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Abstract

:

The aim of this study was to clarify the “morphological-trait–body weight” correlation, gonadal development characteristics, and pleopod (main edible part) nutrient composition of the whelk (Volutharpa perryi perryi). Live body mass (BM), soft tissue mass (STM), and eight other morphological traits of the whelk were measured, and path coefficients, correlation indices (R2), and coefficients of determination were then calculated. Gonadal development characteristics were investigated by histological observation. Pleopod nutrient composition was analyzed by standard biochemical assays. The results indicated that (1) shell aperture width (SAW) and body whorl height (BWH) were positively correlated with both live BM and STM (p < 0.01), and shell height (SH) was positively correlated with both live BM and STM (p < 0.01) in male whelks; (2) similar gonadal development characteristics were observed in both female and male whelks; and (3) pleopod nutrient composition was consistent in both female and male whelks, whereas sex-specific variation in pleopod nutrient content was observed in the whelks. The observations in this study will provide theoretical support for the development of the whelk aquaculture industry.
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Key Contribution: Morphological trait correlations of whelks were analyzed. Gonadal development characteristics of whelks were investigated. Pleopod nutrient compositions of whelks were determined.










1. Introduction


The whelk (Volutharpa perryi perryi) is a deep-sea species that is naturally distributed in the soft mud or sandy seafloor of the northern Yellow Sea in China [1,2,3]. This species is gonochoristic with sex-specific organ and reproductive characteristics. Female reproductive organs mainly include the ovary, oviduct, and albumin glandbursa copulatrix. The male reproductive organ (vas deferens) is located at the bottom of the mantle and bulges at the ends to form the copulatory organ, located on the right side of the back of the head [1,2]. Over the past several decades, this species has been considered as an inexpensive alternative to the Pacific abalone (Haliotis discus, an expensive seafood) due to the appearance of its pleopod being similar to the abalone’s, and hence the name “false abalone”, seen in markets and restaurants [3,4,5]. Recently, with the discovery of the commercial value of the whelk in medicine and disease therapy [3,4,5,6,7], the demand for whelks has increased dramatically. In this context, the development of artificial breeding and aquaculture of whelks is necessary to meet the increased demand for this species.



In this study, we aimed to (1) explore the relationships among the morphological traits of the whelk in different sexes; (2) clarify gonadal development characteristics of the whelk; and (3) determine the nutrient composition and content of the whelk in different sexes. To this end, path correlation analysis, histological observation, and biochemical assays were employed. We analyzed the correlations among four morphological traits and performed a multiple regression analysis. The results from this study will not only address the knowledge gap concerning the basic biology of the whelk but will also provide theoretical support for artificial breeding and the development of the whelk aquaculture industry.




2. Materials and Methods


2.1. Animals and Sampling


Individual whelks were collected from the sea areas of the Oceanic Island in Dalian, Liaoning Province, China (123°28′ E, 39°01′ N). The collected specimens were transported to the Key Laboratory of Mariculture and Stock Enhancement at the Ministry of Agriculture of the North China Sea at Dalian Ocean University, Dalian, China. All of the specimens were kept in a circulating seawater tank (~1000 L) under natural light and allowed to acclimate to standard laboratory conditions (temperature: 8.37 ± 0.06 °C; pH: 7.83 ± 0.01; salinity: 29.97 ± 0.15 practical salinity units, PSU). Seawater was sand-filtered and continuously aerated. All of the specimens were fed scallops and frozen fish every 3 days.




2.2. Trait Measurements and Gonadal Histological Analysis


For trait measurement, a total of 60 individuals (30 individuals of each sex) of the same age were selected in July 2021. Shell height (SH), shell width (SW), shell aperture height (SAH), shell aperture width (SAW), body whorl height (BWH), body whorl width (BWW), spiral whorl height (SWH), and spiral whorl width (SWW) were measured using a digital display electronic Vernier caliper that had a precision of 0.01 mm (16EW; Mahr GmbH, Germany) (Figure 1). Live body mass (BM) and soft tissue mass (STM) were measured using a digital balance (0.01 g precision; JJ3OO, Changshu Shuangjie Testing Instrument Factory, Jiangsu, China). Specimens were dried with paper towels and then weighed individually using a digital balance (0.01 g precision; JJ300, Changshu Shuangjie Testing Instrument Factory, Jiangsu, China).



For the gonadal development analysis, one-year sampling was performed for both male and female whelks. From July 2021 to July 2022, five individuals of each sex at the same age per month were selected, and the gonad tissue of each individual was dissected and weighed. The gonadosomatic index (GI) was calculated using the following formula:


GI = 100 × (gonadal weight/soft tissue mass)











Histological analysis was performed to ascertain the presence of reproductive cells in the gonads of the whelk. Gonadal samples were fixed for 24 h in Bouin’s fluid following the method of Feldman et al. [7] and then embedded in paraffin wax. Tissues sections (4 μm thick) were stained with hematoxylin and eosin (HE) using routine methods. Histological observations of the gonads were performed under an optical microscope (Leica, Germany).




2.3. Pleopod Nutrient Composition and Content Detection


A total of 60 individuals (30 individuals of each sex) of the same age were selected in July 2021. Amino acid extraction was performed by using hydrochloric acid (HCL) hydrolysis, following the method of Tsugita et al. [8] and the national standards of China (GB /T18246-2000), and the amino acid composition was then determined using an automatic amino acid analyzer (Hitachi L-8800, Tokyo, Japan). Amino acid scores (AASs) refer to amino acid ratios (mg of an essential amino acid in 1.0 g of test protein/mg of the same amino acid in 1.0 g of the FAO/WHO reference pattern) [9,10]. AAS is a widely used method to evaluate the nutritional value of sample proteins, which is not only suitable for the evaluation of single-sample proteins, but also for the evaluation of mixed-sample proteins. Herein, AASs were calculated to determine the first and second limiting amino acids. Fatty acid detection was performed following the method of Salimon et al. [11], and the components of fatty acids were determined using a GC-9A gas chromatograph (Shimadzu, Japan). Crude fat refers to the crude mixture of fat-soluble material present in samples [12]. Monosaccharides were analyzed following the method of Zhang et al. [13] and the national standards of China (GB/T 33108-2016), and the monosaccharides were determined using a liquid chromatograph (Agilent 1200, Santa Clara, CA, USA). Crude polysaccharide detection was performed using the method described by Zhang et al. [13], and then the composition of crude polysaccharides was determined using a visible light spectrophotometer (Agilent Technologies 8435, Santa Clara, CA, USA).




2.4. Data Analysis


All data were expressed as the mean ± standard deviation (SD), and all statistical analyses were performed with Excel 2010 (Microsoft, Redmond, WA, USA) and SPSS 22.0 software (IBM, Shanghai, China). Since normal distribution of data is the necessary basis of the linear regression model [14], all trait measurement data were converted into standard normal variables (base-2 logarithms) using Excel 2010 (Microsoft, Redmond, WA, USA) according to the method described by Slifker et al. [15]. Normal distributions of variables were then analyzed by Kolmogorov–Smirnov tests. Correlation coefficients and path coefficients were calculated according to the methods described by Jiang [16]. Herein, the path coefficient refers to the ratio of standard deviation due to a given cause to the total standard deviation of the effect [17]. The correlation coefficients and path coefficients were then used to calculate the determination coefficient (di) and the co-determination coefficient (dij) to determine the direct and indirect effects of morphological traits on quality traits. In this study, the determination coefficient refers to the proportion of explained variance present in the data [18].



Formulae for calculating the determination coefficient (di) of a single independent variable with respect to the dependent variable and the co-determination coefficient (dij) of two independent variables with respect to the dependent variable were as follows:


   d i  =   P i  2   










   d  i j   = 2  r  i j    P i   P j   








where rij is the correlation coefficient between i and j; Pi is the path coefficient of i; and Pj is the path coefficient of j.



The statistical significance of differences between morphological traits and quality traits in the multiple regression analysis of whelks was determined using ANOVA. We employed a t-test for determining differences in the correlation of traits and nutrient composition (AA, FA and saccharides) of different sexes. The p-value was automatically calculated using SPASS 22.0 software. The significance level was set at 0.05 (α = 0.05).





3. Results


3.1. Summary Statistics of Measured Traits


The mean, SD, and coefficient of variation (CV) of each measured trait are shown in Table S1. The CV is a normalized measure of variability and is considered an important index reflecting the selection potential of different traits [19]. In this study, the CVs of BM, STM, and SWH were generally greater than those of other measured traits in both female and male whelks, and the CVs of SH were the lowest in both sexes. Specifically, the CV from high to low in females was in the order STM > BM > SWH > SWW > SW > SAH > SAW > BWW > BWH > SH, while the CV from high to low in males was as follows: SWH > STM > SWW > BM > SAH > SAW > BWW > SW > BWH > SH. The highest CV was observed in the STM of females (12.15%). In males, SWH had the highest CV (9.73%), and SD (0.31) values and STM ranked second (CV: 4.42%; SD: 0.19). Since normal distribution of data is the necessary basis of the linear regression model [14], all trait measurement data were converted into standard normal variables (base-2 logarithms). Further, K-S normal distribution test results showed that the significance levels of BM and STM in females were 0.12 and 0.12, respectively, and in males they were 0.20 and 0.20, respectively, indicating that all data were normally distributed. Subsequent correlation analysis and path analysis could thus be performed on standard normal variables (transformed data).




3.2. Correlation and Multiple Regression Analyses


There were significant correlations between the morphological traits SH, SW, BWH, BWW, and SWW, and quality traits in both sexes (p < 0.01; Table 1). Of all pairs of measured traits, BM was most highly correlated with STM in both females and males. SH was also highly correlated with BM and STM in all specimens examined. In females, the correlation between morphometric traits and quality traits was strongest for BWH (R2 = 0.93), followed by BWW (R2 = 0.92) and SWW (R2 = 0.89) (Table 2). For males, the correlation between phenotypic traits and quality traits was strongest for SH (R2 = 0.79), followed by BWH (R2 = 0.66) and BWW (R2 = 0.59) (Table 2).



Correlation analysis is a tool for understanding the relationship between two variables [20]. Multiple regression equations are based on correlation analysis to determine how different variables have an impact on a given variable [21]. Path analysis is based on the results of both correlation analysis and multiple regressions [22]. In this study, path analysis on correlation coefficients was also carried out to quantify the direct and indirect effects of the measured traits on BM and STM. As shown in Table 2, BWH had strong direct and indirect effects on both BM and STM in females. In addition, SH had a significant direct influence on BM and STM in males, indicating that SH might be considered as the primary breeding trait when BM and STM are the target traits for male parental selection. Further analysis showed that in females, the single parameter determination coefficient with respect to BM and STM was higher for BWH than for other morphological traits. BWH with SAW had the largest co-determination coefficients for BM; meanwhile, BWH with SW had the largest co-determination coefficients for STM. In males, the single parameter determination coefficient with respect to BM and STM was higher for SH than for other morphological traits (Table 3). Based on the results of Table 3, the following equations describing BM and STM in females and males in July (a post-spawning phase) were produced by stepwise regression analysis:



For females:


  BM = − 9.610 + 0.212 × SAW + 0.451 × BWH ,    R 2  = 0.92 .  










   STM = − 11.551   + 0.224     ×   SW + 0.258     ×   SAW + 0.412       ×   BWH ,   R   2   = 0.95  .  











For males:


   BM = − 10.255   + 0.775       ×   SH ,   R   2   = 0.66  .  










   STM = − 10.328   + 0.647       ×   SH ,   R   2   = 0.69  .  












3.3. Gonadal Development Characteristics


Histological observations showed that the gonad development cycle of the whelk was 1 year and that this could be generally divided into five stages: the proliferating stage (stage I), the growing stage (stage II), the maturing stage (stage III), the spawning stage (stage IV), and the resting stage (stage V) (Figure 2 and Figure 3A,B). Reproductive cells were initially present in autumn, and matured in spring (Figure 2). The highest GIs (female: 29.26%; male: 27.00%) were observed in spring and the lowest GIs (female: 15.47%; male: 14.40%) were observed in summer (Figure 3C).




3.4. Pleopod Nutrient Composition Analysis


The contents of 17 kinds of amino acids (AAs) in pleopod specimens were determined in this study. In addition to tryptophan (Trp), which was destroyed during acid hydrolysis, eight essential amino acids (EAAs) were determined to account for 29.04 ± 1.47% (females) and 28.28 ± 1.88% (males) of the total AAs in the examined pleopod specimens. In general, the content of detected EAAs in female pleopods was significantly higher than that of males, except for isoleucine (Ile) (p < 0.01). The content of Ile in male pleopods was significantly higher than that in female pleopods (p < 0.01) (Figure 4A). As for females, the percentages of EAAs ranked from high to low were as follows: leucine (Leu) (7.16 ± 0.32%) > lysine (Lys) (5.03 ± 0.28%) > valine (Val) (3.98 ± 0.17%) > threonine (Thr) (3.95 ± 0.18%) > Ile (2.84 ± 0.13%) > phenylalanine (Phe) (2.66 ± 0.14%) > methionine (Met) (1.81 ± 0.20%) > histidine (His) (1.61 ± 0.07%). The AASs ranked from high to low were as follows: Thr (21.67) > Leu (16.10) > Lys (14.38) > His (13.37) > Val (13.63) > Ile (12.98) > Met (10.77) > Phe (8.89). Phe and Met were then identified as the first and second limiting AAs in females, respectively (Figure 4B). As for males, the percentages of EAAs ranked from high to low were as follows: Leu (7.14 ± 0.44%) > Lys (4.88 ± 0.34%) > Val (4.01 ± 0.20%) > Thr (3.81 ± 0.26%) > Ile (3.00 ± 0.16%) > Phe (2.47 ± 0.17%) > His (1.58 ± 0.10%) > Met (1.38 ± 0.23%). The AASs ranked from high to low were as follows: Thr (20.29) > Leu (15.59) > Lys (13.55) > His (13.17) > Val (13.36) > Ile (13.34) > Phe (8.03) > Met (8.01). In this context, Met and Phe were identified as the first and second limiting AAs in males, respectively (Figure 4B).



The contents of eight non-essential amino acids (NEAAs), namely, arginine (Arg), aspartate (Asp), glutamic acid (Glu), glycine (Gly), alanine (Ala), serine (Ser), proline (Pro) and tyrosine (Tyr), were also determined. In general, there were significant differences in pleopod NEAA content between females and males. The contents of Arg and Pro in males were significantly greater than those in females (Arg: p < 0.01, Pro: p = 0.0368), and the contents of the remaining six detected NEAAs were significantly greater in females than in males (p < 0.01; Figure 4C). Specifically, for females, the content percentages of NEAAs ranked from high to low were as follows: Arg (14.79 ± 0.75%) > Glu (14.61 ± 0.68%) > Gly (12.31 ± 0.98%) > Asp (8.60 ± 0.54%) > Ala (6.85 ± 0.34%) > Pro (6.55 ± 0.36%) > Ser (5.12 ± 0.29%) > Tyr (2.13 ± 0.10%) (Figure 4C). For males, the content percentages of NEAAs ranked from high to low were as follows: Arg (15.66 ± 0.66%) > Glu (14.54 ± 0.81%) > Gly (12.46 ± 1.17%) > Asp (8.63 ± 0.57%) > Pro (6.79 ± 0.45%) > Ala (6.57 ± 0.33%) > Ser (4.96 ± 0.29%) > Tyr (2.12 ± 0.14%). Arg was the most abundant NEAA in both female and male pleopods, being 20.27 ± 1.03 g/kg (females) and 20.86 ± 0.88 g/kg (males) (Figure 4C).



The contents of six delicious amino acids (DAAs), namely, Glu, Asp, Tyr, Ala, Phe, and Gly, in pleopods of different sex of the whelks were also determined. In general, the contents of the six DAAs in female pleopods were significantly higher than those in males (p < 0.01; (Figure 4D)). The total average amount of DAAs in female pleopods was 64.67 ± 3.76 g/kg, accounting for 47.17 ± 2.74% of total AAs; the total average amount of DAAs in male pleopods was 62.56 ± 4.20 g/kg, accounting for 46.27 ± 3.16% of total AAs. Among the examined DAAs, the content of Glu was the highest in both female pleopods (20.04 ± 0.93 g/kg) and male pleopods (18.80 ± 0.02 g/kg) (Figure 4D).



The percentages of saturated fatty acids (SFAs), unsaturated fatty acids (UFAs), and crude fat in female pleopods were 16.96 ± 0.73%, 21.65 ± 1.55%, and 43.84 ± 12.31%, respectively. The percentages of SFAs, UFAs, and crude fat in male pleopods were 19.52 ± 4.34%, 27.08 ± 3.69%, and 52.75 ± 15.28%, respectively (Figure 5A). In general, male pleopods had higher amounts of SFAs (except for myristic acid), UFAs (except for methyl arachidonic acid), and crude fat than female pleopods (p < 0.01; Figure 5B). As for SFAs, the contents of polyunsaturated fatty acids (PUFAs) were higher than those of monounsaturated fatty acids (MUFAs) in both female and male pleopods. Palmitic acid (C16:0) and stearic acid (C18:0) were identified as the main SFAs in female and male pleopods. Eicosapentaenoic acid (C20:5n3, EPA), α-Linolenic acid methyl ester (C18:3n3), and docosahexaenoic acid (C22:6n3, DHA) were the main PUFAs, and methyl oleate (C18:1n9c) was the main MUFA in both female and male pleopods. The PUFA/MUFA ratios (P/M) were 4.33 ± 0.36 (females) and 4.95 ± 0.25 (males) (Figure 5B).



Monosaccharide and crude polysaccharide content analyses showed that the contents of monosaccharides and crude polysaccharides in pleopods were 45.07 ± 2.25 g/kg (females) and 48.60 ± 2.69 g/kg (males) (Figure 6). The percentages of monosaccharides in female pleopods from high to low were as follows: glucose (96.04 ± 4.04%) > galactose (1.07 ± 0.25%) > mannose (0.81 ± 0.15%) > xylose (0.64 ± 0.26%) > fucose (0.50 ± 0.07%) > ribose (0.15 ± 0.02%) > glucuronic acid (0.13 ± 0.09%) > arabinose (0.04 ± 0.02%). The percentages of monosaccharides in male pleopods from high to low were as follows: glucose (96.06 ± 4.86%) > galactose (1.11 ± 0.24%) > xylose (0.71 ± 0.18%) > mannose (0.56 ± 0.10%) > fucose (0.52 ± 0.08%) > ribose (0.21 ± 0.05%) > glucuronic acid (0.08 ± 0.04%) > arabinose (0.04 ± 0.02%). The contents of mannose, glucuronic acid, and arabinose in female pleopods were significantly higher than those in males (p < 0.01), whereas the contents of glucose, galactose, fucose, xylose, ribose, and crude polysaccharides in female pleopods were significantly lower than those in males (p < 0.01).





4. Discussion


The relationships between quality traits and morphological traits, gonad development, the gamete maturation cycle, and nutrient requirements are all basic fundamental aspects of artificial breeding and aquaculture of commercial shellfish [23,24,25,26,27,28,29]. In the current study, we clarified the relationships between qualitative traits (BM and STM) and eight phenotypic traits, the characteristics of gonad development and the gamete maturation cycle, and the pleopod nutrient composition of the whelk in both sexes, for the first time.



It is well accepted that phenotypic traits are important determinants of commercial traits (especially in weight production) and are subject to natural selection and sex differences [30,31,32,33,34,35]. In this study, high CVs of BM and STM were observed in females, and high CVs of SWH and STM were observed in males, indicating that STM could be an important trait with greater selection potential in both female and male selective breeding of the whelk. This observation was consistent with the results from Babylonia areolata [36], Babylonia lutosa [37], and Glossaulax reiniana [38]. Interestingly, the CV of SWH (a morphometric trait) was greater than those of the qualitative trait (BW and STM in this study) in male whelks, indicating sex-specific differences in the CVs of morphological traits. This observation was in contrast to the hypothesis of qualitative traits always having greater selection potential than phenotypic traits [30]. Clearly, further research is needed to determine whether SWH has strong selection potential in male whelk breeding. The correlation analysis showed that all measured phenotypic traits were significantly correlated with both BM and STM in females, a result similar to the correlation results for the gastropod mollusk Pomacea canaliculate [39]. In males, only five measured phenotypic traits (SH, SW, BWH, BWW, and SWW) were significantly correlated with both BM and STM. These observations, on the one hand, suggest that SH, SW, BWH, BWW, and SWW could be potential target traits for the artificial selection of the whelk; on the other hand, the results suggest that there is a sex-specific difference in the relationship between phenotypic traits and commercial traits in whelks. Interestingly, sex-specific variation in the relationship between phenotypic traits and commercial traits has also been observed in the arthropod Penaeus chinensis [40], whereas no apparent sex-specific variation in the relationship between phenotypic traits and commercial traits was observed in the bivalve mollusks Chlamys farreri [41] or Mactra chinensis [42]. Combining the above previous observations with the results of the correlation analysis in this study, we thus assume that species-specific variation in the correlations between phenotypic traits and commercial traits should be paid more attention to in developing breeding programs for aquatic organisms.



Path analysis is a widely used method to identify the direct effects of one trait on another in developing breeding programs [16,43]. In this study, BWH had strong direct and indirect effects on BW and STM in female whelks, whereas the direct effects of SH on BW and STM were great in males. Interestingly, the results for females obtained in this study are similar to the path analysis results of our previous study [44], whereas the results for males were slightly different. This may have been due to the fact that our previous study did not accurately identify the sexes, resulting in a higher ratio of females than males among specimens. Moreover, we also found that the results for males obtained in this study were similar to the path analysis results for B. lutosa [37] and P. canaliculata [39], while the results for females were slightly different. Further investigation is needed to clarify the reasons for this pattern. To sum up, all of the above results indicate that BWH and SH could be considered as the primary breeding traits when BW and STM are the target traits for female and male parental selection, respectively. However, we should notice that the body morphological-trait variables were only determined in July (the post-spawning phase), and correlations between body morphological traits and their reproductive stages were not yet established. Therefore, further efforts should be paid, accordingly, so that we can accurately determine periods when they are more likely to be collected or captured without affecting the spawning times and development of the whelk.



The spawning of mature gametes is one of the key steps determining the success of artificial breeding. Histological analysis revealed that the gonad development cycle of the whelk was about 1 year and that this could be generally divided into five stages. This result is consistent with the gonad development stages of other economically important shellfish such as Neverita didyma [45], Modiolus modiolus [46], Mizuhopecten yessoensis [47], Scapharca subcrenata [48], Meretrix lamarkii [49], Lutraria sieboldii [50], and Mercenaria mercenaria [51]. The duration of the development and growth stages of the whelk was about 6 months, much longer than those of N. didyma (3 months) [45], M. yessoensis (3 months) [47], Coelomactra antiquata (3 months) [52], S. subcrenata (4 months) [48], and M. mercenaria (4 months) [51]. As for the maturing and spawning stages, the duration of these two stages was about 4 months, similar to those of N. didyma [45], M. yessoensis [47], S. subcrenata [48], M. lamarkii [49], and C. antiquate [52], but longer than that of M. mercenaria (3 months) [51]. In addition, GI determination revealed that the highest GI of the whelk was observed in spring. GI is not only an important indicator reflecting the degree of gonadal maturity, but also an index to estimate the period of the spawning season in aquatic animals [53]. Typically, spawning often occurs when the aquatic animal has the highest GI and spawning gradually ends as the GI decreases; we thus assume that the optimal spawning season for the whelk occurs around spring. Compared with other economically important shellfish, the breeding season of the whelk is similar to that of L. sieboldii [50] but different from those of M. yessoensis (March) [47], S. subcrenata (June) [48], and M. mercenaria (June) [51], indicating a species-specific seasonal variation in gonadal maturity and breeding in economically important shellfish.



The pleopod (muscle tissue) is not only the main organ for the whelk to store nutrients and initiate movement, but is also the main edible part (commercial trait) of the species. Therefore, a better understanding of the nutritional composition and content of the pleopod tissue of the whelk can not only enable us to more comprehensively evaluate its nutritional value, but can also provide certain reference materials for the future development of artificial compound feed for this species. In this study, we determined the composition and content of pleopod nutrients in July, which will provide some information for us to fully understand the overall annual (or seasonal) changes in the composition and content of pleopod nutrients in the future.



In terms of AAs, Leu was identified as the most abundant EAA in the pleopod of the whelk, followed by Lys, similar to the results of pleopod nutritional analyses from Haliotis discus hannai [54], Neptunea cumingii [55], Babylonia areolate [56], and Babylonia formosae habei [57]. Notably, the percentages of both Leu and Lys were higher than those in H. discus hannai [56], N. cumingii [55], B. areolate [56], and B. formosae habei [56], indicating a potentially better nutritional value of pleopods of the whelk compared to those of other commercial gastropod species from the point of view of the percentage of EAAs. In addition, taste is an important index reflecting the quality of seafood [57]. Typically, the composition and contents of DAAs (the AAs having delicious and palatable characteristics) are always considered major factors affecting the taste of food [58,59]. In this study, six typical DAAs were identified in the pleopods of the whelk, among which Glu accounted for the highest percentage. Compared with other economically important shellfish, the percentage of Glu in the pleopods of the whelk (above 14%) was higher than that in B. areolate (11.47%) [56], B. formosae habei (11.41%) [56], and N. cumingii (10.00%) [57]. Since Glu interacting with specific taste cells on the tongue is a major component of umami taste [60], we thus assume that the pleopods of the whelk may have a more delicious taste than B. areolate, B. formosae habei, and N. cumingii. In addition to focusing on the nutritional value of pleopods, we also focused on the nutritional requirements based on our AAS analysis data. The results showed that Phe and Met were the first and second limiting AAs in female whelks, respectively, while Met and Phe were the first and second limiting AAs in males, respectively. This observation suggests that Phe and Met should be supplemented in artificial breeding of the whelk. Moreover, we also noticed that there was species-specific limiting AA variation; specifically, the first and second limiting AAs in H. discus hannai were Lys and Trp, respectively [61]; the first and second limiting AAs in N. cumingii were Trp and (Met + Tys), respectively [56]; the first and second limiting AAs were Val and Iso, respectively, in B. areolate and B. formosae habei [56], and the first and second limiting AAs in Placopecten magellanicu were Val and (Met + Tys), respectively [62].



For fatty acids, a total of 13 kinds of fatty acids were detected in the pleopods of the whelk, fewer than those in H. discus hannai (16) [61], N. cumingii (16) [57], B. areolate (15) [56], and B. formosae habei (15) [56], indicating an apparent species-specific fatty acid component. In terms of SFAs, the percentages of C17:0 and C18:0 in the pleopods of the whelk were higher than those in N. cumingii [55], B. areolate [56], B. formosae habei [56], and H. discus hannai [61]. As for UFAs, the percentages of MUFAs in the pleopods of the whelk were higher than those in B. formosae habei (9.4%) [56], and the percentages of PUFAs in the pleopods of the whelk were higher than those in B. areolate (25.00%) [56] and B. formosae habei (31.80%) [56]. Notably, the percentages of both EPA and DHA in the pleopods of the whelk were all higher than those in N. cumingii [55], H. discus hannai [61], B. formosae habei [56], and B. areolate [56]. It has been well documented that EPA and DHA are two important PUFAs playing vital roles in inhibiting prostaglandin synthesis and platelet agglutination, reducing neutral lipids in blood, providing anti-atherosclerosis activity, and enhancing immune function [63]. From the above comparisons among the whelk and other shellfish, we conclude that the whelk pleopods could be important sources of DHA and EPA supplementation.



Monosaccharides are important molecules involved in cell metabolism and are potential biomarkers, making them one of the core concerns for the healthcare of human beings [64,65,66]. Moreover, monosaccharides can also give the food a sweet taste, making the food taste better [67,68,69]. Therefore, the type and content of monosaccharides are also one of the important indicators to evaluate the nutritional or medical value of the commercial traits of shellfish [70,71,72,73]. In this study, a total of eight kinds of monosaccharides were detected in the pleopods of the whelk, more than in Bullacta exarata (6) [74], H. discus hannai (4) [75], and N. didyma (6) [76]. This observation apparently reflected species-specific variation in polysaccharide type. However, we noted that this monosaccharide-type variation might be caused by different tissue sampling. Specifically, in this study, we collected pleopods as specimens to perform polysaccharide detection and analysis, while in B. exarata [74] and N. didyma [76], soft tissue (except the shell) was collected for polysaccharide detection and analysis, and gonad tissue was collected for polysaccharide detection and analysis of H. discus hannai [75]. Therefore, further research and exploration are needed to determine whether there are tissue-specific differences in monosaccharide types in the same shellfish species. As for the contents of monosaccharides, glucose was the most abundant monosaccharide in the pleopods of the whelk, similar to that in soft tissues of B. exarata [74], Crassostrea virginica [77], and Glossaulax didyma [78] and in muscle tissues of H. discus hannai [79]. In the gonads of H. discus hannai, glucose was identified as the second most abundant monosaccharide [75], and thus we assume that there may be species-specific and tissue-specific variation in the content of monosaccharides in shellfish species. In the future, we can collect samples from different seasons for nutrient composition analysis to explore the influence of seasons on nutrient composition. Taken together, we conclude that the pleopods of the whelk are a good food source with multiple monosaccharides and superior taste. Therefore, the whelk is a species of shellfish with high economic value and thus has the potential for large-scale artificial breeding.




5. Conclusions


In this study, the main morphological traits that affected the quality traits of the whelk in different sexes were identified. Sex-specific gonadal developmental characteristics and the gamete maturation cycle of the whelk were clarified. The composition and content of pleopod nutrients were determined and compared. All data obtained in this study will not only enrich the basic biology of the whelk but will also provide theoretical support for artificial breeding and the development of the whelk aquaculture industry.
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Figure 1. Morphology parameters of the whelk. SH: shell height; SW: shell width; SAH: shell aperture height; SAW: shell aperture width; BWH: body whorl height; BWW: body whorl width; SWH: spiral whorl height; SWW: spiral whorl width. 
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Figure 2. Gonadal developmental characteristics of female and male whelks according to season. (A–J) female gonad; (K–T) male gonad. The black arrows represent the follicular wall and the green arrow represents the post-ovulation cavity. I: proliferating stage; II: growing stage; III: maturing stage; IV: spawning stage; V: resting stage. c: spermatocytes; epo: early prophasic oocytes; fg: full-grown oocytes; g: oogonia and spermatogonia; n: nucleus; z: spermatozoa. Scale bar: 50 μm. 
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Figure 3. Frequency of gonadal developmental stages and gonadosomatic index of female and male whelks according to season. (A) Female gonad; (B) male gonad. (C) The whelk. gonadosomatic index (GI). I: proliferating stage; II: growing stage; III: maturing stage; IV: spawning stage; V: resting stage. 
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Figure 4. Types and contents of amino acids in pleopods of female and male whelks. (A) Types and contents of essential amino acids (EAAs). (B) Amino acid score (AAS) of EAAs. (C) Types and contents of nonessential amino acids (NEAAs). (D) Types and contents of delicious amino acids (DAAs). Leu: leucine; Lys: lysine; Val: valine; Thr: threonine; Ile: Isoleucine; Phe: phenylalanine; Met: methionine; His: histidine; Arg: arginine; Glu: glutamate; Gly: glycine; Asp: aspartate; Ala: alanine; Pro: proline; Ser: serine; Tyr: tyrosine. *: p < 0.05 vs. female. **: p < 0.01 vs. female. 
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Figure 5. Types and contents of fatty acids in pleopods of female and male whelks. (A) Contents of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), and crude fat in the pleopods of female and male whelks. (B) Fatty acid and crude fat contents of female and male whelks. **: p < 0.01 vs. female. 
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Figure 6. Types and contents of saccharides in pleopods of female and male whelks. **: p < 0.01 vs. female. 
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Table 1. Correlations among the morphological traits of female and male whelks (n = 30).






Table 1. Correlations among the morphological traits of female and male whelks (n = 30).





	

	
Trait

	
STM

	
SH

	
SW

	
SAH

	
SAW

	
BWH

	
BWW

	
SWH

	
SWW






	
Female

	
BM

	
0.99 **

	
0.77 **

	
0.85 **

	
0.74 **

	
0.81 **

	
0.93 **

	
0.92 **

	
0.64 **

	
0.87 **




	
STM

	
-

	
0.79 **

	
0.86 **

	
0.76 **

	
0.84 **

	
0.93 **

	
0.92 **

	
0.66 **

	
0.89 **




	
SH

	
-

	
-

	
0.65 **

	
0.64 **

	
0.57 **

	
0.79 **

	
0.80 **

	
0.51 **

	
0.72 **




	
SW

	
-

	
-

	
-

	
0.68 **

	
0.68 **

	
0.76 **

	
0.85 **

	
0.65 **

	
0.80 **




	
SAH

	
-

	
-

	

	
-

	
0.67 **

	
0.77 **

	
0.79 **

	
0.40 *

	
0.74 **




	
SAW

	
-

	
-

	

	

	
-

	
0.73 **

	
0.70 **

	
0.51 **

	
0.71 **




	
BWH

	
-

	
-

	

	

	

	
-

	
0.94 **

	
0.60 **

	
0.83 **




	
BWW

	
-

	
-

	

	

	

	

	
-

	
0.58 **

	
0.81 **




	
SWH

	
-

	
-

	

	

	

	

	

	
-

	
0.78 **




	
Male

	
BM

	
0.90 **

	
0.79 **

	
0.47 **

	
0.13

	
0.31

	
0.66 **

	
0.59 **

	
0.29

	
0.37 *




	
STM

	
-

	
0.79 **

	
0.57 **

	
0.18

	
0.45 *

	
0.65 **

	
0.58 **

	
0.27

	
0.36 *




	
SH

	
-

	
-

	
0.51 **

	
0.08

	
0.31

	
0.65 **

	
0.40 *

	
0.62 **

	
0.48 **




	
SW

	
-

	
-

	
-

	
0.35

	
0.38 *

	
0.51 **

	
0.39 *

	
0.04

	
0.03




	
SAH

	
-

	
-

	
-

	
-

	
0.24

	
0.21

	
0.26

	
−0.12

	
0.35




	
SAW

	
-

	
-

	
-

	
-

	
-

	
0.27

	
0.08

	
0.08

	
0.07




	
BWH

	
-

	
-

	
-

	
-

	
-

	
-

	
0.48 **

	
0.09

	
0.11




	
BWW

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
−0.05

	
0.31




	
SWH

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.56 **








BM: body mass; STM: soft tissue mass; SH: shell height; SW: shell width; SAH: shell aperture height; SAW: shell aperture width; BWH: body whorl height; BWW: body whorl width; SWH: spiral whorl height; SWW: spiral whorl width. *: p < 0.05 vs. female. **: p < 0.01 vs. female.













 





Table 2. Path analysis of morphological traits on two qualitative traits of female and male whelks.
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Gender

	
Qualitative Trait

	
Morphological Trait

	
Relative Coefficient

	
Direct Effect

	
Indirect Effect




	
SW

	
SAW

	
BWH

	
∑






	
Female

	
BM

	
SAW

	
0.81

	
0.28

	
-

	
-

	
0.53

	
0.81




	
BWH

	
0.93

	
0.72

	
-

	
0.21

	
-

	
0.93




	
STM

	
SW

	
0.86

	
0.28

	
-

	
0.18

	
0.39

	
0.86




	
SAW

	
0.84

	
0.26

	
0.19

	
-

	
0.38

	
0.84




	
BWH

	
0.93

	
0.52

	
0.21

	
0.19

	
-

	
0.93




	
Male

	
BM

	
SH

	
0.83

	
0.83

	
-

	
-

	
-

	
0.83




	
STM

	
SH

	
0.83

	
0.83

	
-

	
-

	
-

	
0.83








BM: body mass; STM: soft tissue mass; SW: shell width; SAW: shell aperture width; BWH: body whorl height; SH: shell height.













 





Table 3. Determination coefficients of various morphological traits on two qualitative traits of female and male whelks.
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Gender

	
Qualitative Trait

	
Morphological Trait

	
SH

	
SW

	
SAW

	
BWH






	
Female

	
BM

	
SAW

	
-

	
-

	
0.08

	
0.30




	
BWH

	
-

	
-

	
-

	
0.52




	
STM

	
SW

	
-

	
0.08

	
0.10

	
0.22




	
SAW

	
-

	
-

	
0.07

	
0.22




	
BWH

	
-

	
-

	
-

	
0.27




	
Male

	
BM

	
SH

	
0.69

	
-

	
-

	
-




	
STM

	
SH

	
0.69

	
-

	
-

	
-








BM: body mass; STM: soft tissue mass; SW: shell width; SAW: shell aperture width; BWH: body whorl height; SH: shell height. A single argument for the determination coefficient of variables is described in bold, and other data are the common determination coefficients of two independent variables.
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