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Morphology of bivalves, a kind of quantitative character, is closely connected with the ecological and physiological behaviors of bivalves, including growth, survival, metabolism and reproduction. In this study, a multivariate statistical method was used to analyze seven  indices for shell shape evaluation of Ruditaps philippinarum (R. philippinarum). Polymorphism of R. philippinarum shell shape across seven geographical populations from the southern and northern regions of China was revealed, and decisive effect of shell shape in determining the trait of weight was discussed. In total, three types of R. philippinarum shell shape were observed: globular, flat, and lateral-view round. The Laizhou (LZ) population from the north of China displayed an approximately globular shell shape, with a shell-width-to-shell-length ratio of 0.5496 and an ellipse index ventral view (EIV) value of 0.9543. The Lianjiang (LJ) population from the south of China displayed a flat shell shape, with a shell-width-to-shell-length ratio of 0.4044, an ellipse index lateral view (EIL) value of 1.2518, and an EIV value of 0.7063. The Zhangzidao (ZZD) population from the north of China displayed a lateral view round shell shape, with a shell-width-to-shell-length ratio of 0.7476 and a circle index lateral view (CIL) value of 0.7195. According to the results of principal component analysis (PCA), discriminant analysis and cluster analysis on shell shape parameters, LJ population and LZ population could be grouped separately. However, despite the long geographical distance, Rongcheng (RC) population  was highly similar with ZZD population in terms of shell shape traits, implying that these two populations might be more closely related. Lowest degree of divergence in shell shape was observed in Beihai (BH) population and Yingkou (YK) population, both of which belonged to Zuidong (ZD) population. Weight of globular Manila clams was significantly higher than that of flat clams (P < 0.05). This study not only  lays a foundation for conservation of R. philippinarum germplasm resources, but also highlights the importance of considering shell morphology in the breeding and culture of R. philippinarum.
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1 Introduction

Morphology and size of organisms significantly influence their fitness attributes, including biomechanics, physiology, reproductive success, and behavioral patterns (Stanley, 1970; Gosling, 2003). These attributes have been extensively utilized in ecological and evolutionary research. In the context of bivalves, shell morphology has a notable diversity and complexity, which has been identified as a consequence of adaptive evolutionary processes (Lande and Arnold, 1983; Belonsky and Kennedy, 1988; Hamilton et al., 2020).

Development of statistical analysis methods and geometric morphometrics makes it possible to conveniently and effectively analyze the interrelationships as well as geometric characteristics between target independent and dependent variables (Adams et al., 2004; Morán et al., 2022). This statistical method has been widely used in aquaculture. Wu et al. (2011) used a multivariate analysis to investigate the shell morphology of Meretrix Linnaeus (distributed in China) and Meretrix lamarckii Deshayes (distributed in China and Japan), with an attempt to find the morphological divergence of the two species in China as well as to verify the species validities of M. lamarckii Deshayes in Japan. In addition, Costa et al. (2008) compared the morphological difference between Ruditapes philippinarum and Ruditapes decussatus coming from different geographical groups using elliptic Fourier analysis, and the results showed that there was an apparent morphological divergence between these two species. Moreover, Rufino et al. (2013) performed geometric morphometric methods (both landmark- and contour-based) to analyze the shell morphology of seven populations of the pod razor (Ensis siliqua) shell from Portugal, Spain, and Ireland, which confirmed the usefulness of geometric morphometric analyses for discerning differences in shell shape among populations of E. siliqua.

The Manila clam R. philippinarum belongs to the traditional group of four cultured bivalves. Being the most important artificially cultured shellfish in shallow tidal flats, its annual production reaches three million tons in China. The output of R. philippinarum accounts for more than 90% of the global production of cultured R. philippinarum and 20.9% of the output of cultured bivalves in China (Bureau of Fisheries, National Fisheries Technology Extension Center and China Society of Fisheries, 2023). It is the most commercialized shellfish in the world, and its production is the highest among all cultivated single bivalve species in China. However, R. philippinarum in China has suffered from overfishing and environmental damage, and their germplasm resources are in danger of being reduced or even extinct. Specifically, in the North Yellow Sea, certain native species of Manila clams have disappeared as biodiversity declines. Lacking a comprehensive investigation of native germplasm resources, the protection of R. philippinarum germplasm resources has become the bottleneck restricting the healthy and sustainable development of the Manila clam industry.

In China, the long and winding coastline provides ample germplasm resources and makes the largest globally native germplasm repository of R. philippinarum. Nevertheless, research on the genetic traits of R. philippinarum from different geographical populations is relatively rare. The morphological characteristics of the shell are essential indices for evaluating the R. philippinarum germplasm. Liu et al. (2021) summarized the research progress on the shell morphology diversity of shell populations in recent years. Zhang and Yan (2010) reported that, for R. philippinarum, perennial geographical isolation and adaptation to a local environment generated different geographical populations with distinct biological properties and shell shape. Moreover, Wang et al. (2022) analyzed the correlation between the shell morphology and weight traits of R. philippinarum from different geographical populations in Shandong Province of China.

This study selected prominent native R. philippinarum populations distributed in Southern China and Northern China as subjects for experimental investigation. Multivariate statistical analyses and path coefficient analyses were utilized to investigate the shell shape polymorphism among seven geographical populations as well as the correlation between shell shape and weight traits. The findings of this investigation contribute to the foundational knowledge necessary for the conservation of R. philippinarum germplasm resources conservation and the selective breeding of new varieties.




2 Materials and methods



2.1 Ethics statement

The Manila clams used in the present study were commercially cultured animals. All experiments were conducted following the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All study protocols were approved by the Animal Ethics Committee of Dalian Ocean University (permit no.: DLOU2023008).




2.2 Sampling of the Manila clams from different geographical populations

Sampling of the Manila clams from seven geographical populations was performed from May 2016 to June 2016, and the sampling sites included Zhangzidao (Dalian, Liaoning), Yingkou (Liaoning), Zuidong (Luannan, Hebei), Laizhou (Yantai, Shandong), Rongcheng (Weihai, Shandong), Lianjiang (Fuzhou, Fujian), and Beihai (Guangxi), which are shown in Figure 1 and Table 1. A total of 250 Manila clams were collected from the subtidal zone covered with mud and sand (to ensure the accuracy of the experiment, all samples were natural populations and collected from areas which are not affected by the aquaculture of Manila clams). To minimize the geographical environment-conferred effects on shell shape and weight traits, all clams collected from different sites were then temporarily cultured on a floating raft in the same sea area for another 2 months. For each geographical population, 90 individuals with a shell length varying from 3 to 4 cm were randomly selected as the experimental materials. More detailed information for the sampling is listed in Table 1.




Figure 1 | Geographic distribution of Ruditapes philippinarum (R. philippinarum) populations. This figure maps the locations of seven distinct geographical populations for investigation, highlighting the diverse habitats across which the species is spread.




Table 1 | Information on the seven populations of R. philippinarum sampled.






2.3 Methods of measurement and index calculation

The values of shell length (L), shell height (H), and shell width (W) were measured using an electrical Vernier caliper with an accuracy of 0.01 mm. The clams were placed on top of a white background to optimize the shell outline, and photographs of the left shell’s lateral and ventral sides were taken. For the above-mentioned photographs of the left shell, the two-dimensional projection area (AL) and circumference of the lateral side, two-dimensional projection area (AV) and circumference of the ventral side, as well as the length of the ventral side (LVent) were measured using Photoshop CC, with an accuracy up to 0.01 mm2 for the area and 0.01 mm for the length. The number of convex radial ribs on the left shell was regarded as the total number of radial ribs. To minimize size-related influences on morphological features, the measured size values were standardized using corresponding shell morphological indices (Palmer et al., 2004).

After drying the exterior surface of the clams with a filter paper, each clam’s live weight (TW) was determined using an electrical balance. Following the dissection of the surface-dried clams, the liquid contained within the pallial chamber was extracted. The weights of soft tissues (SOW) and shell (SW) were independently determined using an electrical balance with a precision of 0.01 g. For each clam, total volume (TV), shell volume (SV), and shell chamber volume (SCV) were examined according to the drainage method reported by Xu et al. (2007), with an accuracy of 0.01 mL. For the measurement of total volume and shell volume, an initial volume of fresh seawater was first injected into a measuring cylinder. The initial volume of seawater was adequate to submerge the clams or the shells, while the total volume of seawater containing clams or shells did not exceed the cylinder’s maximum capacity. Individual clams or shells were then put into the cylinder containing the initial volume of seawater, and the increment of the water volume was recorded as the clam’s total volume or shell volume, respectively. Shell chamber volume was the difference between the total volume and the shell volume.

The shell morphological indices used in this study included the compacity index (CPI), elongation index (EI), convexity index (CVI), circle index lateral view (CIL), circle index ventral view (CIV), reference ellipse index lateral view (EIL), and reference ellipse index ventral view (EIV). The calculation formulas for these indices are listed in Table 2. The ratio of shell width to shell length (W/L), the ratio of shell height to shell length (H/L), and the ratio of shell width to shell height (W/H) were used to represent the compacity index, elongation index, and convexity index, respectively. The circle index lateral view (CIL) and circle index ventral view (CIV) were also calculated as supplements to EI and CPI, respectively. The shell shape of different geological populations was determined by comparison. The closer the values of CIL and CIV are to 1, the closer the shell shape is to a sphere. The other two supplementary indices were the ellipse index lateral view (EIL) and the reference ellipse index ventral view (EIV), which served as a flat shell shape indicator. The smaller the values of EIL and EIV are, the closer the shell shape is to flat. Shells with the highest values of EI and CIL are defined with lateral view round.


Table 2 | Calculation formula for R. Philippinarum shell morphological indexes.






2.4 Data statistics and analysis

The shell morphological characters among different geographical populations of R. philippinarum were compared by analyzing the above-mentioned shell morphological indices listed in Table 2 using a multivariate analysis method. Principal component analysis (PCA) on the R. philippinarum populations was performed using the R software. The characteristic value (square of the standard error for each variable), the variance contribution rate, and the accumulative contribution rate were obtained for each principal component. Subsequently, a scatter plot was constructed based on the scores of each principal component to visualize the data distribution. Cluster analysis on the R. philippinarum populations was also conducted by utilizing the R software, and the Euclidean distances were calculated. The resulting Euclidean distance matrices were utilized to generate a heat map, and inter-cluster distances were calculated using Ward’s method. This analysis culminated in the construction of a dendrogram to illustrate the hierarchical relationships among populations. Discriminant analysis on the R. philippinarum populations was performed using the Fisher method. The function values derived from the first two discriminants were plotted on a scatter diagram for a visual interpretation of the discriminant analysis. Excel software was employed for a comprehensive statistical analysis of all experimental data. The R software was used to compute the mean values and standard deviations for each trait. The collected data were then analyzed for normal distribution using the Shapiro–Wilk test, followed by Tukey’s HSD for multiple comparisons and correlation analysis for exploring relationships between traits.





3 Results



3.1 Shell morphology and radial ribs number of R. philippinarum across different geographical populations

Based on the analysis of seven shell morphological indices, three distinct types of shell shapes were observed across the different geographical populations of R. philippinarum: flat, globular, and lateral-view round (Figure 2 and Table 3). In terms of the seven shell morphological indices, values of the Lianjiang (LJ) population were lower than those of the other six populations. The clams of the LJ population displayed a flat shell shape with CPI (W/L) of 0.4044, EIL of 1.2518, and EIV of 0.7063. In contrast, the Laizhou (LZ) population exhibited the highest values in terms of CPI, CVI, CIV, and EIV, with values of 0.55 ± 0.04, 0.75 ± 0.03, 0.48 ± 0.04, and 0.95 ± 0.10, respectively. These measurements suggest a globular shell shape for the LZ clams, as indicated by the maximal shell width. Similar shell morphology was noted in the Rongcheng (RC) population, with CPI (width/length) of 0.5060 and EIV of 0.9168, conforming to a globular shape as well. For the EI, CIL, and EIL values, the Zhangzidao (ZZD) population was the highest among the seven geographical populations, and all three values were close to 1. In a lateral view, the shell shape of the ZZD population was approximately round, with EI (H/L) of 0.75 and CIL of 0.72.




Figure 2 | Variability in the shell morphology of R. philippinarum. The variation in shell shapes among R. philippinarum specimens is displayed, underscoring the phenotypic diversity within this species. R. philippinarum with globular (A), flat (B), lateral-view round (C) and elliptic (D) shapes of shell.




Table 3 | R. philippinarum shell morphological indexes of different geographical populations.



A quantitative study of radial rib counts found that the average numbers observed in populations from Southern China were higher than those recorded in populations from Northern China. Notably, the LJ population had the highest mean radial rib count at 99, whereas the LZ group had the lowest mean count at 58 (Table 3).




3.2 Principal component analysis of shell morphological indices

According to the Scree plot, the criterion of eigenvalue greater than 1 and the cliff parallel analysis of 100 times of simulation (shown in the broken line), retaining the first two principal components could retain most information of the dataset (Figure 3). Therefore, for the PCA of the seven shell morphological indices of R. philippinarum, the first two principal components were selectively retained, whose contribution rates of variance were 70.46% and 16.17%, respectively (Table 4). With an accumulative contribution rate of variance of 86.63%, the first two principal components represent 86.63% of the shell morphological variance among the seven geographical populations of R. philippinarum. The first principal component could be mainly interpreted by CPI, CIV, and EIV, which reflect the correlation between shell width growth and shell length growth, the difference in the width of the ventral side of the shell, and whether the shell shape approaches globular, respectively. The second principal component could be mainly interpreted by EI, CIL, and EIL, which reflect the correlation between shell height growth and shell length elongation as well as the roundness of the lateral side of the shell.




Figure 3 | Scree plot from the principal component analysis of shell morphological indices. The results of a cliff parallel analysis is illustrated, depicting the variance explained by each principal component to assess the dimensionality of R. philippinarum shell morphology data.




Table 4 | Loadings and eigenvalues of the first two principal components of the shell morphological indexes of R. philippinarum populations.



A two-dimensional scatter diagram was plotted according to the data generated from the first two principal components of the R. philippinarum shell morphological indices, as shown in Figure 4. Among the seven geographical populations, the LJ population and the LZ population were relatively independent of the other populations and could be grouped separately, showing that these two populations were morphologically distinct. The RC population overlapped with part of the ZZD population as well as a small part of the LZ population, indicating that these three populations were morphologically similar. Such overlapping was also observed in the Beihai (BH) population, the Yingkou (YK) population, half of the Zuidong (ZD) population, and part of the ZZD population, making it impossible to sort these populations separately.




Figure 4 | Principal component analysis scatter plot for shell morphological indices. This scatter diagram visualizes the distribution of R. philippinarum specimens along the first two principal components (PC1 and PC2) derived from shell morphological indices, facilitating the identification of patterns and clusters.






3.3 Cluster analysis of the seven geographical populations of R. philippinarum

Hierarchical clustering was used to calculate the Euclidean distance matrices, based on which the heat map was plotted (Figure 5). The squares with a lighter shade of red have a lesser Euclidean distance, indicating a higher similarity in the shell shapes. The squares that were closer to light green had a higher Euclidean distance, indicating a reduced resemblance between the shell morphologies. Among the seven geographical populations, the highest similarity in shell shape was found in the BH and the YK populations, which could be grouped into one cluster and then grouped together with the ZD population into a super-cluster. The RC and ZZD populations shared the second highest similarity in shell morphology. These two populations could likewise be grouped into one cluster, which could be grouped together with the LZ population into a super-cluster. The LJ population showed the highest degree of divergence and was morphologically different from the other six populations. Therefore, it was grouped into an individual cluster.




Figure 5 | Heat map of a cluster analysis on shell morphological indices. A heatmap visualizing the results of a cluster analysis is presented, which categorizes R. philippinarum specimens based on similarities in shell morphological indices, revealing distinct groupings.






3.4 Discriminant analysis of the seven geographical populations of R. philippinarum

Discriminant analysis is a multivariate statistical analysis method that categorizes specimens based on numerous known variables. The R software was utilized to perform Fisher discriminative analysis, also known as linear discriminative analysis, in order to categorize the regional populations of R. philippinarum with a comprehensive diagnostic accuracy of 63.17%, as shown in Table 5. The highest diagnostic accuracy was found in the LJ population, the LZ population, and the ZD population, with values of 97.78%, 86.67%, and 71.11%, respectively. On the other hand, a lower diagnostic accuracy was found in the BH population, the YK population, the ZZD population, and the RC population, with values of 46.67%, 36.67%, 50.00%, and 53.33%, respectively. A scatter diagram was plotted according to the output of the first two linear discriminants, as shown in Figure 6. The results of the discriminant analysis were consistent with those of the PCA. The LZ and LJ populations showed considerable morphological divergence from the other populations, with both being identifiable as distinct clusters. Some individuals from the RC population and the ZZD population shared overlapping morphological properties. The BH population, the YK population, and half of the ZD population were morphologically overlapped and could not be separated from each other.


Table 5 | Discriminant analysis of the seven geographical populations of Ruditapes Philippinarum.






Figure 6 | Scatter diagram plotted using the function values of the first two linear discriminants.






3.5 Shell volume comparisons of R. philippinarum from different geographical populations

Multiple comparisons were performed on the seven geographical populations of R. philippinarum to assess total volume (TV), shell volume (SV), and shell chamber volume (SCV) in the case that the shell lengths of clams were insignificantly different (P > 0.05). The results showed that, with total volumes (TV) from the biggest to the smallest, the sequencing of the seven geographical populations of R. philippinarum was LZ, RC, ZZD, BH, ZD, YK, and LJ (Figure 7A). In terms of total volumes, the LZ population was significantly different from the RC population (P < 0.05), and the other five populations were highly significantly different from each other (P < 0.01). With shell volumes (SV) from the biggest to the smallest, the ranking of the seven populations of R. philippinarum was LZ, RC, BH, ZZD, ZD, YK, and LJ (Figure 7B). The shell volume of the LZ population was highly significantly different from the other six populations (P < 0.01), whereas the shell volumes of the BH population, the ZD population, and the ZZD population were insignificantly different from each other (P > 0.05). The YK population and the LJ population had the smallest shell volume, and they were not significantly different from each other in terms of SV values. With shell chamber volumes (SCV) from the biggest to the smallest, the seven geographical populations could be ordered as LZ, RC, ZZD, BH, YK, ZD, and LJ (Figure 7C). In terms of shell chamber volumes, the first two populations (LZ and RC) were highly significantly different from the other five populations (P < 0.01), and the last population LJ was highly significantly different from the other six populations. The shell chamber volume difference among the BH population, the YK population, the ZD population, and the ZZD population was insignificant (P > 0.05).




Figure 7 | Correlation between shell length and volume features (total volume, shell volume, and shell chamber volume) of R. philippinarum from different geographical populations. (A) Correlation between shell length (SL) and total volume of R. philippinarum from different geographical populations. (B) Correlation between SL and shell volume of R. philippinarum from different geographical populations. (C) Correlation between SL and shell chamber volume of R. philippinarum from different geographical populations.






3.6 Multiple comparisons of weight traits among different geographical populations of R. philippinarum

Additional comparisons were conducted regarding total live weight (TW), soft tissue weight (SOW), and shell weight (SW) of R. philippinarum from the seven geographical populations, in the case that the shell length values of clams were insignificantly different (P > 0.05). The results showed that with TW from the highest to the lowest, sequencing of the seven populations of R. philippinarum was LZ, RC, ZZD, BH, YK, ZD, and LJ (Figure 8A). The LZ population exhibited a considerably greater total live weight (TW) in comparison to the remaining six populations (P < 0.01). Moreover, the TW values of the ZD and LJ populations were not substantially dissimilar (P > 0.05). The classification of the seven populations according to SOW was as follows: LZ, RC, ZZD, YK, BH, ZD, and LJ (Figure 8B). Similarly, the SOW of the LZ population was significantly higher than that of the other six populations (P < 0.01). The RC population and the ZZD population shared similar SOW (P > 0.05), which was significantly higher than the four populations listed behind these two populations (P < 0.01). The arrangement of the seven populations, in ascending SW value order, was as follows: LZ, RC, ZZD, BH, YK, ZD, and LJ. This result was consistent with the sequencing that was generated utilizing the TW values (Figure 8C). However, there was no significant difference in the SW values of the first two populations (the LZ population and the RC population) (P > 0.05), yet they were highly significantly higher than the SW values of the other five populations (P <0.01). Furthermore, there are no significant differences in the ZD and LJ populations in terms of SW (P > 0.05).




Figure 8 | Correlation between shell length and weight traits (total live weight, soft tissue weight, and shell weight) of R. philippinarum from different geographical populations. (A) Correlation between shell length (SL) and total live weight of R. philippinarum from different geographical populations. (B) Correlation between SL and soft tissue weight of R. philippinarum from different geographical populations. (C) Correlation between SL and shell weight of R. philippinarum from different geographical populations.






3.7 Correlation analysis of volume features and weight traits across different geographical populations of R. philippinarum

Correlation analysis was performed using the volume features (total volume, shell volume, and shell chamber volume) and the weight traits (total live weight, soft tissue weight, and shell weight) of different geographical populations of R. philippinarum. The covariance obtained showed that the volume features and the weight traits were significantly correlated (Figures 9A–F).




Figure 9 | Correlation analysis between volume features (total volume, shell volume, and shell chamber volume) and weight traits (total live weight, soft tissues weight, and shell weight) of different geographical populations of R. philippinarum. In each individual graph, the shapes represent different volume features, while the lines represent different weight traits. (A) Correlation analysis between shell chamber volume and soft tissue weight (SOW) of different geographical populations of R philippinarum. (B) Correlation analysis between total volume (TV) and SOW of different geographical populations of R philippinarum. (C) Correlation analysis between shell volume and shell weight (SW) of different geographical populations of R philippinarum. (D) Correlation analysis between TV and SOW of different geographical populations of R philippinarum. (E) Correlation analysis between TV and SW of different geographical populations of R philippinarum. (F) Correlation analysis between TV and total TW of different geographical populations of R philippinarum.







4 Discussion



4.1 Shell morphology varied across different geographical populations of R. philippinarum

Significant variations in shell morphology have been documented in several geographical populations of R. philippinarum, including the Awazu population (Japan), the Dalian population (China), the Tonkin Gulf population (Japan), and the Arcachon Bay population (France). Yokagawa (1998) reported that for R. philippinarum in Japan, shell shape of the Awazu population was significantly globular than that of the Yashima population. Zhang et al. (2008) and Satoshi and Satoshi (2010) both reported that a flat shell shape was found in R. philippinarum from the Dalian population (China) and the Tonkin Gulf population (Japan), respectively. Through multivariate analysis, Caill-Milly et al. (2012) described the shell shape of R. philippinarum from the Arcachon Bay population (France) as round or globular, with a SH (shell height)/SL (shell length) value of 0.75, a CIL value of 0.73, a SW (shell width)/SL value of 0.28, and an EIV value of 0.95. Yu (2022) collected R. philippinarum from three local populations in Shandong Province and found that there were differences in convexity index, elongation index, thickness, and other indicators among different populations. Similarly, in our study, shell morphological polymorphism was observed across different geographical populations of R. philippinarum. Multivariate analysis on the collected shell morphological indices revealed three kinds of shell shape and three clusters from the seven geographical populations of R. philippinarum investigated. The LZ population had an approximately globular shell shape. The LJ population displayed a flat shell shape. The ZZD population exhibited a round shell shape in lateral view. Our results were consistent with previous findings.




4.2 Genetic variance leads to shell morphological divergence within the same geographical population of R. philippinarum

The genetic studies on R. philippinarum from different populations were conducted by using morphological parameters (Liu et al., 1999), amplified fragment length polymorphism (AFLP) markers (Zou et al., 2014), isoenzymes (Ge et al., 2008), simple sequence repeats (SSR) markers (Nie et al., 2015), mitochondrial DNA (mtDNA), and internal transcribed spacer 1 (ITS1) (Gharbi et al., 2010). In our study, although the ZD, YK, and ZZD populations are distributed in the same sea area, their shell shapes are obviously different. The ZD population has a globular shape, the YK population has a flat shape, and the ZZD population has a round side view. This phenomenon may be due to two reasons: (1) genetics (Zhuang, 2001) and (2) the long-term introduction of parents and young clams from south to north. According to the cluster analysis and principal component analysis of our study, for the YK population and the ZD population, some individuals were morphologically similar to those of the two southern populations (LJ and BH), and some were similar to those of the RC population and the LZ population. In the analyses using the mtCOI and 16S rRNA gene sequences as the genetic marker, we found that some individuals of the YK population and the ZD population shared the same haplotype with those of the BH population and the LJ population (Tan et al., 2020, 2021), indicating that anthropogenic introduction of the Manila clams from south to north resulted in a mixture of both native and exotic clams distributed in YK and ZD, which could explain the reason why intra-population morphological variance was observed in the YK population and the ZD population.

Furthermore, the PCA showed that around 12% of the individuals of the ZZD population were morphologically overlapped with those of the LJ population in this study. Consistently, the phylogenetic tree analysis of different geographical populations of R. philippinarum using site-specific amplified fragment sequencing (SLAF-seq) also showed that about 30% of individuals in the ZZD population clustered into the LJ population (Tan, 2020). This may be due to the introduction of parents and young generations of Manila clams from the southern areas to the northern area near Zhangzidao in the past decade. Zhuanghe and Dandong are two Manila clam-producing areas in the North Yellow Sea, with a total annual output of about one million tons (2003). A study conducted by Liu et al. (2007) examined the genetic diversity of four natural populations in Dalian, Qingdao, Hangzhou, and Xiamen using AFLP markers. They found that the genetic distance between the Qingdao and Xiamen populations was relatively close, indicating that the genetic structure of the natural population of Filipino clams in China has changed. Nearly 90% of the parents and juveniles of Manila clams in these two areas were introduced from Fujian in the south. As a result, sustained culture over the past decade has produced nearly 10 million tons of Manila clams, mostly from the south. These southern Manila clams were cultured in the northern Yellow Sea, producing highly dispersed larvae (Yan et al., 2005). Some southern larvae may eventually settle in the Zhangzidao area and mix with native Manila clams, establishing a “mainland–island effect” to a certain extent. Therefore, there are differences in the shell morphology of the R. philippinarum population in ZZD, which affects the evaluation of the shell morphological characteristics of this population.




4.3 Volume characters and weight traits comparison of R. philippinarum from different geographical populations

Total live weight and soft tissue weight are significant economic indicators utilized frequently in shellfish aquaculture to assess shellfish production. Furthermore, the capacity of bivalves to sequester carbon is indicated by their shell weight (Zhang et al., 2005; Liu and Tang, 2011). This study found a significant correlation between volume traits and weight traits of R. philippinarum from different geographical populations. Shell lengths were comparable across all seven populations; however, the clams from LZ population exhibited the greatest volume and weight. The clams from the LJ population are the smallest in size and weight. In terms of volume and weight, the RC population and the ZZD population, which belong to the same cluster as the LZ population, are higher than the four populations: the LJ population, the BH population, the YK population, and the ZD population. Our results are consistent with previous findings. Caill-Milly et al. (2012) reported that, for the R. philippinarum population distributed in Arcachon Bay of France, individuals with a globular shell shape (the ratio of shell width to shell length was relatively higher) were heavier than those with a round shell shape (the ratio of shell width to shell length was relatively low). Kemp and Bertnerss (1984) reported that, for Littotinalittorea, globular individuals with a thin shell contained more body mass in comparing with elliptic individuals with a thick shell.

Within the context of commercial cultivation and selective breeding practices of R. philippinarum, shell length has traditionally served as a primary criterion for assessing quality. In addition, morphology of the shell has been proposed as an essential metric for evaluating the quality of Manila clams (Costa et al., 2008). Notably, shell morphology variations are observed across individuals from different populations and within individuals of the same population (Zhuang, 2001; Zhang and Yan, 2010). Consequently, an economic incentive exists to breed and culture Manila clams selectively with a globular shell shape, as this may enhance the likelihood of achieving higher yields of desirable soft tissue weight and total live weight.





5 Conclusion

China’s extensive and serpentine coastline establishes it as a prime repository for the native germplasm resources of R. philippinarum. An investigation on the shell morphological characteristics of R. philippinarum across various geographical populations in Southern and Northern China has yielded two key findings. Firstly, three distinct shell shapes—globular, flat, and round—were identified across all studied populations, underscoring the diversity within this species. Secondly, the study suggests that shell morphological traits, particularly the globular shape, serve as valuable metrics for assessing the quality of R. philippinarum in commercial culture, given their superior size and weight compared to flat clams. These insights highlight the importance of considering shell morphology in the breeding and culture strategies for R. philippinarum, aiming to optimize yield and quality.
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