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Abstract

:

The use and characterization of cuticular attributes for separation and description of species has been traditionally used in heterotardigrades; however, despite that eutardigrades show structures in the cuticle with this potential use, the intra and interspecific variation of these characters using multivariate analysis (e.g., PCA, CVA) had not been analyzed. In this present study, the shape and size of the star-shaped pores of four Minibiotus species were analyzed under univariate and multivariate morphometric analysis of six morphological characters. Our approach to evaluate the variation of pores indicate the presence of species-specific cuticular phenotypes among M. citlalium, M. constellatus, M. sidereus and M. pentannulatus. The morphological differences in these elements of sculpture allowed us to acknowledge their range of variation, as well as the identification of new potential characters o recognize these taxa, which are included in a taxonomic key to identify them together with M. eichhorni, M. pseudostellarus and M. vinciguerrae.
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1. Introduction


The taxonomic identification process in tardigrades is a complex task, because many species display a low number of useful taxonomic characters and show a high range of phenotypic variation [1,2,3,4,5]. In species complexes, this situation is more evident. In some cases, the taxa do not have conspicuous qualitative traits for identification purposes (see, e.g., [3,6,7,8]). To cope with this, tardigrade taxonomists have proposed several morphological quantitative attributes to discriminate among species (see, e.g., [9,10,11,12,13,14]). Thus, the taxonomy of limno-terrestrial tardigrades is based on the analysis of both qualitative and quantitative characters [2,15,16,17,18,19].



Currently, systematic studies in this phylum are focused on clarify the taxonomy of species complexes, using predominantly morphological and morphometric characters supported by some genes, providing integrative approaches and much more robust species hypotheses [20,21,22,23,24,25,26,27,28,29,30].



The morphological attributes used in tardigrade taxonomy mainly consist of lineal measurements from body, bucco-pharingeal apparatus and claws (see, e.g., [2,3,9,31,32,33,34]). Additionally, the relationship between a target structure with respects to the bucco-pharingeal tube length, known as the pt index, is considered [9]. The methodological strategy to analyze these characters, either in their original scale or by means of pt indices, is based on the comparison of their variation intervals, such as the ranges and mean values of the problem specimens, or by choosing a single specimen of a similar body size to the one described as a typical in an earlier paper or original description [13].



In this sense, the variation of continuous traits has helped to reveal and separate species in the tardigrade classes Heterotardigrada [35,36] and Eutardigrada [37,38]. However, in some taxa that have a remarkable degree of morphological variation, the lineal measurements have not been informative enough to distinguish and separate species [39,40]. To solve this problem, more continuous characters standard protocols for comparison and multivariate analyses to support differences among tardigrade species have been incorporated (see, e.g., [11,16,17,41]). Furthermore, many structures in the descriptions and the proposal of protocols to compare morphometrics characters (such as special TR templates in the form of MS Excel files [13]) have enhanced the taxonomic practice and facilitated species delimitation in tardigrades [33,42,43].



The use of continuous attributes in a multivariate context, along with geometric morphometric analyses, have improved the discriminatory power of the analysis of the characters to recognize cryptic species [36]. For example, the analysis of traditional morphometric variables by means of principal component analysis as well as the study of shape variation of claws and dorsal segmental plates using geometric morphometrics, allowed to separate morphs within the Pseudechiniscus suillus complex [36].



Another important contribution to tardigrade taxonomy is the addition of characters useful to the recognition of species, such as the description of shape, size and distribution of different cuticular elements (pores, gibbosities, plates, cirrus, dorsal sculpture, spurs on claws and dentate collars) [3,17,36,44,45]. However, the description and analysis of variation of these elements is mainly focused in Heterotardigrada [36,46], but poorly documented in Eutardigrada, even though numerous species mainly of Macrobiotus hufelandi group [3,42] and other genera as Paramacrobiotus [47] display different pores, granulation, and ornamentations on cuticle. This may be because, in some eutardigrades, these elements are not as conspicuous as in the case of heterotardigrades.



In the present study, we analyze the morphological variation of the cuticular elements of body surface from four Minibiotus species that display numerous pores with variable shapes (e.g., rounded multi-lobated and star-shaped on entire body, including the legs): M. citlalium Dueñas-Cedillo and García-Román, 2020, M. constellatus Michalczyk and Kaczmarek, 2003, M. sidereus Pilato et al., 2003 and M. pentannulatus Londoño et al., 2017. These species share a holotropical distribution in America and Africa. Minibiotus constellatus was described from Peru [48], M. sidereus described from Ecuador [49] and recorded from Mexico [50], M. pentannulatus described from Colombia [51] and recently recorded from Tanzania [27] and M. citlalium recently described from Mexico [50]. In the Iztaccíhuatl volcano, M. citlalium and M. sidereus were recorded in the same moss species and samples; therefore, they also share habitat characteristics [50]



Given the occurrence of star-shaped pores in the cuticle, M. citlalium, M. constellatus, M. sidereus and M. pentannulatus are similar to M. pseudostellarus Roszkowska, Stec, Ciobanu and Kaczmarek, 2016 and M. eichhorni Michalczyk and Kaczmarek, 2004, but they differ from the latter two species by the distribution pattern of this cuticular elements. The star-shaped pores in M. pseudostellarus and in M. eichhorni are randomly distributed and arranged in six transverse rows, respectively [19,52]. However, in M. citlalium, M. constellatus, M. sidereus and M. pentannulatus, the star-shaped pores are distributed in 11 transverse rows. Furthermore, these four species display similar morphology of eggshells with ringed processes. The above characteristics support that these taxa conform a species-group, within the genus. Nonetheless, M. citlalium and M. sidereus are the most morphologically similar. Both species present larger stars in the anterior and posterior regions of the body, a larger pair of stars in the fourth pair of legs and a very similar eggshell [49,50].



Currently, there is a set of qualitative and quantitative characters to recognize these four species, namely the macroplacoid sequence, number and size of the star-shaped pores on the external surface of legs I–IV, granulation on the legs, egg size and number of annulations in egg ornamentation. However, the identification process of these taxa must be corroborated with egg morphology, since in the majority of the Macrobiotoids, the egg traits have more weight for identification purposes [3,27,42], although in most cases, obtaining the egg is difficult. In fact, there is no description of M. constellatus and M. pseudostellarus eggs [19,48].



Therefore, based on the differences observed in the cuticular elements of body surface among M. citlalium, M. constellatus, M. sidereus and M. pentannulatus species, in this work, the shape and size of the star-shaped pores were analyzed under a univariate and multivariate morphometric approach. Our main objective was to evaluate if the morphological variation of these structures has been differentiated among these taxa, so they may provide additional useful characters for their identification. For this purpose, new quantitative and taxonomic traits from multi-lobated star-shaped pores are proposed, as well as a terminology and standardized morphometric measurements for their analyses. Our intention is not to test the species hypotheses of Minibiotus taxa, but rather to improve the discriminatory power of character analysis to recognize the members of these species group, with emphasis on the species that present the greatest morphological similarity and that coexist in sympatry in the same moss samples: M. citlalium and M. sidereus.




2. Material and Methods


The entire cuticle (including the legs) of M. constellatus, M. sidereus, M. pentannulatus and M. citlalium is smooth and exhibits numerous pores with variable shape, such as rounded (76 1 in [49]; Figures 5, 6 and 11–14 in [48]; Figure 3 in [51]; Figure 5a,b in [50]); multi-lobated (up to four tips) (Figure 1 in [49]; Figures 1, 2 and 11 in [48]; Figure 3 in [51]; Figure 5c,d in [50]) and star-shaped (five or six tips) (Figure 1 in [49]; Figures 1–4 and 11–14 in [48]; Figure 3 in [51]; Figure 5e,f in [50]). The morphological analysis of the cuticular elements on body surface in these species was only focused in multi-lobated and star-shaped pores distributed on the entire dorsal surface of body; hereinafter, we will refer to both types of ornamentations as pores.



Images of pores from four Minibiotus species were obtained from photographs of type series and specimens identified by the authors.



Photographs of M. sidereus were provided by Giovanni Pilato (2019) and were obtained by us directly from specimens collected in the Iztaccíhuatl volcano [50]; M. citlalium images were generated directly from the specimens, which integrate the type series reported in Dueñas-Cedillo et al. [50]; images of M. constellatus corresponding to type specimens were obtained from the original paper (Figures 7 and 11–14 in [48]) and provided by the authors of the species; images of M. pentannulatus were obtained from the original description (Figure 3 in [51]) and from the figures displayed in the most recent record of this species by Stec et al. [27] (Figures 9 and 10).



It is worth to mention that both M. citlalium and M. sidereus were recently found by Dueñas-Cedillo et al. [50] in the same moss samples in the Iztaccíhuatl volcano, including samples used in the description of Minibiotus citlalium and other different samples collected in the Iztaccíhuatl volcano; both species were abundant in these samples. Therefore, the number of specimens and images of pores of these species that were used in the present study was higher than that of M. constellatus and M. pentannulatus.



The images of hatched specimens corresponding to M. citlalium and M. sidereus from the Iztaccíhuatl volcano were obtained using a phase contrast microscopy (PCM) (ZEISS Axioskop with digital camera Axiocam ERC 55); for each specimen, images were recorded at successive focal depths and automatically combined into a single sharp image (i.e., focus stacking). From full body images of each specimen, the length of the buccal tube was measured, and the pores were numbered consecutively in an anteroposterior direction from left to right (Figure 1a).



To analyze the morphological variation of the cuticular pores, the nomenclature used to describe the anatomy of sea stars was incorporated [53]. In the pores of Minibiotus, it was possible to recognize a central region called a disk, from which there are extensions that vary in number, from three to six, called arms (Figure 1b–d). Each pore was characterized by means of six morphometric traits as shown in the Figure 1e–j: (1) the diameter of the disc area (DDA) was measured as the diameter of the circumference that is formed by joining the base of the arms of pore (Figure 1e,h); (2) the diameter of the arm area (DAA) was measured as the diameter of the circumference that is formed by joining the apex of the arms of a pore (Figure 1e,h); (3) the proportion DAA/DDA was determined as the relation of the diameter of arm area respect to the diameter of the disc area; (4) the average arm length (AAL) was the average length of the arms of each pore, measured from the base (over the disc area) to the apex (over the arm area) of each arm (Figure 1f,i); (5) the average arm width (AAW) was the average width of the arms of each pore, measured at the base (over the disk area) of each arm (Figure 1g,j); (6) the proportion AAW/AAL, in relation of the average arm width with respect to the average arm length. In each trait, the pt index was calculated.



To facilitate the selection and measurement of these attributes, each pore was labeled with a number, and two circumferences were drawn to delimit both the diameter of the disc area and the diameter of the arm area (Figure 1a–d). The numbers and circumferences were established on the images of the complete specimens in the CorelDRAW Graphic Suite ver. 21.



The images of the specimens with the numbered pores and the marked circumferences in the pores were exported in “tiff” files for their measurement using the tps.Dig2 program ver. 2.31 [54]. In each specimen, pores were selected by means of random numbers for their measurement in micrometers. With the measurements of each star, a data matrix (Excel) was built.



A total of 145 pores were measured: in M. constellatus 44 pores from 1 specimen, in M. sidereus 44 pores from 8 specimens, in M. pentannulatus 33 pores from 1 specimen and in M. citlalium 24 pores from 4 specimens.



2.1. Data Analyses


Length in micrometers and pt values were obtained for each trait. The basic descriptive statistics were calculated (min, max, sum, variance, mean and standard deviation) and the normality of the distribution for each of these attributes was independently tested by the Shapiro and Wilkinson’s test [55]. The variation of each character was compared graphically among species by mean box plots. To evaluate the relative differences in the six attributes among taxa, a Guillaumin profile was calculated, with the difference of the means of each variable within each species and the total mean of each characteristic, divided by the total standard deviation of each species [56]. The differences among species in each trait were evaluated by means of ANOVA tests, from both lineal and pt values [57].




2.2. Effect of Size on the Morphometric Characters


The effect of size on morphometric characters in M. citlalium and M. sidereus was also evaluated, following the methodology proposed by Bartels et al. (2011) [58]. The relation of “body size”, measured as the buccal tube length (BTL) with respect to the six continuous traits of pores was evaluated by means of linear regression per trait in each species. Regressions were performed from log-transformed values. The isometric or allometric trend was determined in each trait, comparing the slope with a slope of 1. To this end, we performed t-tests (t = (b − 1)/SE of the slope) [57]. Regression analyses were carried out using PAST ver. 4.03 [59]. This analysis was not carried out in M. constellatus and M. pentannulatus because there was no sample size to compare the size of the body with respect to the pore characters.




2.3. Multivariate Analyses


To evaluate the main trends of morphological variation of pores within and among specimens and species, a Principal Component Analysis (PCA) was performed. Furthermore, a Canonical Variate Analysis (CVA) was included to determine to what extent these attributes explained the possible species differences [60].



In CVA analysis, multivariate differences among species were analyzed by means of both analysis of similarities (ANOSIM) and Pairwise Hotelling’s T non-parametric tests. Both PCA and CVA were carried out independently from length (micrometers) and pt values of six characters respectively. Each pore was considered an operational taxonomic unit (OTU).





3. Results


3.1. Univariate Analyses


The basic descriptive statistics and results of normality test for each attribute in both micrometers and pt values are showed in the Table 1 and Table 2. The ANOVA analysis of the six characters from micrometers and pt values supported significant differences in at least one comparison among species, the pt values are presented in italics (Figure 2; Table 1 and Table 2).



The diameter of the disc area (DDA) was larger in M. constellatus (1.94 ± 0.03 µm; 9.57 ± 0.17) and smaller in M. pentannulatus (1.40 ± 0.03 µm; 7.49 ± 0.17), M. sidereus 1.28 ± 0.02 µm; 4.70 ± 0.07) and M. citlalium (1.24 ± 0.25 µm; 4.60 ± 0.17) (Figure 2, Table 1). Significant differences were found in the DDA among species (ANOVAlinear, F3, 134 = 109.3, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. constellatus (p < 0.001), M. citlalium vs. M. pentannulatus (p < 0.05), M. sidereus vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.05) and M. constellatus vs. M. pentannulatus (p < 0.001). Significant differences were also found between species from the pt values (ANOVApt index, F3, 134 = 259, p < 0.001), in the same contrasts mentioned above (Table 2).



Based on the linear and pt index values, the diameter of the arm area (DAA) was larger in M. constellatus (3.00 ± 0.03 µm; 14.74 ± 0.18), M. sidereus (2.85 ± 0.04 µm; 10.51 ± 0.17) and M. pentannulatus (2.62 ± 0.05 µm; 13.98 ± 0.29) and smaller in M. citlalium (1.83 ± 0.06 µm; 6.79 ± 0.25) (Figure 2, Table 1 and Table 2); significant differences were supported in the DDA among species (ANOVAlinear, F3, 134= 90.21, p < 0.001; ANOVApt index, F3, 134 = 227.1, p < 0.001)). The Tukey tests with linear values showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001), M. citlalium vs. M. pentannulatus (p < 0.05), M. citlalium vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.05) and M. pentannulatus vs. M. constellatus (p < 0.001). On the other hand, with pt index values, the Tukey test showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001), M. citlalium vs. M. pentannulatus (p < 0.05), M. citlalium vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.05) and M. sidereus vs. M. constellatus (p < 0.001) (Table 2).



The relationship between the diameter of the arm area with respect to the diameter of the disc area (DAA/DDA) was larger in M. sidereus (2.24 ± 0.03) than in M. pentannulatus (1.87 ± 0.02), M. constellatus (1.55 ± 0.02) and M. citlalium (1.48 ± 0.02) (Figure 2, Table 1). Significant differences were found in these traits among species based on linear measurements (ANOVAlinear, F3, 133 = 157.8, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001), M. citlalium vs M. pentannulatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.001), M. sidereus vs. M. constellatus (p < 0.001) and M. pentannulatus vs. M. constellatus (p < 0.001). With respect to the values of pt, DAA/DDA was larger in M. pentannulatus (10.04 ± 0.15) than M. sidereus (8.24 ± 0.13), M. constellatus (7.65 ± 0.11) and M. citlalium (5.43 ± 0.06); significant differences were found in the relationship DAA/DDA among species based on the pt index (ANOVApt index, F3, 132 = 170.1, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001), M. citlalium vs. M. pentannulatus (p < 0.05), M. citlalium vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.05) and M. sidereus vs. M. constellatus (p < 0.001) (Table 2).



The average arm length (AAL) was larger in M. sidereus (0.57 ± 0.05 µm) than in M. pentannulatus (0.54 ± 0.01 µm), M. constellatus (0.46 ± 0.02 µm) and M. citlalium (0.36 ± 0.008 µm), respectively (Figure 2, Table 1). Significant differences were found in the AAL among species (ANOVAlinear, F3, 133 = 6.62, p < 0.001). The Tukey test indicated differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001) and M. citlalium vs. M. pentannulatus (p < 0.001) (Table 1, Figure 2). The arm length average (AAL) from the pt values was larger in M. pentannulatus (2.90 ± 0.08) than in M. constellatus (2.28 ± 0.12), M. sidereus (2.16 ± 0.21) and M. citlalium (1.33 ± 0.03). Significant differences were found in the AAL pt values among species (ANOVApt index, F3, 133 = 16.95, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.05), M. citlalium vs. M. pentannulatus (p < 0.001), M. citlalium vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.05) and M. pentannulatus vs. M. constellatus (p < 0.05) (Table 2).



The arm width average (AAW) was larger in M. pentannulatus (0.64 ± 0.01 µm) than in M. citlalium (0.62 ± 0.01 µm), M. sidereus (0.54 ± 0.05 µm) and M. constellatus (0.43 ± 0.02 µm) (Figure 2, Table 1). Significant differences were found among species (ANOVAlinear, F3, 133 = 8.58, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. constellatus (p < 0.05), M. pentannulatus vs. M. constellatus (p < 0.05) (Table 1, Figure 2). Respect to the AAW based in pt values, this proportion was larger in M. pentannulatus (3.42 ± 0.05) than in M. citlalium (2.31 ± 0.06), M. constellatus (2.16 ± 0.11) and M. sidereus (2.03 ± 0.21). Significant differences were found in the AAW among species (ANOVApt index, F3, 133 = 21.72, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. pentannulatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.001) and M. pentannulatus vs. M. constellatus (p < 0.001) (Table 2).



The relationship between the arm width average with respect to the arm length average (AAW/AAL), was larger in M. citlalium (1.70 ± 0.02) than M. pentannulatus (1.20 ± 0.03), M. constellatus (0.95 ± 0.01) and M. sidereus (0.92 ± 0.02) (Figure 2, Table 1). Significant differences were found in the relationship AAW/AAL among species (ANOVAlinear, F3, 133 = 166.9, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001), M. citlalium vs. M. pentannulatus (p < 0.001), M. citlalium vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.001) and M. pentannulatus vs. M. constellatus (p < 0.001) (Table 1, Figure 2). With respect to AAW/AAL based on the pt values, this proportion was smaller in M. sidereus (3.25 ± 0.07) than M. pentannulatus (6.42 ± 0.18). Significant differences were found in the AAW/AAL among species (ANOVA pt index, F3, 130 = 135.9, p < 0.001). The Tukey test showed differences in the following contrasts: M. citlalium vs. M. sidereus (p < 0.001), M. citlalium vs. M. constellatus (p < 0.001), M. sidereus vs. M. pentannulatus (p < 0.001), M. sidereus vs. M. constellatus (p < 0.001) and M. pentannulatus vs. M. constellatus (p < 0.001) (Table 2).



The Guillaumin profile showed that the attributes with conspicuous differences among species were DDA, DAA, DAA/DDA and AAW/AAL (Figure 3).



Size Effect on the Characteristics


Linear regressions in M. citlalium showed that two traits of the star-shaped pores, average arm length (AAL) and average arm width (AAW) exhibit significant correlation with BTL (buccal tube length). The characters AAL, AAW and AAW/AAL were allometric (slope value significantly different from 1) respect to the buccal tube length (Supplementary Materials Table S1). Linear regressions in M. sidereus showed that three (AAL, AAW and AAW/AAL) out of the six continuous traits showed significant correlation with BTL (Supplementary Materials Table S2). The characters AL, AAW, AAW/AAL and DAA/DDA were allometric with respect to the buccal tube length (Supplementary Materials Table S2).





3.2. Multivariate Analyses


The PCA analysis of the linear measurements corresponding to the six characters explained 94.81% of the total variation in the first three principal components (PC1-57.05%; PC2-27.18%; and PC3-10.62%), while in the PCA of the pt indices of the six characters, the first three principal components together explained 95.38% of the total variation (PC1-69.87%; PC2-14.20%; and PC3-11.30%). In the corresponding three-dimensional scatter plots in both PCAs (linear measures and pt indexes in Figure 4a,b, respectively), the pores of the same specimen and species were closer in multivariate space, thus showing clusters of distinct phenotypes corresponding to the four species considered. Of these analyses, the one based on pt indices segregated the pore phenotypes into well-defined, discrete clusters, corresponding to each species (Figure 4b). In the analysis with linear measures, the morphological variables with larger contribution to explain the pattern were DDA, AAW and AAW/AAL (Figure 4a), while in the analysis with the pt index measures, the morphological variables with larger contribution to explain the pattern were DAA and AAW/AAL (Figure 4b).



Both CVA analyses using linear measurements and pt index explained 100% of the total variation in the first three canonical vectors (linear: CV1: 63.27%; %, CV2: 34.58%; %, CV3: 2.53%; pt indexes: CV1: 80.53%, CV2: 11.27%, CV3: 8.20%). In the CVA, using linear measurements, the discriminant function correctly classified 90.37% of the pores according to which species they belong. On the other hand, with the pt index, the discriminant function correctly classified 99.25% of the pores according to which species they belong. In both cases, the three-dimensional scatter plots grouped the pores in clusters corresponding to the species (Figure 5a,b). Only the scatter plot with the pt values showed the species in discrete clusters (Figure 5b). In the analysis with linear measures, the morphological variables that better explained the pattern were DAA, DDA, AAW and AAW/AAL (Figure 5a), while in the analysis with the pt index measures, the morphological variables that better explained the pattern were DAA, DDA and DAA/DDA (Figure 5b).




3.3. Dichotomous Key to the Species of Minibiotus sidereus Group


Minibiotus eichhorni, M. pseudostellarus, M. vinciguerrae, M. sidereus, M. constellatus, M. pentannulatus and M. citlalium are distinguished within the genus by the presence of rounded, multilobed and star-shaped pores on the dorsal cuticle. Therefore, based on these characters we present an illustrated dichotomous taxonomic key that improves the identification process of these species:



1 Star-shaped pores arranged in transverse rows on the dorsal cuticle (Figure 6)     2



1’ Star-shaped pores randomly distributed on the dorsal cuticle (Figure 7)     3



2 Star-shaped pores on dorsal cuticle in 11 transverse rows (Figure 8a), which become double in the segments of the legs I–III (Figure 8b); a very large star-shaped pore (5–6 tips) on each leg of the fourth pair (Figure 8c)     4



2’ Star-shaped pores on dorsal cuticle arranged in six transverse bands, not including larger groups of pores on frontal and caudal part of body (Figure 9)     M. eichhorni



3 Presence of rounded, multilobated or star-shaped pores on cuticle (Figure 10a), macroplacoid length sequence 1 ≤ 2 < 3 (Figure 10b) and fine granulation only present on legs IV (Figure 10c)     M. pseudostellarus



3’ Presence of rounded, multilobated, star-shaped, and eliptical pores on cuticle, (Figure 11a), macroplacoid length sequence 1 > 2 < 3 (Figure 11b), notable granulation and cuticular bars present on all legs (Figure 11c)     M. vinciguerrae



4 The arms of the star-shaped pores are almost as wide as they are long (Figure 12), that is, the ratio between the average arm width respect to average arm length (AAW/AAL) is almost 1     5



4’ The length of the arms of the star-shaped pores are almost double than their width (Figure 13); thus, the ratio between the average arm width, respect to the average arm length (AAW/AAL) may quantify up to 2     6



5 Presence of three star-shaped pores, two of them larger than the last one, on external view in legs I-III (Figure 14a), macroplacoid length sequence, 1 > 2 < 3 (Figure 14b)     M. sidereus.



5’ Presence of two star-shaped pores of similar size on external view in legs I-III (Figure 15a), macroplacoid length sequence, 1 > 2 > 3 (Figure 15b)     M. constellatus



6 Presence of two star-shaped pores, one of them conspicuously larger than the other one on external view in legs I-III (Figure 16a), macroplacoid length sequence, 1 > 2 = 3, (Figure 16b)     M. citlalium



6’ Presence of three or four star-shaped pores on external view in legs I-III, one of them conspicuously larger than the other three, one of them surrounded by a patch of granulation (Figure 17a), macroplacoid length sequence, 1 > 2 < 3 (Figure 17b)     M. pentannulatus





4. Discussion


The characterization of multi-lobated and star-shaped pores in Minibiotus species allowed us to acknowledge the range of variation of these cuticular elements and, by extension, the identification of new potential characters to recognize M. citlalium, M. constellatus, M. sidereus and M. pentannulatus. Our morphometric approach to evaluate the variation of pores suggest the occurrence of species-specific cuticular phenotypes in the Minibiotus species complex. The morphological differences in these elements of sculpture among M. citlalium, M. constellatus, M. sidereus and M. pentannulatus was supported by both univariate and multivariate analyses.



4.1. Characters Analyzed


The use and characterization of cuticular attributes for the separation and description of tardigrade species has been traditionally used in members of the Heterotardigrada and Eutardigrada [3,36,61,62,63]. In Heterotardigrada, the inclusion of different elements (e.g., cephalic papillae, scapular plates, projections from the plates and dorsal and ventral sculpture given by the presence of striae and punctuations, among others) have provided, in some cases, important features for taxonomy and systematics studies [63,64]. The recognition of lineages in Heterotardigrada by means of molecular markers have proven highly congruent with cuticular attributes, as phylogenies in accordance with the taxa delimited with these types of characters have been recovered [65,66,67]. In addition, the evolution of cuticular elements in Heterotardigrada is consistent with the diversification of both deeply divergent and more recent lineages, which is reflected in the occurrence of diagnostic attributes at different levels of the taxonomic scale in this group [68]. Furthermore, the intra- and interspecific analyses of the variation of cuticular elements via multivariate morphometric approaches supports that these characters are discriminatively powerful, allowing the recognition of infra-specific entities in Heterotardigrada [36].



Cuticular features in Eutardigrada have also been included in the descriptions and separation of taxa, although less frequently than in Heterotardigrada. For example, in some taxa of Hypsibioidea, Isohypsibioidea and Macrobiotoidea, diverse cuticular sculptural elements, such as reticulation, tubercles, gibbossites, punctures, granules, pores, papillae, spines and folds, are taxonomically useful [1,3,63,68,69]. The description of cuticular traits has provided useful information in phylogenetic studies, supporting different evolutionary lines, corresponding to supra-specific taxa [70,71]. At the specific level, qualitative and quantitative characters have been proposed for the description and recognition of some members of Eutardigrada [3,7,72]; however, although cuticular traits in Eutardigrades have recently been used in descriptions and phylogenetic analyses, until now, the intra- and interspecific variation of these characters in a multi-variate context, has not been analyzed in this group to discriminating purposes, such as multi-lobate and star-shaped pores in the Minibiotus species evaluated in the present study.



Analyses of variance of six continuous traits (DDA, DAA, DAA/DDA, AAL, AAW and AAW/AAL) from cuticular pores among M. citlalium, M. constellatus, M. sidereus and M. pentannulatus showed that all of them were useful for separating these species. Based on these attributes, DDA, DAA and AAW/AAL could be used to identify to M. citlalium and M. constellatus, because their values display low overlapping among the remaining species. Minibiotus citlalium quantified the lowest diameter of arm area, and the highest ratio values between the width and length of arms, displaying smaller pores with arms until they are two times longer than wide. On the other hand, M. constellatus showed higher values of diameter of disc area. Despite that, M. sidereus and M. pentannulatus did not show discrete distributions in any characters, these taxa showed the highest values of DAA/DDA, displaying pores with arm area two times higher than disc area; thus, they can be identified from M. citlalium and M. constellatus. The interspecific variation patterns of DAA/DDA must be highlighted, because this proportion was statistically different among all studied taxa. This characteristic revealed that the star-shaped pores of each species have a different ratio. Thus, to improve identification, this attribute could be included in the description of the species with this sculpturing pattern. In addition, these characters are very easy to measure, and with a very simple methodology, the specific differences can be observed. The standardized characteristic means indicate that the whole set of attributes are useful for the taxonomy of these species, since each taxon has a unique combination of measures that allows their recognition.




4.2. Multivariate Analyses (Species-Specific Cuticular Phenotypes)


PCA of the quantitative characters showed that cuticular pores in these Minibiotus species display conspicuous morphological differences (Figure 4 and Figure 5). These analyses also showed that M. citlalium, M. constellatus, M. sidereus and M. pentannulatus display strongly differentiated cuticular phenotypes, because the PCA´s from six quantitative characters were consistent with the recovery of discrete groups corresponding to the analyzed taxa. Robustness of these clusters was demonstrated when axes that minimize the ratio of between-species and within species variation were produced in CVA, which did not disrupt the original distribution of pores corresponding to each species and display these cuticular elements in corresponding clusters. Multivariate analysis has been used extensively to identify and delimit morphological characters within and between species in several invertebrate taxa [73,74,75].




4.3. Effect of Size in Traits and pt Values


In Eutardigrada taxonomy, many continuous traits display correlations with body size [39,58,76]. A considerably proportion of these characters tends to grow proportionally with this trait (i.e., isometric traits), while in others, the growth is not proportional (i.e., allometric ones). The linear regressions in each species showed specific traits with allometric growth, and therefore, it is not suitable for pt indices. This agrees with the report by Bartels et al. [58], who showed a high number of qualitative characters with allometric growth.



The discriminating ability of pt indexes were outstanding. In the four species studied, the values of these indexes showed a decrease in intraspecific variability and an increase in interspecific variability. The discriminating capacity of the pt indices was outstanding, since in both the multivariate and univariate analyses, the differences between species were maximized, particularly in the multivariate analyses, allowing the recognition of discrete groups and a higher percentage of correct classification of the star-shaped pores according to the species to which they belong. These results fully confirm what was stated by Pilato et al. [76], who described the usefulness of the pt index values, especially by showing a rather limited intraspecific variability between two Macrobiotidae species.





5. Conclusions


This study proposes new cuticular traits for the separation of species and their use in the identification of the members of the Minibiotus sidereus group, as well as other tardigrade species that display this type of cuticular ornamentation. From a simple and widely used methodology in other groups of animals, the intra- and interspecific variation of cuticular structures can be analyzed and the discriminatory ability can be put to test for delimitation purposes. Finally, a taxonomic key based on both discrete and continues characters including those that describe morphological variation cuticular pores, is proposed.
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Figure 1. Minibiotus sidereus. Distribution and detail of the cuticular multi-lobate and star-shaped pores. (a) Dorsal habitus; (b–d) anatomy and areas of the multi-lobate and star-shaped pores; (e–j) morphological traits used to quantify the morphological variation of pores. AA: arm area, Al: arm length (Al1: arm length one, Al2: arm length two … Al6: arm length six), Aw: arm width (Aw1: arm width one, Aw2: arm width two … Aw6: arm width six), AR: arm, DAA: diameter of the arm area, DDA: diameter of the disk, DK: disc. The bar scales in (b,d) correspond to 2 µm. 
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Figure 2. Box plots corresponding to the six characters used to quantify the morphological variation of pores among four Minibiotus species. DDA: diameter of disc area, DAA: diameter of the arm area, DAA/DDA: relationship between the diameter of the arms area with respect to the diameter of the disc area, AAL: average arm length, AAW: average arm width and AAW/AAL: relationship between the arm width average with respect to the arm length average. 
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Figure 3. Guillaumin profile corresponding to the six characters used to quantify the morphological variation of pores of four Minibiotus species. For each variable, the points correspond to standardized mean differences among Minibiotus species. DDA: diameter of disc area, DAA: diameter of the arm area, DAA/DDA: relationship between the diameter of the arms area with respect to the diameter of the disc area, AAL: average arm length, AAW: average arm width, AAW/AAL: relationship between the arm width average with respect to the arm length average. 
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Figure 4. Principal Components Analyses with the six characters used to quantify the morphological variation of pores among four Minibiotus species. On the left, the scatter plot among the first three principal components. On the right, vectors corresponding to the contribution of each trait in multivariate space. (a) Analysis using micrometer values, (b) analysis using the pt values. DDA: diameter of disc area, DAA: diameter of the arm area, DAA/DDA: relationship between the diameter of the arm area with respect to the diameter of the disc area, AAL: average arm length, AAW: average arm width, AAW/AAL: relationship between the arm width average with respect to the arm length average. 
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Figure 5. Canonical Variate Analyses with six characters used to quantify the morphological variation of pores among four Minibiotus species. On the left, scatter plot among first three canonical axes. On the right, vectors corresponding to the contribution of each trait in multivariate space. (a) Analysis using micrometer values, (b) analysis using the pt values. DDA: diameter of disc area, DAA: diameter of the arm area, DAA/DDA: relationship between the diameter of the arm area with respect to the diameter of the disc area, AAL: average arm length, AAW: average arm width, AAW/AAL: relationship between the arm width average with respect to the arm length average. 
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Figure 6. Dorsal habitus showing the star-shaped pores arranged in transverse rows (e.g., Minibiotus constellatus). 
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Figure 7. Dorsal habitus showing the star-shaped pores randomly distributed (e.g., Minibiotus pseudostellarus). 
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Figure 8. (a) Dorsal habitus showing the star-shaped pores arranged in 11 transverse rows (e.g., Minibiotus constellatus); (b) zoom of both rows of star-shaped pores; (c) caudal region, arrow heads indicate the very large star-shaped pores. 






Figure 8. (a) Dorsal habitus showing the star-shaped pores arranged in 11 transverse rows (e.g., Minibiotus constellatus); (b) zoom of both rows of star-shaped pores; (c) caudal region, arrow heads indicate the very large star-shaped pores.



[image: Diversity 13 00307 g008]







[image: Diversity 13 00307 g009 550] 





Figure 9. Dorsal habitus of the star-shaped pores arranged in six transverse bands (e.g., Minibiotus eichhorni). 
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Figure 10. Detail of habitus, bucco-pharingeal apparatus and legs of Minibiotus pseudostellarus. (a) Cuticle with rounded, multilobated or star-shaped pores; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid; (c) legs IV; the arrow head indicates the fine granulation. 
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Figure 11. Detail of the ventral habitus, bucco-pharingeal apparatus and legs of Minibiotus vinciguerrae. (a) Cuticle with rounded, multilobated, star-shaped and elliptical pores; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid; (c) leg IV; the white arrow head indicates the notable granulation, the black arrow head indicates the cuticular bars. 
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Figure 12. Relationship between the length and width of arms in the star-shaped pores (e.g., Minibiotus sidereus type). The green and purple lines indicate the length and width, respectively. 
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Figure 13. Relationship between the length and width of arms in the star-shaped pores (e.g., Minibiotus citlalium type). The green and purple lines indicate the length and width, respectively. 
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Figure 14. Detail of leg and bucco-pharingeal apparatus of Minibiotus sidereus; (a) leg II with three star-shaped pores; white and black arrows indicate the large and small pores, respectively; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid. 
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Figure 15. Detail of leg and bucco-pharingeal apparatus of Minibiotus constellatus; (a) leg II with two star-shaped pores; white arrow head indicates pores of similar size; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid. 
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Figure 16. Detail of leg and bucco-pharingeal apparatus of Minibiotus citlalium; (a) leg III with three star-shaped pores; white and black arrows indicate big and small pores, respectively; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid. 
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Figure 17. Detail of leg and bucco-pharingeal apparatus of Minibiotus pentannulatus; (a) leg II with three star-shaped pores; white and black arrows indicate large and small pores, respectively; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. g: patch of granulation, m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid. 






Figure 17. Detail of leg and bucco-pharingeal apparatus of Minibiotus pentannulatus; (a) leg II with three star-shaped pores; white and black arrows indicate large and small pores, respectively; (b) bucco-pharingeal apparatus; the purple, blue and green lines indicate the size of each placoid. g: patch of granulation, m1: first macroplacoid, m2: second macroplacoid, m3: third macroplacoid.
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Table 1. Morphological traits analyzed based on lineal measures from the pores from M. citlalium, M. sidereus, M. pentannulatus and M. constellatus, along with basic statistics, indicating the mean ± SE, (min, max) and results of the ANOVA test (** significance value < 0.001); mean values with the same letter (superscript) did not differ statistically.
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Trait

	
Species

	
Mean

	
FANOVA






	
Diameter of disc area (DDA)

	
M. citlalium

	
1.24 ± 0.04; (0.9, 1.7) a

	
193 **




	
M. sidereus

	
1.28 ± 0.02; (1.0, 1.5) a




	
M. pentannulatus

	
1.40 ± 0.03; (1.0, 1.7) b




	
M. constellatus

	
1.94 ± 0.03; (1.4, 2.4) c




	
Diameter of arm area (DAA)

	
M. citlalium

	
1.83 ± 0.06; (1.3, 2.4) a

	
90.21 **




	
M. sidereus

	
2.85 ± 0.04; (2.3, 3.4) b




	
M. pentannulatus

	
2.62 ± 0.05; (2.0, 3.2) c




	
M. constellatus

	
3.00 ± 0.03; (2.4, 3.6) b, d




	
DAA/DDA

	
M. citlalium

	
1.48 ± 0.02; (1.3, 1.7) a

	
157.3 **




	
M. sidereus

	
2.24 ± 0.03; (1.8, 2.5) b




	
M. pentannulatus

	
1.87 ± 0.02; (1.5, 2.2) c




	
M. constellatus

	
1.55 ± 0.02; (1.2, 1.9) a




	
Average arm length (AAL)

	
M. citlalium

	
0.36 ± 0.008; (0.2, 0.4) a

	
6.62 **




	
M. sidereus

	
0.57 ± 0.05; (0.07, 1.0) b




	
M. pentannulatus

	
0.54 ± 0.01; (0.3, 0.7) c, b




	
M. constellatus

	
0.46 ± 0.02; (0.1, 0.76) a, b




	
Average arm width (AAW)

	
M. citlalium

	
0.62 ± 0.01; (0.4, 0.7) a

	
8.56 **




	
M. sidereus

	
0.54 ± 0.05; (0.07, 0.9) a




	
M. pentannulatus

	
0.64 ± 0.01; (0.5, 0.7) a




	
M. constellatus

	
0.43 ± 0.02; (0.4, 0.7) a, b




	
AAW/AAL

	
M. citlalium

	
1.70 ± 0.02; (1.5, 2.0) a

	
166.9 **




	
M. sidereus

	
0.92 ± 0.02; (0.7, 1.2) b




	
M. pentannulatus

	
1.20 ± 0.03; (0.7, 1.6) c




	
M. constellatus

	
0.95 ± 0.01; (0.7, 1.2) b, d
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Table 2. Analysis of morphological traits based on pt index from the pores of M. citlalium, M. sidereus, M. pentannulatus and M. constellatus, along with basic statistics, indicating the mean ± SE (min, max) and results of the ANOVA test (** significance value < 0.001); mean values with the same letter (superscript) did not differ statistically.
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Trait

	
Species

	
Mean

	
FANOVA






	
Diameter of disc area (DDA)

	
M. citlalium

	
4.60 ± 0.17; (3.4, 6.6) a

	
259 **




	
M. sidereus

	
4.70 ± 0.07; (3.9, 5.3) a




	
M. pentannulatus

	
7.49 ± 0.17; (5.6, 9.6) b




	
M. constellatus

	
9.57 ± 0.17; (7.0, 11.9) c




	
Diameter of arm area (DAA)

	
M. citlalium

	
6.79 ± 0.25; (4.8, 9.08) a

	
227 **




	
M. sidereus

	
10.51 ± 0.17; (8.6, 12.97) b




	
M. pentannulatus

	
13.98 ± 0.29; (10.94, 17.46) c, e




	
M. constellatus

	
14.74 ± 0.18; (11.97, 17.95) d, e




	
DAA/DDA

	
M. citlalium

	
5.4 ± 0.06; (4.7, 6.3) a

	
170 **




	
M. sidereus

	
8.24 ± 0.13; (6.7, 10.05) b




	
M. pentannulatus

	
10 ± 0.15; (8.3, 12.20) c




	
M. constellatus

	
7.65 ± 0.11; (6.04, 9.51) d




	
Average arm length (AAL)

	
M. citlalium

	
1.33 ± 0.03; (0.97, 1.62) a

	
16.95 **




	
M. sidereus

	
2.16 ± 0.21; (0.27, 3.9) b




	
M. pentannulatus

	
2.90 ± 0.08; (2.02, 4.03) c




	
M. constellatus

	
2.28 ± 0.12; (0.56, 3.75) d, b




	
Average arm width (AAW)

	
M. citlalium

	
2.31 ± 0.06; (1.60, 2.74) a

	
21.72 **




	
M. sidereus

	
2.03 ± 0.21; (0.24, 3.9) a




	
M. pentannulatus

	
3.42 ± 0.05; (2.70, 4.10) b




	
M. constellatus

	
2.16 ± 0.11; (0.69, 3.48) a




	
AAW/AAL

	
M. citlalium

	
6.39 ± 0.11; (5.27, 7.46) a

	
135 **




	
M. sidereus

	
3.25 ± 0.07; (2.55, 4.22) b




	
M. pentannulatus

	
6.42 ± 0.18; (4.06, 8.59) a




	
M. constellatus

	
4.69 ± 0.09; (3.49, 6.09) c
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