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Do the Fish Scales Shape of Mugil curema Reflect the Genetic Structure Using Microsatellites Markers and the Mexican Marine Ecoregions Classification?
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Mugil curema is a teleost fish of economic importance that shows wide phenotypic variability in the coasts of Mexico. Intraspecific morphological variability might replicate either genetic dissimilarity between groups or environmental conditions according to phenotypic plasticity. Fish scales shape was used to discriminate location variants, genetic structure obtained by microsatellite markers, and marine ecoregions of Mexico. The present study uses landmarks and geometric morphometric statistical approaches to address the specific question: if and how fish scale shape varies with genetic structure or with marine ecoregions. This is assessed using seven landmarks by scale, the coordinates of which were subjected to a generalized Procrustes analysis, followed by a principal components analysis and quadratic discriminant analysis with cross-validation analysis on shape. Also, the significance of classifications was assessed by multivariate analysis of covariance (MANCOVA). The proportion of total shape variance explained by total length and by centroid size was 3.8 and 3.0%, respectively. Therefore, only shape (without size) was used for the analysis. MANCOVA was significant in all cases, with locations, genetic structure, and marine ecoregions. The cross-validated discriminant analysis by location correctly classified 42.2%, whereas with the genetic structure prearrangement and marine ecoregions, the identification rates were 58.3 and 57.0%, respectively. It was surprising that, as the same as in the genetic structure (microsatellite analysis), San Antonio Bay, Texas formed a group with Sabancuy, Campeche, Celestun, and Sisal, Yucatan (the Caribbean locations). Likewise, Huave Lagoon System, Oaxaca, located in the Pacific coast is more similar to the Caribbean sites unlike the other locations from the Pacific area, which are similar results depicted with microsatellite analysis. On the other hand, using the marine ecoregions arrangement, the findings indicate that the Mexican Tropical Pacific and the Chiapas-Nicaragua marine ecoregions were very different as opposed to the two marine ecoregions from the Gulf of Mexico more similar in fish scale shape. The Mexican Tropical Pacific ecoregions show more identification rate (80.4%), whereas the rest of marine ecoregions discriminate less than 53.3%. Possibly, hydrographic features as currents or upwellings circumscribe boundaries between marine ecoregions, and this could produce inherent genetic structure.
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INTRODUCTION

Mugil curema (Valenciennes, 1836) is basically an American species found in both the Atlantic and Pacific oceans, with few populations in African waters (Durand et al., 2012). The species is economically important, with catches of 6,067 metric tons in Mexico during the year 2017, of which 88% were from the Gulf of Mexico coasts and 12% from the Pacific coasts (Secretaría de Medio Ambiente Recursos Naturales y Pesca (SEMARNAP), 2017). A great body morphometric variability has been recorded for this species in the Gulf of Mexico, indicating the presence of more than one population (Ibáñez-Aguirre et al., 2006). Variation in shape in M. curema has been considered to reliably trace fish populations by applying geometric morphometric methods to one fish scale per specimen. Results have shown that fish scale shape clearly separates specimens of different localities (Ibáñez et al., 2007; Ibáñez and O’Higgins, 2011; Ibáñez, 2015). In general, fish scale shape is to a significant extent species-specific and helps determine stock membership (Ibáñez et al., 2007; Garduño-Paz et al., 2010). Furthermore, fish scale shape was used to identify geographic variants among the Lutjanidae (Lutjanus argentiventris, L. guttatus, and L. peru) of three geographic areas along the Pacific coast (Ibáñez et al., 2012a), with results indicating that specimens of each species from the three geographic areas formed two local populations. The consistency of these results for the three species analyzed established that this coincidence does not happen by chance. The variability in hydrogeomorphology, water productivity, and abundance of fish stocks possibly accounted for the observed differences in scale morphology and clarified why scale shape may be used to discriminate among stocks (De Pontual and Prouzet, 1987; Watkinson and Gillis, 2005; Ibáñez et al., 2007). In this sense, it can be surmised that scale morphology is regulated by habitat variability and food availability and type, leading to a differentiation of phenotypic characteristics (Swain and Foote, 1999; Ibáñez et al., 2012b).

As far as we know, only two studies have analyzed the influence of genetics on the shape of fish scales, those of Staszny et al. (2013) and Albertson et al. (2018). The two articles agree that both genetic and environmental factors can significantly influence the formation of scales, and thus the shape of a scale may be used as a tool to explain and detect the potential variability of the environmental influences that affect groups of genetically homogeneous fish.

Mexico’s geographic position, between the Central-Western Atlantic and the Central-Eastern Pacific, explains much of its enormous biological diversity, where fish make up the group of vertebrates with the largest number of species (2,763 species; Espinosa-Pérez, 2014). Marine ecoregions have been defined in order to have a better understanding of their resources and geographic distribution. These marine ecoregions are influenced by environmental factors, including the temperature and circulation of large currents and seawater masses (Lara-Lara et al., 2008). At present, there are no studies based on morphometry or on whether the shape of the scales reflects this division of marine ecoregions.

Mugil curema inhabits coastal lagoons, estuaries, and rivers. The adults migrate to the open sea to spawn, where both eggs and hatchlings are subject to surface currents that aid their transportation. Later, the juveniles migrate to estuaries and coastal lagoons where they live until adulthood (Ibáñez, 1993). The spawning period of M. curema in the Gulf of Mexico was reported by Ibáñez and Colín (2014). In the northern Gulf of Mexico, Madre Lagoon and Tamiahua Lagoon, the spawning period occurs from the end of winter to spring, while in the more southern localities where water is warmer, sexually mature females have been reported in autumn and winter, especially for Alvarado Lagoon, Veracruz and Mecoacán Lagoon, Tabasco (Ibáñez and Colín, 2014). In addition, female individuals collected in the estuaries of Sabancuy, Campeche and Celestun, Yucatan, have a long spawning period from November to April (Pacheco-Almanzar et al., 2017). Thus, different spawning seasons have been reported for this species throughout the Gulf of Mexico. Similarly, different spawning periods have been recorded for the Mexican Pacific (Viera-Muñoz, 1979; Villaseñor-Talavera, 1991; Lucano-Ramírez and Michel-Morfín, 1997; Cabral-Solís, 1999). It is believed that spawning differences may have resulted in differences in the genetic structure of M. curema in the Gulf of Mexico, where three groups have been identified using microsatellite markers (Pacheco-Almanzar et al., 2017; Pacheco-Almanzar, 2019). It is also possible that changes in ocean currents produce diverse environments that generate marine ecoregions that are part of other larger and superior geographical entities, but at the same time have their own characteristics and particular features.

In view of this, it is both possible that populations of nearby water bodies attain connectivity and that populations become separated by mainstream currents. Understanding patterns of connectivity among populations is critical for the advance of accurate, spatially clear descriptions of population dynamics. As was mentioned above, fish scale shape has been used to identify geographic variants, but does it reflect the structure observed along Mexico’s coasts using microsatellite markers or marine ecoregions?

Thus, the objective of this work was to determine if the scale shape reflects the genetic structure observed along the coasts of Mexico using microsatellite markers and also to analyze if the scale shape is related to the marine ecoregions. Three approaches were addressed here: by locality, by spatial empirical genetic patterns, and by marine ecoregions. This was assessed through a geometric morphometric analysis.



MATERIALS AND METHODS


Fish Scale Collection

Mugil curema specimens were collected from commercial fisheries in San Antonio Bay, Texas (SAB) Madre Lagoon, Tamaulipas (LM), Tamiahua Lagoon (TA), Cazones Estuary (CA) and Alvarado Lagoon, Veracruz (AL), Mecoacán Lagoon, Tabasco (ME), Sabancuy, Campeche (SA), and Celestun (CE) and Sisal, Yucatan (SI), along the Gulf of Mexico in 2009 and 2015. Specimens were also collected in Cuyutlán Lagoon, Colima (CU), the Balsas River, Michoacán (BA), and Huave Lagoon System, Oaxaca (HU), along the Pacific coast of Mexico from 2009 to 2014 (Figure 1).
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FIGURE 1. Sampling locations in the Gulf of Mexico: San Antonio Bay, Texas (SAB); Madre Lagoon, Tamps. (LM); Tamiahua Lagoon (TA), Cazones (CA) y Alvarado Lagoon, Ver. (AL); Mecoacán, Tab. (ME); Sabancuy, Camp. (SA); Celestún (CE) and Sisal, Yucatán (SI); Mexican Pacific: Cuyutlán, Col. (CU); Balsas River, Mich. (BA); and Lagunar Huave System, Oax. (HU). In italic are the names of the marine ecoregions. Figures and their tonality form the microsatellite groups.


The marine ecoregionalization of Spalding et al. (2007) was used as follows: the Northern Gulf of Mexico marine ecoregion (NGM) composed by SAB and LM; the Southern Gulf of Mexico marine ecoregion (SGM) comprises TA, CA, AL, ME, SA, CE, and SI; the Mexican Tropical Pacific marine ecoregion (MTP) includes CU and BA; and the Chiapas-Nicaragua marine ecoregion is formed by HU. The distribution of the marine ecoregions is presented in Figure 1.

The fish were measured to the nearest millimeter. The average total length (TL) of all specimens was 261.0 ± 76.8 mm. Fish scales were obtained from the same fish specimens used for the population genetic analysis of Pacheco-Almanzar et al. (2017) (Table 1). All individuals were adults except for Sisal location. One scale per fish was used for the analysis from the left side of the body, between the two dorsal fins. No distinction between sexes was made. They were washed with mild soap and running water, dried, and stained with methylene blue. A digital image of each scale was taken using a Zeiss stereomicroscope (Stemi 2000-C, Carl-Zeiss-Straße, Oberkochen Germany) and an integrated 4.0 MP Canon digital camera (Canon, Ota, Tokyo).


TABLE 1. Collection sites, size of sample (N), size range (TL = total length in cm), and collection date of M. curema.

[image: Table 1]The genetic groups proposed by Pacheco-Almanzar et al. (2017) were as follows (Figure 1): the Northern Gulf group (NG) includes the localities of LM, TA, and CA; the Central Gulf group (CG) includes AL and ME; the Southern Gulf group (SG) includes individuals from the localities SAB, SA, CE, SI, and HU (on the Pacific coast); and the Central Pacific group (CP) is formed by BA and CU (Figure 1).



Morphometrics

Seven landmarks per scale were recorded using the tpsDig v2.09 program (Rohlf, 2019) and following the protocol of Ibáñez et al. (2007). The landmarks were located on key features of the ctenoid scale that are common to all scales of the species under study. This ensures that in subsequent interpretations of results, variations in particular landmarks can be related to sharing features of shape. The following landmarks were considered appropriate: landmarks 1 and 3 are the ventrolateral and dorsolateral tips of the anterior portion of the scale; landmark 2 lies at the middle of the anterior edge of the scale; landmarks 4 and 6 lie at the boundary between the anterior portion with circuli and the posterior area covered by cteni (spine-like ornamentations); landmark 5 is the focus of the scale, and landmark 7 is positioned at the tip of the posterior portion or the exposed part of the scale (Figure 2).


[image: image]

FIGURE 2. Location of landmarks on scales of Mugil curema.


The configurations of the seven landmark coordinates were submitted to a generalized Procrustes analysis and, following a tangent projection (Dryden and Mardia, 1993, 1998), to a principal components (PCs) analysis (Dryden and Mardia, 1993, 1998; Kent, 1994). The scores of the specimens on all non-zero PCs from the analyses of the shape were regressed on the TL and the centroid size (CS) in order to see the extent to which fish scale size and shape variation is related to body size. The natural measure of size of a landmark configuration is the CS, the square root of the sum of squared distances of a set of landmarks from their centroid (Dryden and Mardia, 1998).

In order to examine the potential for differences in shape when classifying unknown specimens, the scores of the specimens on all non-zero PCs were submitted to a quadratic discriminant analysis to compute generalized Mahalanobis’ distances and discriminant functions and to calculate the value of the latter in the classification. A cross-validated discriminant analysis was applied to assess and compare the efficacy of the shape in the classification by geographic variants (localities), genetic structure, and marine ecoregions.

Finally, differences were assessed by a full multivariate analysis of covariance (MANCOVA) with the shape (all PC scores) as the dependent variable, total length as the covariate, and each of the three approaches addressed here: by locality, by spatial empirical genetic patterns, and by marine ecoregions as the grouping factors. The representation of scale shape by the different approaches was visualized using transformation grids (Bookstein, 1989; Marcus et al., 1996; Dryden and Mardia, 1998) computed with Morphologika2 v2.5 (O’Higgins and Jones, 2006). Statistical analyses were carried out using the Statistical Package for Social Sciences (SPSS v22.0, IBM Corporation, New York, NY, United States) and XLSTAT v2016.02 (XLSTAT Addinsoft Inc., New York, NY, United States) (Addinsoft, 2016).



RESULTS

The scale shape of the M. curema showed significant differences in the three approaches: localities, genetic structure, and ecoregions, according to the result of MANCOVA, which was significant in all cases (p < 0.001). Although the total length differed in all localities, genetic groups, and marine ecoregions, the proportions of shape variance by total length and centroid were 3.8 and 3.0%, respectively, for which reason only the shape (and not the size) was used in the analyses (Table 2).


TABLE 2. MANCOVA test to assess the effect of locations, genetic structure, and marine ecoregions on scale shape.

[image: Table 2]The first canonical discriminant function for the 460 M. curema individuals classified by geographic variant explained 50.22% of the total variance among geographic variants, and the second represented 20.49% (Wilks λ = 0.144, p < 0.0001). The original discriminant analysis correctly classified 47.6% of the fish scales in each locality, whereas the cross-validation analysis correctly classified 42.2% of the fish scales (Table 3). The best classification index (66.7%) was that of CU, followed by LM and SI with 65.3% and 59.5%, respectively. Most of the erroneous classifications occurred between CA-AL, SA-CE, and HU-SAB (Table 3). Three groups were defined in the graph of the first two discriminant functions, with the specimens of SAB, SI, SA, and CE separated mainly in the first discriminant function with respect to LM, ME, CA, AL, and TA with a considerable overlap of samples, whereas the BA and CU specimens with lower scores were separated in the second function (Figure 3). San Antonio Bay (SAB) is closer to the SA, CE, and SI localities in the Caribbean, while HU on the Pacific coast was more similar to the Gulf of Mexico localities than to the other Pacific localities.


TABLE 3. Classification resultsa in percentage of the discriminant analysis of the shape of the M. curema scale for the 12 geographic variants.
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FIGURE 3. Plot of the discriminant function scores from the analysis of geographic variants of Mugil curema. Circles, locations in Gulf of Mexico, and triangles, locations in the Mexican Pacific. The thin plate spline transformation grids represent the mean shape of M. curema for the localities: LM, TA, CA, ME, and AL (leftmost). The rightmost grid represents the mean shape for the SI, SA, CE, and SAB localities, and the downmost grid represents the localities along the Pacific (CU and BA).


The variations in shape among localities are presented in Figure 3, where the leftmost grid represents the mean shape of M. curema warped to a score of -2.0, basically for the localities in the north and center of the Gulf of Mexico (LM, TA, CA, ME, and AL) and the Huave system (HU) on the Pacific coast. This fish scale was characterized by a relatively shorter distance between the focus and landmark 7. Likewise, the rightmost grid represents the mean shape of M. curema warped to a score of 2.0, basically for the localities in the southern Gulf of Mexico (SI, SA, and CE) and SAB in the northwestern Gulf of Mexico. The downmost grid represents the localities along the Pacific (CU and BA). The key difference between the grids lies in the relative location of the focus, which is relatively more posterior in the Pacific localities. Further, the anterior edge of the scale was convex in the Pacific specimens but concave in the southern Gulf of Mexico specimens.

Regarding the discriminant analysis for the genetic groups, the first discriminant function explained 65.0% of the total variance, and the second represented 32.8% (Wilks λ = 0.359, p < 0.0001). The discriminant analysis correctly classified 62.0% of the original grouped cases, whereas the cross-validation resulted in a correct classification of 58.3% (Table 4). CP presented the best classification rate with 77.5% correctly classified after cross-validation and was followed by SG and NG with 62.9% and 52.5%, respectively. Misclassifications were common between NG and CG (Table 4). Three groups were defined in the graph of the first two discriminant functions of the analysis of the genetic groups. The SG specimens were separated mainly in the first discriminant function with respect to NG and CG with a considerable overlap of samples, whereas the CP specimens were separated by the second function (Figure 4).


TABLE 4. Classification resultsa for the cross-validation testing procedure for the four genetic groups: NG, North of GM; CG, Central of GM; SG, South of GM; CP, Central Pacific.
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FIGURE 4. Scatterplot of the discriminant function scores from the analysis of genetic groups of Mugil curema. Gulf of Mexico locations are circles, and Pacific are triangles. Genetic groups: NG, black; CG, gray; SG, white; CP, black.


With respect to the morphometrics arrangement of the marine ecoregions, the first discriminant function explained 61.5% of the total variance, and the second function represented 27.9% (Wilks λ = 0.533, p < 0.0001). The discriminant analysis correctly classified 58.7% of the original cases, whereas the cross-validation correctly classified 55.9% (Table 5). The best classification index was that of the MTP with 81.4%, followed by the NGM and the NC with 52.1% and 50.0%, respectively. The morphometrics results of the two discriminant functions indicate that the MTP was separated from the other marine ecoregions in the first function, compared with the other three marine ecoregions of the Gulf of Mexico (NGM and SGM) and the CN ecoregion of the Pacific coast (Figure 5).


TABLE 5. Classification resultsa for the cross-validation testing procedure for the four marine ecoregions: NGM, Northern Gulf of Mexico; SGM, Southern Gulf of Mexico; MTP, Mexican Tropical Pacific; CN, Chiapas-Nicaragua ecoregion.
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FIGURE 5. Scatterplot of the discriminant function scores from the analysis of the marine ecoregions. Northern Gulf of Mexico (NGM), black circles; Southern Gulf of Mexico (SGM), gray circles; Mexican Tropical Pacific (MTP), black triangles; Chiapas-Nicaragua (CN), white triangles.




DISCUSSION

There is currently a taxonomic problem still under discussion: if M. curema in the Pacific is the same species as that in the Atlantic. According to Durand et al. (2012), Durand and Borsa (2015), and Nirchio et al. (2017), the genetic distance between both coasts is from 3.2% to 5.4%, enough to be considered as cryptic species. The locations BA and CU from the Pacific (with exception of HU to be discussed later) showed more integrity within them in the canonical discrimination analysis (Table 3). In this sense, scale shape also agrees or reflects the difference between these two possible species.

The results obtained in this study indicate that the scale shape of the M. curema reflects the genetic patterns previously established by Pacheco-Almanzar et al. (2017) and Pacheco-Almanzar (2019). These could be assessed by the highest percentage of discrimination. This could be seen through the canonical discrimination results, the MANCOVA, and the Wilks λ values, as well as in the arrangements of the specimens in the discrimination figures, that is, the HU locality of the Pacific coast that is joined with the Gulf of Mexico localities (Figure 3) and the specimens of the Chiapas-Nicaragua ecoregion, represented only by the HU individuals, which take a position with the Gulf of Mexico localities (Figure 5). It was surprising that, as with the genetic structure (microsatellite analysis), San Antonio Bay formed a group with Sabancuy in Campeche, and Celestun and Sisal in Yucatan (the Caribbean localities).

Mugilid larvae are passively dispersed by currents, which enables the dispersion and flow of genes over long distances and across broad geographic scales (Whitfield et al., 2012). Current dynamics in each ocean may thus play an important role in defining both genetic and morphometric groups.

The California Current (CC) and the Costa Rica Coastal Current (CRCC) meet in the Mexican Pacific and are joined by part of the North Equatorial Current (NEC). The CRCC reaches only the Gulf of Tehuantepec where its surface waters return south due to an anticyclonic flow that forces the CRCC to leave the coast and feed the NEC. Consequently, the two groups found in the Pacific correspond to two marine ecoregions that may be seen as units of evolutionary isolation: the Mexican Tropical Pacific and the Chiapas-Nicaragua region according to Spalding et al. (2007). On the other hand, the Gulf of Mexico currents and river discharges divide this basin into two areas, the North where the Mississippi river (with a discharge of 18,400 m3/s) is the primary source of watershed and discharge data for the Gulf of Mexico and the South that receives a great volume of Caribbean water. Also, different spawning seasons may result in different scale shapes and genetic structures of M. curema in the Gulf of Mexico (Ibáñez and Colín, 2014; Pacheco-Almanzar et al., 2017).

Ocean circulation acts as a barrier to the dispersal of larvae and leads to genetic structuring (Karlsson et al., 2009; Castillo-Olguín et al., 2012; Prieto-Ríos et al., 2014) and morphological differentiation (AnvariFar et al., 2013; Gkafas et al., 2013). The morphological variability recorded among different localities or geographic variants may be due to the genetic structure or to differences in the environmental conditions that prevail in each geographic area.

The causes of morphological differences among populations are often difficult to explain (Poulet et al., 2004; Silva et al., 2008). It has been suggested that the morphological characteristics of fish are determined by the interaction between genetic and environmental factors (Poulet et al., 2004; Salini et al., 2004; Pinheiro et al., 2005; AnvariFar et al., 2011, 2013). Studies such as that of Pinheiro et al. (2005) make clear that the environmental characteristics that prevail during the early stages of development, when individuals may be phenotypically affected by the environment, are particularly important regarding morphological results. For example, different environmental and habitat conditions, such as temperature, turbidity, food availability, and water depth and flow, in different rivers have been seen to cause morphological differentiation in Capoeta sp. specimens (Samaee et al., 2009; AnvariFar et al., 2011).

The genetic groups of M. curema previously differentiated through microsatellite markers (Pacheco-Almanzar et al., 2017; Pacheco-Almanzar, 2019) were successfully distinguished regarding the shape of their scales, indicating that both genetic and environmental factors can significantly influence the formation of the scale shape. Staszny et al. (2013) and Albertson et al. (2018) reported results similar to those of this study for other fish species. Finally, the integration of genetic data through phenotypic traits (the shape of the scale in this case) has the potential to provide a broad view of the roles of adaptation and evolution of phenotypes.
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