
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13047  | https://doi.org/10.1038/s41598-023-39757-4

www.nature.com/scientificreports

Comparison of the flavor 
qualities between two varieties 
of Mercenaria mercenaria
Zhidong Zhang 1,2,4, Suhua Chen 1,2,4, Aihua Chen 1,2, Yanshun Xu 3, Yu Zhang 1,2, Wenwen Yu 1, 
Yi Cao 1,2, Chaofeng Jia 1 & Yangping Wu 1,2*

The saltwater hard clam Mercenaria mercenaria (M. mercenaria) as a representative of low-value 
shellfish, enhancing its flavor quality, is the key to enter the high-end market. Nevertheless, there 
has not been reported research on the flavor quality of M. mercenaria. This study compared the 
flavor quality of selective and non-selective saltwater hard clams of M. mercenaria by using various 
indicators: proximate component, free amino acids, nucleotides, and metabolomic analysis. The 
results indicated that selective breeding contributed to the significant improvement contents of crude 
protein, flavor-associated free amino acids (glutamic acid, aspartic acid, proline, etc.), and nucleotides 
(AMP) (P < 0.05). Then, the metabolome was utilized to assess the metabolite changes in the pre/post-
selective breeding of M. mercenaria and further understand the flavor characteristics and metabolic 
status. In the metabolomics assay, among the 3143 quantified metabolites, a total of 102 peaks 
were identified as significantly different metabolites (SDMs) between the selective and non-selective 
varieties of M. mercenaria (VIP > 1 and P < 0.05). These results can provide new insights for future 
research on improving the quality of saltwater bivalves through selective breeding.

Bivalves are popular seafood in markets all over the world because of their abundant bioactive compounds 
and unique pleasant-tasting flavor1,2. The saltwater hard clam Mercenaria mercenaria (M. mercenaria), native 
to the east coast of the United States and Canada, is one of the economically significant bivalve mollusks3,4. In 
1997, it was imported by academician Fu-sui Zhang from the United States to China and became a vital aquatic 
product in China’s coastal areas5,6. Because of its strong adaptability to the environment, even living for several 
days exposed to the air, its aquaculture yield is very high, and they can be well sold alive after harvest or dur-
ing transportation5,7,8. Meanwhile, according to consumers, it tastes somewhat inferior to other clams, such as 
Meretrix meretrix, Cyclina sinensis, and Ruditapes philippinarum, resulting in a deficient market price. With the 
accelerated advancement of aquaculture and resident living standards, consumers are paying growing attention 
to seafood quality, and consumption has become more quality-oriented than price-oriented9. Consequently, as 
a representative of low-value shellfish, enhancing its flavor quality is the key to entering the high-end market.

Flavor substances and components are representative indexes to assess the quality of seafood embodied in 
their rich proteins and amino acids9,10. Amino acids are flavor precursors that can alter taste indirectly via the 
Melanoidin reaction11. Additionally, nucleotides also can affect the flavor of flesh through interaction with G 
protein coupled receptors in tongue epithelial cells12. As we all known, the flavor of aquatic animals’ flesh is 
influenced by both interior (such as parental genotype, body tissue, development period, etc.) and exterior fac-
tors (such as dietary composition, survival environment, etc.)10,13. Accordingly, at present, there are three ways 
to enhance the flesh quality and taste of aquatic animals. The first is to add exogenous nutrients such as dietary 
carbohydrates, protein, and lipids to enhance their own nutrition14–16. The second is to upgrade farming models 
so that breeding animals have an appropriate living environment that is conducive to the accumulation of their 
own nutrients17–19. Lastly, the nutritional characteristics of aquatic animals are strengthened by gene editing, 
crossbreeding, or selective breeding10,20,21.

As a classical approach, mass selection is widely used in selective breeding programs for aquatic animals, 
which can be easily implemented by establishing several selected generations to assess the breeding potential of 
desired traits22,23. Previously, mass selective breeding programs for most aquatic animals offered the possibility 
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of exerting high selection pressure to improve growth traits, and their genetic diversity could be efficiently 
maintained through genetic mating strategies23–27. Selective breeding has been demonstrated in oysters and 
scallops, an intrinsic means of improving edible flesh quality20,23,28. But to date, information on the flesh quality 
of M. mercenaria has been limited.

Hence, this study was conducted to compare the amino acids and nucleotide components and metabolic 
characteristics in the pre/post-selective breeding of M. mercenaria via liquid chromatography mass spectrom-
etry (LC–MS), which will provide new insights for future research on improving the flavor quality of saltwater 
bivalves through selective breeding.

Materials and methodology
Sample preparation and collection.  The saltwater hard clam M. mercenaria, including the non-selective 
variety and selective variety, were obtained from the Jiangsu Marine Economic Shellfish R & D center. The selec-
tive variety of M. mercenaria was selected continuously though gray shell color and grain weight (two-genera-
tion selection) (Fig. 1c). Specifically, M. mercenaria was selected breeding in 2017 and the breeding base group 
(first filial generation) was constructed in 2019 with the 5% selection proportion. The second filial generation of 
the M. mercenaria population was obtained in 2021 with a 1% selection proportion. The non-selective variety 
was not the selected population. Two varieties were bred and reared at the same time in the same pond (coordi-
nates: N 32°4ʹ39″, E 121°36ʹ30″) (Fig. 1a, b). The polyculture pond structure (Fig.1c, d) and rearing method were 
referred to Zhang by adding several black porgy (Acanthopagrus schlegelii)29. Two varieties of M. mercenaria 
(body weight of the selective variety = 7.68 ± 1.71 g, body weight of the non-selective variety = 7.26 ± 2.19 g) were 
placed in the sand-filtered seawater for 48 h for purification. The edible flesh of two varieties was anatomized and 
collected on ice, and three individuals were mixed into a sample at random of each variety. After washing with 
0.01 mol phosphate buffered saline, each sample was instantly covered with liquid nitrogen and kept at −80 °C to 
analyze the approximate composition, free amino acids, 5-nucleotides, and metabolome.

Flavor indicator detection.  The analysis methods of approximate composition, free amino acid, and 
5ʹ-nucleotide assay referred to the method published by the previous studies30. Twelve samples were prepared 
for LC–MS, referring to the method of Sangster et al. and Want et al.31,32. The method of Wu et al. was used for 
metabolite extraction and LC–MS/MS detection33. See Fig. 2 for specific sampling methods.

Data analysis.  The MS raw data (.wiff) files were converted to the mzXML format using ProteoWizard and 
processed using the R package XCMS33,34. The process includes peak deconvolution, alignment, and integration. 
The detected metabolites in two varieties of clams were enriched and analyzed based on the Kyoto Encyclope-
dia of Genes and Genomes database (KEGG) (http://​www.​genome.​jp/​kegg/), and the KEGG advanced bubble 
map was drawn according to the FDR (P-value correction) detected by metabolome35. Data were expressed as 
the mean value ± standard deviation (mean ± SD). The differences were compared using Student’s t test by SPSS 
software (version 19.0).

Figure 1.   (a) Location of the field area in Jiangsu province, China (coordinates: N 32°4ʹ 39″, E 121°36ʹ30″), 
(b) landscape of the studied ecological farming pond, (c) photographs of saltwater hard clam (Mercenaria 
mercenaria) for the selective variety, (d) model diagram of the polyculture pond.

http://www.genome.jp/kegg/
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Results
Proximate edible flesh composition of M. mercenaria between the selective variety and 
non‑selective variety.  The approximate compositions of the two varieties of M. mercenaria are listed in 
Table 1. M. mercenaria had the highest compositional value of moisture, followed by crude protein and ash, and 
the lowest compositional value of crude fat. There were no significant differences in moisture, ash, and crude 
fat between the selective variety and non-selective variety (P > 0.05). However, the content of crude protein in 
the selective variety (9.54 ± 0.10%) was significantly higher than that in the non-selective variety (7.97 ± 0.45%, 
P < 0.05).

Free amino acid composition of M. mercenaria between the selective variety and non‑selec-
tive variety.  As listed in Table 2, the most abundant amino acids in the edible flesh of M. mercenaria were 
glutamic acid (Glu), glycine (Gly), and arginine (Arg) and the contents of cysteine (Cys) and serine (Ser) were 
very low. The contents of Glu, Gly, phenylalanine (Phe), proline (Pro), and total amino acids (TAAs) in M. 
mercenaria were significantly increased (P < 0.05), while the contents of Arg, alanine (Ala), tyrosine (Tyr) were 
significantly decreased (P < 0.05) after two-generation selective breeding. Furthermore, the contents of flavor 
amino acids, including sweet amino acid (sweet AA), salt amino acid (salt AA), sour amino acid (sour AA), 
umami amino acid (umami AA) were significantly increased (P < 0.01), while there was no significant difference 
in the content of bitter amino acids (bitter AA) after two-generation selective breeding (P = 0.05).

5ʹ‑nucleotides composition of M. mercenaria between the selective variety and non‑selec-
tive variety.  The 5ʹ-nucleotides compositions of M. mercenaria were listed in Table  3. The content of 
adenylic acid (AMP) of the selective variety (176.41 ± 7.16 mg/100 g) was higher than that of the non-selec-
tive variety (152.98 ± 6.78  mg/100  g, P < 0.05). The content of guanylic acid (GMP) of the selective variety 
(19.98 ± 2.83 mg/100 g) was higher than that of the non-selective variety (33.95 ± 5.98 mg/100 g, P < 0.05). How-
ever, there were no significant differences in the content of inosinic acid (IMP) between the selective variety 
(26.43 ± 2.81 mg/100 g) and the non-selective variety (25.27 ± 3.92 mg/100 g, P > 0.05).

Multivariate statistical analysis of the metabolite patterns of M. mercenaria between the 
selective variety and non‑selective variety.  All edible flesh samples were subjected to multivariate sta-

Figure 2.   Sampling methods and number of sample.

Table 1.   Comparison of proximate compositions between two varieties of Mercenaria mercenaria (%, based 
on wet weight). Data are expressed as mean ± SD. (n = 3). The asterisk (*) indicates a significant difference from 
the Student’s t test in the same row at P < 0.05.

Parameter Non-selective variety Selective variety

Moisture 85.71 ± 1.24 85.25 ± 1.08

Ash 2.50 ± 0.22 2.54 ± 0.08

Crude fat 0.83 ± 0.13 0.83 ± 0.09

Crude protein 7.97 ± 0.77 9.54 ± 0.18*
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tistical analysis methods such as principal component analysis (PCA), partial least squares discriminate analysis 
(PLS-DA), and orthogonal projection to latent structures discriminant analysis (OPLS-DA). All samples in the 
score plots were located inside the Hotelling’s T-squared ellipse of 95% confidence in PCA, PLS-DA, and OPLS-
DA, thereby indicating that no outlier was present among the analyzed samples (Figs. 2b, d and 3a). Specifically, 
as shown in the PCA (Fig. 3a), the samples of the non-selective variety and selective variety showed intragroup 
clustering and intergroup dispersion, indicating differences between the samples of the two varieties. Besides, 
the OPLS-DA score scatter plot showed that clear separation and discrimination were found between the pair-
wise varieties and the R2X and R2Y values of the OPLS-DA model accounting for the variance were 0.560 and 
0.997, respectively, which demonstrated that the OPLS-DA model can be applied to recognize the difference 
between two varieties of M. mercenaria (Fig. 3d). Permutation plots can be used as a standard to evaluate the 
reliability and effectiveness of the PLS-DA model and solve the problem of overfitting model. The reliability 
criteria are as follows: All blue Q2 points from left to right are lower than the original blue Q2 points at the 
right or the regression line of the points crosses with the abscissa or is less than 0. It can be seen that parameters 
considered for the classification were R2X = 0.565, R2Y = 0.997, and Q2 = 0.932 (Fig. 3b). The R2 (green circle) 
and Q2 (blue square) intercept values were 0.98 and 0.51 after 200 permutations. They as two parameters of the 
permutation test, represent model interpretability and model predictability, respectively (Fig. 3d). Our results 
suggest that the model has a good stable prediction and a low risk of overfitting (Fig. 3c).

Table 2.   Comparison of free amino acid compositions between two varieties of Mercenaria mercenaria 
(mg/100 g, based on wet weight). Data are expressed as mean ± SD (n = 3). The asterisks (*) and (**) indicate a 
significant difference from the Student’s t test in the same row at P < 0.05 and P < 0.01, respectively. Sweet AA: 
the sum of Gly, Ala, Ser, Thr, Lys and Pro. Salt AA: the sum of Asp and Glu. Bitter AA: the sum of Met, Val, 
Leu, Ile, Phe, Ser, Tyr and His. Sour AA: the sum of Asp, Glu and His. Umami AA: the sum of Asp, Glu, Gly 
and Ala. TAA​ total amino acids.

Free amino acids Non-selective variety Selective variety

Aspartic acid 220.61 ± 25.19 254.96 ± 7.88

Glutamic acid 530.68 ± 27.41 709.77 ± 17.18**

Serine 8.60 ± 0.89 13.82 ± 3.66

Histidine 40.16 ± 3.75 40.79 ± 4.67

Glycine 371.26 ± 14.19 643.95 ± 18.10**

Threonine 78.03 ± 6.26 78.50 ± 3.82

Arginine 536.62 ± 2.24 429.60 ± 19.48**

Alanine 549.75 ± 12.95 457.76 ± 10.36**

Tyrosine 66.80 ± 1.47 54.53 ± 0.80**

Cysteine 8.54 ± 0.92 8.31 ± 0.71

Valine 73.74 ± 3.21 67.81 ± 4.77

Methionine 49.82 ± 6.54 43.47 ± 5.23

Phenylalanine 44.79 ± 4.47 76.80 ± 4.65**

Isoleucine 46.51 ± 2.18 50.44 ± 2.07

Leucine 67.67 ± 2.08 71.73 ± 6.49

Lysine 128.61 ± 4.06 131.04 ± 2.25

Proline 56.54 ± 3.27 66.27 ± 2.60*

Sweet AA 1192.78 ± 16.14 1391.33 ± 1.86**

Salt AA 751.29 ± 6.11 964.73 ± 12.04**

Bitter AA 398.11 ± 5.31 419.39 ± 12.13

Sour AA 791.45 ± 5.73 1005.52 ± 10.44**

Umami AA 1672.30 ± 14.74 2066.43 ± 13.65**

TAAs 2878.75 ± 22.26 3199.54 ± 20.63**

Table 3.   Comparison of 5ʹ-nucleotides compositions between two varieties of Mercenaria mercenaria 
(mg/100 g, based on wet weight). Data are expressed as mean ± SD (n = 3). The asterisk (*) indicates a 
significant difference from the Student’s t test in the same row at P < 0.05.

Nucleotides Non-selective variety Selective variety

AMP 152.98 ± 6.78 176.41 ± 7.16*

GMP 33.95 ± 5.98 19.98 ± 2.83*

IMP 25.27 ± 3.92 26.43 ± 2.81
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Significantly different metabolites (SDMs) of M. mercenaria between the selective variety and 
non‑selective variety.  Among the 3143 quantified metabolites, a total of 102 peaks were identified as SDMs 
between the selective and non-selective varieties of M. mercenaria (VIP > 1 and P < 0.05; Fig. 4). The metabolite 
distribution was visually split into upregulation and downregulation. Of the 102 SDMs, 65 metabolites were 
significantly upregulated in the selective variety compared to the non-selective variety, such as l-aspartic acid, 
l-glycine, l-proline, l-glutamic acid, l-glutamine, AMP, cytidylic acid (CMP), uridylic acid (UMP). By contrast, 
37 metabolites in the selective variety were significantly downregulated compared to the non-selective vari-
ety. These metabolites mainly included L-arginine, L-phenylalanine, L-alanine, L-methionine, GMP (Fig. 4 and 
Table 4). These results are consistent with the free amino acid and 5ʹ-nucleotides composition described above.

Characterization and functional analysis of key metabolic pathways.  In order to further under-
stand the most relevant metabolic pathways to reveal the flavor metabolism of M. mercenaria, SDMs were 
imported into KEGG database for metabolic pathway analysis. A total of 73 pathways were obtained by com-
paring the non-selective and selective varieties and the top 30 pathways were presented in Fig. 4 (Supplemen-
tary Table  1 and Fig.  5). These pathways include alanine, aspartate and glutamate metabolism, arginine and 
proline metabolism, arginine biosynthesis, D-arginine and D-ornithine metabolism, glutathione metabolism, 
D-glutamine and D-glutamate metabolism, phenylalanine, tyrosine and cysteine and methionine metabolism 
and so on. Base on FDR (P-value correction) and impact values, alanine, aspartate and glutamate metabolism, 
arginine and proline metabolism, arginine biosynthesis, d-arginine and d-ornithine metabolism, glutathione 
metabolism, d-glutamine and d-glutamate metabolism were characterized as relevant pathways (Fig. 5). Thus, a 
key schematic overview was constructed to reveal the nutritional metabolism of M. mercenaria according to the 
reference diagrams stored in the KEGG database (Fig. 6).

Discussion
The whole clams’ flesh was made into powder and tested for its approximate free amino acids, and 5ʹ-nucleotides 
composition, because everything except the shell is edible for bivalve mollusks. In the present study, the mois-
ture content of M. mercenaria ranged from 84.28 to 86.45%, ash content ranged from 2.31 to 2.74%, and crude 
fat ranged from 0.72 to 0.98%, which is similar to its related species such as Meretrix lusoria and M. meretrix. 

Figure 3.   multivariate statistical analysis and PLS-DA permutation test of M. mercenaria between the selective 
variety and non-selective variety. (a) PCA score plot, (b) PLS-DA score plot, (c) PLS-DA permutation test plot; 
the green line represents the regression line for R2 and the blue line for Q2. (d) OPLS-DA score plot.
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However, crude protein content ranged from 7.34% to 9.50%, which is slightly lower than M. lusoria (9.09 
-12.75%) and M. meretrix (9.22–10.90%)30,36. Moreover, for M. mercenaria, the crude protein content of the 
selective variety is significantly higher than that of the non-selective variety (P < 0.05), indicating that selective 
breeding of M. mercenaria can promote the bioaccumulation of crude protein.

Free amino acids are generally considered the key indicator for evaluating the flavor quality of seafood37. In 
the present study, seventeen amino acids were identified from two varieties of M. mercenaria, and the total free 
amino acids contents were 2878.75 ± 22.26 and 3199.54 ± 20.63 mg/100 g (dry weight), respectively. The most 
top five abundant free amino acids contributing to the taste in the two varieties of M. mercenaria were glutamic 
acid, glycine, arginine, alanine, and aspartic acid. It is known that free amino acids are the main contributors 
to taste, such as sweetness, salty, bitterness, sour, and umami38. For instance, Asp and Glu can take on a dis-
tinctive umami taste with natrium salt39,40. Gly and Ala can arouse the palate to produce a sense of sweetness 
and counterbalance bitterness and saltiness41. In the current study, the contents of Glu, Gly, Phe, and Pro were 
significantly increased (P < 0.05), while the contents of Arg, Ala, and Tyr were significantly decreased (P < 0.05). 
In general, the contents of sweet AA, salt AA, sour AA, umami AA were significantly increased (P < 0.01) after 
two-generation selective breeding. As an off-flavor amino acid, histidine has a distasteful flavor such as sourness 

Figure 4.   Agglomerate the hierarchical clustering heatmap of metabolites between the selective variety and 
non-selective variety. S selective variety, N non-selective variety.
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or bitterness10,30. Fortunately, there were no significant differences in the content of bitter AA after two-generation 
selective breeding (P = 0.05).

5ʹ-nucleotides, mainly AMP, GMP and IMP, usually contribute to umami taste in food42. AMP has been 
confirmed as a taste-active component in seafood7,30. The GMP content is high in fungi, while the IMP content 
is high in fish and meat7. The umami taste is the result of the interaction of amino acids, nucleotides, and other 
substances. Studies have demonstrated that the combination of 5ʹ-nucleotides and MSG-like components (Glu 
and Asp) synergistically potentiated umami30. Likewise, the joint action of AMP and Imp can also strengthen the 
umami taste of food30. In the present study, the content of AMP was significantly increased after two-generation 
selective breeding of M. mercenaria (P < 0.05). These results indicated that M. mercenaria after two-generation 
selective breeding enhanced the pleasant taste compared to the non-selective variety. Interestingly, we selected 
shell color and growth performance as target traits instead of flavor, but the flavor of the selective variety was 
improved. We hypothesis that some genes that determine edible flesh flavor quality are linked to those that 

Table 4.   Identification nucleotides and amino acids of SDMs of M. mercenaria between the selective variety 
and non-selective variety. [M + H]+ and [M − H]− represent the positive ion mode and negative ion mode, 
respectively. Mean N and Mean S represent the average of the non-selective and selective varieties (n = 6), 
respectively. Foldchange indicates the specific variable of the selective variety relative to the non-selective 
variety. VIP (variable importance in projection) describes the overall contribution of each variable to the 
model, and the threshold is usually set as VIP > 1.

Metabolites Models Mass Formula Mean N Mean S Foldchange VIP P-value

l-aspartic acid [M + H]+  133.038 C4H7NO4 371,655,165.9 707,248,385.6 0.525 1.521 0.005

l-glycine [M + H]+  155.070 C2H5NO2 23,243,321.67 248,210,483.1 0.094 1.408 0.005

l-proline [M + H]+  115.063 C5H9NO2 5,590,355,308 17,648,882,532 0.317 1.521 0.008

l-tyrosine [M + H]+  181.189 C9HNO3 531,490,310.245 2,073,714,044.258 0.256 1.668 0.005

l-glutamic acid [M + H]+  147.053 C5H9NO4 3,627,110,974 4,747,567,292 0.764 1.430 0.031

l-alanine [M + H]+  89.048 C3H7NO2 72,202,818.61 24,508,845.47 2.946 1.674 0.005

l-phenylalanine [M + H]+  165.079 C9H11NO2 273,065,276.9 127,835,729 2.136 1.234 0.045

l-arginine [M + H]+  174.112 C6H14N4O2 9,154,530,179 5,422,875,621 1.688 1.723 0.005

Beta-leucine [M − H]− 131.095 C6H13NO2 541,817,875.6 1,787,889,156 0.303 1.335 0.045

AMP [M + H]+  347.063 C10H14N5O7P 18,256,511.560 120,798,804.400 0.151 1.441 0.008

CMP [M − H]− 323.052 C9H14N3O8P 602,615.132 13,202,853.980 21.909 1.420 0.008

UMP [M + H]+  324.036 C9H13N2O9P 52,722,653.81 171,004,470.300 0.308 1.568 0.013

GMP [M + H]+  363.058 C10H14N5O8P 220,797,460.6 81,841,349.2 2.698 1.604 0.005

Figure 5.   statistical scatter plot of pathway enrichment of significantly different metabolites. The x-axis and 
y-axis represented the enrichment impact values and metabolic pathways, respectively. The value of impact 
represents the ratio of significantly different metabolites to all metabolites annotated to this metabolic pathway; 
the larger the value of impact, the greater the degree of enrichment. FDR (P-value correction), ranging from 0 to 
1, the closer to 0, the more significant the enrichment.
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determine growth or shell color traits. Therefore, through selective breeding of growth traits and shell color for 
two generations, the flavor quality of offspring is indirectly enhanced and gradually accumulated. However, there 
were no significant differences in the content of Imp after two-generation selective breeding (P > 0.05), revealing 
that there is still room for further generations of selective breeding to improve the flavor quality of M. mercenaria.

Recently, LC–MS is a sensitive food taste analytical technique for determining flavor components and the 
corresponding metabolic profile characteristics43. PCA, PLS-DA, and OPLS-DA showed that samples of the non-
selective variety and selective variety demonstrated intragroup clustering and intergroup dispersion, implying 
that there were obvious metabolic differences in the pre/post-selective breeding of M. mercenaria. In the current 
study, a schematic presentation of metabolic pathways was drawn, as indicated by altered metabolites after two 
generations selective breeding, referring to KEGG database35. These SDMs participated in alanine, aspartate 
and glutamate metabolism, arginine and proline metabolism, arginine biosynthesis, d-arginine and d-ornithine 
metabolism, glutathione metabolism, d-glutamine and d-glutamate metabolism, etc (Fig. 4). In the alanine, 
aspartate, and glutamate metabolism, glutathione metabolism, and d-glutamine, and d-glutamate metabolism, 
the contents of l-aspartate, l-asparagine, glutamine, glutamate, and glutathione in the selective variety were 
higher than those in the non-selective variety, which was consistent with juvenile pearl oyster Pinctada maxima44. 
This result confirmed that the selective variety had more umami flavor than the non-selective variety.

In addition to flavor, free amino acids have other biological functions in vivo. For example, aspartic acid 
participates in neurotransmission and protein biosynthesis 16. In this study, the content of Asp and crude pro-
tein increased 34.35 mg/100 g and 1.57% in the selective variety. This may be because the increase in aspartic 
acid promotes protein anabolism. In addition, glycine is the basic component of purines, creatine, glutathione, 
and other substances synthesized in the body, and widely exists in marine bivalves16,45. The glycine contents in 
the selective variety were higher than those in the non-selective variety. This result was consistent with the role 
of glycine as a common osmolyte in marine bivalves44,46. Previous studies revealed that glycine content was 
related to the health state of oysters and clams, with reductions in this amino acid occurring after infection 
with pathogens47, after exposure to heavy metals48, and under hypo-osmotic conditions49. Young et al. also 
demonstrated that glycine content is significantly reduced in poor-quality cohorts50. Thus, this study proposes 
that improved glycine content may reduce the occurrence of stress-induced disruptions in osmotic regulation, 
resulting in better growth performance of M. mercenaria in the selective variety compared to the non-selective 
variety. Glutathione and glutamic acid play vital roles in the defense against oxidative stress16. In the present 
study, the SDMs (glycine, glutathione, glutamic acid, etc.) were significantly enriched in these metabolic path-
ways, indicating that the antioxidant capacity of the selective variety was strengthened. There are studies showing 
obesity may be associated with altered amino acid metabolism51. On the basis of these results, we proposed that 
the contents of Gly increased significantly in the selective variety might alter arginine and proline metabolism, 
glutathione metabolism, d-glutamine and d-glutamate metabolism, subsequently leading to strengthen the anti-
oxidant capacity of M. mercenaria, which then led to the difference in grain weight between selective variety and 

Figure 6.   A schematic presentation of pathways indicated by altered metabolites after two generations selective 
breeding, according to Kyoto Encyclopedia of Genes and Genomes (http://​www.​genome.​jp/​kegg/). Asterisks (*) 
and (**) show significant differences between the non-selective and selective varieties at P < 0.05 and P < 0.01, 
respectively. Solid arrow: one-step biochemical reaction. Dashed arrow: indirect reaction.

http://www.genome.jp/kegg/
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non-selective variety of M. mercenaria. In the meantime, the changes of amino acid metabolism status enhance 
the flavor quality of the selective varieties16,44. Because of the instability of genetic traits caused by two successive 
generations of breeding, we will continue to breed M. mercenaria for many years to come.

Conclusion
In summary, selective breeding contributed to the significant improvement contents of crude protein, flavor-
associated free amino acids (glutamic acid, aspartic acid, proline, etc.), and flavor-associated nucleotides (AMP) 
(P < 0.05). In the metabolomics assay, among the 3143 quantified metabolites, a total of 102 peaks were identified 
as SDMs between the selective and non-selective varieties of M. mercenaria (VIP > 1 and P < 0.05). These SDMs 
were significantly enriched in 73 pathways. These results confirmed that the selective variety had more umami 
flavor than the non-selective variety.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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