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The main objective of this study was to investigate the taxonomic significance of wing phenotypic variations (size and shape) for classifying potter wasps. This is the first study investigating the wing size and shape variations, as well as wing asymmetry, sexual dimorphism, wing integration, and phylogenetic signal analysis of all known Antodynerus species from the Indian subcontinent: A. flavescens, A. limbatus, and A. punctatipennis. We used forewings and hindwings for geometric morphometric analysis, and we proved that each species’ wing had unique size and shape variations, as well as significant right–left wing asymmetry and sexual dimorphism across the Antodynerus species, as verified by discriminant function analysis. Wings of Vespidae are longitudinally folded; based on that, we tested two alternative wing modular hypotheses for evaluating the wing integration, using two subsets organization, such as anterior–posterior (AP) and proximal-distal (PD) wing modular organization. We proved that Antodynerus species wings are highly integrated units (RV > 0.5), and we rejected our hypothesis at p < 0.05. The morphospace distribution analysis revealed that each species has its unique morphospace boundary, although they share some level of homoplasy, which suggests to us that we can use wing morphometric traits for Antodynerus species delimitation. In addition, we revealed the phylogenetic signal of Antodynerus species. Surprisingly, we found a shape-related phylogenetic signal in the forewing, and there is no significant (p > 0.05) phylogenetic signal in forewing size, hindwing shape, and size. We observed that the Antodynerus species’ forewing shape is evolutionarily more highly constrained than the hindwing. We found that A. limbatus and A. flavescens with distinct geographical distribution share a similar evolutionary history, while A. punctatipennis evolved independently.
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Introduction

In many biological research studies, the identification and classification of species is the first and essential step that enables researchers to provide recognized entities (Mayr, 1969; Gaston and O’Neill, 2004). However, taxonomic diversity and the complexity of interspecific variations usually make species identification challenging (Meier et al., 2006; Bickford et al., 2007). The venation patterns of the wings are frequently used to identify insects at the order or family level (Comstock and Needham, 1899). More recently, geometric morphometrics (GM) has been widely utilized to analyze subtle variation among insect genera, species, and even populations, sexes, and castes within the same species (Baylac and Daufresne, 1996; Baylac et al., 2003; Villemant et al., 2007; Bai et al., 2011; De Meulemeester et al., 2012; Perrard et al., 2012; Outomuro et al., 2013; Mahima et al., 2021). Variations in wing venation patterns could be considered as a generalist marker for species identification at different classification levels because genetic drift between taxa should significantly influence wing venation morphology more than other factors of variation (Perrard et al., 2014). The evolutionary history of a taxon predominantly controls variations in wing venations. These variations could be used for generic- and species-level identification. These shape variables (venation disparities) are suitable for landmark-based analysis (Perrard et al., 2014). GM has several advantages compared to traditional taxonomic approaches. First of all, GM is purely based on the statistical theory of shape (Kendall et al., 1999), which allows quantitative multivariate analysis of shapes (Rohlf and Marcus, 1993; Adams et al., 2004). GM, applied to the vein junctions of the wings, has previously been used to distinguish honeybee subspecies (Tofilski, 2008), Sphex species (Tuzun, 2009), some species of Syrphidae (Francuski et al., 2009) and in genus and species level, classification of Stenogastrinae wasps (Baracchi et al., 2011).

Geometric morphometrics analysis is very limited in Vespidae, especially in solitary wasps, compared to other hymenopteran groups (Aytekin et al., 2007; Wappler et al., 2012; Schwarzfeld and Sperling, 2014; Shih et al., 2020; Jouault and Nel, 2021). The Vespidae family is divided into six subfamilies, of which three are comprised of solitary wasps, such as Euparagiinae, Masarinae, and Eumeninae (Perrard et al., 2017). The subfamily Eumeninae, the potter wasps are the biologically most diverse subfamily of Vespidae, with more than 3,500 known species and 210 genera (Pickett and Carpenter, 2010; Hermes et al., 2013). This group is interesting, not only for its predatory habits but also for various nest construction procedures that indicate a wide range of behavioral complexity (Grandinete et al., 2015). Even though they congregate around a suitable nesting site, most Eumeninae wasps are solitary, while a few genera are known to be communal nesters (Yamane, 1990; Hermes et al., 2013). In India, the Eumeninae are less well-known than the other social subfamilies (Vespinae, Polistinae, and Stenogastrinae). Resolving the taxonomic position of these wasps represents a significant challenge in India because no extensive research has ever been conducted on them, and there have been no revisions in this subfamily (Pannure et al., 2016). Due to the group’s richness and morphological complexity, the generic- and species-level classification of Eumeninae is exceptionally challenging (Hermes et al., 2013).

This study focused on the genus Antodynerus de Saussure, 1855 (Vespidae: Eumeninae) from the Indian subcontinent. Genus Antodynerus is widely distributed in the Ethiopian, Oriental, and Palaearctic regions. The genus has 54 species and numerous subspecies, most of which are found in the Ethiopian region (Carpenter et al., 2009; Gusenleitner, 2010). There are seven species in the Palaearctic region and three in the Oriental region. All three Oriental species have been identified from the Indian subcontinent: A. flavescens (Fabricius, 1775), A. limbatus (de Saussure, 1852), and A. punctatipennis (de Saussure, 1853) (Girish Kumar and Carpenter, 2013). The dichotomous identification key of Antodynerus species is primarily based on the few morphological features present in the body (Girish Kumar and Carpenter, 2013) rather than on the wing morphology. In this study, we used the wing morphology of Antodynerus for species-level identification purposes. The wings help to distinguish morphological discrepancies because of their two-dimensional nature, while venation patterns represent morphologically well-defined landmarks (i.e., shape variables) (Pan et al., 2008). GM has been successfully used to study insect wing venation patterns, and it has also been useful in insect identification at the individual level (Baylac et al., 2003), in differentiation between sibling species (De La Rua et al., 2001; Klingenberg, 2008), and delimitation of genera and congeneric species boundaries. Based on this perspective, we hypothesized that GM’s use allowed us to explain morphological similarities and disparities among Antodynerus species. Our central hypothesis is that the wing could be an essential tool for species identification in solitary wasps. It is also helpful to analyze wing asymmetry, sexual dimorphism, wing covariation, and phylogenetic signal. In this study, we examined all known Antodynerus species from the Indian subcontinent. The aims of the present study were as follows: (1) to analyze the size, shape, right–left asymmetry, and sexual asymmetry in forewings and hindwings among the Antodynerus species; (2) to investigate the morphological wing covariation using two alternative hypotheses: anterior–posterior (AP) and proximal-distal (PD) wing modular hypothesis; and (3) to test the shape and size phylogenetic signal in the Antodynerus species collected from the Indian subcontinent.

Key to species and subspecies of the genus Antodynerus de Saussure from the Indian subcontinent (Girish Kumar and Carpenter, 2013):

1. The median area of the propodeum with a deep, broad fovea from which the median carina runs to the orifice, with short transverse striae beside the carina; postero-lateral margin of propodeum with a strong transversely carinate projection, below that with distinct short transverse striae. 10–12 mm ------------------------ A. limbatus (de Saussure, 1852) (Figure 1D).

– The median area of the propodeum with a shallow narrow fovea from which the median carina runs to the orifice, without distinct transverse striae; the postero-lateral margin of propodeum rounded, without a strong transversely carinate projection, below that with evanescent transverse striae ---------------- 2

2. Frons, ocellar area, and vertex with closely arranged strong punctures, the diameter of punctures greater than the distance between punctures. 7–8 mmmm --------------------- A. punctatipennis (de Saussure, 1853) (Figure 1G).

– Frons sparsely punctured, diameters of punctures less than the distance between punctures; ocellar area almost smooth without punctures; vertex with moderately strong punctures except at middle and area toward occipital carina smooth [A. flavescens (Fabricius, 1775)] -------------------- 3

3. Body completely yellow with yellow to ferruginous antennae; an ocellar area with a short curved brown band ------------------------ A. f. karachiensis Giordani Soika, 1970.

– Body predominantly reddish brown, usually with distinct yellow and black markings; ocellar area usually with a short black band. 9–11 mm --------------------- A. f. flavescens (Fabricius, 1775) (Figure 1A).
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FIGURE 1
 Antodynerus de Saussure, 1855 (A) A. flavescens habitus, forewing (B) and hindwing (C); (D) A. limbatus habitus, forewing (E) hindwing (F); (G) A. punctatipennis habitus, forewing (H) and hindwing (I).




Materials and methods


Dataset

We sampled all known species of the genus Antodynerus (de Saussure, 1855) from the Indian subcontinent for this investigation. All specimens used in the GM study were from our private and scientific collections, Western Ghat Regional Centre, Zoological Survey of India (ZSI), Kozhikode, Kerala, India. GM analysis datasets were as follows: 21 specimens in A. flavescens (Fabricius, 1775): 10 males and 11 females (Figures 1A–C), 22 specimens in A. limbatus (de Saussure, 1852): 10 males and 12 females (Figures 1D–F), and 21 specimens in A. punctatipennis (de Saussure, 1853): 10 males and 11 females (Figures 1G–I). To avoid pseudoreplication, we included in our investigation representatives from different years (from 2015 to 2018) and distinct localities. We were unable to increase sample numbers due to the problems in associated fieldwork, i.e., due to the research permits, low species abundance, species that occurred in remote and isolated places, and so on. Nonetheless, we maintained a homogeneous population of Antodynerus species datasets, i.e., an approximately equal number of males and females and the equal number of specimens from each species were used for GM analysis to avoid false-positive results. Specimen number selection is critical in GM analysis because homogeneous datasets will provide more concise results than heterogeneous datasets.



Geometric morphometrics analysis

Each species’ wings (forewings and hindwings) were dissected to make microscopic slides for Geometric morphometrics (GM) analysis. Wing images were photographed by Zeiss SteREO Discovery V20 with Zeiss 505 camera. Based on the wing venation pattern, 26 homologous landmarks were identified in the forewings (Figure 2A) and nine landmarks in the hindwings (Figure 2B). For landmarking, the images were initially converted into x and y coordinates using the tpsUtil v 1.68 software, and then landmarking was performed using the tpsDig2 v 2.26 software (Rohlf, 2015). To avoid an error landmarking procedure, the wings were digitalized twice. A Procrustes ANOVA was conducted to determine whether the means square (MS) values for the individuals were lower than the error (Fruciano, 2016; Klingenberg, 2016; Mahima et al., 2021). Prior to conducting various statistical analyses, the tpsSmall V 1.34 tool was used to determine the correlation between the Procrustes and tangent distances (Rohlf, 2003). The goal of this analysis is to determine whether the size of the variance in the dataset is small enough for additional statistical analysis (Rohlf, 2015; Mahima et al., 2021).
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FIGURE 2
 Wing morphology of Antodynerus species; (A) landmarks (N = 26) on the forewing, (B) landmarks (N = 9) on the hindwing. Covariation analysis: wing modular organization hypothesis – (C) forewing antero-posterior (AP) wing modular hypothesis, (D) hindwing antero-posterior (AP) wing modular hypothesis, (E) forewing proximal-distal (PD) wing modular hypothesis, and (F) hindwing proximal-distal (PD) wing modular hypothesis.


All morphometric analyses were performed using the MorphoJ tool (Klingenberg, 2011). To estimate wing size, we computed centroid size (CS), a geometric measure of size calculated as the square root of the sum of the squared distance from a set of landmarks (Bookstein, 1991). The statistical significance between male and female wings was verified using the non-parametric Mann–Whitney U-test. The statistical analysis was conducted in SPSS 20.0, and statistical significance was set at p < 0.05 for all comparisons.

Next, we applied generalized Procrustes analysis (Rohlf and Slice, 1990), which eliminates variation in scale, position, and orientation of wings, to obtain a matrix of shape coordinates, i.e., Procrustes coordinates. Following the generalized Procrustes analysis (GPA), Procrustes shape and size ANOVA (Rohlf and Slice, 1990) and principal component analysis (PCA; Jolliffe, 2002) were performed to investigate the shape, size, asymmetry, and sexual dimorphism of Antodynerus species. For the right–left wing asymmetry analysis, we combined the right and left wings of each species and performed one-way ANOVA independently. In the case of sexual asymmetry analysis, we combined the wing of male and female Antodynerus species wings and performed one-way ANOVA; for example, we combined the male right forewing and female right forewing of A. limbatus and performed the size and shape ANOVA. Canonical variate analysis (CVA) and discriminant function analysis (DFA; Gumiel et al., 2003; Villemant et al., 2007) are conducted to determine the trait-based morphospace distribution of Antodynerus species. A permutation test with 10,000 iterations was used to evaluate the statistical significance level. After CVA, Mahalanobis distance (Cooke and Terhune, 2014) across species data were used for hierarchical cluster dendrogram analysis. 2-block partial least squares (2B-PLS) analysis was used to determine the size and shape covariation among the Antodynerus species. Block 1 indicated the size and Block 2 indicated the shape relationship of the Antodynerus species.



Wing integration analysis using the PLS covariation method

We hypothesized that Antodynerus species wings are not a single integrated unit, i.e., it is an association of two subsets/blocks. For a comparative purpose, we selected two alternative types of wing axis organizations hypothesis: (i) anterior–posterior (AP) organization and (ii) proximal-distal (PD) organization (Anand et al., 2022; Karthika et al., 2022). Partial least square (PLS) within the configuration statistical method was used to analyze the degree of covariation between blocks. This analysis helps to understand the differences in shape that most closely covariate between blocks and indicates their relative contribution to the overall covariation between blocks (Klingenberg et al., 2003; Klingenberg, 2009). For hypothesis validation, forewing 26 landmarks were divided into two blocks: hypothesis 1—anterior–posterior (AP) wing axis with landmarks in block 1: 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14, 18, and 19 and with landmarks in block 2: 1, 2, 11, 15, 16, 17, 20, 21, 22, 23, 24, 25, and 26 (Figure 2C); hypothesis 2—proximal-distal (PD) wing axis (i.e., wing base and wing blade region) with landmarks in block 1: 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, and 26 and with landmarks in block 2: 1, 2, 3, 4, 5, 6, and 7 (Figure 2E).

In hindwing covariation analysis, nine landmarks were divided into two blocks: hypothesis 1—anterior–posterior (AP) wing axis with landmarks in blocks 1: 3, 4, 5, 6, and 7 and with landmarks in blocks 2: 1, 2, 8, and 9 (Figure 2D); hypothesis 2—proximal-distal (PD) wing axis with landmarks in block 1: 5, 6, 7, 8, and 9 and with landmarks in block 2: 1, 2, 3, and 4 (Figure 2F). In the PLS1 analysis, the integration magnitude among the subsets of points of interest was quantified as the RV coefficient. The RV coefficient higher than 0.5 indicated that the strength of the covariation between the block is high (i.e., the wing is considered as the single integrated unit) and the RV coefficient less than 0.5, and vice versa (Escoufier, 1973; Klingenberg, 2009). A 10,000 permutational analysis was used to evaluate the statistical significance level.



Phylogenetic signal analysis

Before analyzing the evolutionary shape and size phylogeny, the ancestral state reconstruction was done using Mesquite V3 (Maddison and Maddison, 2016). We mapped the PC score onto wing shape phylogeny and the centroid size onto wing size-based phylogeny. To track the phylogenetic signal of the symmetrical wing shape and size, a 10,000 permutational analysis was used to simulate the null hypothesis of the absence of a phylogenetic structure (Maddison, 1991; Rohlf, 2001; Laurin, 2004; Klingenberg and Gidaszewski, 2010; Pelabon et al., 2014; Žikić et al., 2017). We applied the multivariate regression analysis, i.e., size as an independent variable, and shape as the dependent variable to test the association of species-specific wing size and the venation pattern (wing allometry). A 10,000 permutational test was performed for regression analysis to assess statistical significance (Monteiro, 1999; Klingenberg, 2016; Žikić et al., 2017).




Results

For all morphological traits, the variation of each specimen in shape space was perfectly correlated with tangent space. In all species, the forewing and hindwing regression slopes are very close to 1.0 and the presence of a high correlation coefficient. It indicated that shape changes in each species’ wings (i.e., forewings and hindwings) are accurately captured for subsequent statistical analysis. It was clear from the one-way ANOVA analysis that there were no landmarking errors in our datasets because the mean square (MS) values for the individuals were lower than the error (Supplementary Tables S1–S3).


Wing asymmetry of Antodynerus species

The existence of wing size variations among Antodynerus species is clearly demonstrated by centroid size (CS) analysis. The centroid size of A. flavescens female forewings was 14638.35 ± 130.43; the female hindwings was 7495.189 ± 557.57; the male forewings was 12514.85 ± 166.27; and male hindwings was 5537.72 ± 220.13. A. limbatus female forewings centroid size is 14567.28 ± 538.32; the female hindwings was 6358.17 ± 64.61; the male forewings was 13047.32 ± 473.63; and the male hindwings was 5713.25 ± 57.03. A. punctatipennis female forewings centroid size was 12175.01 ± 123.15; the female hindwings was 5066.93 ± 53.47; the male forewings was 11014.72 ± 94.98; and the male hindwings was 4670.56 ± 61.58. By comparing the centroid size among the Antodynerus species, we found that A. flavescens had the largest wing size, followed by A. limbatus and A. punctatipennis (Figure 3).
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FIGURE 3
 Comparison between centroid size of the (A) forewing (FW) and (B) hindwing (HW) of Antodynerus species. Significant discrimination (Mann–Whitney U-test) is marked with a star. AF, A. flavescens; AP, A. punctatipennis; AL, A. limbatus.


We combined the right and left forewings and hindwings, separately for the wing asymmetry after which we performed the Procrustes shape and size ANOVA. In A. limbatus, size-related directional asymmetry (DA) and fluctuation asymmetry (FA) were absent in male forewings and hindwings. Nevertheless, significant (p < 0.05) shape-related DA was present in all groups, and FA was observed only in female forewings and hindwings. Compare to size difference (right–left wing asymmetry), significant shape-related wing asymmetries were observed in forewings and hindwings of both sexes, and significant size differences were observed in male hindwings (Supplementary Table S1). Highly heterogenous wing asymmetry was observed in A. flavescens, because significant (p < 0.0001) size- and shape-related FA and DA were observed in female forewings and hindwings of A. flavescens, the right and left wings of females were not identical. However, in males, size-related significant DA was present only in the hindwing, and size-related FA was absent in male forewings and hindwings. Significant shape-related DA was present in male forewings and hindwings, while significant shape differences were observed in male right and left wings (Supplementary Table S2). A. punctatipennis, female population was very stable, there was no significant size- and shape-related FA and DA (except in change with hindwings shape, presence of DA), and there was no significant shape and size differences between right and left forewings and hindwings of female, i.e., left and right wings were more symmetrical. Significant size- and shape-related DA were present in male hindwings, while significant shape-related DA was found only in the male forewing, i.e., left and right male forewings, as well as hindwings, are more identical, with less asymmetry (Supplementary Table S3). Asymmetry of left and right forewings (Figure 4) and hindwing (Figure 5) were further confirmed by using DFA.

[image: Figure 4]

FIGURE 4
 Forewing right–left asymmetry of Antodynerus species were verified by DFA. (A) A. flavescens female left and right forewing, (B) A. flavescens male left and right forewing, (C) A. limbatus female left and right forewing, (D) A. limbatus male left and right forewing, (E) A. punctatipennis female left and right forewing, and (F) A. punctatipennis male left and right forewing. Alphabet code used in figures, first alphabet indicated as the genus name, second letter as species name, third letter as sex (male or female), fourth letter as wing side (left or right), and fifth letter as wing position (fore or hindwing). AFFLF, A. flavescens female left forewing.


[image: Figure 5]

FIGURE 5
 Hindwing right–left asymmetry of Antodynerus species were verified by DFA. (A) A. limbatus female left and right hindwing, (B) A. limbatus male left and right hindwing, (C) A. flavescens female left and right hindwing, (D) A. flavescens male left and right hindwing, (E) A. punctatipennis female left and right hindwing, and (F) A. punctatipennis male left and right hindwing. Alphabet code used in figures, first alphabet indicated as the genus name, second letter as species name, third letter as sex (male or female), fourth letter as wing side (left or right), and fifth letter as wing position (fore or hindwing). ALFLH, A. limbatus female left hindwing.




Sexual asymmetry of Antodynerus species

The sexual wing asymmetry analysis of Antodynerus species proved that significant size and shape differences existed in Antodynerus species, while in addition to size variations, shape variations can be used as a prominent tool for distinguishing the sexes with Antodynerus species. Compared to other species, A. flavescens has significant size- and shape-related sex-trait-based wing asymmetry. DA was found in all asymmetry analyses, while FA was only present in A. flavescens. Based on shape and size Procrustes ANOVA analysis, we found a high level of wing sex-trait asymmetry in A. flavescens and followed by A. limbatus and A. punctatipennis (high-to-low wing asymmetry). The sexual asymmetries of Antodynerus species in their forewing (Figure 6) and hindwing (Figure 7) were further verified by using DFA.

[image: Figure 6]

FIGURE 6
 Forewing sexual asymmetry of Antodynerus species were verified by DFA. (A) A. limbatus female left and male left forewing, (B) A. limbatus female right and male right forewing, (C) A. flavescens female left and male left forewing, (D) A. flavescens female right and male right forewing, (E) A. punctatipennis female left and male left forewing, and (F) A. punctatipennis female right and male right forewing. Alphabet code used in figures, first alphabet indicated as the genus name, second letter as species name, third letter as sex (male or female), fourth letter as wing side (left or right), and fifth letter as wing position (fore or hindwing). ALFLF, A. limbatus female left forewing.


[image: Figure 7]

FIGURE 7
 Forewing sexual asymmetry of Antodynerus species were verified by DFA. (A) A. limbatus female left, and male left hindwing, (B) A. limbatus female right and male right hindwing, (C) A. flavescens female left, and male left hindwing, (D) A. flavescens female right and male right hindwing, (E) A. punctatipennis female left and male left hindwing, and (F) A. punctatipennis female right and male right hindwing. Alphabet code used in figures, first alphabet indicated as the genus name, second letter as species name, third letter as sex (male or female), fourth letter as wing side (left or right), and fifth letter as wing position (fore or hindwing). ALFLH, A. limbatus female left hindwing.




Trait-based morphospace distribution analysis of Antodynerus species

PCs and CVA were used to verify the similarity and dissimilarity of Antodynerus species based on wing-specific traits (i.e., right–left asymmetry and sexual asymmetry). When compared to PCs morphospace analysis, CVs analysis distinguished Antodynerus species based on wing traits. The first two PCs in forewing PCs morphospace analysis represent less than 40% of population characteristic features (Figure 8), whereas the first two PCs in hindwing analysis represent more than 65% of population characteristic features (Figure 9). However, in the analysis of CVs, the first two CVs explained more than 65% of characteristic features. The morphospace analysis of wings revealed that approximately 30%–50% of wing traits are highly symmetric in nature. However, if the population represents less than 50% of characters, they cannot be distinguished in trait-based morphospace because the congeneric species share similar wing traits, i.e., similar morphospace.

[image: Figure 8]

FIGURE 8
 wing-specific morphospace trait distribution of Antodynerus species forewing. (A) % of variance, (B) PC1 vs. PC2, (C) CV1 vs. CV2 of A. limbatus forewing; (D) % of variance, (E) PC1 vs. PC2, (F) CV1 vs. CV2 of A. flavescens forewing; (G) % of variance, (H) PC1 vs. PC2, (I) CV1 vs. CV2 of A. punctatipennis forewing. Alphabet code used in figures, first alphabet indicated as the genus name, second letter as species name, third letter as sex (male or female), and fourth letter as wing side (left or right). ALFL, A. limbatus female left.
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FIGURE 9
 Wing-specific morphospace trait distribution of Antodynerus species hindwing. (A) % of variance, (B) PC1 vs. PC2, (C) CV1 vs. CV2 of A. limbatus hindwing; (D) % of variance, (E) PC1 vs. PC2, (F) CV1 vs. CV2 of A. flavescens hindwing; (G) % of variance, (H) PC1 vs. PC2, (I) CV1 vs. CV2 of A. punctatipennis hindwing. Alphabet code used in figures, first alphabet indicated as the genus name, second letter as species name, third letter as sex (male or female), and fourth letter as wing side (left or right). ALFL, A. limbatus female left.


Species-specific trait-based morphospace distribution analysis, in PCs morphospace distribution analysis, a total of 48 PCs were present in the forewing (Figure 10A) and 15 PCs present in the hindwing (Figure 10C) of Antodynerus species. In forewing PCs morphospace distribution analysis, 33.81% of variations were explained by PC1 vs. PC2 (PC1 covered 20.43% and PC2 covered 13.37% of variations; Figure 10A). These variations are not enough to distinguish the shape and size of the Antodynerus species (Figure 10B). The first two PC axes describe 76.90% of the total variance in hindwings shape (PC1 = 49.12%, PC2 = 26.78%; Figure 10C). These variations are enough to explain the inter-species shape and size variations between Antodynerus species (Figure 10D). Compared to other species, PCs analysis confirmed that A. flavescens is a highly asymmetric species, as well as that the three species share around 30%–50% of similar wing shape and size characteristics.

[image: Figure 10]

FIGURE 10
 Species-specific wing trait morphospace distribution of Antodynerus species—PCs-based analysis. (A) % variance, (B) PC1 vs. PC2 of Antodynerus species forewing. (C) % of variance, (D) PC1 vs. PC2 of Antodynerus species hindwing. AF, A. flavescens; AP, A. punctatipennis; AL, A. limbatus.


In a CVA morphospace distribution analysis, the first two CVs explained 67.05% of the total variance in forewing shape (CV1 = 39.91% and CV2 = 27.13%) of Antodynerus species. These variations significantly contribute to the discrimination of the three species in a morphospace, i.e., we did not find their overlapping in 90% of confidence ellipses (Figure 11A). However, we found that the first two CV axes describe 81.09% variations of the total variance in hindwing shape (CV1 = 61.26% and CV2 = 19.82%). We found that A. flavescens and A. punctatipennis occupy a distinct morphospace, as well as that A. limbatus is closely associated with A. flavescens (Figure 11C).

[image: Figure 11]

FIGURE 11
 Species-specific wing trait morphospace distribution of Antodynerus species—CVA-based analysis. (A) CV1 vs. CV2 of Antodynerus species forewing, (B) hierarchical cluster dendrogram of Antodynerus species forewing. (C) CV1 vs. CV2 of Antodynerus species hindwing, and (D) hierarchical cluster dendrogram of Antodynerus species hindwing. AF, A. flavescens; AP, A. punctatipennis; AL, A. limbatus.


All Antodynerus species had a significant Mahalanobis distance. Each species Mahalanobis distance was used to generate a hierarchical cluster dendrogram. Based on the obtained values of Mahalanobis distance for their forewings (Mahalanobis distance = 5.0494, p < 0.001), we found that A. flavescens and A. punctatipennis diverged from the same lineage and then separated at 60% similarity, while A. limbatus represents an entirely distinct clade (Figure 11B; Supplementary Table S4). Contrary to previous results and based on the obtained values of Mahalanobis distance for their hindwings (Mahalanobis distance = 2.9259, p < 0.001), we found that A. flavescens and A. limbatus diverged from the same clade and then separated at 40% of similarity, while A. punctatipennis represents an entirely distinct clade (Figure 11D; Supplementary Table S5).

To provide additional support, species-specific DFA was employed to assess the similarity and differences between each species. This analysis confirmed that every species has a unique shape and size, which was statistically significant (p < 0.05; Figure 12). However, we found that A. flavescens and A. limbatus are significantly distinguished in their forewings (Figure 12A), as well as both species share around 20% of similar wing venation, shape, and size patterns in hindwings (Figure 12D). Overall, based on DFA trait-based analysis, we found that A. punctatipennis and A. limbatus forewings and hindwings do not share any similar characteristic features (Figures 12C, F).
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FIGURE 12
 Species-specific wing variation validated by using DFA with 10,000 permutational analyses, and all are statistically significant at p < 0.01. (A) forewing of A. flavescens and A. limbatus, (B) forewing of A. flavescens and A. punctatipennis, (C) forewing of A. limbatus and A. punctatipennis, (D) hindwing of A. flavescens and A. limbatus, (E) hindwing of A. flavescens and A. punctatipennis, and (F) hindwing of A. limbatus and A. punctatipennis. AF, A. flavescens; AP, A. punctatipennis; AL, A. limbatus.




Size and shape similarity and difference across Antodynerus species

2B-PLS analysis was used to validate shape and size similarities and differences among the Antodynerus species. In forewing size analysis (block 1; Figure 13A), we found that A. punctatipennis significantly differs from the other two species, while in shape analysis (block 2; Figure 13B), A. punctatipennis and A. flavescens vary significantly, and A. limbatus shares 20%–30% of the shape character with A. punctatipennis. In hindwing size analysis, we found that A. flavescens is marginally delineated from A. punctatipennis and A. limbatus (Figure 13C). Based on the hindwing shape similarities and differences across Antodynerus species, A. flavescens is distinguishable from A. limbatus and A. punctatipennis (Figure 13D). Results of this analysis indicated that A. punctatipennis, with different shape and size features, share similar traits more with A. limbatus than with A. flavescens. A. flavescens showed a more similar shape and size with A. limbatus than with A. punctatipennis.
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FIGURE 13
 Species-specific wing similarities and differences, validated by using 2B-PLS with 10,000 permutational analyses, and all are statistically significant at p < 0.01. (A) block 1 (size) of Antodynerus species forewing, (B) block 2 (shape) of Antodynerus species forewing, (C) block 1 (size) of Antodynerus species hindwing, and (D) block 2 (shape) of Antodynerus species hindwing. AF, A. flavescens; AP, A. punctatipennis; AL, A. limbatus.




Wing covariation/integration analysis in Antodynerus species

The RV coefficients of the hypothesis—AP and PD covariation were insignificant (RV > 0.5) for all the components of forewing and hindwing of both sexes of Antodynerus species. This confirmed that there was no subsets/blocks level organization in the forewing and hindwing of Antodynerus species male and female. The wing was considered the single integrated unit, and it was verified by permutational analysis; the integration was statistically significant at p < 0.05 (Supplementary Table S6).



Phylogenetic signal analysis of Antodynerus species

The first two PC axes explain the 33.810% of Antodynerus species forewings variance. We found that statistically significant phylogenetic signal in the shape of the forewing (tree length = 0.00025533, p ≤ 0.0001) and we noticed two lineages from the hypothetical phylogenetic root, one lineage for A. punctatipennis and other lineage for A. limbatus and A. flavescens (this suggested that A. limbatus and A. flavescens evolved from a common hypothetical ancestor). A. punctatipennis is highly influenced by PC1 and A. flavescens is highly influenced by PC2. A. limbatus and A. flavescens originated from the same hypothetical ancestor root, but they are positioned in a different part of phylomorphospace (Figure 14A). There is no statistically significant phylogenetic signal for forewing size (tree length = 2836258.20624680, p = 0.3252). In contrast to the A. punctatipennis, A. limbatus is characterized by a higher centroid size value. Similar to the results for the forewings, we noticed two lineages from the common hypothetical ancestor, one lineage for A. punctatipennis and the other lineage for A. limbatus and A. flavescens, as well as that all three species are positioned in a different centroid size (Figure 14C).
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FIGURE 14
 Phylogenetic signal analysis of Antodynerus species (A) PCs forewing – shape phylogenetic analysis, (B) PCs hindwing—shape phylogenetic analysis, (C) forewing centroid size analysis, and (D) hindwing centroid size analysis. AF, A. flavescens; AP, A. punctatipennis; AL, A. limbatus.


We did not find a statistically significant phylogenetic signal in the hindwing shape (tree length = 0.00436403, p = 0.2304; Figure 14B) and size (tree length = 962559.2316856, p = 0.3320; Figure 14D) of Antodynerus species. Same as in forewing phylogenetic signal analysis, phylomorphospace distribution analysis of hindwing clearly proved that A. punctatipennis is entirely a distinct species compared to A. limbatus and A. flavescens. Shape phylogenetic analysis PC1 vs. PC2 explained 76.90% of the total variance in wing shape. The first two PCs clearly separated the congeneric species of Antodynerus. In contrast to the A. punctatipennis, A. flavescens is characterized by a higher centroid size value.

In the multivariate regression analysis, allometry of independent contrast of wing size and dependent contrast of wing shape (i.e., venation pattern) analysis, there is no significant relationship (p > 0.05) between the size and venation pattern of wings; however, some exceptional cases are always present in this congeneric species. In the allometry analysis, significant (p < 0.05) shape-related size variations were observed only in A. flavescens female left forewings and female right hindwings; A. limbatus female left forewings and right hindwings, male left hindwings, and male right forewings and hindwings; and A. punctatipennis female left and right forewings, and male left forewings, and male right hindwings.




Discussion

Morphological characteristics like wing shape, size, and venation patterns are important traits for distinguishing taxa with unclear status (Stary, 1970; Godfray, 1994). GM has proven to resolve taxonomic issues in closely related species effectively, such as cryptic species and species complexes (Baylac and Daufresne, 1996; Kos et al., 2011; Mitrovski-Bogdanovic et al., 2013; Tomanović et al., 2013). This study explored the wing morphology of solitary wasp, genus Antodynerus de Saussure, 1855 from the Indian subcontinent. Antodynerus species separation was based on the morphological architectural variation present in the body rather than the wing morphology (Girish Kumar and Carpenter, 2013). Using several multivariate taxonomic approaches, we demonstrated that wing morphology could be employed as a key diagnostic tool for species identification in the genus of Antodynerus because each species has its own trait-based morphospace delimitation boundary.


Wing asymmetry

The overall wing size difference among Antodynerus species was measured using centroid size variations. Among the three species, the large-sized wing was observed in A. flavescens, followed by A. limbatus and A. punctatipennis. Significant wing size dimorphism (sexual dimorphism) existed in all three Antodynerus species, i.e., female populations have larger size wings than males. The wing size variations suggested the presence of species-specific evolutionary allometry of Antodynerus species. Compared to size variations, shape variations provide more reliable information about phenotypic variations and population stability (Klingenberg, 2003; Moraes et al., 2004; Dujardin, 2008). Among the three species, A. limbatus has a highly heterogeneous population structure because of the current high level of size variation compared to the other species and followed by A. flavescens. In A. limbatus and A. flavescens, female populations are more heterogenous than male. In terms of wing centroid size, A. punctatipennis is a highly stable population compared to other species.

Right- and left-wing asymmetry analysis is directly correlated with the flying ability of the insects. Less right- and left-wing asymmetry suggested a higher level of maneuverability (Thornhill, 1992). Compared to size asymmetry, significant (p < 0.05) shape asymmetry was observed in the forewings and hindwings of both sexes of A. limbatus and A. flavescens. Among the Antodynerus species, females have a high degree of right–left wing asymmetry in both wings (forewing and hindwing), as well as the existence of shape- and size-related FA and DA. We believed that high levels of FA and DA were the major reasons for the heterogenous population structure of A. flavescens and A. limbatus. The FA was considered an effective method for detecting developmental instability (DI) and represents the organism’s inability to cope with stress factors and the disturbances that arise from development (Palmer and Strobeck, 1986; Palmer, 1994; Klingenberg and McIntyre, 1998). In the case of DA, the shape-related DA was found in all three species. DA is very common in insects’ taxa. The genetic basis of DA was evolutionarily preserved due to the existence of the left–right body axis, which determined the position of the wing imaginal disk (Klingenberg et al., 1998). The higher degree of FA, the higher level of interspecific competition within and between species, which affects an organism’s mating success and life span (Thornhill, 1992). Supporting the study by Thornhill (1992), in our study, we also observed higher wing asymmetry in A. flavescens and A. limbatus. Based on the findings, we suspected that a higher degree of wing asymmetry in the female sex of A. flavescens and A. limbatus might affect the mating success, flying ability, and life span.



Sexual dimorphism in wings

Sexual dimorphism is one of the most intriguing sources of phenotypic variations, and it is recognized as a critical area of evolutionary biology research (Benitez et al., 2011). Many species of the orders Hymenoptera, Diptera, Lepidoptera, and Coleoptera species are characterized by the presence of sexual dimorphism, which was validated and verified using the GM tool (Bonduriansky, 2006; Gidaszewski et al., 2009; Marsteller et al., 2009; Benitez et al., 2011, 2013; Lemic et al., 2014). In wasps, females are often larger than males, and females have several adaptive advantages over males, including greater fecundity and parental care (Forrest, 1987; Moller and Zamora-Munoz, 1997; Reeve and Fairbairn, 1999). However, in some species, males are longer but have less mass than females (Cepeda-Pizarro et al., 1996). It is understood, rather than assessing the size of the wing, a more comprehensive morphological tool is necessary to infer the sexual dimorphism of species (Gidaszewski et al., 2009; Benitez et al., 2010). Using GM analysis, we observed significant sexual dimorphism in the three Antodynerus species. The presence of FA and DA is masking the sexual dimorphism traits in PC morphospace analysis, which was verified and visualized in discriminant analysis (i.e., CVA and DFA; Figures 6–9). Interesting to note that the forewings were more sexually asymmetric than the hindwings. Wasps exhibit shape- and size-related sexual dimorphism, as well as most of the phenotypic variations, are impacted by the natural selection pressure (Shreeves and Field, 2008; Mitrovski Bogdanović et al., 2009; Zikic et al., 2009); so, we can use these features in GM and delimit sex. The main explanation for sex dimorphism in insect wings is the different developmental life strategies of males and females (Richards, 1927; McLachlan, 1986; Svensson and Petersson, 1987; Sivinski and Dodson, 1992). Different developmental strategies could be the reason behind the sex-specific wing morphology of potter wasps. So far, it has been found that there are only a few studies that have researched wing dimorphism in wasps. Pretorius (2005) investigated the existence of sexual dimorphism in 24 species in the genus Tachysphex (Hymenoptera, Crabronidae) using GM. Based on this study, it could be concluded that GM is an efficient tool in discriminating the sex of wasps. The phenotypic response of wings has a highly adaptive significance and could be linked to different environmental functions as well as to the physiological constraints of flight (Berwaerts et al., 2002; Mitrovski Bogdanović et al., 2009).

Previously, most of the GM analysis in the wasp group was conducted on the forewing shape and size variations, but in this study, we included both forewings and hindwings. In fact, the forewing shape is becoming more popular in systematics since it can help to resolve many taxonomic problems (Dehon et al., 2014; Perrard et al., 2014). In previous GM analyses of wasps (Pretorius, 2005; Mitrovski Bogdanović et al., 2009; Baracchi et al., 2011; Perrard et al., 2016; Žikić et al., 2017; dos Santos et al., 2019), less than 20 landmarks in the forewing were identified and employed for GM analysis. In our studies, we used the maximum number of landmarks (forewing with 26 landmarks and hindwing with nine landmarks), which represents a large number of shape variables. Thus, the use of a large number of landmarks helps in unraveling the minute morphological changes in the wings of Antodynerus species. In general, congeneric species clustered together, i.e., closely related species are expected to show high morphological similarity than unrelated taxa, which was confirmed in forewing PCs morphospace analysis (Figure 10). GM tools allow us to discriminate the minute morphological differences between the taxa (Moraes et al., 2004). From the overall analysis (PCs, CVA, and DFA), we clearly observed that morphological wing-specific species delimitation was observed in Antodynerus species. In our study, we proved that wing characters could be used as a prominent tool for distinguishing the congeneric species. In support of our findings, Villemant et al. (2007) used GM to distinguish the four species of the genus Eubazus (Hymenoptera: Braconidae). In that analysis, four species separated in a distinct morphospace, with a reliability of 98.6% for well-classified females and 93.1% for males. Villemant et al. (2007) used GM to evaluate the relationship between the effect of host species on the wing shape of parasitoids, concluding that wing shape differences are correlated with the host species.



Wing covariations

Longitudinal wing folding is a common diagnostic trait of the Vespidae, which are exclusively found in subfamilies Eumeninae, Polistinae, and Vespinae (Hines et al., 2007). Wing venation, folding patterns, and other wing characters have traditionally been regarded as relevant in taxonomic and phylogenetic research (Forbes, 1922; Crowson, 1961, 1973; Dolin, 1975; Scholtz, 1990; Anand et al., 2022; Karthika et al., 2022). However, whether wing traits are relevant for phylogenetic analyses and how wing traits have developed throughout time remain mainly unknown (Bai et al., 2011). Due to the presence of wing folding, we speculated that the wings of the Antodynerus species are not a single integrated structure, but rather a combination of modules or covariation blocks. For the wing covariation analysis, we selected two alternative hypotheses for wing covariation analysis: AP (anterior–posterior) and PD (proximal-distal) wing modular organizations. Both covariation modular hypothesis was rejected at RV > 0.5 and statistically significant at p < 0.05, confirming that there is no modular organization structure in Antodynerus species wings by using two blocks. This indicated that the potter wasp wing is a highly integrated structure with a high degree of covariation across the structure, i.e., any alterations that occur in any region of the wings will have a direct effect on the corresponding regions of the wings. We have found no primary data supporting testing the division of the Eumeninae wing and its modules or covariation blocks. However, since modules are hierarchically nested units (Wagner et al., 2007), the presence of any major modules does not discard such modules that could be subdivided further (Suzuki, 2013; Munoz et al., 2016). In insects, the forewings and hindwings develop from distinct imaginal discs and they might be considered independent modules (Klingenberg, 2003). If each wing is the product of identical ontogenic processes, the variation should be homogenous and similar for each wing data (forewings and hindwings/right and left wings), and the results obtained from those data would be similar (Klingenberg, 2003). We suspected that the presence of FA, as well as wing size and shape allometry, was the reason for the highly integrated/covariate wing structure of Antodynerus species. More research is needed in the future to understand the longitudinal folding of Vespidae and its significance in the morphological evolution of wings. To the best of our knowledge, no one has investigated the morphological integration of wasp wings. Perrard (2019) used computed tomography and GM to investigate the morphological integration of 22 Vespidae species’ forewings and hindwings, thorax, and petiole. Perrard (2019) proved that there is a clear relationship between the petiole and wings or thorax shape but not between wings and thorax. The morpho-functional integration is directly correlated with the flying ability of the wasps. Wasps with elongated bodies have pointed wings, which are thought to aid flying maneuverability. In contrast, stouter species have rounded wings, which may allow for faster flight speeds (Perrard, 2019).



Phylogenetic signal

The phenotypic plastic response of the wing determines the insect’s maneuverability, long-distance flight capabilities, and chances of escaping predators and finding food, which means that these attributes may be particularly susceptible to evolutionary changes (Chursina and Negrobov, 2018). Recently, several studies have demonstrated that insect wing shape is modulated by a wide range of variables, including ecology (Chazot et al., 2015), behavioral patterns (Johansson et al., 2009), and the geographic position of their habitats (Hoffmann and Shirriffs, 2002). It is critical to determine the morphometric plasticity of wing properties while investigating the evolutionary patterns of a species. Furthermore, from the perspective of systematics, assessing the influence of convergent evolution is necessary, because homologous wing shapes may arise not in closely related species but in those occupying similar habitats (Chursina and Negrobov, 2018). Recently, many attempts have been made to assess how much the morphometric similarity of wings in various species is due to their shared origin (Neustupa and Skaloud, 2007; Klingenberg and Gidaszewski, 2010; Chazot et al., 2015); but no definitive solution has been established. In our investigation, A. flavescens and A. punctatipennis have similar geographical distribution patterns; however, trait-based morphospace analysis and phylogenetic signal analysis proved that A. limbatus and A. flavescens shared similar trait-morphospace features than A. punctatipennis (Supplementary file S1; Supplementary Figures S1–S3). Insect wing venation pattern, size, and shape are strongly conserved in insect taxa, so these features have a vital role in phylogenetic analysis (Klingenberg and Gidaszewski, 2010; Bai et al., 2011; Perrard et al., 2014). Venation divergence is characterized as the behavioral adaptation in Vespidae, i.e., as a nocturnal or diurnal habit (Perrard et al., 2014). Finally, we can explain that the wing represents a basic functional unit, while its venation has a functional importance (e.g., Mountcastle and Combes, 2013).

The evolutionary mechanisms and processes underlying the diversification of wing shape continue to be the source of unresolved questions for evolutionary biologists (Le Roy et al., 2019). In addition to the miniaturization process, both natural and sexual selection could lead to the evolution of wing shape via their involvement in migration and reproduction (Stary, 1970). However, no research has been conducted to determine the phylogenetic relationship between the size and shape of the potter wasp wings. It is hypothesized that if there is no character displacement, homologous features of closely related species will be more identical to each other than the distantly related species. Hence, if the Antodynerus species’ wing size and shape follow this pattern, there should be a strong phylogenetic signal in these morphological attributes. In GM, phylogenetic signals have been used to investigate whether the size and shape of morphological structures of taxa originated as a result of shared evolutionary history or as a result of environmental features (Sidlauskas, 2008; Klingenberg and Gidaszewski, 2010; Monteiro, 2013). Phylogenetic signals suggest phenotypic similarities across phylogenetically related species are due to a shared genetic basis and developmental programs inherited from a common ancestor. The phylomorphospace is a useful approach because it allows us to track the history of a clade’s morphological diversification and infer the magnitude and direction of shape change along phylogenetic branches (Sidlauskas, 2008; Klingenberg and Gidaszewski, 2010; Monteiro, 2013). As a result, if a phylogenetic signal in wing shape/size is absent or weak, closely related species tend to be separated in phylomorphometric space (Sidlauskas, 2008; Klingenberg and Gidaszewski, 2010; Monteiro, 2013). Perrard et al. (2016) studied the morphological (GM-based) and molecular phylogenetic analysis of social wasps, revealing the shape phylogeny of 50 Vespinae species. Based on this study, it could be concluded that unstable relationships among genera indicated that fast radiations occurred in Vespinae’s early history. However, in our phylogenetic signal analysis, we found that shape-related phylogeny was observed in the forewing of Antodynerus species and that there is no phylogenetic signal in forewing size, hindwing size, and shape. In contrast to A. punctatipennis and A. flavescens, which were distributed in low-altitude geographical areas (Supplementary Figures S1, S2), A. limbatus distribution was mainly recorded in high-altitude geographical areas (Himalayan regions; Supplementary Figure S3; Girish Kumar and Carpenter, 2013). One of the most notable findings in GM analysis is that A. limbatus and A. flavescens shared a common hypothetical ancestor; however, they were distributed in distinct geographical regions and had a distinct morphospace when compared to A. punctatipennis. This phylogenetic analysis proved that the shape of the forewing is evolutionarily highly constrained and has a high level of heritability in nature, while the size of the forewing is not evolutionarily constrained and is highly influenced by natural selection pressure. In contrast to the forewing, the shape and size of the hindwings are independently evolved based on the selection pressure (i.e., environmental conditional selective pressure). Our findings confirmed that, for the morphometric evolutionarily analysis, the hindwing can be used as a prominent marker over the forewing. Despite the fact that we used a low number of shape variables (nine landmarks) in hindwings, the three species of Antodynerus occupied a distinct phylomorphospace. Phylogenetic relationships among the major lineages of Eumeninae have been poorly investigated (Hermes et al., 2013). Schmitz and Moritz (1998) studied the molecular phylogeny and evolution of social wasps, using mitochondrial and nuclear molecular markers. From this analysis, the authors proved that solitary Eumeninae was a sister taxon to the Polistinae + Vespinae cluster, and the phylogenetic analysis proved that sociality has independently evolved twice in the Vespidae. Further morphological phylogenetic analysis is required to comprehend the morphological evolution of solitary vs. social Vespidae.

Phylogenetic signal analysis is very rare in hymenopteran groups, so this is the first study report on Eumeninae phylogenetic signal analysis. dos Santos et al. (2019) used the GM to decipher the taxonomic relationship and phylogenetic signal of six diapausing stingless bee species (Plebeia) occurring in southern Brazil. The authors discovered no phylogenetic signal in forewing centroid size, as well as the existence of a significantly strong phylogenetic signal in the forewing shape of Plebeia species. On the contrary, the strong phylogenetic signal in the forewing suggests that sister species like P. nigriceps and P. wittmanni share the same hypothetical ancestor which may be due to sharing the same evolutionary history rather than environmental influences. As support to this finding, a shape-related strong phylogenetic signal (p < 0.05) was observed in the forewing of Antodynerus species, which suggested to us that the A. limbatus and A. flavescens share a similar evolutionary history rather than environmental conditions. This might be the reason for these two species’ divergence from the same hypothetical ancestor; however, these species are distributed in the high- and low-altitude geographical area of India. Our findings were corroborated by the research of Mitrovski-Bogdanović et al. (2021) who studied the molecular and morphological similarities and differences across the European species of the genus Aphidius Nees. A statistically significant shape phylogenetic signal was observed among the Aphidius species forewing. Nonetheless, there is no phylogenetic signal in Aphidius species forewing size. These results confirmed that, in parasitoid wasps (Braconidae, Aphidiinae), the forewing shape is phylogenetically well constrained than the wing size. Based on our findings, we propose that if we want to track the evolutionary history of hymenopteran taxa, we should focus on the shape phylomorphospace analysis of the forewing, and if we want to focus on natural selection adaptive response, we should use the hindwing as the prominent marker.

The data processing and the mathematical algorithm used in phylomorphospace and cluster dendrogram analysis are completely different; phylomorphospace is based on the Browninan motion model with a known topology (see Perrard et al., 2016), and cluster analysis is based on the Mahalanobis (D2) distance (see Cooke and Terhune, 2014). According to Cooke and Terhune (2014), Mahalanobis distance-based cluster dendrogram showed a high level of resemblance with the molecular phylogenetic tree. However, we cannot precisely determine which is the perfect cladogram that represents the molecular phylogeny or evolutionary feature of Antodynerus species; because our cladogram construction is based on forewings and hindwing traits, and each wing represented a distinct type of shape and size variables, eventually the output also different. In our forewing dendrogram analysis, A. limbatus is in a completely separated clade from A. flavescens and A. punctatipennis (sharing 60% of similar traits). However, in hindwing analysis, A. punctatipennis is occupied in a distinct clade compared to A. flavescens and A. limbatus (sharing 40% of similar traits). Nonetheless, the hindwing dendrogram exactly matches the shape and size phylogeny of Antodynerus species. Currently, no one has investigated the molecular phylogenetics analysis of Antodynerus species. So, multigene molecular marker-based phylogenetic analysis is required for understanding the evolution of Antodynerus species. Besides, more research is needed to fully comprehend the significance of environmental and evolutionary modulatory character and their impact on phylomorphospace and cladogram analysis.



Wing allometry

Closely related species may exhibit comparable allometry traits; however, this is not always true in various taxa due to their complex morphological diversity, ecology, and niche preference (Dujardin et al., 2003). In contrast to the size and shape of the hindwings, Belyaev and Farisenkov (2018) indicated that the size and shape of the forewing are correlated with the body size of hymenopteran insects. These kinds of incredible variations were observed in the Antodynerus species. In the allometry analysis, significant (p < 0.05) shape-related size variations were observed only in A. flavescens female left forewings and right hindwings; A. limbatus female left forewings and right hindwings, and male left hindwings and right forewings and hindwings; and A. punctatipennis female left and right forewings, and male left forewings and right hindwings. The shape and size allometry correlation of other wings in each species of Antodynerus was insignificant. We suspected that this kind of allometry may play important role in the evolution and the diversification of Antodynerus species. Diversification in body shape, or the shape of any particular morphological structure, may originate from allometric shape changes as well as from unrelated size related to shape variations (Bookstein, 1991; Klingenberg, 1996). Empirical studies proved that allometry evolved differently in different environmental conditions (Shingleton et al., 2009). Except for A. limbatus, the other two species share similar environmental conditions, but the allometry is completely distinct, i.e., each species has its own distinct allometry. One of the most critical aerodynamic characteristic features of the wing is the length-to-width ratio. The length and width of the wing frequently increase during the adaptation process, because a greater wing surface is conducive to saving more energy during flight (McLachlan, 1986; Sivinski and Dodson, 1992). Long narrow, apically pointed wings increase flight speed (Coombes and Daniel, 2001) and may be an adaptation to long-distance flights (Moore, 1990; Johansson et al., 2009). On the contrary, shorter and more rounded wings are more efficient for short flights requiring greater maneuverability (Chazot et al., 2015).



Geometric morphometrics in species delimitation

Uncertainties in the tribal and generic classification of the Eumeninae are primarily due to the morphological complexity of the taxa (Carpenter and Cumming, 1985; Carpenter and Garcete-Barrett, 2002; Hermes et al., 2013), so the use of GM will help to unravel the morphological complexity of the Eumeninae and it will help in systematic and phylomorphological classification of potter wasps. The use of GM in insect morphological research has increased in recent years, and it is important to note that GM is based on geometric Cartesian coordinates rather than linear measurements (Tatsuta et al., 2018). GM approaches have been successfully applied in evolutionary biology, physical anthropology, palaeontology, and systematics (Corti et al., 1998; Marcus, 1998; Monteiro et al., 2002; Dujardin et al., 2003; Friess and Baylac, 2003; Pretorius, 2005; Shipunov and Bateman, 2005). This technique is powerful enough to solve the complex issue in taxonomy, especially in species-level taxonomic classification (Martias et al., 2001; Gumiel et al., 2003; Shipunov and Bateman, 2005). An intriguing example of GM is used on the wing venation to successfully discriminate between two braconid species that were not clearly distinguished by the classical morphological approach (Baylac et al., 2003). We successfully discriminated three Antodynerus species from the Indian subcontinent in a trait-based morphospace. Each species has a distinct wing shape, size, vein junction, and vein length, so the length and dimension of each vein junction and the angle between the vein junctions could be used as taxonomic features to distinguish the Antodynerus species. The use of GM highlighted significant differences in the wing shape of the Antodynerus species. This insight opens the door to further research into the environmental, developmental, behavioral, and genetic factors contributing to such disparities (Villemant et al., 2007). The landmarks (used in our study to distinguish potter wasps) that successfully differentiated the closely related taxonomic group (i.e., congeneric species) could be incorporated into dichotomous keys to help in the identification of clades of complex resolution (dos Santos et al., 2019).
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