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Metabolomics revealed that toxic
cyanobacteria stress reduced the
flavor quality of Bellamya
aeruginosa

Yuqi Huang?, Jinjie Zhang?, Dalun Xu*, Xiaohui Ren,
Wen Yang?, Kaihong Lu? and Jinyong Zhu?*

!School of Food Science and Engineering, Ningbo University, Ningbo, Zhejiang, China, ?School of
Marine Sciences, Ningbo University, Ningbo, Zhejiang, China

The environmental impact of increased eutrophication and frequent
cyanobacterial blooms on the growth and reproduction of aquatic organisms
has become increasingly prominent in recent years. Bellamya aeruginosa is a
nutrient-rich aquatic snail consumed by humans, and environmental changes
may decrease its meat quality. However, the specific characteristics of muscle
metabolism and flavor quality in freshwater snails and their response patterns
to bloom-forming cyanobacterial stress have not been reported. Therefore,
in this study, alterations in metabolites in the snail muscle after following
feeding on toxic Microcystis aeruginosa were investigated using untargeted
metabolomics. A total of 1,128 metabolites were identified, and the metabolic
pathways of unsaturated fatty acid biosynthesis and purine, glutathione, and
glycerophospholipid metabolism in snails fed toxic cyanobacteria differed from
those in snails fed Chlorella vulgaris. Quantitative analysis showed increased
levels of bitter-free amino acids, such as tyrosine, phenylalanine, and histidine,
after consuming toxic cyanobacteria for 42 d, whereas a relative decrease was
observed in the levels of umami- and sweet-free amino acids, such as glutamic
acid, aspartic acid, serine, threonine, and glicine. The muscles of snails fed toxic
cyanobacteria exhibited higher hypoxanthine and hypoxanthine nucleoside
and lower adenosine triphosphate, adenine nucleotide, adenine nucleoside
diphosphate, and hypoxanthine nucleotide contents than those of snails fed
C. vulgaris. Furthermore, increased metabolites, such as stearic acid, palmitic
acid, and cytidine diphosphate choline, and decreased metabolites, such as
docosapentaenoic acid, docosahexaenoic acid, adrenoic acid, and L-glutamic
acid, reflect the harmful effects of toxic cyanobacteria on the nutritional value
and flesh quality of B. aeruginosa. This study comprehensively evaluated the
effects of cyanobacterial blooms on freshwater gastropods, providing an
important theoretical basis for the quality, safety, and sustainable development
of snails as food and related processing industries.
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1 Introduction

Bellamya aeruginosa (Gastropoda: Probranchia), is a widespread
viviparid freshwater snail species that is distributed across East Asia (Qiu
etal, 2017). Itis also invasive in other regions, such as Europe and South
America (Ye etal, 2021). Because of its delicious meat and high nutritional
value, B. aeruginosa has been consumed as a delicacy and medicinal food
since ancient times (Mak Sau-Wa, 2022). Studies have shown that snail
muscles are high in protein, are low in fat, and contain a high proportion
(40%) of umami amino acids (L.uo et al., 2022). The market for these snails
has recently grown, boosted by the night market economy, snail rice
noodle industry, and catering industry, which use snail meat as a primary
ingredient. The sales volume of snail noodles alone was more than
USD$7.9 billion in 2021 (Mak Sau-Wa, 2022). Snail meat is exported to
more than 28 countries and regions worldwide, with the market growing
annually (Zhang et al., 2023).

However, owing to the limitations of the scale and technical level of
snail breeding, the yield of snails cannot meet the rapid growth in demand
for snail meat in the processing industry. Thus, this industry remains
highly dependent on wild-caught snails (Hu et al., 2021; Jin et al,, 2022).
The quality and safety of snail meat are difficult to ensure because of
complex environmental conditions (Pissia et al.,, 2021). Polluted water
bodies directly affect the healthy growth and nutrient metabolism of
aquatic organisms (Hossain et al.,, 2023; Wang M. et al., 2023), and this
effect has become more prominent owing to an increase in eutrophication
and frequent cyanobacterial blooms. Studies have indicated that bloom-
forming cyanobacteria reduce the palatability, nutritional value, and
muscle quality of fish (Chen etal., 2021). Owing to the high spatiotemporal
overlap between the cyanobacterial blooms and the growth and
reproduction of gastropods (Lance et al., 2010), snail meat quality might
be affected by cyanobacterial blooms. Numerous studies, including those
on transcriptomics (Yang et al., 2023), metabolomics (Yang et al., 2022),
biochemistry and histopathology (Zhu et al, 2011), community
composition and function (Lyu et al,, 2022), and coupled changes in
co-metabolites (Ren et al.,, 2023) of freshwater snails have investigated
their response to cyanobacterial blooms. However, to the best of our
knowledge, the characteristics of muscle metabolism and flavor quality in
freshwater gastropods and their response patterns to bloom-forming
cyanobacterial stress have not been reported.

In this study, we identified the differentially expressed metabolites
in muscles of the edible freshwater snail B. aeruginosa after feeding on
different algae using non-targeted metabolism techniques. The effects
of cyanobacteria on the muscle metabolism of B. aeruginosa were
characterized using the quantitative analysis of free amino acids and
flavor nucleotides. Overall, this study aimed to determine the changes
and dynamic patterns in muscle metabolism and flavor quality after
exposing the snail to toxic cyanobacteria and answer the following
questions: Does the nutritional value and taste of the flesh of
gastropods living under cyanobacterial blooms remain the same as
those of gastropods living in a relatively clean environment? If not,
how do these changes occur over time?

2 Materials and methods
2.1 Snail samples and algal cultivation

The materials used in the experiment were collected from a stream
in Yinzhou Park (water temperature, 18.5°C) in Ningbo City, Zhejiang
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Province. To avoid confounding factors due to gender differences (Lei
et al, 2017), only female snails with complete shells, shell length of
2.0+0.1cm, consistent in size, and good vitality were used for the
experiments. After collection, attached organisms and dirt were
removed from the snail’s body surface. The unicellular green algae
Chlorella vulgaris (strain NMBlud2006-2, provided by the Aquatic
Ecology Laboratory of Ningbo University, Ningbo, China) was
cultured in NMB3 medium (100 mg-L™' KNO;, 10mg-L™' KH,PO,,
2.5mg-L™" FeSO,-5H,0, 6pg-L™" VB,, and 0.05pg-L™" VB,,) at an
ambient temperature (25+1°C) and in natural light. Microcystis
aeruginosa (strain FACHB-905, provided by the Institute of
Hydrobiology, Chinese Academy of Sciences, Wuhan, China) was
cultured in sterile triangular conical flasks using BG-11 medium at
25+1°C, with light exposure of approximately 36 pE-(m*s)™', and a
light/dark cycle of 12h/12h.

2.2 Sample collection and experimental
design

Before the feeding exposure test, B. aeruginosa was acclimated in
an aquarium tank with aerated dechlorinated tap water for more than
48h and fed a low concentration of C. vulgaris. The water was changed
daily (water hardness of 75 mg-L™" CaCOs, light/dark cycle of 8h/16h,
and temperature of 24 +0.5°C). After 7 d of acclimation, the snails
were randomly divided into treatment (snails fed toxic M. aeruginosa
group, denoted as the T group) and control groups (snails fed
C. vulgaris group, denoted as the G group). Each treatment comprised
six replicates, which were equivalent to six glass containers per
treatment. The experiment was conducted in 12 glass aquarium tanks
(34cmx 19cmx22cm). Each container was initially equipped with
12L of experimental algal solution, 60 female snails of the same size
were placed in the containers, and the experiment was run for 42 d.
Based on the cellular carbon content, the concentration of
approximately 1.8 x 107 cellssmL™" M. aeruginosa was used, which is
close to the peak density of cyanobacterial blooms; the corresponding
concentration of C. vulgaris was approximately 2.5x 10 cells-mL"™"
(Yang et al, 2023). Dechlorinated tap water was used for the
experiment with 48h explosion and was adjusted to optimum
hardness (30mg-L™' Ca*). Complete algal renewal and density
adjustments were performed twice daily (08:00 and 20:00). The algal
solution density was maintained at 300mL per snail; thus, as the
number of snails decreased, the algal suspension was reduced
accordingly. The experimental conditions for the exposure period
were the same as those for the acclimation period.

During the 42-d experimental period, two living snails were
randomly collected as one sample from each container. Six samples
(i-e., 12 snails) were collected on day 0, and one sample was collected
per tank on days 14, 28, and 42, totaling 42 samples. After sampling,
the muscle tissue of each snail was immediately dissected, frozen in
liquid nitrogen, and stored at —80°C. The health status of the snails
was examined every 8 h during the experiment, and dead individuals
were immediately removed.

2.3 Metabolites extraction

The dissected tissue (100 mg) was ground, and the homogenate
was resuspended in pre-chilled 80% methanol with a vortex. The
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samples were incubated for 5min on ice and then centrifuged for
20min at 15,000xg at 4°C. Liquid chromatography-mass
spectrometry (LC-MS)-grade water was used to dilute the supernatant
to a final concentration of 53% methanol. The treatment samples were
then centrifuged at 15,000 x g at 4°C for 20 min in new Eppendorf
tubes. Finally, the supernatant was injected into the LC-MS/MS

system for analysis.

2.4 Ultra-high performance liquid
chromatography-mass spectrometry/mass
spectrometry analysis

UHPLC-MS/MS analysis was performed using a Vanquish
UHPLC system (Thermo Fisher Scientific, Germany) coupled with an
Orbitrap Q Exactive HF mass spectrometer (Thermo Fisher Scientific,
Germany) at Novogene Co., Ltd. (Beijing, China). Samples were
injected into the apparatus for 12 min at a flow rate of 0.2 mL-min~,
passed through the Hypesil Gold column (100 x 2.1 mm, 1.9 pm).
Eluent A (0.1% FA in water) and B (methanol); eluents A (5mM
ammonium acetate, pH 9.0) and B (methanol) corresponded to the
eluents of positive and negative polarity modes, respectively. The
solvent gradient was as follows: 2% B, 1.5min; 2-85% B, 3 min;
85-100% B, 10 min; 100-2% B, 10.1 min; and 2% B, 12min. The Q
Exactive HF mass spectrometer was operated in positive/negative
polarity mode with a spray voltage of 3.5kV, capillary temperature of
320°C, sheath and aux gas flow rates of 35psi and 10L-min™",
respectively, S-lens RF level of 60, and aux gas heater temperature
of 350°C.

2.5 Data processing and metabolite
identification

The original data files were generated by UHPLC-MS/
MS. Compound Discoverer 3.1 (CD3.1, Thermo Fisher) was used for
peak alignment, peak selection, and metabolite quantitation. The
primary parameters were as follows: retention time tolerance, 0.2 min;
actual mass tolerance, 5ppm; signal intensity tolerance, 30%; signal/
noise ratio, 3; and minimum intensity, et al. Peak intensities were
normalized to the total spectral intensity. After normalizing the data, the
molecular formula was predicted according to the additional ions,
molecular ion peaks and fragment ions. The peaks were then matched
using the mzCloud,' mzVault, and MassList databases to obtain accurate
qualitative and quantitative results. Statistical analyses were performed
using the R (version R4.3.1), Python (version 2.7.6), and CentOS
(version 6.6). The area normalization method was used when the data
was not normally distributed to achieve normal transformations.

2.6 Data and bioinformatic analysis

These metabolites were annotated using the KEGG database” and
HMDB databases.?

1 https:/
2 https://
3 https

www.mzcloud.org/
www.genome.jp/kegg/pathway.html

'hmdb.ca/metabolites
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Multivariate statistical analyses included principal component
analysis (PCA), orthogonal partial least squares discriminant
analysis (OPLS-DA), and variable importance in the projection
(VIP) analysis. Metabolomics is susceptible to external factors and
rapidly changes. Therefore, data quality control was necessary to
obtain stable and accurate metabolomics results. In metabolomic
data analyses, unsupervised PCA is typically used to detect the
similarities and differences between samples. The 95% confidence
interval was determined based on Hotelling’s T-squared calculation.
The distance between each sample point was proportionally
determined by the similarity of metabolite composition between
samples. The greater the difference in metabolite composition, the
greater the distance. A plot based on the OPLS-DA analysis was used
to determine the differences in metabolites between the groups.
Model quality was evaluated using 200 response permutation testing
to prevent model overfitting. The VIP obtained from the OPLS-DA
model was used to rank the overall contribution of each variable to
group discrimination. One-way analysis of variance (ANOVA) was
further used to verify whether the differences in metabolites between
groups were significant. The VIP value represented the significance
of the differential expression; the larger the value, the more reliable
the deferentially expressed metabolite was obtained from the
screening. The selection criteria for differential metabolites were
VIP>1.0 and p<0.05. Clustering results were presented as
fractional graphs.

Enrichment analysis aims to identify biological pathways that play
essential roles in biological processes, thereby revealing and allowing
us to understand the underlying molecular mechanisms. Differential
metabolites were substituted into the KEGG database to identify their
KEGG IDs and pathways. The numbers of metabolites enriched in the
corresponding pathways were also calculated. The Rich factor is the
ratio of the number of deferentially expressed metabolites in a
corresponding pathway to the total number of metabolites detected
and annotated by the pathway. The larger the Rich factor, the higher
the degree of metabolite enrichment. lg (p-value) was used to
determine whether a pathway was enriched. The closer the p-value
was to 0, the more significant the enrichment. In this study, KEGG
pathways with the top 20 were only selected if the pathways were
significantly (p <0.05) enriched.

2.7 Determination of free amino acids

Muscle tissue samples (60 mg) collected on days 0 and 42 were
weighed and homogenized with 50 pL water MP. After vortexing for
60, 400 pL methanol acetonitrile solution (1:1, v/v) and 50pL 16
isotope internal standard mixed solution were added. The mixture was
then vortexed for 60s and sonicated at a low temperature for 30 min.
This procedure was repeated twice. The samples were stored at —20°C
for 1h to precipitate the protein. Finally, the samples were centrifuged
for 20 min at 14,000 x g and 4°C, and the supernatant was removed
and stored at —80°C.

The Agilent 1290 Infinity UHPLC system was used for
chromatographic separation, and the standard was placed in an
automatic sampler at 4°C. The chromatographic conditions were as

follows: column temperature, 35°C; flow rate, 300 uL-min™"

; injection
volume, 2 puL; mobile phase A, 25 mM ammonium formate and 0.1%
formic acid aqueous solution; mobile phase B, 0.1% formic acid

acetonitrile solution; and gradient elution program: 0-1 min, 85% B;
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1-11min, 50% B; 11.1-12min, 40% B; 12-12.1 min, 75% B; and
12.1-19 min, 75% B.

Mass spectrometry analysis was performed using a 6500/5500
QTRAP mass spectrometer (SCIEX) in the positive ion mode.
Mass
temperature, 500°C; ion source Gas 1, 55; ion source Gas 2, 50;

spectrometry conditions were as follows: source
curtain gas, 30; and ion spray voltage floating, 4,500 V. The ion
pairs were detected in the MRM mode, and the peak areas and
MultiQuant
software (version 3.0.2). Metabolite identification was performed
based on the

substance standard.

retention times were extracted using the

corrected retention time of the target

Data were processed using Duncan’s multiple comparisons and
two-way ANOVA using the SPSS software (version 2) and plotted
using the GraphPad Prism software (version 9.5).

2.8 Determination of flavor nucleotides

First, 5g (accurate to 0.01g) of dissected muscles collected on
days 0 and 42 were weighed in 50 mL plastic centrifuge tubes. Then,
15mL of pre-cooled (4°C) 10% perchloric acid was added to the
mixture. The mixture was homogenized for 1 min at 12,000 rpm in
an ice bath and then frozen and centrifuged at 4°C and 10,000 rpm
for 10min. The supernatant was then collected and stored at
4°C. The precipitate was added to 15mL of precooled (4°C) 5%
perchloric acid for repeated extraction. The resulting two
supernatants were combined as extracts. The pH of the extraction
solution was adjusted to approximately 5.0 with 10 mol-L™' NaOH
solution and then to 5.35 with 1.0mol-L™' NaOH solution. The
volume was adjusted to 50 mL using a volumetric flask with ultrapure
water. The solution rested at 4°C for 2h and then underwent high-
speed centrifugation at 10,000 rpm for 10 min. After resting, the
clarified solution was filtered through a 0.22 pm water phase filter
membrane and measured on the machine.

The standards were as follows: adenine nucleoside disodium
triphosphate, adenine nucleoside diphosphate (ADP), adenine
nucleotide (AMP), adenine nucleoside (AdR), adenine (Ad),
hypoxanthine nucleotide (IMP), hypoxanthine nucleoside (HxR),
hypoxanthine (Hx), xanthine (Xt), guanine nucleotide (GMP), uracil
nucleotide (UMP), and cytosine nucleotide (CMP) (all purity >99%,
Sigma-Aldrich, United States).

The HPLC conditions were as follows: instrument, Agilent 1260
HPLC (with photodiode array detector, DAD, Agilent Technologies,
Inc., United States); column, Shimadzu Shim-pack Gis Cl18
250 mmx 4.6 mmx5pum; detection wavelength, 254nm; column
temperature, 30°C; flow rate, 1.0 mL-min~} injection volume, 10 uL;
mobile phase, A: methanol; B: 0.015mol-L™' K,HPO, +0.015mol-L™
KH,PO, buffer (adjusted to pH 5.35 with H;PO,); Gradient elution
program: 0-12 min, 100% B; 12.01-14 min, 97% B; 14.01-18 min, 94%
B; 18.01-27min, 85% B; 27.01-35min, 70% B; and
35.01-40 min, 100% B.

Standards and the corresponding standard curves were used for
qualitative and quantitative analyses. Data were processed using
Duncan’s multiple comparisons and one-way ANOVA was performed
using the SPSS software (version 24.0) and plotted using the Origin
software (version 9.0).
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3 Results
3.1 Qualitative and quantitative results

By combining the peaks detected in the samples, the relative
values for metabolite quantification values represent the area of each
characteristic peak. The total peak area represents the standardized
metabolite quantification results. 769 and 359 ions were detected in
the positive and negative ion modes, respectively.

3.2 Differential analysis of feeding different
algal treatments

The PCA results (Figure 1) showed that the 95% confidence
interval contained all samples (each point represents an independent
sample), with no outlier points. For a PCA model that reflects the true
sample distribution, all cumulative interpretation rates (R2X (CUM))
were >0.5 (Supplementary Table S1), when performing paired
analysis. In addition, the difference between the initial state and the
other days gradually increased with the accumulation of feeding time.
At the beginning of the experiment, the aggregation between the two
groups was more concentrated (Figure 1A). With the extension of the
acclimation period, the G and T groups were gradually distributed on
the left and right sides of the PCA score plot until day 42, with clear
separation. This phenomenon suggests that the difference in
metabolites between 14, 28, and 42 d gradually increased, indicating
that the ingestion of M. aeruginosa significantly affected the
metabolism of B. aeruginosa (Figures 1B-D).

To optimize the separation between the groups, they were further
analyzed using OPLS-DA. Confidence intervals of 95% were included
for all samples. As shown in Figures 1E-G, both the T and G groups
exhibited a trend of internal concentration, but this differed between
groups over time. The fitting test results of OPLS-DA are consistent
with those of PCA (Supplementary Table S1), and the cross-validation
lines with larger slopes in the 200 permutation tests also demonstrated
no overfitting in the original model. In addition, the OPLS-DA model
had good explanatory and predictive power, and the actual differences
between different treatment groups implied that significantly different
metabolites should exist between the subgroups. These results indicate
that after 42 d of consuming M. aeruginosa, B. aeruginosa showed
significant changes in muscle metabolites.

3.3 Screening for differential metabolites

A total of 115, 295, and 467 differential metabolites were identified
based on p-value and fold-change values on days 14, 28, and 42,
respectively. Notably, significant changes in muscle metabolite levels
were observed in B. aeruginosa following the consumption of
M. aeruginosa. These differences between the groups became more
significant over time. In addition, 93 and 22 differential metabolites
were upregulated and downregulated on day 14, respectively. On day
28, 250 and 45 differential metabolites were upregulated and
downregulated, respectively, and on day 42, 408, and 59 differential
metabolites were upregulated and downregulated, respectively
(Supplementary Table S2). Most of these metabolites were lipids and
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Multivariate statistical analyses of snail muscle samples. (A) Represents the PCA scores of the overall sample (day O are represented by the yellow
squares). (B—D) Represent the PCA analyses for days 14 (triangles), 28 (circles), and 42 (squares), while (E-G) represent the OPLS-DA analyses for days
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lipid-like molecules, fatty acids and their derivatives, organic acids and
their derivatives, organic heterocyclic compounds, nucleosides,
nucleotides and analogs, amino acids and their derivatives,
carbohydrates, benzenes, organic oxygen compounds, and a few
unclassified compounds.

Based on OPLS-DA analysis, VIP> 1 and p <0.05 were used as the
criteria to determine the difference in metabolites between samples
with feeding time. By integrating positive and negative ion patterns,
we obtained comprehensive and accurate results for the replicated
differential metabolites screened within groups. Compared to the
between-group samples, the correlation coefficients for the within-
group samples were positively correlated with the reliability of the
differential metabolites obtained. As shown in the heatmap (Figure 2),
92 differential metabolites were screened at four sampling time points:
0, 14, 28, and 42 d. Excellent biological repeatability was observed
within the same group. Compared with those in the control group, the
significantly upregulated metabolites in the treatment group (T group)
11(Z),14(Z)-eicosadienoic acid,
oleamide,

were acid, docosatrienoic

11(E)-eicosenoic  acid, octadec-9-ynoic  acid,
N-tetradecanamide, stearic acid, stearamide, oleoyl ethylamide, and
hexadecanamide. The differential downregulated metabolites were
tetranor-12(R)-HETE, 12,13-EODE, (+/—)12(13)-diHOME, (+)13-

HODE, cis-4-hydroxy-D-proline, gamma-Glu-Leu, threonine,

10.3389/fsufs.2024.1379140

NSI-189, spermidine, linoleic acid, oleic acid, adenylosuccinic acid,
4-oxoproline, and valine.

Co-occurrence network analysis measures the correlation
between significantly different metabolites to understand further
the relationship between the muscle metabolites of B. aeruginosa
and its change in feeding habits. The Spearman’s correlation analysis
results are shown in Figure 3. Important topological parameters of
the two groups were also determined (Table 1). The data revealed
that the correlations between the differential metabolites were more
complex in the T group than in the G group. This was also reflected
in the key topological parameters. Compared to the G group, the T
group had higher edge (1,278 and 226 edges in the T and G group,
respectively), average degree (36.000 and 5.870), average weighted
degree (26.789 and 4.407), average clustering coefficient (0.783 and
0.515), and density (0.514 and 0.077) values, and lower modularity
(0.083 and 0.480), diameter (6 and 7), and average path length
(1.676 and 3.071) values. These results indicate that the
co-occurrence network of the T group was more complex than that
of the G group. In particular, in the G group, we found positive
correlations between adenosine 5’-monophosphate, inosine-5'-
monophosphate, guanosine monophosphate, and adenosine
diphosphate ribose, proline with choline, valine, L-histidine, and
L-glutamic acid. Oleamide was negatively correlated with adenosine
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Cluster heatmap of all groups. Horizontal coordinate indicates the sample name, while the vertical coordinate represents the differential metabolite.
Blue to red shows the expression abundance of metabolites from low to high, respectively.

Frontiers in Sustainable Food Systems frontiersin.org


https://doi.org/10.3389/fsufs.2024.1379140
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Huang et al.

5’-monophosphate, L-phenylalanine, valine, and hexadecanamide.
In the T group, inosine-5-monophosphate with adenylosuccinic
acid, adenosine 5-monophosphate, and adenosine diphosphate
ribose, as well as hypoxanthine with L-tyrosine, L-phenylalanine,
proline, L-valine, choline, L-histidine, and DL-lysine showed
significant positive correlations. Negative correlations were
observed between adenosine 5’-monophosphate, oleoyl ethylamide,
hexadecanamide, and stearamide. The correlation analysis between
metabolites with significant differences indicates that M. aeruginosa
consumption significantly altered the muscle metabolites of
B. aeruginosa.

3.4 Enrichment analysis of the differential
metabolites

Related signal transduction and metabolic pathways can
be expressed by the enrichment of differential metabolites in the
KEGG pathway. The enrichment and analysis of metabolic pathways
of differential metabolites in this study referenced the KEGG database,
which assisted in further understanding the effect of M. aeruginosa on
the muscle metabolites of B. aeruginosa.

Table 2 shows the differentially expressed metabolites in these
pathways (VIP > 1.0, p <0.05). Functional annotation showed that 44
upregulated and 0 downregulated metabolic pathways were integrated
over 14 d, covering 11 metabolites. At 28 d, 89 upregulated and 7
downregulated metabolic pathways were integrated, covering 19
metabolites. Finally, at 42 d, 109 upregulated and 7 downregulated
metabolic pathways were integrated, covering 25 metabolites. The
significantly enriched pathways (top 20) were selected for the bubble
diagram analysis (Figure 4).

KEGG pathways can be annotated into six categories: cellular
processes, drug development, environmental information
processing, genetic information processing, metabolism, and
organic systems. Notably, among the metabolic categories, and in
addition to the global and overview maps, a subset of KEGG
classifications, such as lipid, amino acid, and carbohydrate
metabolism, and the metabolism of cofactors and vitamins and
xenobiotics biodegradation and metabolism were predominant.
Among the organic system categories, the most involved pathways
were those related to the digestive, endocrine, and nervous systems.
Pathway enrichment analysis revealed that the biosynthesis of
unsaturated fatty acids, fatty acid biosynthesis, purine metabolism,
central carbon metabolism in cancer, protein digestion and
absorption, aminoacyl-tRNA biosynthesis, ABC transporters, and
glutathione metabolism were susceptible to disruption after feeding
with M. aeruginosa.

3.5 Analysis of free amino acids

Free amino acids are important flavoring substances found in
aquatic products. The classification and statistics of free amino acids
with different flavor characteristics are shown in Figure 5. After 42 d,
the Glu and Asp contents in the T group were significantly lower than
those in the G group, however the umami amino acid levels in the G
group were significantly higher than those in the initial group. Ser,
Thr, and Gly were the most prominent contributors to sweetness in
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B. aeruginosa, and there was a considerable difference in these
contributors between the two groups after 42 d. Compared to those at
day 0, the sweet-tasting amino acid contents of the G group slightly
increased, while that of the T group showed a considerable negative
trend, with one amino acid, Ala, minimally changing over time.
Among bitter-free amino acids, His was the most abundant, with a
modest increase in levels in the G group and a highly significant
increase in levels in the T group. In addition, the contents of Tyr and
Phe also increased dramatically in the T group, whereas no discernible
difference was observed for Met, Ile, Pro, and Leu. Overall, there was
little change in the bitterness of the G group, whereas the quantity of
bitter compounds in B. aeruginosa significantly increased after feeding
with M. aeruginosa.

3.6 Analysis of adenosine triphosphate and
its related compounds

HPLC was used to separate and detect ATP and its related
compounds in the snail muscles on days 0 and 42. Twelve
ATP-associated products were effectively separated under the
present chromatographic conditions within 35min. As shown in
Figure 6, after 42 days of feeding with M. aeruginosa, the ATP, ADP,
AMP, IMP, HxR, and Hx contents were significantly changed (p <
0.05). Among these, ATP, ADP, AMP, and IMP contents were
significantly reduced in group T, with averages of 1045.322,
1563.610, 217.270, and 1.573 mg/kg, respectively. Conversely, the
contents of HxR and Hx were significantly higher, averaging 35.480
and 29.684 mg/kg, respectively. The levels of other ATP-associated
substances (GMP, CMP, UMP, Xt, AdR, and Ad) did not
significantly change.

4 Discussion

The relationship between toxic cyanobacteria and snail meat
quality was investigated from multiple perspectives in this study
(Figure 7). Non-targeted metabolomics analysis revealed changes in
the relative levels of several metabolites, including stearic acid,
docosapentaenoic acid (DPA), docosahexaenoic acid (DHA),
adrenoic acid, choline, and L-Glu, which may affect biological
pathways responsible for regulating meat flavor, such as unsaturated
fatty
glycerophospholipid metabolism. However, combined with the

acid  biosynthesis, glutathione metabolism, and
quantitative detection of free amino acids and flavor nucleotides in
the main edible parts, it was found that the concentration of umami
and sweet substances such as Glu, Asp., Ser, Thr, Gly, ATP, AMP, and
ADP significantly decreased in the cyanobacteria group, while that
of bitter substances such as His, Tyr, Phe HxR, and Hx increased,
revealing the adverse effects of cyanobacteria on the overall flavor

and muscle quality of B. aeruginosa.

4.1 Differential metabolites associated with
lipids, fatty acids, and derivatives

Mollusks typically contain a considerable proportion of n-3
(Omega-3) long-chain polyunsaturated fatty acids, such as
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are in red and negative correlations are in green.

The co-occurrence network map between differential metabolites based on Spearman coefficient (p < 0.05, correlation > 0.6). (A) Correspond to the G
group and (B) correspond to the T group. Organic acids and derivatives are colored in orange; Lipids and lipid-like molecules are colored in green;
Nucleosides, nucleotides, and analogs are colored in bule; The remaining metabolites are colored in gray. The size of the nodes indicate the degree
between metabolites. The thickness of the connecting lines represents the strength of correlation between different metabolites. Positive correlations

TABLE 1 Key topological parameters of the co-occurrence network of differential metabolites in each group.

Groups Nodes Edges AWD ACC Density Modularity Diameter APL
G 77 226 5.870 4.407 0515 0.077 0.480 7 3.071
T 71 1,278 36.000 26.789 0.783 0514 0.083 6 1.676

AD, average degree; AWD, average weighted degree; ACC, average clustering coefficient; APL, average path length.

eicosapentaenoic acid (EPA, C20:5) and DHA (C22:6) (Hernando
etal, 2021; Ma et al., 2022). Similar results were observed in this
study. Several studies have shown that lipid composition is closely
related to the nutritional value, muscle quality, and taste
characteristics of aquatic products (Yang et al., 2019; Liu
X. W. et al., 2020; Liu Y. et al., 2020; Cheng et al., 2022). In the
unsaturated fatty acid biosynthesis pathway, the DPA, DHA, and
adrenoic acid contents in the G group were significantly higher
than those in the T group on day 42, while the relative contents of
stearic acid and palmitic acid in the T group were significantly
higher than those in the G group (Supplementary Figure S1). The
content of stearic acid (C18:0) is negatively correlated with flavor
(Kimata, 2001), which may be due to the lack of stearoyl-CoA
desaturase (SCD), an enzyme that plays a regulatory role in lipid
metabolism and fatty acid synthesis. SCD could facilitate the
biosynthesis of unsaturated fatty acids by co-conjugating palmitic
acid (16:0) and stearic acid (18:0) to palmitoleic acid (16:1) and
oleic acid (18:1) (Miyazaki et al., 2005; Piccinin et al., 2019). An
SCD deficiency leads to the accumulation of C18:0 and an increase
in fatty acid oxidation, affects the expression of anaerobic and
anaerobic peptide genes, and inhibits feeding behavior and food
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intake (Wu et al., 2023), thereby negatively affecting the flavor
quality of B. aeruginosa negatively. Additionally, in the
glycerophospholipid metabolism, choline and choline phosphate
contents in the G group were relatively higher than those in the T
group on day 14, while on day 42, cytidine diphosphate choline
(CDP-choline) and ethanolamine phosphate levels were noticeably
increased in the T group. CDP-choline could react to form
phosphatidylcholine ~ (PC)  through the of
cholinephosphotransferase (CPT). PCs seem to play a key role in

action

the formation of volatile flavor compounds in meat, and the
difference in lipid composition may be the cause of species-specific
differences in meat flavor (Man et al., 2023), which may affect
aromatic characteristics by influencing muscle phospholipid
content and fat deposition levels (Cheng et al., 2024).

4.2 Differential metabolites associated with
amino acids

After consuming M. aeruginosa, the concentrations of umami
and sweet amino acids such as Glu, Asp., Ser, Thr, and Gly in
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TABLE 2 Differential metabolites enriched into the pathway using KEGG.

10.3389/fsufs.2024.1379140

Metabolites lon mode VIP p-value FC Variation KEGG
14d
L-phenylalanine pos 3.96 0.0042 1.30 1 C00079
L-tyrosine pos 3.75 0.0120 1.51 1 C00082
Docosahexaenoic acid pos 3.14 0.0092 227 1 C06429
Docosapentaenoic acid pos 2.62 0.0289 1.57 1 C16513
Linoleic acid neg 2.50 0.0495 1.47 ) C01595
Adrenic acid pos 247 0.0497 1.74 1 C16527
5-OxoETE pos 2.24 0.0398 247 T C14732
l-valine pos 1.62 0.0208 1.40 1 C00183
p-hydroxybenzaldehyde pos 1.19 0.0324 1.87 1 C00633
Thromboxane B2 pos 1.18 0.0327 2.09 1 C05963
Palmitoleic acid neg 1.11 0.0020 1.38 1 C08362
28d
L-phenylalanine pos 4.32 0.0076 1.69 1 C00079
L-adrenaline pos 4.29 0.0076 1.69 1 C00788
Adenosine 5’-monophosphate pos 3.04 0.0323 1.63 1 €00020
Hypoxanthine pos 2.76 0.0299 2.21 1 C00262
L-glutamic acid pos 2.64 0.0096 1.83 1 C€00025
Choline pos 2.36 0.0039 1.53 1 C00114
L-pyroglutamic acid pos 2.36 0.0051 1.92 1 C01879
Docosahexaenoic acid pos 231 0.0188 4.02 1 C06429
Maltotriose neg 2.27 0.0394 1.72 1 C01835
Nicotinic acid pos 2.21 0.0110 1.53 1 C00253
Betaine pos 2.16 0.0001 1.77 1 C00719
Oleic acid neg 1.72 0.0042 0.70 | C00712
7,8-dihydroneopterin pos 1.68 0.0240 2.08 1 C04874
Stearic acid neg 1.64 0.0145 0.13 1 C01530
Docosapentaenoic acid pos 1.59 0.0133 1.46 1 C16513
Spermidine pos 1.49 0.0254 1.71 1 C00315
Palmitic acid neg 1.22 0.0100 0.39 l C00249
L-valine pos 1.19 0.0434 1.42 1 C00183
Pipecolic acid pos 1.09 0.0044 1.98 1 C00408
42d
Adenosine pos 5.49 0.0040 1.92 1 C00212
L-phenylalanine pos 4.52 0.0000 1.76 1 C00079
L-adrenaline pos 4.49 0.0000 1.77 1 C00788
L-tyrosine pos 2.88 0.0042 1.67 1 C00082
Nicotinic acid pos 2.75 0.0030 1.82 1 C00253
Choline pos 2.62 0.0022 1.89 1 C00114
N6,N6,N6-Trimethyl-L-lysine pos 2.53 0.0012 1.75 1 C03793
Adenosine 5’-monophosphate pos 2.39 0.0105 171 1 €00020
L-glutamic acid pos 2.34 0.0005 1.84 1 C00025
Betaine pos 2.27 0.0148 2.11 1 C00719
Adenine pos 2.21 0.0025 2.40 1 C00147
Docosahexaenoic acid pos 1.97 0.0003 5.42 1 C06429
L-pyroglutamic acid pos 1.96 0.0006 1.90 1 C01879
Docosapentaenoic acid pos 1.85 0.0039 2.04 1 Cl16513
Oleic acid neg 1.84 0.0052 0.64 | C00712
L-valine pos 1.80 0.0019 2.01 1 C00183
Adrenic acid pos 1.66 0.0028 2.52 1 C16527
Stearic acid neg 1.61 0.0010 0.10 1 C01530
Xanthine pos 1.59 0.0343 1.73 1 C00385
Spermidine pos 1.57 0.0008 1.75 1 C00315
7,8-dihydroneopterin pos 1.55 0.0006 2.09 1 C04874
L-kynurenine pos 1.45 0.0108 1.69 1 C00328
Palmitic acid neg 1.24 0.0003 0.33 | C00249
L-histidine pos 1.06 0.0001 2.20 1 C00135
4-Hydroxybenzaldehyde pos 1.02 0.0003 1.93 T C00633

VIP > 1.0, p-value < 0.05.
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FIGURE 4
KEGG enrichment map of differential metabolites among groups (p < 0.05). Days (A) 14, (B) 28, and (C) 42. In the bubble diagram, each bubble
represents a metabolic pathway. The larger the bubble, the greater the impact factor; the darker the bubble, the more significant the degree of
enrichment.

B. aeruginosa obviously decreased, whereas those of bitter amino
acids such as His, Tyr, and Phe increased in the T group. This
change in amino acid content is consistent with the decreased
palatability observed in fish and shrimp (Zhang et al., 2019; Cheng
etal,, 2021). On day 42, the T group showed a downregulation of
L-Glu compared to the G group, which may have resulted in a
decrease in glutathione (GSH) levels (Supplementary Figure S2).
The exposure of snails to toxic cyanobacteria also resulted in
decreased GSH levels (Zhu et al., 2011). As a primary flavoring
agent in food, a decrease in GSH levels can result in poor taste. Glu
and Gly are essential components in the synthesis of GSH, and their
downregulation can suppress sweetness and umami, negatively
affecting the flavor of meat (Zhang et al., 2022). After consuming
cyanobacteria, the GSH content in aquatic animals often shows a
downward trend (Yuan et al., 2016; Gavrilovi¢ et al., 2020; Wang
7. etal, 2023). Thus, we can use the dynamic changes of GSH as a
potential indicator of M. aeruginosa affecting the flavor of
B. aeruginosa. However, further research is required to determine
the specific association between cyanobacteria and the mechanism
underlying flavor production in B. aeruginosa.

Frontiers in Sustainable Food Systems

Furthermore, decreased GSH levels may be a significant
indicator of a decline in meat quality caused by ferroptosis (Liu
et al, 2023). Toxic cyanobacterial exposure can cause
ferroptosis in fish, affecting glutathione peroxidase activity
(GPx4) and GSH content (Zhang et al., 2021). The expression of
specific proteins related to ferroptosis, such as Slc7all, Acsl4,
and gpx4, was reduced following exposure to toxic cyanobacteria
(unpublished data). The current study also revealed significant
changes in the level of adrenic acid (AdA), a key upstream
substance associated with ferroptosis (Supplementary Figure S3).
The increase in AdA makes cells sensitive to ferroptosis (Lee
et al., 2020), which may be a potential cause of reduced meat
quality. Ferroptosis causes massive depletion of GSH,
inhibiting the GPx4-GSH antioxidant system and further leading
to the loss of endogenous cellular antioxidant capacity, thereby
accelerating the process of fatty acid peroxidation (Stockwell,
2018). As the rate of apoptosis increases, the network structure
becomes more disrupted, increasing water loss and decreasing fat
content, which further changes meat quality characteristics (Hou
et al., 2020).
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Contents of (A) umami, (B) sweet-tasting, and (C) bitter amino acids on days 0 and days 42 under the feeding of toxic M. aeruginosa or non-toxic C.
vulgaris group (*p < 0.05, **p <0.005, ***p <0.001). Glu, glutamic acid; Asp., aspartic acid; Ser, serine; Ala, alanine; Thr, threonine; Gly, glicine; Tyr,
tyrosine; Met, methionine; lle, isoleucine; Val, valine; Phe, phenylalanine; His, histidine; Pro, proline; Arg, arginine; Leu, leucine.

4.3 Differential metabolites associated with etal, 2010; Yu et al,, 2018). In this study, the decrease in content of
nucleosides, nucleotides, and analogs flavor substances, such as ATP, AMP, and ADP, and the increase in
content of bitter purine analogs, such as HxR and Hx, produced by

IMP, GMP, and AMP are the three primary flavor nucleotidesand ~ IMP degradation further confirmed the adverse effects of

are crucial factors in the production of umami flavor, which is M. aeruginosa feeding on the overall flavor and muscle quality of

generally produced by the degradation of ATP (Yu et al., 2018). The  B. aeruginosa, thereby reducing umami and deteriorating flavor.

nucleosides, nucleotides, and analogs detected in this study are mainly ~ Furthermore, IMP may affect muscle fat deposition by regulating the

involved in nucleotide, purine, and glycerophospholipid metabolism.  expression of specific genes associated with lipid metabolism, thereby

During nucleotide metabolism (Supplementary Figure S4), Hx,  affecting the overall flavor of farmed animals (Gandemer, 2002). IMP

adenosine diphosphate ribose, and Xt contents showed a significant ~ impacts the AMP/ATP ratio and affects the fatty acid synthesis

upward trend with increasing acclimation time in the T group. IMP  substrate levels and expression level of inflammatory cytokines (Cai

and its decomposition products, Hx and HxR, are generally regarded ~ etal,, 2022).

as the primary biomarkers for meat quality, which help evaluate the

differences in fresh meat quality, flavor, nutritional values, and

functions (Hong et al., 2017; Wang et al., 2020; Cai et al., 2023). The 5 Conclusion

rapid accumulation of Hx and HxR, the major contributors to

off-flavor, can cause an unpleasant bitterness in meat, and their In this study, we investigated the effect of M. aeruginosa on muscle

concentrations are negatively correlated with meat freshness (Ozogul ~ metabolism in B. aeruginosa. UHPLC/MS untargeted metabolomics
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FIGURE 6
Changes in ATP and its related compounds on days 0 and days 42 under the feeding of toxic M. aeruginosa or non-toxic C. vulgaris group (*p <0.05,
**p <0.005, ***p <0.001). (A-L) represents the content of ATP, ADP, AMP, IMP, GMP, CMP, UMP, HxR, Hx, Xt, AdR and Ad in the two groups on days 0
and days 42, respectively.

analysis revealed that toxic cyanobacteria stress significantly affected
the composition of muscle fatty acids, amino acids, nucleotides, and
related biological pathways. Notably, the adverse effects of
cyanobacteria on the edible flavor and quality of snail muscle
metabolites were confirmed via quantitative analysis of free amino
acids and flavor nucleotides. In summary, we screened the differential
muscle metabolites using omics techniques to reveal the relationship

Frontiers in Sustainable Food Systems

between muscle metabolic profiles and flavor quality of freshwater
gastropods after consuming toxic cyanobacteria. In the future, we will
further explore the molecular mechanism underlying these changes
and improve the detection of additional food quality indices and
sensory evaluations. This would help enrich our understanding of the
nutritional value, flavor, and sensory quality of freshwater gastropods

in response to different algae.
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