (Carr et al., 1996). The accu-
mulation of alanine, beta-alanine and cis-4-hydroxyproline (a proline
derivative) may also be indicative of osmoregulation in shrimp exposed
to the hypoxia.

We also observed a reduction of many metabolites in the glutathione
pathway (cysteine, glutathione, glutamic acid and methionine) and an
accumulation of 4-hydroxyproline in hypoxic shrimp which may be
signatures of oxidative stress caused by hypoxia. Acute hypoxia was
found to induce oxidative stress due to the excessive production of
reactive oxygen species (ROS) in P. vannamei (Zenteno-Savin et al.,
2006; Li et al., 2016). Oxidative damage due to the excessive ROS pro-
duction is considered a major contributor to oxidative injury during
hypoxia-reoxygenation stress (Drose et al., 2016; Cadenas, 2018;
Groehler et al., 2018). Glutathione is an antioxidant that effectively
scavenges free radicals such as ROS and reactive nitrogen species (RNS)
(e.g., hydroxyl radical, hydrogen peroxide, lipid peroxyl radical and
superoxide anion) directly and indirectly through the glutathione cycle
(Aquilano et al., 2014). The regulation of ROS by the glutathione
pathway and the up-regulation of glutathione metabolism have been
recently demonstrated in marine bivalves under stress conditions
(Nguyen et al., 2018c). However, this process requires oxygen to convert
glutathione in reduced form (GSH) into its oxidized form (GSSG). Under
the hypoxic condition in this study, we observed decreases of many key
metabolites in glutathione metabolism (cysteine, methionine, glutamic
acid and glutathione) in hypoxia-exposed shrimp compared to the
control shrimp, and glutathione metabolism itself was also identified as
significantly affected by the hypoxic conditions. This suggests that
hypoxic conditions depress the GSH pathway in ROS regulation. This in
turn may lead to oxidative damage caused by the increase of ROS.
Indeed, we observed the accumulation of 4-hydroxyproline which is
known to be a major component of collagen, and marker for collagen
degradation caused by oxidative stress (Monboisse and Borel, 1992;
Fisher et al., 2009). In agreement, the accumulation of 4-hydroxyproline
in gill tissues of mussels after long-term (6 days) hypoxia exposure has
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been suggested to be an indicator of oxidative injury (Haider et al.,
2020). Together, our results suggest oxidative damage caused by
oxidative stress and the depression of the GSH pathway in ROS regula-
tion in shrimp under hypoxic conditions.

In conclusion, this study provides the first metabolomics investiga-
tion into acute hypoxia effects on Penaeid shrimp. The study revealed
metabolic pathways underlying the shift in energetic metabolism from
aerobic to anaerobic in shrimp under the hypoxic conditions. In addi-
tion, we observed changes in metabolites and pathways associated with
amino acid metabolism and fatty acids metabolism, osmoregulation,
oxidative damage and Warburg effect-like response in hypoxia-exposed
shrimp. The study also demonstrated the sensitivity and applicability of
metabolomics approaches to investigate molecular mechanism of stress
(e.g., hypoxia) responses in aquatic organisms and to develop bio-
markers for health assessment in crustacean aquaculture. Future
metabolomics studies may combine different analytical platforms to
characterize more metabolites classes for a broader and more detailed
analysis of host responses to hypoxia.
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