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Abstract

:

Ideally, the footprint of the evolutionary history of a species is drawn from integrative studies including quantitative and qualitative taxonomy, biogeography, ecology, and molecular genetics. In today’s research, species delimitations and identification of conservation units is often accompanied by a set of—at minimum—two sequence markers appropriate for the systematic level under investigation. Two such studies re-evaluated the species status in the world’s largest Odonata, the Neotropical damselfly Megaloprepus caerulatus. The species status of the genus Megaloprepus has long been debated. Despite applying a highly similar set of sequence markers, the two studies reached different conclusions concerning species status and population genetic relationships. In this study, we took the unique opportunity to compare the two datasets and analyzed the reasons for those incongruences. The two DNA sequence markers used (16S rDNA and CO1) were re-aligned using a strict conservative approach and the analyses used in both studies were repeated. Going step by step back to the first line of data handling, we show that a high number of unresolved characters in the sequence alignments as well as internal gaps are responsible for the different outcomes in terms of species delimitations and population genetic relationships. Overall, this study shows that high quality raw sequence data are an indispensable requirement, not only in odonate research.
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1. Introduction


Molecular genetic studies using mitochondrial and nuclear DNA markers strongly rely on high quality sequence data to reconstruct evolutionary patterns such as phylogenetic relationships, population structures, modes of adaptation, and species diversity in taxonomic groups. Specifically, when evaluating a hypothesis of species delimitation, the use of a set of DNA sequence markers has become standard. The advantages of Sanger sequencing include direct comparisons of genes for estimating genetic diversities and reconstructing phylogenies [1,2,3,4,5].



The repeatability of results under the most conserved scheme is a conditio sine qua non in science. In molecular genetics, one should expect, when using the same set of DNA markers and DNA samples coming from similar tissues/individuals, similar or the same results as an outcome. However, the quality of raw sequence data, interpretation of ambiguous data and alignment problems often affect the outcomes of reconstructions [6,7,8]. A recent example is two studies on the neotropical damselfly genus Megaloprepus (Zygoptera: Odonata), which apply the same set of DNA markers but reach contradictory results. In this genus, species status has long been questioned, not only because of differences in morphological patterns and a broad distribution across tropical Latin America, despite a highly conserved ecological niche, but also because of molecular genetic data [9]. In the 19th century, the first three species were described in this genus: M. caerulatus, M. latipennis and M. brevistigma [10]. Later, the species status of M. latipennis and M. brevistigma was refused [11] but the monotypic status of the genus was still under debate [9,12,13,14].



In a first attempt to evaluate the species status of Megaloprepus using genetic data, Feindt et al. [12] analyzed two mitochondrial sequence markers (NADH-dehydrogenase subunit 1 (nad1) and 16S ribosomal DNA (16S rDNA)) from more than 100 tissue samples of four populations in Mesoamerica: Los Tuxtlas Biosphere Reserve (Mexico), Corcovado National Park and Biological Research Station La Selva (Costa Rica), and Barro Colorado Island (Panama). The results showed a strong genetic isolation of populations with genetic distances comparable to species level differences in other odonate species (6.8% and 7.5% in ND1 and between 4% and 4.9% in 16S rDNA) [12]. The authors conclude that the genus Megaloprepus consists of at least three distinct species [12].



The second genetic dataset in a follow-up study by Fincke and colleagues [15] included tissue samples from 56 to 68 specimens of eight populations throughout Mesoamerica: Los Tuxtlas Biosphere Reserve (México), Cusoco National Park (Honduras), El Jaguar reserve and Bartola Reserve (Nicaragua), Corcovado National Park and Biological Research Station La Selva (Costa Rica), Barro Colorado Island (Panama), and Rio Canande Reserve (Ecuador). Here, the resulting phylogeny showed three clades similar to the previous study [12], except for the samples from Barro Colorado Island, which appeared as three paraphyletic clades [15]. However, in contrast to the phylogenetic clades, the genealogical haplotype networks revealed a high number of shared haplotypes between populations, despite high geographic distances. In addition, Fincke et al. [15] found a higher variability in the slower evolving 16S rDNA gene compared to the Cytochrome c oxidase subunit 1 (CO1) gene, a phenomenon not observed in odonates or other groups before, [5,16,17,18,19,20,21]. Furthermore, Finke et al. combined their 16S rDNA data with the Feindt et al. 16S rDNA data for their phylogenetic reconstruction. Finke et al. [15] described the population from the Corcovado National Park (Costa Rica), collected by them, as genetically distinct from the population at the same locality collected during a similar time period by Feindt et al. [12]—a result difficult to explain in biological terms. In short, the two studies draw remarkably different conclusions about the delimitation of species within the genus Megaloprepus, which in turn leads to a significant different perspective for conservation and biodiversity (3 versus 1 conservation unit).



To identify potential causes of these different results, we took the unique opportunity in this study to look deeper into the data handling and analyses of the two datasets. We focused on two main questions: (i) does adding (or not removing) unresolved characters and gaps from sequence alignments increase haplotype diversity, and “dilute” topologies in phylogenetic tree and genealogical network reconstructions? (ii) Does the reported higher variability in 16S rDNA hold up to the reanalysis? Consequently, the causal mechanisms that may have led to the above results and their different interpretation of phylogenetic trees and haplotype networks are explored—not only for those two datasets—but also as an example for a general awareness concerning a sensible use of genetic data.




2. Materials and Methods


2.1. Data Mining


The comparison of genetic data handling is based on the DNA marker genes 16S rDNA and CO1. For this purpose, we included the dataset from Fincke et al. [15]—hereafter Study-A, and the data of Feindt et al. [12] plus additionally sequenced CO1—hereafter Study-B (see Table S1 for species identifications and origin, accession numbers, and additional information).



For Study-A, the 16S rDNA dataset was provided on request as an alignment directly from Fincke et al., since sequences were not published on GenBank (NCBI, [22]). This dataset appeared as an alignment fraction prepared for a tree analysis, which therefore may include many question marks at the same positions inside the alignment. Usually, those questions marks in a bigger alignment stand for missing information sites, especially when several distinct species and genes are combined and/or if sequences of different lengths are used. The CO1 sequences were downloaded from GenBank [22]. Here it is important to mention that these CO1 sequences are labeled as unverified with the comment: “similar to cytochrome oxidase subunit I”. Such labels signify that the open reading frame is interrupted, potentially indicating sequencing errors. All sequences were verified as Megaloprepus via BLAST searches [23]. According to Fincke et al., primers are mentioned in [24]. Unfortunately, this reference only includes two primer sets for 16S rDNA and none for CO1. This fact makes objective comparisons and repetitions impossible.



For Study-B, 16S rDNA sequences were downloaded from GenBank [22]. Consequently, Study-A and Study-B, as well as the present study, use the same 16S dataset containing 106 individual sequences. In addition, because CO1 was not originally included in Study-B, CO1 marker genes were newly Sanger sequenced, following the steps described by Bergmann et al. [25], except that sequencing was performed at the Yale University (DNA Analysis Facility on Science Hill), and uploaded to GenBank [22]. In this study, each specimen that is included in the 16S rDNA Study-B dataset was also sequenced to obtain the CO1 dataset, and consequently, 106 CO1 sequences are analyzed here (see Table S1 for all accession numbers). For the 16S rDNA, gene fragment standard primers (P784 and P785) first described in Simon et al. [26] were used, and for CO1, the barcoding region using the primer set LCO 1490 and HCO 2198 [27] was sequenced.




2.2. Sequence Editing and Alignments


To identify the source of incongruence between the two study results concerning population genetic and phylogenetic relationships, three different alignments for each sequence marker were generated (total six alignments):




	(i)

	
Alignments 1 include the original Study-A sequences (for CO1 and 16S rDNA separately),




	(ii)

	
Alignments 2 consist of the edited Alignments 1 (again, separately for CO1 and 16S rDNA), and




	(iii)

	
Alignments 3 include the combined sequence data from both studies (Alignments 2 from Study-A plus Study-B alignments for either CO1 or 16S rDNA).









All alignments were performed using MUSCLE [28] under standard conditions (gap open -400, gap extend 0) in the most conservative way.



For the Alignments 1, the sequence data from Study-A were used without any editing except for length cuts (16S rDNA Alignment 1 and CO1 Alignment 1, see Supplementary Material: Files S1 and S2). Because the original sequences were of different length, our cutting was intended to obtain the same length for all sequences and the longest possible overlap. We cut sequences in conserved regions within the alignment.



For generating the Alignments 2, the original sequence data from Alignment 1 was manually edited. The reasons, therefore, are the inaccuracies observed within individual sequences such as large gaps and ambiguous bases. For the 16S rDNA Alignment 2, this editing included a verification of gaps and/or missing data. First, all question marks were removed, and the dataset was realigned. This alignment partly removed internal gaps. However, in the next step we deleted individual sequences, which still had internal gaps, probably due to incomplete sequencing or non-readable chromatograms, and repeated the alignment. Finally, sequences were cut to the same length. In addition, we intended to align the 16S rDNA dataset using the secondary structure as reference, which, however, did not result in a better alignment.



For the CO1 Alignment 2, the approach was slightly different. Because of the high content of N bases throughout all individual sequences, the data handling and editing was as follows: We first deleted all sequences with N bases on different positions in the alignment. In addition, sequences containing equivocal bases such as R, S or M were strictly removed as those carry the risk of identifying false haplotypes. Because mitochondria are maternally inherited, heterozygous positions are not expected to lead to all mitochondrial genes of one individual being identical. In a next step, a verification of the N bases, which were at the same positions between sequences, was needed to assure a correct alignment. Therefore, the published mitochondrial genome of M. caerulatus (GenBank: KU958377 [29]) was used as a seed sequence. Reverse complement on the Study-A sequences was performed to ensure the correct reading frame and a strict removal of those N’s allowed a solid alignment. Finally, a length cut was performed (File S4: CO1 Alignment 2).



In a second attempt, we intended to align Study-A raw-sequences by ‘simply’ removing N’s and gaps and translating the dataset into amino acid sequences. This attempt left us with no alignment because the translation to amino acid sequences was interrupted. However, the final Alignments 2 and 3 translate correctly into amino acid sequences.



For Alignments 3, the edited Study-A 16S rDNA and CO1 Alignments 2 (Files S3 and S4) were combined with the corresponding sequence data of Study-B. Datasets were aligned and cut to the same length (Files S5 and S6: 16S rDNA and CO1 Alignment 3).



For all alignments, we report parsimony-informative sites performed in PAUP* vers. 4.0b8 [30] and the number of singleton sites determined in MEGA 11 [31], as the latter may indicate sequencing errors. MEGA defines a site as a singleton site “if at least three sequences contain unambiguous nucleotides or amino acids” [31].




2.3. Population Structure, Genealogical Network, and Phylogenetic Analyses


Genealogical relationships between individuals and populations were reconstructed for each of the 6 alignments, repeating the original procedures from studies A and B. Briefly, genetic diversity was estimated using DnaSP [32] and sequence divergence between and within groups was computed in MEGA 7 [33] using the Kimura 2-parameter (K2P) model [34]. Minimum spanning haplotype networks were calculated in POPART v. 1.7 [35] to visually display relationships and haplotype distribution. In addition, haplotype networks analyses were performed using the statistical parsimony software TCS by applying a parsimony connection limit of 95% for the haplotype distribution (TCS vers. 1.13, [36]). Finally, the genetic hierarchical population structure was studied via FST-values [37] and an analysis of molecular variance (AMOVA, [38]) using 10,000 permutations for statistical significance was performed in Arlequin 3.5 [39]. In the AMOVA, we decided to test for two hierarchic levels: (i) no grouping among populations and (ii) three groups. These assumptions are based on the results from the Study-A and on the hypothesis of three distinct groups, as suggested by Study-B.



Since the CO1 Alignment 1 included ambiguities, some analyses could not be performed because programs rejected the dataset. The following analyses are therefore not presented for the CO1 Alignment 1: the summary statistics via DnaSP [32], the AMOVA using Arlequin 3.5 [39], and the TCS analysis (TCS vers. 1.13 [36]).



Finally, phylogenies were reconstructed for each sequence marker separately, using the Alignments 3. In each tree search, three closely related sister species to Megaloprepus; Coryphagrion grandis, Mecistogaster linearis and Mecistogaster lucretia [40,41] were used as outgroups (Table S1). Phylogenetic tree reconstruction was performed via maximum likelihood inference using IQ-TREE [42] while allowing ModelFinder [43] to estimate the best substitution model. Branch confidence was estimated with 1000 bootstrap replicates [44]. Furthermore, we carried out phylogenetic reconstruction using Maximum Parsimony (MP) and Bayesian inference (BI) following the steps described in Study-B [12]. Briefly, MP was performed in PAUP* vers. 4.0b8 [30] using a full heuristic search (50% majority-rule, 1000 bootstrap replicates and reconnection branch swapping option (TBR)). MrBayes vers. 3.7 [45] was used to perform Bayesian analysis, where the most likely model of nucleotide substitution was tested separately for each locus in ModelTest vers. 3.7 [46] using the Akaike Information Criterion (AICc model selection) [47]. Finally, we used the following settings: two independent runs were performed under the best fit-model (JC for 16S rDNA and HKY+G for CO1) for 20 × 106 generations and each four Markov chains; trees were sampled every 1000 generations—but the first 20,000 trees were discarded as `burn-in’. Posterior probabilities and consensus topology is based on the remaining trees.





3. Results


3.1. Alignments


Study-A datasets originally included 56 individual sequences for 16S rDNA and 68 sequences for CO1 from eight populations from Mexico to Ecuador [15], whereas Study-B included 106 individual sequences from four populations (Table S1). The following four populations were also sampled in both studies in a similar time period: the Biosphere Reserve Los Tuxtlas in Mexico, the Biological Research Station La Selva in Costa Rica, Corcovado National Park, also in Costa Rica, and Barro Colorado Island in Panama, and should by theory give very similar genetic results.



3.1.1. 16S


The 16S rDNA Alignment 1 contained variable nucleotide positions that were partly masked—as variable nucleotide positions in one population were equipped with question marks in the other population and vice versa. In addition, since we were interested in verifying population structures and species splits, we had to delete six individual sequences because of unclear origin. These individual sequences were not mentioned in the Study-A species list ( RU_621, RU_828, or MC_530 (Table S1)). One sequence was deleted because it was downloaded from GenBank [22]. The 16S rDNA Alignment 1 therefore included only 49 sequences from seven populations with a total length of 577 bp. In total, 70 parsimony-informative characters out of 101 variable characters and 30 singleton sites were detected (see Supplementary File S1).



For the 16S rDNA Alignment 2, during editing, ten additional sequences had to be deleted from the Alignment 1 due to large internal gaps (such as RU631_HN, RU632_BCI, RU803_LT). Consequently, the final 16S rDNA Alignment 2 comprised 39 sequences. The alignment length was reduced to 325 bp because sequences from Nicaragua were significantly shorter than all others. An analysis without these sequences would have allowed an alignment length of 456 bp (see Supplementary Files S1 and S3) but would not have allowed for a comparison of genetic diversity among those populations. The resulting alignment contains 27 variable positions, whereof 26 are parsimony-informative sites, and there is only one singleton site.



Finally, the 16S rDNA Alignment 3—a combined alignment of both studies, contained 150 sequences from seven populations, with a total alignment length of 321 bp and 28 variable characters (26 parsimony-informative sites) (File S5). Furthermore, two singleton sites were found. See Table 1 for the final number of sequences per population in the Alignments 3. Screenshots from the 16S rDNA Alignment 1 and Alignment 3 show the alignment status (Supplementary Material Figures S1 and S2, File S7).




3.1.2. CO1


For the CO1 Alignment 1—contrary to the study design, in which we were only aiming to perform length cuts—seven sequences were removed to be able to reach a total alignment length of 419 bp. This removal was because of general sequence length where some of those sequences were as short as 117 bp, as well as the general overlapping area with sequences not starting with the same codon. Therefore, the final alignment included 61 individual sequences (File S2). The alignment contained 58 parsimony-informative characters while 26 variable positions are not parsimony-informative and 26 singleton sites were found.



Because of the strict reviewing and editing, Alignment 2 included only 29 individual sequences (42.6% of the original dataset) from seven populations (Table 1 and Table S1). The total alignment length resulted in 395 bp and included 54 variable characters, of which 42 are parsimony-informative sites. Twelve singleton sizes were found (File S4).



The final Alignment 3 included 135 individuals from seven populations, where 106 individual sequences originate from the newly sequenced 106 individuals from Study-B. It had a length of 395 bp, including 55 parsimony informative sites of a total of 59 variable characters, as well as four singleton sites (File S6).





3.2. Population Structure, Genealogical Network, and Phylogenetic Analyses


The application of a strict and conservative alignment approach to both datasets of Study-A demonstrated that the results of Study-A could not be replicated for any of the alignments. All haplotype networks and the phylogenetic tree topologies mirror the network and tree topologies of Study-B—most obvious, however, in Alignment 2 and Alignment 3. This effect appeared even though sequences in the Alignments 1 were not edited and the fact that the bioinformatic algorithms are the same.



The number of polymorphic sites, singleton sites, nucleotide diversity, and haplotype diversity per population site was, as expected, higher in Alignments 1 than in Alignments 2 or Alignments 3 for both sequence markers (Table 2 and Table 3). In particular, the analyses of the 16S rDNA Alignment 1 ( BCI and LS populations) show a high number of haplotype diversity most certainly due to the ambiguities within the sequences (Table 2). In the Alignments 2 and 3, haplotype diversity was reduced. This effect was most obvious in the BCI, La Selva and Nicaragua (NI) populations (Table 2). Furthermore, the genetic variability within the populations was high (genetic differentiation within groups via the Kimura 2-parameter (K2P) model) in the two Alignments 1 (CO1 and 16S rDNA, Table S2). Up to 1.69% was found in BCI in 16S rDNA and 0.75% in NI-b in CO1, and in this alignment, the unusual effect of a higher 16S genetic variability was repeatable. (Table S2). In contrast, in the Alignments 2 and 3 for CO1 and 16S rDNA, this high variability within populations was not observed. The highest variability within populations with 0.18% was found in the BCI (Panama) population in the 16S rDNA Alignment 3, 0.28% in the Los Tuxtlas population (Mexico) and 0.20% in BCI in the CO1 Alignment 3 (Table S2).



The genetic distance values between groups using the Kimura 2-parameter (K2P) model are in accordance with geography and sampling schemes, cf. [12]. Moreover, the values indicate geographic isolation among populations, which appear arranged in three clusters (with high genetic distances between clusters and low genetic distances within clusters). This pattern is visible in the analyses of all alignments (Alignments 1 to 3) for CO1 and 16S rDNA, although it is most obvious in the Alignments 3. The identified clusters are as follows: (i) RBLT, (ii) NI and CNP, and (iii) NI-b, LS, BCI and CAN (Table S2). Although the length of each marker gene studied in the Alignments 3 is due to the previous editing of the Alignment 2 relatively short, the observed genetic distances between clusters within a range of 4.26% to 5.06% in 16S rDNA and from 7.61% to 9.62% in CO1 are comprehensible for a species level (Table S2). The FST-values support these genetic distances. A significant isolation among all clusters and even populations was observed in all Alignments with FST-values of a minimum of FST = 0.84 (in 16S rDNA Alignment 1 between the Nicaragua populations NI and NI-b) (Table S2). Within clusters, the FST-values are inconsistent. On the other hand, between La Selva in Costa Rica and CAN Ecuador—geographically the most distant populations (app. 3300 km), the FST-value is relatively low at FST = 0.40, and the FST-value is between BCI and La Selva (app. 540 km) FST = 0.85.




3.3. Genealogical Network Analyses


The minimum spanning haplotype networks performed in PopArt [35] show for all alignments three distinct clusters—although less explicit in the 16S and CO1 Alignments 1. The networks reflect the genetic distances precisely (Figure 1 and Figure 2). As the most northern population, samples from Mexico (RBLT) comprise the first group. The second cluster again contains the CNP population (Costa Rica) and NI population (Nicaragua). The third cluster includes the populations from Nicaragua (NI-b), Costa Rica (LS), Panama (BCI) and Ecuador (CAN). Unfortunately, PopArt [35] does not include a “cut-off connection limit”, as in the statistical parsimony approach (TCS analysis). The latter defines, depending on previously set similarity levels, either connected or separated haplotypes. TCS analyses [36] using a 95% connection limit also showed that haplotypes split into three distinct networks. Unfortunately, the TCS analysis was not possible for the CO1 Alignment 1. However, a split into three distinct clusters was obtained in the Alignments 2 (results shown for Alignments 3 in Figure 3, and results for the 16S rDNA Alignments 1 and 2, as well as CO1 Alignment 2 are shown in Figure S3, File S7). It supports the genetic sub-structuring demonstrated in Study-B.



Comparing haplotype networks for the Alignments 1 shown in the present study and the original networks from Study-A reveals a somewhat similar genealogical structure for 16S rDNA (cf. [15] and Figure 1). However, the close relatedness between CNP and NI-b from Study-A could not be confirmed here, as NI-b appears closely related to LS. In contrast, a different pattern was observed for CO1. While Study-A obtained only five haplotypes, we found 18 haplotypes in the present network (cf. [15] and Figure 2), a surprising result that cannot be explained by editing the alignments but is now in accordance with the more conserved 16S rDNA marker gene.



Finally, the AMOVA analyses of the different Alignments are in accordance with the previous results, although for the Alignment 1 the AMOVA could be performed only for the 16S rDNA dataset. For 16S rDNA in the no-grouping setting, the percentage of variation among groups was higher in Alignment 2 and 3 than in Alignment 1, whereas a high variation within groups was found in Alignment 1. However, significant differentiation between populations was observed in all three alignments, with ΦST values close to one. Taking the three groups into account, the highest level of variation was explained among groups while the variation among populations within groups was substantially lower, and significant differentiation among regions and among populations within regions was observed (Table S3a,b). For CO1, the results are very similar for Alignments 2 and 3: a significant differentiation among populations (ΦST values close to 1) was obtained in the no-grouping setting, and the highest variation is found among groups.




3.4. Phylogenetic Tree Reconstruction


For the phylogenetic tree reconstruction with IQ-TREE [42], ModelFinder identified TIM3+F+I for 16S rDNA and TN+F+G4 for CO1 as the best-fit substitution models. The resulting phylogenetic trees from all three different tree calculations show similar results for both sequence markers with strong support for most nodes (Figure 4 and Figure 5, MP and BI trees are shown in Figures S4–S7, File S7). The topologies show three main clades corresponding to the haplotype networks with RBLT as one clade, LS, BCI, NI and CAN as the second clade, and CNP and NI-b as the third clade. Here, it becomes obvious that individuals from one population are clustering together regardless of the origin of genetic samples—either Study A or B. This result shows a discrepancy with the phylogeny obtained in Study-A. Here, the two CNP datasets (one from Study-A and a second from Study-B) appeared as sister clades. Furthermore, the Study-B samples from CNP, LS and RBLT did not align well into the tree topology, appearing as separate sub-clades.





4. Discussion


Contemporary biodiversity research covers an enormous area, from cellular processes to species level and global ecology research. Evolutionary genetics can principally bridge the different levels of observation but unfortunately we have very few model systems available for doing so [48]. Odonata (dragonflies and damselflies) have been long established and prominent model systems in ecological and evolutionary research and are promising candidates for bridging some gaps. Odonates have revolutionized studies of sexual selection and fitness correlates by using genetic markers [49,50,51]. Despite this head start, the multitude of new comparative NGS genomic approaches for “next generation” ecological and biodiversity studies has not yet entered odonate research and most genetic studies in odonates still rely on single DNA marker genes mostly generated by Sanger sequencing.



Single DNA sequence markers are still highly valuable for the fast evaluation of biodiversity patterns, and for species delimitation and species identification studies, via character-based barcoding approaches [4,5,52,53]. Here, the quality of sequence data is crucial. Consequently, when applying Sanger sequencing, comprehensive and strict sequence evaluation methods and alignment approaches are a conditio sine qua non for reliable data analyses.



The quality of sequence data depends on many factors and mistakes can occur in any step from specimen collection to final data interpretation. As an example, for resolving taxonomic questions in Odonata by means of DNA barcoding, two main pitfalls have been described: (i) inaccuracies in the identification of voucher specimens and (ii) sequencing errors [54,55]. A recent publication showed that sequences deposited at GenBank described as Odonata specimens were actually dipteran DNA [55]. In another example, Lorenzo-Carballa et al. identified in a molecular revision of Ischnura aurora questionable DNA sequences [56]. Odonates are a good example for false molecular data interpretation in non-model organisms but clearly not the only one [57,58].



There is a multitude of reasons for sequencing errors, also for Sanger sequencing, which is generally characterized by a high correctness [59]. Probable causes include remaining primer dimers in the cycle-sequencing product, editing errors (including miss-called nucleotides), (cross-) contamination with DNA of other animals [60], and the amplification of pseudogenes (through poor primer design/low primer specificity) [61].



The present study took advantage of two similar datasets to address the historic question of the species status within the damselfly genus Megaloprepus. The two mitochondrial gene datasets revealed contrary genealogical relationships among populations and biogeographical clusters, with obvious consequences for species delimitation and the determination of conservation management units. Megaloprepus caerulatus has long been considered as a single species genus. Two studies have changed this status quo: while Feindt et al. [12] “simply” suggested that the genus Megaloprepus consists of more than one species, Fincke et al. [15] assigned subspecies status to three historically described species: M. caerulatus, M. c. brevistigma, M. c. latipennis [10,11]. A new recent study, however, defined four species within the genus Megaloprepus applying quantitative and qualitative morphology and molecular genetics [62]. Here, M. caerulatus, M. brevistigma, and M. latipennis received species status and a new species M. diaboli was described [62]. Such different results have significant consequences for the future conservation of the species, since the number of conservation units is different (one against four). Although Megaloprepus is not listed in the IUCN Red List of Threatened Species, an evaluation of conservation status is much needed. This is because the four Megaloprepus species occur in old grown tropical rainforests, population sizes appear to be small, they breed in tree holes of big old trees, they are sensitive towards heat, and do not cross big light gaps or open areas [9,63]. Neotropical rainforests are under great threat with high forest loss inside and outside protected areas [64], most likely driven by selective logging and therefore increasing edge effects. Those facts in combination clearly underline the need for conservation efforts. If the subspecies status had validity, the distributional range of Megaloprepus caerulatus would be from southern Mexico to Peru. This range, however, is now shared by four species but with local endemics and most likely only few overlapping zones [62]. There is a need for studies focusing on the anthropogenic impact on those species in more detail; however, the negative effects of small, isolated forest habitats with increasing temperatures and selective logging of big trees are apparently severe.



In this study, raw sequences were re-analyzed by applying a conservative alignment approach to highlight the consequences of not eliminating sequence ambiguities. Our strict editing of the original Study-A data reflects in both Alignments 1 (16S rDNA and CO1) the results of Study-B instead of Study-A, showing clear population sub-structuring, similar to the analyses of Alignment 2 and 3. Manual sequence editing demanded a deletion of nearly 30% of the sequences in 16S and more than 50% in CO1 from the original datasets. Sequences containing ambiguous bases must clearly be removed from a dataset to identify haplotypes, address diversity indices, or identify species units with certainty, as in mitochondrial DNA heterozygous loci are not expected. This has been underlined firstly by DnaSP [32], Arlequin 3.5 [39], and TCS vers. 1.13 [36], rejecting the CO1 Alignment 1, and secondly by the our genetic diversity estimates (when sequences are removed from the dataset diversity indices should decrease). Direct comparisons are possible between the 16S Alignment 1 and Alignment 2 in populations with more than one individual, such as BCI and RBLT. Here the number of polymorphic sites (parsimony informative), the number of singleton sites, and the number of haplotypes decreased significantly. Adding the Study-B data did not increase the diversity indices exponentially. This was observed, for example, in the RBLT population in 16S rDNA. In Alignment 2, only one haplotype from four individual sequences was identified, but in Alignment 3, two haplotypes from twenty-two individual sequences were obtained. Similarly, in CO1 from Alignment 2 with six individual sequences for CNP and from Alignment 3 with 35 individual sequences, only one haplotype was detected. The genetic distances within populations behaved similarly when sequences with ambiguities were removed. Leaving in ambiguous characters may lead to a higher haplotype diversity and diluted tree topologies, while strict editing (removal of sequences with unresolved characters and alignment corrections) may have the opposite effect by not detecting some haplotypes. We favor the conservative sequence validation approach, which reduces sample size and sequence length but increases reliability.



The haplotype networks presented in Study-A [15] contrast with all networks obtained in the present study. First, the suggested higher variability of the 16S rDNA gene compared to the CO1 gene fragment could not be confirmed; second, the relatedness of populations contrasts with the phylogeny presented (no clear sub-structuring among populations); and third, the observed mutational steps between populations are smaller than in Study-B. One explanation could be the algorithm used in Study-A, by PopArt [35]. The program masks any columns in the alignment with gaps or ambiguous characters. This way, sequences that are not truly identical become identical after these columns are removed (pers. com. J. Leigh). This effect could have occurred in the 16S rDNA marker because sequence variances between populations were masked through the inserted Ns which are found in the raw dataset.



The fact that in Study-A [15] the CO1 marker appears to evolve more slowly than the more conserved 16S rDNA gene fragment contradicts current knowledge in Odonata [1,18,65]. The protein coding CO1 gene accumulates mutations over time faster than the more conserved ribosomal 16S rDNA [1]. The high number of singleton sites observed within the 16S rDNA Alignment 1 in comparison to the CO1 Alignment 1 and Alignments 2 and 3 could be a reason for the higher variability of the 16S rDNA gene in Study-A. However, different mitochondrial genes perform differently and a given sequence marker is chosen depending on the research question, mutation rates and availability of primers or lab resources [1]. In odonates, for example, CO1 and 16S rDNA are—besides numerous other mitochondrial and nuclear genes—well-established marker genes for population genetic and phylogenetic studies [1,4,5,41,56,57,58,59,66,67,68,69]. The 16S rDNA gene is composed of highly conserved as well as variable regions (helices) [70], but overall shows less variability among groups than CO1. Recently also the nad 2 and the A+T-rich mitochondrial control region have been successfully used for species and population level research in Odonates [1,71] and should be included in future multi-gene approaches.



The haplotype networks and the phylogeny presented here show a clear grouping of all Megaloprepus individuals into three distinct clades with genetic distances at the species level, which supports and confirms the previous results of Feindt et al. [12,62]. The phylogeny of Fincke et al. [15] showed a similar topology, although the authors described a strict separation of the Study-A and Study-B CNP samples in their analyses. Unfortunately, a phylogenetic reconstruction for a concatenated 16S rDNA and CO1 dataset could not be estimated, because rigorous editing of the Study-A datasets did not leave enough specimens with sequences for both genes present. This could have allowed for a better insight into the discrepancies of the CNP population and the different grouping. When building the 16S rDNA Alignment 3 with the combined datasets, a reverse complement had to performed on one fraction of the sequence data to be able to align the two datasets. If comparing different strains of a gene (5′ to 3′ direction vs. 3′ to 5′ direction), gaps in the alignment could cause the observed pattern in Study-A. Alignments can strongly influence tree topologies and reporting alignment building methods in detail makes a study stronger and more comprehensible [65]. These results underline the great need for high-quality data and high scientific standards in data handling.



In the present study, the CO1 sequences from Study-A [15] were flagged as “CO1-like”. GenBank [22] assigns sequences with this label when the open reading frame of a sequence is somehow incomplete and automatic translation is not possible. As mentioned above, simple sequencing errors, (cross-) contamination but also pseudogenes may be responsible for “CO1-like” sequences. A (cross-) contamination could be excluded because during BLAST searches [23] most sections of the sequence except the N bases aligned 95–96% to existing CO1 sequences of the same species and up to 90% to other Odonata species. Pseudogenes are nuclear copies of mitochondrial derived genes (numts [72]) that accumulate mutations over time, disrupting the open reading frames. As genes that moved to the nuclear genome and lost function (non-coding), numts are interrupting phylogenetic analyses simply due to the violation of comparing homologous DNA [61]. Furthermore, when numts are analyzed and compared in population genetic studies, or with the aim of proving cryptic species, sequence comparisons are inconclusive such that faulty high genetic divergences can be obtained [61,73,74]. Only recently has the existence of numts been described in Leucorrhinia species (Odonata) [74]. In the present case, we did not observe stop codons inside the “CO1-like” sequences; rather, N bases were found at different positions inside the sequence. Unfortunately, the chromatograms are not available for exact troubleshooting but—from our perspective—those N bases appear to be sequencing errors from the sequencer itself, or are a result of manual editing (as they were of different lengths: 1–3 N bases in a row). Therefore, we did not further test for pseudogenes. Generally, in the case that editing may become necessary, chromatograms shall be reviewed manually to distinguish sequence quality (e.g., precise single peaks versus double peaks, miss-calls, or non-identifiable peaks) and low-quality chromatograms with unclear base calling should be redone. Data handling and analytical training in molecular evolution using nucleotide sequences are crucial for avoiding low sequence quality being used.



In addition, the availability of high-quality data is critical. Today, GenBank [22] and the Barcode of Life Data Systems (BOLD, [75]) are the main public resources for sequence data. Making sequencing data available belongs to good scientific standards and it should be mandatory for any publishing process, but this does not necessarily tell us about the quality of the data. There should be a greater awareness of this simple fact. Providing the original unedited chromatogram files along with the final data could help researchers to evaluate the data quality.




5. Conclusions


This study highlights the importance of high-quality raw sequence data as a backbone for phylogenetic tree and genealogical network analyses, as well as the use of strict hypothesis-related bioinformatic algorithms. This is especially true when it comes to species delimitation and discovery, which may have a significant impact on conservation management efforts.



Today, four species within the genus Megaloprepus are valid—all with sensitive habitat requirements. Biodiversity measures within the genus are based on the sequence data. However, future research is needed to identify the anthropogenic impact on these species and establish conservation measures.
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Figure 1. Minimum spanning haplotype networks showing the genealogical relationships within the genus Megaloprepus for the three different 16S rDNA alignments. POPART vers. 1.7 [35] was used to build the networks. Populations are color-coded in accordance with their origin. 
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Figure 2. Minimum spanning haplotype networks showing the genealogical relationships within the genus Megaloprepus for the three different CO1 alignments. POPART vers. 1.7 [35] was used to build the networks. Populations are color-coded in accordance with their origin. 
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Figure 3. Genealogical relationships among Megaloprepus populations for the 16S rDNA Alignment 3 (left) and the CO1 Alignment 3 (right) based on statistical parsimony (95% connection limit) in TCS vers. 1.2.1 [36]. Populations are color-coded according to their origin. 
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Figure 4. Phylogeny using the 16S rDNA sequence marker showing the relationships of the different Megaloprepus samples from Study-A and Study-B (Alignment 3) performed via maximum likelihood inference using IQ-TREE [42] with 1000 bootstrap replicates. Coryphagrion grandis, Mecistogaster linearis and Mecistogaster lucretia are outgroups. For the species IDs please compare Table S1. Color codes match with Figure 1, Figure 2 and Figure 3 and are in accordance with the sample origin. 
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Figure 5. Phylogeny using the CO1 sequence marker showing the relationships of the different Megaloprepus samples from Study-A and Study-B (Alignment 3) performed via maximum likelihood inference using IQ-TREE [42] with 1000 bootstrap replicates. Coryphagrion grandis, Mecistogaster linearis and Mecistogaster lucretia are outgroups. For the species IDs please compare Table S1. Color codes match with Figure 1, Figure 2 and Figure 3 and are in accordance with the sample origin. 






Figure 5. Phylogeny using the CO1 sequence marker showing the relationships of the different Megaloprepus samples from Study-A and Study-B (Alignment 3) performed via maximum likelihood inference using IQ-TREE [42] with 1000 bootstrap replicates. Coryphagrion grandis, Mecistogaster linearis and Mecistogaster lucretia are outgroups. For the species IDs please compare Table S1. Color codes match with Figure 1, Figure 2 and Figure 3 and are in accordance with the sample origin.
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Table 1. Final number of sequences included in the Alignments 3 per study (A and B), sampling location, and genetic marker.






Table 1. Final number of sequences included in the Alignments 3 per study (A and B), sampling location, and genetic marker.





	
Sampling Location

	
CO1

	
16S rDNA




	
N Study-A

	
N Study-B

	
N Study-A

	
N Study-B






	
Biosphere Reserve Los Tuxtlas, Mexico (RBLT)

	
1

	
18

	
4

	
18




	
Cusuco National Park, Honduras (HN)

	
/

	
/

	
/

	
/




	
Nicaragua * (NI)

	
11

	
/

	
13

	
/




	
Nicaragua * (NI-b)

	
1

	
/

	
2

	
/




	
Biological Research Station La Selva, Costa Rica (LS)

	
6

	
30

	
15

	
30




	
Corcovado National Park ‘Field Station Sirena’, Costa Rica (CNP)

	
6

	
29

	
/

	
29




	
Barro Colorado Island, Panama (BCI)

	
3

	
29

	
4

	
29




	
Rio Canande Reserve, Ecuador (CAN)

	
1

	
/

	
1

	
/




	
N total

	
29

	
106

	
39

	
106








* In Nicaragua there are two sampling points: Natural Reserve El Jaguar and Reserve Bartola (belonging to the Biological Reserve Indio Maíz). However, the information about which sequences originate from which sampling locality is missing in Study-A. Here, the populations were labeled NI and NI-b. According to our in-house barcodes, NI-b belongs to Reserve Bartola—Biological Reserve Indio Maíz.
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Table 2. Summary statistics for the 16S rDNA gene fragment of Megaloprepus. Shown are N: number of individuals, S: number of polymorphic sites (parsimony informative), H: number of haplotypes, Hd (±SD): haplotype diversity (standard deviation) and π (±SD): nucleotide diversity (standard deviation).






Table 2. Summary statistics for the 16S rDNA gene fragment of Megaloprepus. Shown are N: number of individuals, S: number of polymorphic sites (parsimony informative), H: number of haplotypes, Hd (±SD): haplotype diversity (standard deviation) and π (±SD): nucleotide diversity (standard deviation).





	
16S rDNA




	

	
Population *

	
N

	
S

	
H

	
Hd (±SD)

	
π (±SD)






	
Alignment 1

577 bp

	
BCI

	
7

	
15

	
4

	
0.714 (0.181)

	
0.015 (0.007)




	
RBLT

	
5

	
4

	
2

	
0.400 (0.237)

	
0.006 (0.003)




	
LS

	
18

	
11

	
4

	
0.399 (0.138)

	
0.003 (0.001)




	
CAN

	
2

	
0

	
2

	
0.00

	
0.00




	
HN

	
1

	
0

	
1

	
0.00

	
0.00




	
NI

	
14

	
3

	
3

	
0.385 (0.149)

	
0.002 (0.003)




	
NI-b

	
2

	
3

	
2

	
1.000 (0.500)

	
0.008 (0.006)




	
Total

	
49

	
29

	
10

	
0.759 (0.047)

	
0.021 (0.003)




	
Alignment 2

325 bp

	
BCI

	
4

	
2

	
3

	
0.833 (0.222)

	
0.003 (0.001)




	
RBLT

	
4

	
0

	
1

	
0.00

	
0.00




	
LS

	
15

	
1

	
2

	
0.248 (0.131)

	
0.001 (0.000)




	
CAN

	
1

	
0

	
1

	
0.00

	
0.00




	
NI

	
13

	
3

	
2

	
1.00 (0.250)

	
0.008 (0.000)




	
NI-b

	
2

	
0

	
1

	
0.00

	
0.00




	
Total

	
39

	
26

	
7

	
0.722 (0.047)

	
0.029 (0.002)




	
Alignment 3

321 bp

	
BCI

	
33

	
2

	
3

	
0.544 (0.036)

	
0.002 (0.000)




	
CNP

	
29

	
1

	
2

	
0.069 (0.063)

	
0.000 (0.000)




	
RBLT

	
22

	
1

	
2

	
0.312 (0.106)

	
0.001 (0.000)




	
LS

	
45

	
1

	
2

	
0.202 (0.073)

	
0.001 (0.000)




	
CAN

	
1

	
0

	
1

	
0.00

	
0.00




	
NI

	
13

	
0

	
1

	
0.00

	
0.00




	
NI-b

	
2

	
0

	
1

	
0.00

	
0.00




	
Total

	
145

	
27

	
10

	
0.831 (0.015)

	
0.029 (0.001)








* Sampling localities from north to south are: RBLT (Biosphere Reserve Los Tuxtlas, Veracruz, Mexico), HN (Cusuco National Park, Honduras), NI (El Jaguar reserve, Nicaragua), NI-b Biological Reserve Indio Maíz “Bartola Reserve”, Nicaragua, LS (Biological Research Station La Selva, Costa Rica), CNP (Corcovado National Park “Sirena Field Station”, Costa Rica), BCI (Barro Colorado Island, Panama) and CAN (Rio Canande Reserve, Esmeraldas Province, Ecuador).
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Table 3. Summary statistics for the CO1 gene fragment of Megaloprepus. Shown are N: number of individuals, S: number of polymorphic sites (parsimony informative), H: number of haplotypes, Hd (±SD): haplotype diversity (standard deviation) and π (±SD): nucleotide diversity (standard deviation).
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CO1




	

	
Population *

	
N

	
S

	
H

	
Hd (±SD)

	
π (±SD)






	
Alignment 1 **

419 bp

	
BCI

	
7

	
/

	
/

	
/

	
/




	
CNP

	
11

	
/

	
/

	
/

	
/




	
RBLT

	
5

	
/

	
/

	
/

	
/




	
LS

	
21

	
/

	
/

	
/

	
/




	
CAN

	
2

	
/

	
/

	
/

	
/




	
NI

	
13

	
/

	
/

	
/

	
/




	
NI-b

	
2

	
/

	
/

	
/

	
/




	
Total

	
61

	
/

	
/

	
/

	
/




	
Alignment 2

395 bp

	
BCI

	
3

	
1

	
2

	
0.667 (0.314)

	
0.002 (0.001)




	
CNP

	
6

	
0

	
1

	
0.00

	
0.00




	
RBLT

	
1

	
0

	
1

	
0.00

	
0.00




	
LS

	
6

	
3

	
2

	
0.333 (0.215)

	
0.003 (0.002)




	
CAN

	
1

	
0

	
1

	
0.00

	
0.00




	
NI

	
11

	
0

	
1

	
0.00

	
0.00




	
NI-b

	
1

	
0

	
1

	
0.00

	
0.00




	
Total

	
29

	
54

	
9

	
0.786 (0.049)

	
0.052 (0.004)




	
Alignment 3

395 bp

	
BCI

	
32

	
6

	
5

	
0.502 (0.093)

	
0.002 (0.006)




	
CNP

	
35

	
0

	
1

	
0.00

	
0.00




	
RBLT

	
19

	
3

	
4

	
0.713 (0.058)

	
0.003 (0.000)




	
LS

	
36

	
3

	
2

	
0.056 (0.052)

	
0.000 (0.000)




	
CAN

	
1

	
0

	
1

	
0.00

	
0.00




	
NI

	
11

	
0

	
1

	
0.00

	
0.00




	
NI-b

	
1

	
0

	
1

	
0.00

	
0.00




	
Total

	
135

	
59

	
15

	
0.826 (0.017)

	
0.055 (0.002)








* Sampling localities from north to south are: RBLT (Biosphere Reserve Los Tuxtlas, Veracruz, Mexico), HN (Cusuco National Park, Honduras), NI (El Jaguar reserve, Nicaragua), NI-b Biological Reserve Indio Maíz “Bartola Reserve”, Nicaragua, LS (Biological Research Station La Selva, Costa Rica), CNP (Corcovado National Park “Sirena Field Station”, Costa Rica), BCI (Barro Colorado Island, Panama) and CAN (Rio Canande Reserve, Esmeraldas Province, Ecuador). ** DnaSp could not analyze CO1 Alignment 1 because of the unidentifiable base content.
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