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Abstract: The micro-flowing water system can improve the flesh quality of freshwater fish using the

traditional pond farming method. However, the mechanism of this phenomenon has not yet been

explored. This study intends to examine the changes of metabolites in freshwater fish after treatment

with the micro-flowing purification system (MFPS). The UPLC-QTOF/MS based metabolomics method

was utilized to screen the metabolites and predict the major possible metabolic pathways after MFPS

treatment. There were 377 types of metabolites identified in the fish muscle, of which 54-71 represented

significant different metabolites identified during different stages of MFPS treatments. The main

mechanism of MFPS treatment in improving the quality of grass carp fish muscle was investigated, and

the MFPS treatment was shown to improve the flesh quality and the flavor of grass carp fish muscle.

This study could provide the theoretical basis for improving the quality of aquatic products.

Keywords: Micro-flowing purification system; Quality; Grass carp; Metabolomics; UPLC-QTOF/MS
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1. Introduction

The annual yield of grass carp (Ctenopharyngodon idella) is about 25 million tons in the world,

with 17.9% produced in China (Qiu, et al., 2020). Grass carp plays a major role in aquaculture, as it is

the largest freshwater fish species. It is one of the most popular food items in China, and is often used

as fresh fish or processed fish fillet products (Liu, et al., 2013). Because the cultivation of freshwater

fish often uses a high-density cultivation mode, the cultivation of microorganisms in aquatic

environments could easily cause the accumulation of undesirable flavors in the fish, which in turn would

affect, to some extent, the degree of acceptance by consumers of the grass carp culture (Fuentes, et al.,

2010; Rincén, et al., 2016).

Depuration treatment or short-term aquaculture can effectively improve the quality and

acceptability of market-size fish before selling. For example, depuration improved the muscle quality of

atlantic salmon (salmo salar), and decreased the content of earth-musty off-flavors (Burr, et al., 2012).

By changing nitrate-nitrogen levels in recirculating aquaculture systems, the concentration of off-flavor

compounds geosmin and 2- methylisoborneol in rainbow trout was reduced (Schrader, et al., 2013).

Common carp had higher levels of polyunsaturated acids after being kept in clear water without feeding

for several days (Zajic, et al., 2013). Furthermore, there was a significant improvement in the consumers'

acceptability of the flavor of halibut after two weeks of depuration treatment (Drake, et al., 2010). In our

previous study, the edible quality of grass carp muscle improved after using treatment of the micro-

flowing water depuration system. The texture, taste and flavor of grass carp muscle appeared to

significantly change during the purification process (Lv, et al., 2018). But the mechanism of the fish

quality improvement through the depuration system treatment has not yet been reported, thus the

mechanism of fish quality improvement should be further explored.
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Metabolomics is an effective analytical method for the identification and quantification of small

molecular endogenous metabolites in organisms (Patti, et al., 2013). It has been widely used in the food

industry to investigate the metabolic changes of aquatic products under various physiological or storage

conditions, specifically, after discovering the inherent mechanism and potential biomarker of monitoring

food quality. Metabolomics has been applied to some aspects of aquatic products processing. For

example, the NMR based metabolomics method was used to study changes of metabolites of sea

cucumbers and crabs under different stress conditions (Ye, et al., 2016). GC-MS technology was used

to characterize the metabolic profiles of crucian carps infected with bacteria, and to screen the important

biosynthesis pathway and metabolic biomarkers (Guo, et al., 2014). Owing to its powerful separation

ability, high throughput capacity, high resolution and detection sensitivity, HPLC-MS technology has

been widely used in the study of aquatic products and metabolomics. For instance, the metabolic changes

in zebrafish induced by environmental disturbance were investigated using HPLC-MS technology (De

Sotto, et al., 2016). The performance of the HPLC-MS approach is excellent and has been broadly used

for quantitative determination of meat quality and related metabolites or nutrients (Gil-Solsona, et al.,

2019).

In the present study, market size grass carp were depurated using the micro-flowing water

depuration system (MFPS). The UPLC-QTOF/MS based metabolomics method was utilized to explore

the metabolites and their contents. The different metabolites were screened out and the key metabolic

pathways related to the quality of grass carp muscle were investigated. Thus, the main mechanism of

depuration treatment to improve the quality of grass carp fish was explored using UPLC-QTOF/MS

based metabolomics and expected to provide the theoretical basis for improving the quality of aquatic

products through regulating and controlling the depuration process.
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2. Materials and Methods

2.1 Chemical reagents

2-Chloro-L-phenylalanine (Sigma Aldrich, St. Louis, MO, USA) and methanol (A.R.) (Sinopharm

Chemical Reagent Co. Ltd, Shanghai, P.R. China) were used in the sample preparation. MS - 222 (3-

Aminobenzoic acid ethyl ester methanesulfonate, CAS: 886-86-2, Shanghai yuanye Bio-Technology Co.,

Ltd, Shanghai, P.R. China) was used as the anesthetic typically administered to induce anesthesia in

fresh grass carp. Ultrapure water was obtained from the Milli-Q system (Millipore, Billerica, MA). The

mobile phase was composed of the following components: acetonitrile and methanol (HPLC grade,

Merck, Darmstadt, Germany), formic acid (Sigma Aldrich, St. Louis, MO, USA), phosphoric acid

(Kemiou Chemical Reagent Co. Ltd, Tianjin) and ultra-pure water (Merck, Darmstadt, Germany).

2.2 Fish sample preparation

All animal procedures were approved by the Animal Care and Use Committee of Huazhong

Agricultural University and performed in accordance with the Guidelines for Care and Use of Laboratory

Animals of Huazhong Agricultural University. The schematic diagram of the whole experiment is

illustrated in Fig. S1. Fresh grass carp (1.5~2.0 kg) from the fish farming in Chidong Lake (115.41°E,

30.10°N, Hubei, P.R. China) were transported in troughs (LongxWidthxHeight: 720cm X 200cm X

150cm, n=30) in the micro-flowing water purification system (Lv, et al., 2018). There were ~125 kg fish

placed in every trough, and the depuration period lasted from October to December (2015). All fish were

deprived of food during the whole period. During the period of depuration, five grass carp were collected

every 10 days. The sampled fish were anaesthetized using the anesthetic MS - 222 (100 mg/L) and were

unconscious before slaughter. Fish were immediately gutted and segmented. At the end, the dorsal
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muscle of each fish was sampled and kept at -80°C for further analysis.

2.3 Metabolites extraction

The fish muscle samples (~50 mg) were extracted with 800 uL. methanol. Dichlorophenylalanine

(10 pL, 2.9mg/mL) was added to the mixture according to the internal standard. All fish samples were

grinded for 90s at 65Hz, vortexed for 30s and centrifuged for 15min (12000 rpm, 4°C). At the end, 200

pL supernatant was transferred to sample vials for further detection.

2.4 UPLC-QTOF/MS detection

Chromatographic evaluations were performed using a Waters Acquity UPLC-I Class (Waters Corp.,

Mil-ford, MA, USA). The UPLC system was equipped with a binary pump, micro degasser, an

autosampler and a temperature-controlled column compartment. Chromatographic separations were

achieved on an ACQUITY UPLC HSST3 ODS-SP column (1.8 um, 2.1 mm x 100 mm; Waters, Ireland).

The gradient system consisted of 0.1% formic acid in water in mobile phase A and 0.1% formic acid in

acetonitrile in mobile phase B (0-2 min, A, 95%; 2-12 min, A, 95-5%; 12-15 min, A, 5%; 15-17 min, A,

5-95%; 17-20 min, A, 95%). The chromatographic separation condition was set as following: oven

temperature-40 °C, injection volume-0.6 uL, flow rate-0.35 mL/min.

The separated components were detected with a Vevo G2-S QTOF mass spectrometer (Waters

Corp., Mil-ford, MA, USA) equipped with both ESI ion modes (ESI- and ESI+). The detecting

parameters were collected as following: Cone gas, 50 L/h; Ion source temperature, 120 °C (+)/110 °C(-);

Desolvation gas temperature, 350 °C; Capillary voltage, 1.4 kV (ESI+)/1.3kV (ESI-); Sample cone,

40V (ESI+) or 23V (ESI-); Gas flow, 600 L/h; Collision energy, 10-40 V; Ion energy: 1V; Scan time:

0.03s; Inter scan time: 0.02s; Scan range 50—1500 m/z. All analyses were performed using lockspray to

ensure accuracy and reproducibility, with a concentration of 200 ng/mL of leucine encephalin (m/z
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556.2771) in positive ion mode and (m/z 554.2615) in negative ion mode locking quality.

2.5 Data processing

The raw UPLC-QTOF/MS data were initially transformed to CDF files using CDFbridge

(Masslynx 4.1, Waters), then imported into XCMS software for peak alignment, peak detection, peak

picking, peak filling and isotope elimination. The data were normalized with retention time, MZ and

observation and peak intensity. The data matrix was analyzed using Multivariate Analysis (MVA)

SIMCA-P 13.0 software (Umetrics AB, Umea, Sweden) for principal component analysis (PCA) and

Orthogonal partial least squares discriminant analysis (OPLS-DA). According to the variable importance

plot (VIP), the necessary conditions were set (variables scoring>1.5 and p<0.05) to identify metabolites

with significant differences between the control and micro-flowing water system treated groups.

In order to investigate detailed information of these potential significant metabolic biomarkers,

the identification and quantification of these biomarkers were investigated using the detailed information

detected by UPLC-QTOF/MS. At first, the accurate m/z obtained by multivariate statistical analysis was

matched with metabolites from the online databases of Metlin (https://metlin.scripps.edu/) and KEGG

(http://www.kegg.com/), which initially indicated the possible metabolic mechanism. At the end, the

identification of the metabolites was validated with ion fragments, parent ion and the retention time. The

quantification of metabolites was determined with the area of the peaks in EIC (Extracted ion

chromatograms) extracted from TIC (Total ion chromatograms) (Fig. 1), which was automatically

completed with the commercial software MassLynx 4.1 (Waters, Milford, MA, USA).

2.5 Determination of hypoxanthine and inosine

For the pretreatment and determination of the content of hypoxanthine and inosine in grass carp

muscle, reference was made to a former method (Kuda, et al., 2008). Separation of hypoxanthine and
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inosine was conducted with a reverse-phase column (Agilent C18, Agilent Technologies, USA). The
mobile phase of phosphate buffer-methanol (85:15, pH 6.0) was used (flow rate: 0.7 ml/min; temperature:
35°C). The detection wavelength of eluent was monitored at 254 nm for hypoxanthine and inosine.

2.6 Statistical analysis:

The chemical analyses were repeated at least three times, and the results expressed as means + SEM.
Statistical analysis was performed with SPSS 22.0 (IBM, New York, USA) using one-way ANOVA.
LSD adjustment was used to determine the significant difference between different groups. Significant
differences were declared at p <0.05. The statistical power analysis was used to validate the sample size

for significant differences, which was implemented in the freeware GPower (Erdfelder, et al., 1996).

3. Results and discussion
3.1 UPLC-QTOF/MS analysis
The metabolites extracted from fish samples, which were treated with the MFPS under different
purified periods (0d, 10d, 20d, 30d, 40d and 50d), were detected with UPLC-QTOF/MS technology in
the positive (ES+) and negative (ES-) ESI modes. As an example, a typical series of peak intensity
chromatogram of treated fish samples in the positive ESI mode are illustrated in Fig. 1. From Fig. 1,
most endogenous metabolites could be detected in 18 min using UPLC-QTOF/MS technology.
According to the peak heights in the spectra, about 4420 peaks of positive ions (ESI+) and 4600
peaks of negative ions (ESI-) were detected which were extracted from TIC by the MassLynx (Fig. 1).
By comparison with the NIST standard spectrum, there were 377 metabolites identified in the grass carp
muscle, including 73 amino acids, 117 lipids, 56 nucleic acids, 123 sugars and carbon sources, and some

inorganic acids. From Fig. 1, it is visually evident that there are some differences among these six
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different groups in the TIC chromatograms. However, it is rather difficult to screen the potential different
metabolites in fish muscle samples except by manually and intuitionally comparing the control and
treated chromatograms. Therefore, application of the appropriate pattern recognition approach is very

necessary for visualizing characteristic changes.

3.2 Principal component analysis (PCA)

As a non-supervised multivariate data analysis method, PCA is always used to give a
comprehensive view of the clustering trend for the multidimensional data (Boyan, et al., 2013). In order
to gain an overview of the fish muscle metabolic profiling, PCA was initially used for the analysis of
UPLC-QTOF/MS data.

To determinate whether the micro-flowing purification treatment is able to influence metabolic
patterns of grass carp muscle and to screen the characteristic metabolites with significant concentration
changes (i.e. potential biomarkers), the PCA approach was utilized to conduct a model with the ES+ and
ES-data, respectively. The score plots of PCA are illustrated in Fig. 2A (ES+) and Fig. S2A (ES-). The
validity of the PCA model was evaluated using the correlation coefficient R? and the cross-validation
correlation coefficient Q°. R’ is defined as the proportion of variance in the data explained by the models
and indicates goodness of fit. O is defined as the proportion of variance in the data predicted by the
model and indicates predictability. R’ and O’ of PCA models for the control group and the other five
treated groups were 0.514 and 0.384, 0.226 and 0.0198 for the ES+ and ES- modes, respectively. Thus,
the PCA method was more useful for the analysis of data in the ES+ mode. It is clearly noticeable that
the samples in the control group were completely separated compared with the samples in the micro-

flowing purification treated model groups. Thus, the metabolic pattern in the grass carp muscle was
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significantly altered after the purification process.

Furthermore, the PCA method also illustrated the separation of the control group and the other
five treated groups under the ES+ mode, respectively. The statistical parameters (R’ and Q°) of all PCA
models are illustrated in Table S1. Results from the PCA model showed that this method could generate
good results for the discrimination between samples from the control and treated groups, and the
performance from the positive ion mode was better than from the negative ion mode. With various
periods of micro-flowing purification system treatment, the different metabolite compositions were

further explored between the purified groups and control group.

3.3 OPLS-DA analysis

In order to maximize the separation among the different grass carp groups and focus on metabolic
variations at different purification periods, the data for both ESI+ and ESI- acquisition modes were
performed using a supervised multivariate data analysis approach OPLS-DA (Aru, et al., 2016) to build
more intensive and accurate models and explore the real trend and grouping the multidimensional data.

The score plots of OPLS-DA are shown in Fig. 2B-2F and Fig. S2B-S2F. Compared with the
control group, the cluster separations are very good at different micro-flowing purification treated time
points. The results mean that the metabolic patterns in grass carp were significantly changed during the
purification processing. The performance of OPLS-DA was distinctly better than the PCA models. All
models exhibited reasonable separation between groups and acceptable goodness-of-fit (R2Y) and
goodness-of-prediction (Q2Y). The statistical parameters of the OPLS-DA models (R2X, R2Y and O°)
are summarized in Table S1. The results not only indicated the strong explanatory power of the data and

the good predictive ability of all permuted OPLS-DA models, but also demonstrated a robust metabolic

10
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difference between the micro-flowing purification systems treated grass carp and the controls.

3.4 Identification of different metabolites for micro-flowing system purification treatment

Based on the judgement criteria (VIP > 1.5, p < 0.05) for determining the different metabolites of

the OPLS-DA model, there were 145 metabolites identified in fish muscle samples compared with the

control group and purified groups under different purification periods. The retention time, molecular

weight and relative amount of potential different metabolites are demonstrated in Table 1 and Table S2.

The majority of identified metabolites were lipids and secondary metabolites of lipids under different

purification times (Fig. 3), which indicates that the micro-flowing purification treatment could alter the

lipid metabolism in grass carp. The phenomenon that most metabolites were lipid decomposition

products shows that the fat consumption increased during the purification process, which is consistent

with our previous study (Lv, et al., 2018). There are many phospholipid components involved in the lipid

metabolites, which indicates that a large number of signal molecules (such as phosphatidylserine,

phosphatidylethanolamine, etc.) contributed to the metabolism caused by the purification treatment.

In order to further determine the biomarkers in different metabolites of grass carp during the

micro-flowing purification treatment, the repeated metabolites and their corresponding relative contents

in different metabolites of each comparable group were searched and analyzed. The selected metabolites

were further identified by the molecular weight (m/z) in the Metabolites and Tandem MS database

(METLIN) and KEGG database. Based on the variety and content changes of different metabolites of

grass carp muscle and the reported metabolic pathway of each metabolite in KEGG database, the

metabolic pathway changes of grass carp muscle during purification were obtained (Fig. 4). A total of

16 significant differential endogenous metabolites were found which showed an increasing and

11
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decreasing trend from the beginning to the end of the purification process (Table 1). Among these

different metabolites, xanthine, hypoxanthine, trimethylamine oxide, alanine and IMP (Inosine

monophosphate) are the most common precursor substances. The changes in their amount affected the

quality of fish muscle. The causes of these metabolic differences are further discussed. The species and

the changes in the amount of the identified metabolites, combined with the metabolic pathway reported

from the KEGG database, the potential metabolic pathways of micro-flowing purification system treated

grass carp are all illustrated in Fig. 4.

The trend of phospholipid metabolites, such as phosphatidylserine and phosphatidylcholine,

indicate that the synthesis and metabolism of signal metabolites are enhanced and kept up-regulating in

the early stage of purification. From the decrease in the amount of arachidonic acid, docosanoic acid,

leukotriene B4 and the increase in short chain alkyl coenzyme A, it can be seen that the decomposition

and metabolism of fatty acids increased in grass carp muscle after purification, and the consumption of

fatty acids was the main source of energy. The trend of histidine, homocysteine, alanine and other amino

acid metabolites showed that the decomposition rate of amino acid was greater than its synthesis rate

during the purification process, which led to the accumulation of alanine in fish muscles. After 20 days

of purification, the level of IMP synthesis was enhanced, and its conversion rate of hypoxanthine and

xanthine was inhibited. The content of trimethylamine oxide and its related metabolites decreased during

the purification process, its metabolic substrate carnitine did not change significantly, while the content

of choline increased, indicating that the generation pathway of trimethylamine was inhibited.

In order to validate the results of metabolic analysis, the content of hypoxanthine and inosine in

grass carp muscle during purification was measured using the HPLC method. The corresponding results

are shown in Fig. 5. After the micro-flowing system purification treatment, the contents of these two

12
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kinds of endogenous metabolites in fish muscle significantly decreased, which is consistent with the

results of metabolomics. It indicates that the purification treatment could induce the inhibition of

catabolism of IMP to hypoxanthine in the muscle of grass carp. Combined with the trend in different

metabolites mentioned above which are shown in Table 1 and Table S1, it can be seen that the main

metabolites related to fish flavor changed significantly in 20 days during the purification process. The

content of the major metabolites can remain stable for a relatively long time, which indicates that the

micro-flowing purification treatment can improve the quality and flavor of fish meat, as long as the

period of purification is not less than 20 days.

3.5 Metabolic changes in the grass carp muscle during MFPS treatment

Due to grass carp not feeding during the MFPS treatment period, the fish protein decomposed

and stored lipids in tissues in order to maintain the energy supply and daily life activities, hence the

contents of protein and lipids in the fish muscle showed a consistent downward trend. Basically, the

consumption of protein and lipids in grass carp fish muscle is according to the regulation of energy

metabolism under prolonged starvation in fish. In other words, the fish metabolism can be divided into

three stages during the MFPS treatment: (I) In the first 20 days of the MFPS treatment, the metabolic

rates of both protein and lipids are very fast; (II) During 20d-40d of the MFPS process, the catabolism

of grass carp muscle is dominated by lipids until reaching the limit in the body of the fish; (III) In the

last 10 days of MFPS treatment, protein catabolism plays an important role in the fish body metabolism

in supplying the energy (Bar, 2014).

From Table 1 and Table S2, it can be observed that the content of NADP in the tissues

significantly increased at 10 days after purification, which indicates that the energy supply of grass carp

13
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was insufficient during the starvation period. As well as at the end of purification, NADP accumulated

due to the decrease in energy supply caused by the reduction in lipid metabolism. This phenomenon is

consistent with the expression trend of NADPH related enzymes synthesis found in liver cells of rainbow

trout during the starvation phase, as the activities of glucose-6-phosphate dehydrogenase and malic acid

enzyme in fish significantly decreased, and the synthesis of NADPH decreased (Nagana Gowda, et al.,

2016). After 20-40 days of purification, the degree of metabolic protein and lipid was enhanced, and the

synthesis of NADPH returned to normal level. The contents of intermediate products of fatty acid

metabolism in fish muscle, such as 3-oxhexyl coenzyme A and 3-oxlauroyl coenzyme A increased

significantly after 10 and 20 days’ purification, respectively. At the same time, the contents of fatty acids

including docosanoic and arachidonic acid decreased, and so did the contents of secondary products of

lipid synthesis such as leukotriene, indicating that the consumption of fat was increased and the

anabolism weakened. The fat content in the grass carp back muscle was measured but did not

significantly change during the first two stages, it however slightly increased in the first 10 days of

purification. These results are similar to the purification study of the cod, which reported that during the

purification process, the fish consumed the lipid stored in the fish body in the following order, the liver

and other internal organs, the abdomen and the digestive tract and the lipid reserved in the muscle

(Palmeri, et al., 2008). This style of lipid metabolism also occurred in the carp (Cyprinus carpio) and the

roach under the prolonged starvation condition, but for the rainbow and brown trout the opposite was

true (Regost, et al., 2001).

In this study, the grass carp duration of stage I is similar to that of the striped bass and rainbow

trout, while the stage II is shorter (Jonsson, et al., 2007). During the purification process, the content of

amino acids such as homocysteine, histidine and homotyrosine decreased (Table 1 and S2), indicating

14
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that the catabolism of protein and amino acids is also very active, and may be related to the synthesis of

phosphatidylserine except when involved in supplying energy to the body.

The synthesis of phosphatidylserine is up-regulated to a greater extent during the purification

process and accompanied by significant changes in the contents of other phospholipids such as

phosphatidylglycerol, phosphatidylcholine, phosphatidylinositol and ceramide metabolites.

Phosphatidylserine is an important component of the membrane structure in cells, and it is widely

involved in the regulation of the cell signaling pathway, cell proliferation and apoptosis (Fadok &

Henson, 2003). In this experiment, the relative content of phosphatidylserine was significantly increased,

which is consistent with the phenomenon of grass carp myoblast reported by Sousa et al (Sousa, et al.,

2016). In other words, under the condition of diminished nutrient supply, phosphatidylserine is

redistributed in the membrane and entered during apoptosis, while proteins, amino acids, nucleic acids

and other substances in cells are reused to maintain life activities (Zhou, et al., 2016). The up-regulation

of phosphatidylserine indicates that stress starvation during the purification process makes the regulation

of cell apoptosis of grass carp more active. Thus, the accumulation of phosphatidylserine can play an

important role in the protection of nerve cells (Akbar, et al., 2006). The data in this experiment show

that the grass carp body can protect the nervous system by up-regulating the synthesis of

phosphatidylserine under stress starvation.

3.6 Differential metabolites related to the flesh quality of grass carp muscle

Flesh quality is defined by the nutritive value and organoleptic properties as determined by

consumers (Grigorakis, 2007). The quality and flavor of the fish should be based on the flesh protein

(Grigorakis, 2007), peptides (Jirss & Bastrop, 1995), fatty acids (Grigorakis, 2007), and other
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metabolites, which have been studied in our study, and protein and amino acids not only belong to the

nutritional components, but also influence the flavors of fish products (Jiang, et al., 2016). A period of

purging and food deprivation before harvesting is always the common procedure used for improving the

quality and flavor of the fish, and the purged fish (2-4 weeks purging) were found to have a consistent

and desirable flavor (Palmeri, et al., 2008). Thus, changes in metabolites, especially amino acids, which

play important roles in determining the quality and flavor of the fish were investigated in the current

study.

3.6.1 Inosine monophosphate (IMP)

The content of IMP was significantly increased after 20 days of purification, while the contents of

jaundice and hypoxanthine in fish muscle were considerably reduced. IMP may be degraded into

xanthine and hypoxanthine through safrole and inosinein converted in the fish body, respectively (Fig.

4). The trend of the relative contents of IMP, jaundice and hypoxanthine which changed in the muscle

cells of the grass carp indicates that the decomposition of IMP was inhibited after the treatment of MPFS.

Therefore, the amount of IMP was accumulated in the fish muscle.

At the same time, IMP can be decomposed by the metabolite AICAR of 5-phosphate-a-ribose-1-

diphosphate (PRPP). The other aspect of PRPP metabolism is histidine, and the content of histidine in

muscle was decreased (Table S2). It can be seen that the PRPP metabolism during the purification

procedure was mainly carried out with the synthesis of AICAR to IMP. When Kuhla et al studied the

expression of dairy cow protein, they found that the expression of AICAR methyltransferase/IMP

cyclase was up-regulated under starvation, and the synthesis of IMP was enhanced, thereby

supplementing and maintaining the total amount of adenine nucleotides with IMP (Kuhla, et al., 2007).

Furthermore, Hypoxanthine-guanine phosphoribosyl transferase (HGPRT) (HGPRT) is one of the
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main enzymes that catalyze the synthesis of IMP and XMP from hypoxanthine and xanthine. It has been

reported that the increased expression of HGPRT can enhance the reuse of purines in walrus under

starvation during the purification process, and maintain a stable amount of purine nucleotides (Sonanez-

Organis, et al., 2012). The senegalese sole also showed the same tendency of expressing HGPRT under

repeated stress (Cordeiro, et al., 2012). In this study, the increase of IMP content in grass carp muscle

might be the result of the joint action between the increased expressions of IMP cyclase and HGPRT,

and also the reduced substrate content of hypoxanthine and xanthine.

IMP is the major source of umami in meat products, therefore, the accumulation of IMP in muscle

can effectively improve the flavor of food (Hong, et al., 2017). At the same time, xanthine and

hypoxanthine are regarded as the sources of bitterness in foods (Bedini, et al., 2013). Therefore, the

MFPS treatment is beneficial in improving umami substances and reducing the contents of bitter

substances in the fish muscle that may partly explain the improvement of grass carp quality after the

purification process.

3.6.2 Trimethylamine N-Oxide (TMAOQO)

After the MFPS treatment, the content of TMAO in the grass carp muscle was lower than the

detection limit, and the contents of secondary metabolites, dimethylamine and methyl coenzyme M, fell

by more than 40% and 60%, respectively. The potential substrates of TMAO include carnitine,

trimethyllysine and choline (Narasimhan, et al., 2018). It has been reported that TMAO is mainly derived

from the metabolism of carnitine and choline in foods through the action of intestinal microbes, further

metabolized and accumulated in various tissues of the body (Cho, et al., 2017). Intestinal bacteria could

influence the production of TMAO from carnitine, and carnitine the composition of gut bacteria. The

gut bacteria environment was seriously influenced by the depuration procedure (Oliveira, et al., 2011),
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such as MPFS in the current study. Therefore, while the grass carp was under starvation during the

purification process, the major source of TMAO was interrupted. The amount of TMAO and the

corresponding downstream metabolites were significantly reduced in the metabolic process. The same

phenomenon has also been observed in the crab aquaculture, as starvation contributed to the decrease of

TAMO content in muscles (Ye, et al., 2016).

TAMO can generate trimethylamine and dimethylamine catalyzed by TAMO reductase, which

are the two main off-flavor components in fish or aquatic products (Fu, et al., 2006). In this study, the

content of TAMO and its corresponding metabolites were decreased during the process of MFPS

treatment, indicating that the purification process helped to reduce the off flavor in muscle and thereby

improved the quality of grass carp.

3.6.3 Alanine

Considered as the primary metabolites of amino acid metabolism, such as glutamate, aspartic

acid and cysteine, alanine can be further metabolized into pyruvic acid and enters the TCA cycle and

energy metabolism. During the purification process, the degree of amino acid decomposition was high,

and the content of alanine obtained enriched (Table S2). The major form of energy supply is fatty acid

metabolism and the limit of fatty acids in the organism was reached after 50 days of purification. After

that, the style of energy supply changed into protein and amino acid, while the content of alanine

recovered in comparison to the control group. Furthermore, the enriched alanine could also be caused

by the reduction in the activation of AlaAT (Alanine Aminotransferase) due the starvation and

purification procedure by the MPFS treatment, which could catalyze alanine into o-ketoglutarate in the

cycle to transform alanine to pyruvate and glutamate (Jiirss & Bastrop, 1995).

The glutamic acid, glycine, alanine and histidine in fish muscle contributed directly to the flavor
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of fish, thus the higher the content of these four types of amino acids, the better the quality of fish meat

(Luo, et al., 2017). Therefore, it is reasonable to conclude that the purification treatment can improve

the flavor of fish meat through the enrichment of alanine.

3.6.4 Flesh quality and metabolites

Through analysis of the major differential metabolites and the reported metabolic pathway

database, the mechanism of the MFPS treatment to improve flesh quality of grass carp deduced the

following: not feeding during purification produced starvation stress which led to the ATP level of grass

carp muscle down-regulating and induced significant changes in the purine metabolism pathway in

muscle cells, which transferred from hypoxanthine to IMP synthesis and caused the lower concentration

of hypoxanthine. At the same time, the decrease in ATP level induced a large number of apoptosis signal

molecules to synthesize, thereby accelerating the apoptosis process of some cells, which utilized the

stored protein and lipid to generate energy, and finally fed back together with IMP to maintain the normal

ATP level. UPLC-QTOF/MS based metabolomics explored whether starvation is the main driving force

of metabolic pathway changes which promotes the accumulation of IMP and the results indicate that

some of the flavors of amino acids in fish muscle improved significantly. However, the consumption of

lipids affected the texture and taste of fish.

Due to the lack of supply of carnitine which is one of TMAO substrates during starvation, the

accumulation of TMAO and the corresponding downstream metabolites were reduced, which caused the

off flavors of fish muscle to decrease. Among the differential metabolites, hypoxanthine, IMP and

alanine showed the greatest influence on the flavor of fish muscle, and their content changed

significantly during the micro-flowing purification process, which can be used as the potential

biomarkers for grass carp purification treatment.
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4. Conclusions

There were 377 metabolites detected in grass carp muscle using UPLC-QTOF/MS, and 54~71

different metabolites were screened out during the MFPS treatment process. During the purification

process, the catabolism of protein and fat released energy to the body and provided substrates for various

metabolic activities of the body. The starvation stress during purification significantly changed the

relative contents of phosphatidylserine and other phospholipid metabolites in grass carp muscle, while

enhancing the synthesis of phosphatidylserine. Under the joint action of amino acid catabolism and

phosphatidylserine synthesis, the contents of histidine, cysteine and other amino acids in fish muscle

decreased, and in the end, alanine was enriched. Alanine contributed directly to the flavor of fish or fish

products. Due to the accumulation of IMP in fish muscle after the purification treatment, the content of

bitter substances like xanthine and the off-flavor substances such as TMAO decreased, which could have

improved the flavor and quality of grass carp. Hypoxanthine, IMP and alanine are potential biomarkers

of grass carp in the process of micro-flowing water system purification treatment. These results confirm

the potential use of metabolomics as a reliable method to explore the mechanism of fish quality

improvement during the purification treatment process.

Acknowledgements

All the authors would like to express our gratitude to Prof. Fang Xu (Faculty of Mathematics and

Statistics, Hubei University) for discussing the results of statistical analysis and statistical power analysis.

All authors express their appreciation to the Shanghai Sensichip Infotech Co. (Shanghai, China) for the

detection of the samples. This research was financially supported by the Fundamental Research Funds

20



397

398

399

400

401

402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

for the Central Universities of China (No. 2662017PY021 and 2662019PY031), the National Natural

Science Foundation of China (No. 31772047) and Agriculture Research System of China (CARS-45-

27).

References

Akbar, M., Baick, J., Calderon, F., Wen, Z., & Kim, H.-Y. (2006). Ethanol promotes neuronal apoptosis by
inhibiting phosphatidylserine accumulation. Journal of Neuroscience Research, 83(3), 432-440.

Aru, V., Pisano, M. B., Savorani, F., Engelsen, S. B., Cosentino, S., & Cesare, M. F. (2016). Metabolomics
analysis of shucked mussels' freshness. Food Chemistry, 205, 58-65.

Bar, N. (2014). Physiological and hormonal changes during prolonged starvation in fish. Canadian Journal
of Fisheries & Aquatic Sciences, 71(10), 1447-1458.

Bedini, A., Zanolli, V., Zanardi, S., Bersellini, U., Dalcanale, E., & Suman, M. (2013). Rapid and
simultaneous analysis of xanthines and polyphenols as bitter taste markers in bakery products by FT-
NIR spectroscopy. Food Analytical Methods, 6(1), 17-27.

Boyan, G., Yingjian, L., Yi, S., Pei, C., & Liangli Lucy, Y. (2013). Differentiating organic and conventional
sage by chromatographic and mass spectrometry flow injection fingerprints combined with principal
component analysis. Journal of Agricultural & Food Chemistry, 61(12),2957-2963.

Burr, G. S., Wolters, W. R., Schrader, K. K., & Summerfelt, S. T. (2012). Impact of depuration of earthy-
musty off-flavors on fillet quality of Atlantic salmon, Salmo salar, cultured in a recirculating
aquaculture system. Aquacultural Engineering, 50, 28-36.

Cho, C. E., Taesuwan, S., Malysheva, O. V., Bender, E., Tulchinsky, N. F., Yan, J., Sutter, J. L., & Caudill, M.
A. (2017). Trimethylamine-N-oxide (TMAO) response to animal source foods varies among healthy
young men and is influenced by their gut microbiota composition: A randomized controlled trial.
Molecular Nutrition & Food Research, 61(1), 1600324,

Cordeiro, O. D., Silva, T. S., Alves, R. N., Costas, B., Wulff, T., Richard, N., Vareilles, M. d., Concei¢do, L.
E. C., & Rodrigues, P. M. (2012). Changes in liver proteome expression of senegalese sole (solea
senegalensis) in response to repeated handling stress. Marine Biotechnology, 14(6), 714-729.

De Sotto, R., Medriano, C., Cho, Y., Seok, K.-S., Park, Y., & Kim, S. (2016). Significance of metabolite
extraction method for evaluating sulfamethazine toxicity in adult zebrafish using metabolomics.
Ecotoxicology and Environmental Safety, 127, 127-134.

Drake, S. L., Drake, M. A., Sanderson, R., Daniels, H. V., & Yates, M. D. (2010). The effect of purging time
on the sensory properties of aquacultured southern flounder ( paralichthys lethostigma). Journal of
Sensory Studies, 25(2), 246-259.

Erdfelder, E., Faul, F., & Buchner, A. (1996). GPOWER: A general power analysis program. Behavior
Research Methods, Instruments, & Computers, 28(1), 1-11.

Fadok, V. A., & Henson, P. M. (2003). Apoptosis: giving phosphatidylserine recognition an assist - with a
twist. Current Biology, 13(16), R655-R657.

Fu, X. Y., Xue, C. H., Miao, B. C., Liang, J. N., Li, Z. J., & Cui, F. X. (2006). Purification and characterization
of trimethylamine-N-oxide demethylase from jumbo squid (Dosidicus gigas). Journal of
Agricultural & Food Chemistry, 54(3), 968-972.

21



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

Fuentes, A., Fernandez-Segovia, 1., Serra, J. A., & Barat, J. M. (2010). Comparison of wild and cultured sea
bass (Dicentrarchus labrax) quality. Food Chemistry, 119(4), 1514-1518.

Gil-Solsona, R., Calduch-Giner, J. A., Nacher-Mestre, J., Lacalle-Bergeron, L., Sancho, J. V., Hernandez, F.,
& Pérez-Sanchez, J. (2019). Contributions of MS metabolomics to gilthead sea bream (Sparus aurata)
nutrition. Serum fingerprinting of fish fed low fish meal and fish oil diets. Aquaculture, 498, 503-
512.

Grigorakis, K. (2007). Compositional and organoleptic quality of farmed and wild gilthead sea bream (Sparus
aurata) and sea bass (Dicentrarchus labrax) and factors affecting it: A review. Aquaculture, 272(1),
55-75.

Guo, C., Huang, X.-y., Yang, M.-j.,, Wang, S., Ren, S.-t.,, Li, H., & Peng, X.-x. (2014). GC/MS-based
metabolomics approach to identify biomarkers differentiating survivals from death in crucian carps
infected by Edwardsiella tarda. Fish & Shellfish Immunology, 39(2), 215-222.

Hong, H., Regenstein, J. M., & Luo, Y. (2017). The importance of ATP-related compounds for the freshness
and flavor of post-mortem fish and shellfish muscle: A review. Critical Reviews in Food Science &
Nutrition, 57(9), 1787-1798.

Jonsson, E., Forsman, A., Einarsdottir, I. E., Kaiya, H., Ruohonen, K., & Bjornsson, B. T. (2007). Plasma
ghrelin levels in rainbow trout in response to fasting, feeding and food composition, and effects of
ghrelin on voluntary food intake. Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology, 147(4), 1116-1124.

Jurss, K., & Bastrop, R. (1995). Chapter 7 Amino acid metabolism in fish. In P. W. Hochachka & T. . Mommsen
(Eds.), Biochemistry and Molecular Biology of Fishes, vol. 4 (pp. 159-189): Elsevier.

Jiang, W.-D., Wu, P., Tang, R.-J., Liu, Y., Kuang, S.-Y., Jiang, J., Tang, L., Tang, W.-N., Zhang, Y.-A., Zhou,
X.-Q., & Feng, L. (2016). Nutritive values, flavor amino acids, healthcare fatty acids and flesh
quality improved by manganese referring to up-regulating the antioxidant capacity and signaling
molecules TOR and Nrf2 in the muscle of fish. Food Research International, 89, 670-678.

Kuda, T., Fujita, M., Goto, H., & Yano, T. (2008). Effects of retort conditions on ATP-related compounds in
pouched fish muscle. LWT - Food Science and Technology, 41(3), 469-473.

Kuhla, B., Kuhla, S., Rudolph, P. E., Albrecht, D., & Metges, C. C. (2007). Proteomics analysis of
hypothalamic response to energy restriction in dairy cows. Proteomics, 7(19), 3602-3617.

Liu, D., Liang, L., Xia, W., Regenstein, J. M., & Zhou, P. (2013). Biochemical and physical changes of grass
carp (Ctenopharyngodon idella) fillets stored at -3 and 0°C. Food Chemistry, 140(1), 105-114.

Luo, J. B,, Feng, L., Jiang, W. D., Liu, Y., Wu, P, Jiang, J., Kuang, S. Y., Tang, L., Tang, W. N., & Zhang, Y.
A. (2017). Physical and flavor characteristics, fatty acid profile, antioxidant status and nrf2-
dependent antioxidant enzyme gene expression changes in young grass carp (Ctenopharyngodon
idella) fillets fed dietary valine. Plos One, 12(1), €0169270.

Lv, H., Hu, W,, Xiong, S., You, J., & Fan, Q. (2018). Depuration and starvation improves flesh quality of
grass carp (Ctenopharyngodon idella). Aquaculture Research, 49(9), 3196-3206.

Nagana Gowda, G. A., Abell, L., Lee, C. F., Tian, R., & Raftery, D. (2016). Simultaneous analysis of major
coenzymes of cellular redox reactions and energy using ex vivo 'H NMR spectroscopy. Analytical
Chemistry, 88(9), 4817-4824.

Narasimhan, R., Coras, R., Rosenthal, S. B., Sweeney, S. R., Lodi, A., Tiziani, S., Boyle, D., Kavanaugh, A.,
& Guma, M. (2018). Serum metabolomic profiling predicts synovial gene expression in rheumatoid
arthritis. Arthritis research & therapy, 20(1), 164-164.

Oliveira, J., Cunha, A., Castilho, F., Romalde, J. L., & Pereira, M. J. (2011). Microbial contamination and
purification of bivalve shellfish: Crucial aspects in monitoring and future perspectives — A mini-

22



482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

review. Food Control, 22(6), 805-816.

Palmeri, G., Turchini, G. M., Caprino, F., Keast, R., Moretti, V. M., & Silva, S. S. D. (2008). Biometric,
nutritional and sensory changes in intensively farmed Murray cod (Maccullochella peelii peelii,
Mitchell) following different purging times. Food Chemistry, 107(4), 1605-1615.

Patti, G. J., Yanes, O., & Siuzdak, G. (2013). Metabolomics: the apogee of the omic triology. Nature Reviews
Molecular Cell Biology, 13(4), 263-269.

Qiu, D.-K., Zhao, Z., Ma, R., Guo, Z.-R,, Jia, Y.-]J., Zhang, C., Wang, G.-X., & Zhu, B. (2020). Antigen
epitope screening of grass carp reovirus and its protectively immunity assessment for grass carp.
Aquaculture, 515, 734550.

Regost, C., Arzel, J., Cardinal, M., Laroche, M., & Kaushik, S. J. (2001). Fat deposition and flesh quality in
seawater reared, triploid brown trout ( Salmo trutta ) as affected by dietary fat levels and starvation.
Aquaculture, 193(3), 325-345.

Rincon, L., Castro, P. L., Alvarez, B., Hernandez, M. D., Alvarez, A., Claret, A., Guerrero, L., & Ginés, R.
(2016). Differences in proximal and fatty acid profiles, sensory characteristics, texture, colour and
muscle cellularity between wild and farmed blackspot seabream (Pagellus bogaraveo). Aquaculture,
451,195-204.

Schrader, K. K., Davidson, J. W., & Summerfelt, S. T. (2013). Evaluation of the impact of nitrate-nitrogen
levels in recirculating aquaculture systems on concentrations of the off-flavor compounds geosmin
and 2-methylisoborneol in water and rainbow trout (Oncorhynchus mykiss). Aquacultural
Engineering, 57, 126-130.

Sonanez-Organis, J. G., Vazquez-Medina, J. P., Zenteno-Savin, T., Aguilar, A., Crocker, D. E., & Ortiz, R. M.
(2012). Prolonged fasting increases purine recycling in post-weaned northern elephant seals. Journal
of Experimental Biology, 215(9), 1448-1455.

Sousa, B., Melo, T., Campos, A., Moreira, A. S. P., Maciel, E., Domingues, P., Carvalho, R. P., Rodrigues, T.
R., Girdo, H., & Domingues, M. R. M. (2016). Alteration in phospholipidome profile of myoblast
HO9¢2 cell line in a model of myocardium starvation and ischemia. Journal of Cellular Physiology,
231(10), 2266-2274.

Ye, Y., Xia, M., My, C,, Li, R., & Wang, C. (2016). Acute metabolic response of Portunus trituberculatus to
Vibrio alginolyticus infection. Aquaculture, 463, 201-208.

Zajic, T., Mraz, J., Sampels, S., & Pickova, J. (2013). Fillet quality changes as a result of purging of common
carp (Cyprinus carpio L.) with special regard to weight loss and lipid profile. Aquaculture, 400-401,
111-119.

Zhou, H., Wang, q., Yuan, D., Wang, J., Yang, H., Wu, H., Jian, J., Yang, D., Huang, N., Haisch, C., Jiang, Z.,
& Chen, S. (2016). Early apoptosis real-time detection by label-free SERS based on externalized
phosphatidylserine. Analyst, 141, 4293-4298.

23



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

Figure legends:

Fig. 1. A series examples of chromatograms of representative fish muscle samples detected using UPLC-

QTOF/MS under positive ion mode at different depuration processing times (It was arranged as 0d,

10d, 20d, 30d, 40d, 50d in depuration from top to bottom). Note: TIC: Total ion chromatograms,

EIC: Extracted ion chromatograms.

Fig. 2. Results of PCA analysis (A) and score plots (B-F) of PLS-DA analysis of metabolites detected

using UPLC-QTOF/MS equipped with both ESI+ mod which was obtained from grass carp muscle

during different depuration periods. Note: B: 0 day vs 10 days; C: 0 day vs 20 days; D: 0 day vs 30

days; E: 0 day vs 40 days; F: 0 day vs 50 days.

Fig. 3. Effect of depuration time on the composition of metabolic types in grass carp muscle. Note:

A/B/C/D/E/F represent samples under depuration for 0/10/20/30/40/50 days.

Fig.4. Effect of depuration on metabolic pathways of grass carp muscle. Note: Different colors of

metabolites represent change of comparative content, red: increased; blue: not significantly

changed; green: decreased. Reference: KEGG database, 2018.

Fig. 5. Effect of depuration time on content of hypoxanthine (A) and inosine (B) in grass carp muscle
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