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Abstract

:

The variability of the 12S gene fragment of the mtDNA for taxa belonging to subgenus Daphnia (Daphnia) O.F. Müller, 1776 (Crustacea: Cladocera) in NE Russia is studied, and their phylogenetic analysis performed. We identified (based both on morphological and molecular data) nine species belonging to four species complexes, namely: (A) D. longispina s.l.: (1) D. longispina O.F. Müller, 1776; (2) D. dentifera Forbes, 1893; (3) D. galeata Sars, 1864; (4) D. umbra Taylor, Hebert et Colbourne, 1996; (B) D. cristata s.l.: (5) D. cristata Sars, 1862; (6) D. longiremis Sars, 1862; (C) D. curvirostris s.l.: (7) D. curvirostris Eylmann, 1887; (D) D. pulex s.l.: (8) D. pulex Leydig, 1860; (9) D. middendorffiana Fischer, 1851. Rare arcto-mountainous taxon D. umbra was found in the mountains of the Sakha (Yakutia) Republic for the first time. Species diversity in NE Asia is relatively low, and the most revealed taxa are trans-Beringian. We also performed a phylogeographic analysis of D. dentifera and D. pulex s.l., the two most common species in NE Russia. Our new data allow us to assume that the daphniids of NE Asia have undergone various evolutionary scenarios during the Pleistocene period: survival is within some local refugia, and re-colonization from these areas and from North America through the Beringian land bridge, etc. We agree with previous authors who revealed that the patterns in the studied species groups are relatively recent (of Late Pleistocene or even Holocene age), although the main phylogenetic daphniid lineages (mainly congruent with the biological species) are very old. Our results provide convincing evidence for the hypothesis that NE Russia is a very important source of modern haplotypic diversity for the cladocerans.
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1. Introduction


The biodiversity in continental waters has undergone intensive studies recently, i.e., due to an understanding of the need for its conservation and its dramatic decline due to human activity [1,2]. It is obvious that we need to “enhance the taxonomic, ecological and genomic knowledge of freshwater organisms to increase the efficient monitoring across organismal groups and geographical areas” [3]. However, there still are large regions with inadequately studied freshwater biodiversity due to their remoteness and low human population, which, as a result, are almost non-transformed by man to date. Arctic and subarctic zones are among such regions, and it is well-known that their continental water bodies (as well as communities of organisms inhabiting them) are fragile and especially vulnerable to harmful human impacts [4,5].



The biodiversity in the arctic–subarctic hydrobionts is relatively low compared to other regions [4,6]. An especially interesting portion of the arctic–subarctic is the Beringian zone, which has had a very important role in the history of the freshwater ecosystems of Eurasia and North America. In the geological history of the Earth, the two continents were interconnected several times by a wide land bridge, Beringia [7,8]. The Beringian region has a special role in the zoogeography of different animal groups [9,10], i.e., because it served as a refugium for terrestrial and freshwater fauna during the coldest phases of the Pleistocene [11,12]. Note that the Beringian region is bound to the east by the Mackenzie River in Canada and in the west by the Lena River in Russia; therefore, all of NE Siberia belongs to this zone.



Water fleas (Crustacea: Cladocera) are dominant in the different types of continental water bodies in all climatic zones [13]. The recent intensification of such works in NE Asia is explained by the influence of global climate changes and anthropogenic impacts on high altitude ecosystems. However, all such investigations are based on the morphological analysis only [14,15,16,17,18,19,20,21,22,23,24]. Several recent investigations have demonstrated a special significance of the Beringian region in the cladoceran phylogeography, i.e., as a center of dispersion of some taxa through the whole of Eastern Asia [25,26,27]. Additionally, the region is populated by endemic taxa [28] and very locally distributed phylogroups of widely distributed taxa [25,26]. Moreover, a trans-Beringian distribution is demonstrated for several cladoceran taxa or phylogroups [29,30]. Some endemic phylogroups revealed by molecular biologists still are waiting for their formal description as new species [29,31,32].



Usually, the genus Daphnia O.F. Müller is among the best studied freshwater microfaunal groups in the world and a model group for the study of biogeographic patterns [33,34,35,36]. Several taxa were studied in detail in east Beringia [37,38]. However, despite the importance of the genus, our knowledge of the exact species composition, genetic diversity and phylogeography of its representatives in NE Russia are rather intuitive and inadequate. Populations from several species groups such as D. pulex [39,40,41], D. magna [27] and D. curvirostris [26,42] were analyzed in the course of previous trans-Holarctic studies, but west Beringia was never an object of study of the genus diversity based on molecular phylogenetic methods.



The aims of this study are: (1) to investigate the species diversity of Daphnia from different water bodies of NE Russia (Beringian zone); (2) to reconstruct the phylogenetic relationship between the species; (3) to provide preliminary data on their demographic history. We expect that our study will contribute to a more complete understanding of the specific and haplotype Daphnia diversity and distributions across the whole northern portion of the Holarctic.




2. Materials and Methods


2.1. Ethic Statement


Field collection on public property in Russia does not require permissions. Verbal permission to collect in private farm ponds was obtained from local owners. Sampling in the natural reserves of Russia was conducted with special permission of their directors (A.L. Strelnikov, Komandorsky State Natural Reserve; T.I. Shpilenok, Kronotsky Biosphere Reserve).




2.2. Sampling and Used Material


Zooplankton samples were collected using the Apstein-type plankton net (125 μm mesh size) during summer seasons of 2017–2020. Immediately after collection, the samples were fixed by 96% ethanol and stored at –20 °C. Different water bodies were situated mainly in the Russian part of the arctic–subarctic zone, mostly from the Beringian region: Bering Island, Kamchatka Peninsula, Chukotka Peninsula, Magadan region and Sakha (Yakutia) Republic (Figure 1, Table S1). Daphnia specimens were identified to species level according to modern keys [43].




2.3. DNA Sequencing


Previous to DNA extraction, each Daphnia specimen was photographed in lateral view using an Altami microscope (Altami, Russia, under 4× and 10× magnification) in order to document its body and head shape. Genomic DNA was extracted with a 5% suspension of Chelex 100 resin (Bio-Rad, Hercules, CA, USA) from single ethanol-preserved Daphnia specimen. Two to twelve individuals per population were selected for mitochondrial DNA analysis. Fragment of the 12S ribosomal RNA of the mtDNA were amplified for each specimen. The PCR conditions and protocols were identical to those used by Zuykova et al. [44,45]. The PCR products were separated on 1% agarose (low EEO standard agarose, BIOZYM, Moscow, Russia) with ethidium bromide and photographed under UV light. The amplified products were purified using a kit from BIOSILICA (Novosibirsk, Russia) and the samples were sequenced in both the forward and reverse direction at the company “Syntol” (Moscow, Russia). The nucleotide sequences were automatically aligned using the ClustalW v.2.0 [46] and MAFFT v.7 algorithms [47] and then manually edited with BioEdit v.7.0 [48] when it was necessary. Total of 159 nucleotide sequences of 567–572 bp fragment of the 12S gene were newly obtained and were deposited into the GenBank database according to revealed haplotypes under accession numbers OL333450-OL333526, OL333529-OL333532 and ON713422 (Table S1).




2.4. Phylogenetic Analyses


Reconstruction of the phylogenetic relationships based on the fragment of the 12S gene of the mtDNA between the Daphnia species from the water bodies of NE Siberia included three stages. First, we needed to identify their position in the general subgenus phylogeny (i.e., within D. longispina and D. pulex complexes). For this, we used both original and NCBI GenBank sequences. Second, it was necessary to assess the 12S phylogeny for each complex separately to obtain more suitable schemes (i.e., because particular substitution models could be different from a general model). The D. cristata–longiremis group was used as an outgroup for the D. longispina complex, while D. ambigua sequences were used as an outgroup for the D. pulex complex. Third, we tried to detect relationships between haplotypes among widespread Daphnia species, which were most common in water bodies of NE Russia. In this analysis the additional 12S sequences of D. dentifera were involved. In sum, 194 sequences from the NCBI GenBank database were used (see Table S2).



The best fitting models of nucleotide substitution for the 12S dataset were selected in jModelTest v.2.1.7 based on the likelihood scores for 88 different models and under the Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) [49,50]. The best models were Tamura 3-parameter with invariant sites and gamma distribution (T92+I+G, б = 0.308; Tamura, 1992) and general time reversible with invariant sites and gamma distribution (GTR+I+G, б = 0.610; [51]). The phylogenetic trees based on the 12S dataset were reconstructed in MEGA v.7.0.26 using the maximum likelihood (ML) algorithm with pairwise deletion of the gaps and missing sites [52]. One thousand bootstrap replicates were run to assess the statistical support for the tree nodes [53].



Bayesian analysis was performed with MrBayes v.3.2 [54] under the GTR+I+G model. Two simultaneous runs with four Markov chains each were run for 1 × 106 generations and sampled every 500 generations. The first 25% of generations were discarded as burn-in. Convergence of runs was assessed by examination of the average standard deviation of split frequencies and the potential scale reduction factor. In addition, a stationarity was confirmed by examining posterior probability, log likelihood, and all model parameters by the effective sample sizes (ESS > 500) and trace plots of MCMC output in the program Tracer v.1.7 [55]. The 12S datasets for the D. longispina and D. pulex complexes were tested for redundancy and saturation and were collapsed into haplotypes using METAPIGA v.3.01 [56]. In addition, the circular trees using SeaView v.5.05 [57] were constructed for the D. dentifera and D. pulex–D. middendorffiana.



The haplotype networks were constructed by the median-joining method (MJ) [58] using Network v.5.0 (available on www.fluxus-engineering.com, accessed on 1 May 2022 ) based on the 12S sequences for widespread species in water bodies of NE Russia D. dentifera, D. pulex and D. middendorffiana.



Based on the phylogenetic reconstruction and the haplotype networks, unique haplotypes of Daphnia from NE Russia only were identified.



Evolutionary distances (uncorrected p-distances) were estimated among and between Daphnia species in MEGA v.7.0.26 [52]. This analysis was carried out for all Daphnia species, including sequences, obtained from the GenBank database. The mitochondrial DNA polymorphism for the studied species and clades of D. longispina s.str. was estimated for 12S dataset, which consists of only original nucleotide sequences; the following parameters were calculated: the number of haplotypes (h), number of segregating sites (S), haplotype diversity (Hd) and nucleotide diversity (π) using DnaSP v.5.10 [59]. The neutrality tests of Fu’s FS [60] and Tajima’s D [61] were performed with Arlequin v.3.5.2.2 [62] to investigate the historical population demographics in water bodies of NE Russia and test whether the sequences conformed to the expectations of neutrality. The significance of these tests was proved using the coalescent simulation with 1000 permutations.





3. Results


3.1. Mitochondrial Phylogeny and Haplotypes Distribution


Nine species were identified morphologically in the water bodies of NE Siberia belonging to the subgenus Daphnia (Daphnia) O.F. Müller, 1776, namely:




	(1)

	
D. longispina O.F. Müller, 1776 s.str.;




	(2)

	
D. dentifera Forbes, 1893;




	(3)

	
D. galeata Sars, 1863;




	(4)

	
D. umbra Taylor, Hebert & Colbourne, 1996;




	(5)

	
D. curvirostris Eylmann, 1887;




	(6)

	
D. cristata Sars, 1862;




	(7)

	
D. longiremis Sars, 1862;




	(8)

	
D. middendorffiana Fischer, 1851;




	(9)

	
D. pulex Leydig, 1860 s.l.









The most common and widespread species were D. dentifera, D. middendorffiana and D. pulex s.l.



The function of Figure 2 is to demonstrate the position of the original sequences in the general tree of Daphnia (Daphnia) based on the original and the GenBank data, therefore we do not discuss such phylogeny as it is identical to that previously obtained by many authors [33,45]. The tree topologies are identical in both analyses. According to BI and ML analyses, all new 12S sequences from NE Russia were also clearly subdivided into nine large clusters corresponding well to the morphological species. All 12S sequences (original and GenBank) form two large, well-supported monophyletic clusters corresponding to the D. longispina and D. pulex complexes; separate trees for each complex are represented in Figure 3A,B.



There are divergent mitochondrial lineages (subclades) within all specific clades with branch support up to 100%, except for D. cristata and D. longiremis that are represented by few sequences. Conventionally, the D. longispina sequences form two well-supported subclades, “Siberian” (A) and “European” (B); all new haplotypes from Yakutia and Evenkiya belong to the “Siberian” one (Figure 3A). Several earlier derived subclades are found within the D. dentifera cluster consisting of the haplotypes from the Kamchatka Peninsula and Sakha (Yakutia) Republic. Within D. galeata, the divergent subclades are formed by the haplotypes from the water bodies of Yakutia and Irkutsk Area. The haplotypes of D. umbra from a single lake in Sakha (Yakutia) Republic also form a well-supported distinct subclade (Figure 3A). The 12S haplotypes of D. curvirostris s.str. are divided into two divergent subclades consisting of the haplotypes from Yakutia and the Novosibirsk region, and Tuva Republic.



In the tree of the D. pulex complex, D. pulex s.lat. sequences are grouped into four large subclades, LI–LIII plus D. cf. pulex from Japan. (Figure 3B). Note that the D. pulicaria GenBank sequences have an unclear position in the 12S phylogenies; moreover, the specimens of D. pulicaria AY626355 from Germany and D. pulex JN903685 from Russia (Chany Lake) are combined into a distinct subclade associated with the D. middendorffiana specific cluster (Figure 3B). D. middendorffiana is represented by two subclades, with one of them endemic to the Sakha (Yakutia) Republic, while the second is widely distributed in the subarctic of Eurasia. Such taxa as D. obtusa, D. parvula, D. izpodvala and D. ambigua are not found in the region.



The 12S circular phylogenetic tree of D. dentifera (the most widespread species) confirms that all 12S haplotypes are subdivided into four haplogroups: I (Japan–USA); II (Japan–China–USA), III (Russia–Mongolia) and IV (Japan–Canada, USA) (Figure 4A). Remarkably, no 12S haplotypes of D. dentifera within Russia–Mongolia and Japan–China (Tibet) –North America were found, while three clades had a trans-Beringian distribution. The 12S haplotypes forming subclade IV (Japan–USA–Canada) are closely related to those distributed in Kamchatka (the Beringian region) and the Baikal basin (Figure 4B).The central 12S haplotype of clade III (H1) occurs in eastern Siberia (Yakutia and the Baikal basin) and Kamchatka, while clade IV also has a central haplotype present in the USA and Canada but absent in Japan (Figure 4B). Note that unique regional haplotypes of D. dentifera are found in Yakutia, Mongolia and Chukotka.



Similarly, the 12S circular phylogenetic tree of D. middendorffiana–D. pulex (Figure 5A) reveals four haplogroups: D. middendorffiana (Dm) and three others comprised of the D. pulex haplotypes (Dp_I, Dp_II, Dp_III). Several ambiguous 12S sequences of D. pulex and D. pulicaria belong to the divergent mitochondrial lineages II and III (Figure 2). The 12S median-joining network of the D. pulex haplogroup Dp_II has a very characteristic star-like pattern with the central haplotype H16, which occurs in the Russian part of the arctic–subarctic zone (Kamchatka, Chukotka, Yakutia), western Siberia, Western Europe, the USA and even Africa (Figure 5B). The haplotypes from New Zealand and the USA are closely related with the central haplotype. However, the haplotypes from the Magadan Area (H14, H16–H20), which is an adjacent region to Kamchatka and Chukotka, form a distant haplogroup; also, the haplotype H15 in this area is a very specific one.



The median-joining network of D. middendorffiana (Dm) haplotypes is more reticulated: the haplotypes are subdivided into four groups with central haplotypes H4, H6, H7 and H8 (Figure 5C). Two groups exclusively consist of the haplotypes from Chukotka; the third group is formed by the haplotypes from Chukotka, Yakutia and the Pechora River (H1, KY196421), and the central haplotype is found in Chukotka only. The fourth group consists of the haplotypes from Yakutia and the Magadan area (Figure 5C).




3.2. Mitochondrial Polymorphism, Evolutionary Distances and Neutrality Tests


Evolutionary divergence (under uncorrected p-distances over the 12S sequence pairs) within and between studied Daphnia species belonging to different specific complexes is high (up to 24.1%, D. pulex LIII–D. dentifera, Table 1). P-distances between species within each complex are smaller, 2.0–7.8% in the D. longispina complex) and 3.2–17.2% in the D. pulex complex. In regards to certain species, the highest values for p-distances are found in D. obtusa—6.3% (Table 1). The highest values are also registered for such species and mitochondrial lineages as D. curvirostris (0.9%), D. pulex LIII (1.0%), D. umbra (1.1%), D. middendorffiana (1.2%), D. ambigua (1.3%) and D. pulex LII (1.9%). Evolutionary divergence within D. cristata and D. longiremis is the lowest—0.1%.



The level of polymorphism based on the fragment of the 12S gene of the mtDNA was different for the studied Daphnia species. Only one species is characterized by the relatively low level of genetic polymorphism—D. cristata (Table 2). All studied species except for the abovementioned and D. longiremis have a large number of the haplotypes (h) and polymorphic sites (S). The highest haplotype diversity (Hd) and nucleotide diversity (π) values are found in the “European” clades of D. longispina s.str., D. galeata, D. umbra, D. curvirostris, D. middendorffiana and D. pulex. The “Siberian” clades of D. longispina s.str., D. dentifera and D. longiremis are characterized by relatively high Hd values at lower π values (Table 2).



Most of the studied Daphnia species are characterized by negative values of Tajima’s D and Fu’s FS tests (Table 2). Positive (but insignificant) values of Fu’s FS test are registered for D. cristata and D. longiremis. The significant negative values for both neutrality tests are found in D. dentifera and D. pulex, and for Fu’s FS for the “Siberian” clade of D. longispina s.str. and D. galeata (Table 2).





4. Discussion


4.1. Comments of Revealed Species and Phylogroups


Most species of D. longispina s.l. are well-known from the region (see above). D. longispina s.str. haplotypes from Eurasia are clearly divided into two clades—A (“Siberian”) and B (“European”) with different evolutionary histories [38,63]. As was expected, clade B is absent in NE Russia. However, our previous conclusion that the distribution of the “Siberian” clade A in the eastern direction is limited to the basin of the Yenisei River is now thrown into doubt by our results as few populations of this clade were noted in the Sakha (Yakutia) Republic. However, the finding of a single haplotype here may be evidence of recent dispersion or incidental drift.



In contrast, D. dentifera haplotypes are widespread in the water bodies of the north-eastern part of Russia, from Kamchatka to the western portion of the Sakha (Yakutia) Republic, and some of them are divergent mitochondrial lineages. In addition, the coexistence of D. longispina s.str. (haplotypes of the “Siberian” clade A) and D. dentifera is detected in two water bodies (Lake Baikal basin and Central Yakutia). Thus, our assumption that the Baikal region and Yakutia could be a contact zone of two vicariant species, D. longispina s.str. and D. dentifera [63], is confirmed by these data.



The most studied D. galeata haplotypes belong to a widely distributed clade in Eurasia, and such haplotypes are common in NE Siberia. Within this cluster, specific mitochondrial lineages are detected in the water bodies of Yakutia, Evenkiya and the Irkutsk area. Two earlier derived deeply divergent haplogroups are found: the first is from Tuva (Central Siberia) and was already recorded by Zuykova et al. [44,64]; the second one is a newly found basal lineage of D. galeata s.lat. from the Sakha (Yakutia) Republic. Its status must be specially checked as it could represent a separate biological species, endemic to eastern Siberia.



D. umbra from Vorota Lake (located at 1109 m.a.s.l. in the Sakha (Yakutia) Republic represents an interesting new record. This species was detected in the Canadian and European arctic–subarctic, the western portion of eastern Siberia [63], the mountains of Kamchatka Peninsula and the mountains of south Siberia [65]. Our finding confirms the ideas of its arcto-mountainous distribution, covering all the arctic–subarctic regions of the Holarctic (although being rare in all of this huge territory). This finding also supports our hypothesis of a strong effect of the Pleistocene glaciation on populations of this species [45]. Most probably, this species was distributed on the entire territory of the northern Holarctic and differentiated during the pre-Pleistocene epoch. A similar hypothesis was proposed for its sister species, D. lacustris [66]. Deeply divergent mitochondrial lineages within the D. umbra (clearly seen in the 12S tree, see Figure 3A) are consistent with the idea of the long-term isolation of separate populations in some Pleistocene glacial refugia, i.e., in the mountain valleys [45].



We did not discuss D. curvirostris here as it was revised in detail previously [26,42], and the resolution of our tree is strongly lower than that in the two aforementioned publications.



Closely related species D. cristata and D. longiremis are also detected in the north-eastern part of Russia (Chukotka and Yakutia), but only few sequences were obtained and a further study of these taxa is necessary for adequate conclusions.



As mentioned above, species of the D. pulex complex are widely distributed in the arctic–subarctic water bodies of Eurasia and North America. D. middendorffiana and D. pulex are investigated studied using molecular genetic methods [40,41,67,68,69,70,71]. The analysis of the variability of the mitochondrial DNA gene fragments (COI, ND4 and ND5) within the D. pulex complex allow the detection of four to 12 deeply divergent lineages, which were characterized by different demographic histories and origins [41]. Moreover, the phylogenies reconstructed in these studies [41,67] are similar to the 12S phylogeny that is obtained above.



Generally, all studied D. pulex-like haplotypes are separated into three large distinct mitochondrial subclades, supporting the earlier hypothesis that this taxon includes several closely related species [43]. However, only a single large clade LII is detected in NE Siberia, the 12S haplotypes belonging to it are widely distributed in water bodies here. This clade is congruent with the “panarctic D. pulex” of Crease et al. [41] detected based on the mitochondrial ND5 gene; the latter authors have already reported this clade from this region. In reality, the “panarctic D. pulex” of Crease et al. [41] is a very widely distributed mitochondrial phylogroup rather than a biological species. Based on our data, we also cannot discuss a possible hybrid status of some our specimens and/or populations. Several specimens of D. pulex and D. pulicaria from the GenBank have ambiguous specific status. Our assumption is based on their uncertain and unclear positions in phylogenetic trees. In particular, it should be noted that two specimens of D. pulicaria from Canada (AY626354) and Japan (LC534941) are associated with the D. pulex LII mitochondrial clade, which also includes 12S haplotypes from Kamchatka, Chukotka, Yakutia; as well as D. pulex from Russia (JN913685) and D. pulicaria from Germany (AY626355), which formed a distinct subclade within D. middendorffiana clade on the common phylogenetic tree. All the studied populations have a pulex-like morphology, but real specific status of each population must be checked with this based on nuclear genes.



D. middendorffiana is very common in the water bodies of Chukotka and Yakutia and several divergent mitochondrial lineages were found within this specific cluster. This fact suggests that this taxon (in common with D. pulex) is also actually a mix of species and needs careful taxonomic revision.



In toto, we reveal nine morphospecies of Daphna (Daphnia) in NE Russia. This number is lower than in more southern regions, like Southern Europe [72], South Siberia [63] and, especially, the Far Eastern endemic zone [26]. The following taxa are very common taxa in Northern Eurasia, but not found in our study: D. cucullata Sars, 1862; D. obtusa Kurz, 1874; D. pulicaria Forbes, 1893. Note that these species were also not recorded by the morphological methods from Chukotka Peninsula [15], Central Yakutia [20], the northern portion of Yakutia [73], Bering Island [21] and neighboring regions.



Such daphniid poorness may be explained by harsh climatic conditions in the arctic and subarctic zones, which occupy a significant portion of the studied territory. Therefore species diversity of the arctic–subarctic crustaceans is depleted. Most researchers note that cladocerans have an advantage in colonizing new water bodies compared to copepods, but at the same time they are more sensitive to low temperatures and also more abundant in warmer water bodies [74,75,76,77].



D. cristata, D. longiremis, D. middendorffiana and D. pulex are most common in the arctic–subarctic water bodies [14,22,23,73,78,79]. D. cucullata is detected in the Western Arctic only [80,81,82]. D. curvirostris is relatively common in Central Yakutia, but rare in more northern and eastern regions, while it was common there during some phases of the Pleistocene [83].



Note that the arctic and subarctic water bodies of Canada are characterized by similar specific diversity of Daphnia; however, additionally, D. rosea Sars, 1862, D. ambigua Scourfield, 1947, D. schoedleri Leydig, 1860 were found there [74]. If we consider that the first taxon in the author’s understanding is a synonym of D. dentifera. and the last one is a junior synonym of D. pulex s.lat. [43], then the high degree of similarity of the daphniids fauna on both sides of the Bering Strait is obvious. In reality, most revealed species have a trans-Beringian distribution, with D. longispina absent in North America [38] and D. curvirostris present only in a few localities in its NW corner [42].



No endemic Daphnia taxa are present in NE Siberia in contrast to South Siberia [63] and the Amur basin [43], although numerous local endemic phylloclades and haplotypes are detected.




4.2. Demographic History: Preliminary Data on Mitochondrial DNA


A combination of genetic polymorphism indexes and neutrality test values allows us to reconstruct a demographic history of some Daphnia species in the studied region. We found that the mitochondrial 12S gene demonstrates high values of Hd at high values of π in the most Daphnia species from the NE Russia. As a rule, such a combination supports a mixing of historically heterogeneous and geographically differentiated Daphnia populations and the existence of a large stable population [84]. However, the exact phylogeographic patterns are somewhat different in different taxa.



To date, it should be recognized that the area of haplotype distribution of the “Siberian” clade of D. longispina s.str. extends in a northeastern direction from the Yenisei River basin to Central Yakutia and the Baikal Lake basin, where this species coexists with the vicariant D. dentifera. However, such findings did not change an earlier proposed scheme for the explanation of the D. longispina–dentifera complex in Eurasia, including the influence of the Pleistocene glaciation on its geographic history. No shared haplotypes of D. dentifera in NE Russia and Mongolia vs. Japan and North America were found. Similarly, no shared haplotype was found in the previous studies of the D. dentifera populations, but a lot of unique haplotypes and distinct mitochondrial lineages were detected within this species [38,85,86]. We revealed a central 12S haplotype H1 occurring in Baikal Lake basin, Yakutia and Kamchatka. Based on the aforementioned and published data [85,86,87], D. dentifera needs to be designated as an arcto-mountain taxon. Previously, we speculated that this species was widespread throughout northeast Asia in a pre-Pleistocene time, and during the cold phases of the Pleistocene survived in some periglacial refugia [63,65] similar to D. umbra [45]. The northeast D. dentifera populations may have undergone a “bottleneck” event with subsequent spatial expansions. What this indicates is the star-like 12S haplotype network and the significant negative values of Tajima’s D and Fu’s Fs tests. Most likely, a secondary contact happened between different mitochondrial lineages of this species, which is indicated by the existence of intermediate clade IV (Figure 3A,B) closely related with the Japanese–North American and Russian–Mongolian clades. Thus, with an increase in the number of populations of D. dentifera from NE Russia the level of genetic polymorphism changed, essentially in comparison with previously data [63].



Taking into consideration the highest values of Hd and π in the “European” clade of D. longispina s.str., D. galeata, D. umbra, D. middendorffiana and D. pulex, we believe that these species were subjected to mixing of historically heterogeneous populations and distinct mitochondrial lineages, presumably having different origins. Statistically significant negative values of neutrality tests [60,61] for the “Siberian” clade of D. longispina s.str., D. dentifera, D. galeata and D. pulex more likely argue for a recent post-glacial colonization of the studied region. Likewise, for other species under consideration, the neutrality tests possess negative, but insignificant, values. However, we believe that this also indicates their post-glacial colonization as previously noted [63]. The presence of a large number of divergent mitochondrial lineages within different species of Daphnia also justifies this assumption.



A well-recognizable star-like shape with central haplotype H16 in the D. pulex clade Dp_II suggest a rapid expansion of this group. Crease at al. [41] concluded that the Panarctic D. pulex clade (widely distributed over Holarctic) experienced a great spatial expansion in the Holarctic between 8800 and 22,000 years BP, after the last glacial maximum. There is some discord between our data and the published data related to the D. pulex complex, especially for D. pulicaria delimitation (in particular, Hd and π values indicate mixing lineages or different species), but we agree with a very recent (late Pleistocene–Holocene) differentiation of this large clade and its rapid colonization of the Holarctic. Unfortunately, we expect that the phylogeographic results on this very usual and easily dispersed taxon may be strongly affected by recent anthropogenic long-distance transitions [88], which were detected many times for the D. pulex group [89,90,91]. Interpretation of the dispersion pattern through the world is difficult for this clade, as the central haplotype H16 (Figure 5B) (found in NE Siberia) may be the result of anthropogenic introductions in some countries (such as Kenya). In reality, all populations of this clade in the southern hemisphere could have an anthropogenic origin [41].



The network of D. middendorffiana is represented by four subclusters subdivided by 3–5 substitutions, with Chukotka being the center of haplotypic diversity (Figure 5C). In the case of the central haplotype cluster H4, we propose a colonization of Yakutia from Chukotka. However, to date, we cannot definitively say whether Chukotka is a dispersion center from a separate refugium, or a bridge for the colonization of NE Russia from North America. It is known that the D. middendorffiana–tenebrosa group has several clades in North America, but no 12S dataset exists for it. In any case, our preliminary data also provide further evidences of a cryptic diversity within the D. middendorffiana and D. pulex groups.





5. Conclusions


In general, our data on mitochondrial phylogeny and the distribution of the Daphnia species in NE Russia are concordant with the published results, and suggest a more complete understanding of the diversity and distribution of the daphniid taxa across the northern Holarctic. Our new data allow us to assume that the daphniids of NE Russia have undergone various evolutionary scenarios during the Pleistocene period: survival in some local refugia, followed by re-colonization from them plus from North America through the Beringian land bridge, etc. All revealed patterns are relatively recent (of Late Pleistocene or Holocene age) as compared to more southern territories within East Asia, although main phylogenetic daphniid lineages (mainly congruent with the biological species) are very old [26,33]. Species diversity in NE Russia is relatively low and most taxa are trans-Beringian. However, our results provide convincing evidence for the hypothesis that NE Russia is a very important source of modern haplotype diversity for the Cladocera [63]. The newly obtained data confirm our previously assumption about the different regimes of natural selection on different Daphnia species inhabiting the same territory [63].








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/w14121946/s1, Table S1: List of the 12S mitochondrial DNA sequences for Daphnia species used in this study; Table S2: List of the 12S mitochondrial DNA sequences obtained from the GenBank database for studied Daphnia species.





Author Contributions


Conceptualization, E.I.Z. and A.A.K.; methodology, N.A.B.; software, N.A.B. and Y.A.K.; formal analysis, E.S.Z. and N.A.B.; investigation, L.P.S., Y.A.K., N.G.S., E.I.Z. and L.A.P.; resources, L.P.S., Y.A.K., N.G.S., E.I.Z. and L.A.P.; data curation, Y.A.K. and E.S.Z.; writing—original draft preparation, E.I.Z. and A.A.K.; writing—review and editing, E.I.Z. and A.A.K.; visualization, E.I.Z.; supervision, A.A.K.; project administration, E.I.Z.; funding acquisition, E.I.Z. and A.A.K. All authors have read and agreed to the published version of the manuscript.




Funding


The study of Daphnia longispina group is supported by the Russian Foundation for Basic Research (grant № 20-04-00610), the study of D. pulex group is supported by the Russian Science Foundation (grant 18-14-00325).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All material examined in this study are openly available at the facilities listed and by the catalogue numbers in the Section 2 (Materials and Methods) above. Original sequences are deposited to NCBI GenBank. All vouchers are kept at the collection of the Institute of Systematics and Ecology of Animals of the Siberian Branch of Russian Academy of Sciences, Frunze str. 11, Novosibirsk 630091, Russia.




Acknowledgments


The are very grateful to N. Zakharova, S.L. Vasil’eva, A.V. Kirillina, A.A. Petrov, E.G. Egorova, N.N. Nikitin, A.N. Khalyapin, I. Okhlopkov, N.I. Yakovlev, and P.P. Sofroneev for the samples from Sakha (Yakutia) Republic and D.E. Sherbakov, A.A. Zharov, D.S. Dorofeev, N.G. Bayanov, E.I. Bekker, and F.V. Kazansky for the samples from other regions of Russia. Many thanks to R. Walsh for linguistic corrections in an earlier draft.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Dudgeon, D.; Arthington, A.H.; Gessner, M.O.; Kawabata, Z.-I.; Knowler, D.J.; Lévêque, C.; Naiman, R.J.; Prieur-Richard, A.-H.; Soto, D.; Stiassny, M.L.J.; et al. Freshwater biodiversity: Importance, threats, status and conservation challenges. Biol. Rev. Camb. Philos. Soc. 2006, 81, 163–182. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, I.; Abell, R.; Darwall, W.; Thieme, M.L.; Tickner, D.; Timboe, I. The freshwater biodiversity crisis. Science 2018, 362, 1369. [Google Scholar] [CrossRef] [PubMed]

	



Maasri, A.; Jähnig, S.C.; Adamescu, M.C.; Adrian, R.; Baigun, C.; Baird, D.J.; Batista-Morales, A.; Bonada, N.; Brown, L.E.; Cai, Q.; et al. A global agenda for advancing freshwater biodiversity research. Ecol. Lett. 2022, 25, 255–263. [Google Scholar] [CrossRef] [PubMed]

	



Vinarski, M.V.; Bolotov, I.N.; Aksenova, O.V.; Babushkin, E.S.; Bespalaya, Y.V.; Makhrov, A.A.; Nekhaev, I.O.; Vikhrev, I.V. Freshwater Mollusca of the Circumpolar Arctic: A review on their taxonomy, diversity and biogeography. Hydrobiologia 2021, 848, 2891–2918. [Google Scholar] [CrossRef]

	



Goedkoop, W.; Culp, J.M.; Christensen, T.; Christoffersen, K.S.; Fefilova, E.; Guðbergsson, G.; Lárusson, K.F.; Liljaniemi, P.; Novichkova, A.A.; Ólafsson, J.S.; et al. Improving the framework for assessment of ecological change in the Arctic: A circumpolar synthesis of freshwater biodiversity. Freshw. Biol. 2022, 67, 210–223. [Google Scholar] [CrossRef]

	



Lento, J.; Goedkoop, W.; Culp, J.; Christoffersen, K.S.; Lárusson, K.F.; Fefilova, E.; Guðbergsson, G.; Liljaniemi, P.; ÓLafsson, J.S.; Sandøy, S.; et al. State of the Arctic Freshwater Biodiversity; Consvervation of Arctic Flora and Fauna: Akureyri, Iceland, 2019; ISBN 978-9935-431-77-6. [Google Scholar]

	



Hultén, E. Flora of the Aleutian Islands and Westernmost Alaska Peninsula with Notes on the Flora of Commander Islands; Bokforlags Aktiebolaget Thule: Stockholm, Sweden, 1937. [Google Scholar]

	



Hopkins, D.M.; Matthews, J.V.; Schweger, C.E.; Young, S.V. (Eds.) Paleoecology of Beringia; Elsevier: Amsterdam, The Netherlands, 2013. [Google Scholar]

	



Stamford, M.D.; Taylor, E.B. Phylogeographical lineages of Arctic grayling (Thymallus arcticus) in North America: Divergence, origins and affinities with Eurasian Thymallus. Mol. Ecol. 2004, 13, 1533–1549. [Google Scholar] [CrossRef]

	



Campbell, M.A.; Lopéz, J.A. Mitochondrial phylogeography of a Beringian relict: The endemic freshwater genus of blackfish Dallia (Esociformes). J. Fish Biol. 2014, 84, 523–538. [Google Scholar] [CrossRef]

	



Cox, A.J.; Hebert, P.D. Colonization, extinction, and phylogeographic patterning in a freshwater crustacean. Mol. Ecol. 2001, 10, 371–386. [Google Scholar] [CrossRef]

	



Provan, J.; Bennett, K.D. Phylogeographic insights into cryptic glacial refugia. Trends Ecol. Evol. 2008, 23, 564–571. [Google Scholar] [CrossRef]

	



Dumont, H.J.; Negrea, Ș. Branchiopoda; Backhuys: Leiden, The Netherlands, 2002; ISBN 9789057821127. [Google Scholar]

	



Sobakina, I.G.; Sokolova, B.A.; Solomonov, N.M. Modern structure of zooplankton in deltas of Lena river during the autumn period. Izv. Samar. Nauchnogo Cent. Ross. Akad. Nauk. 2009, 11, 347–349. [Google Scholar]

	



Streletskaya, E.A. Review of the fauna of Rotatoria, Cladocera, and Copepoda of the basin of the Anadyr’ River. Contemp. Probl. Ecol. 2010, 3, 469–480. [Google Scholar] [CrossRef]

	



Sobakina, I.G. Zooplankton of lower Yana River. Ekol. Ross. Na Puti K Innov. 2013, 7, 103–106. [Google Scholar]

	



Klimovsky, A.I.; Bekker, E.I.; Korovchinsky, N.M.; Kotov, A. Cladocera (Crustacea, Branchiopoda) of Central Yakutia 1. Some representatives of the families Sididae, Daphniidae and Ophryoxidae. Zool. Zhurnal 2015, 94, 882–898. [Google Scholar] [CrossRef]

	



Klimovsky, A.I.; Bekker, E.I.; Sinev, A.Y.; Korovchinsky, N.M.; Smirnov, N.N.; Kotov, A. Cladocera (Crustacea, Branchiopoda) of Central Yakutia. 4. Taxonomical-faunistic and zoogeographical analysis. Zool. Zhurnal 2015, 94, 1367–1378. [Google Scholar]

	



Klimovsky, A.I.; Kotov, A.A. Cladocera (Crustacea, Branchiopoda) of Central Yakutia 3. Taxa from the Chydorus sphaericus s.l. species group (Anomopoda, Chydoridae). Zool. Zhurnal 2015, 94, 1257–1267. [Google Scholar]

	



Klimovsky, A.I.; Sinev, A.Y.; Bekker, E.I.; Kotov, A.A. Cladocera (Crustacea, Branchiopoda) of Central Yakutia 2. Some representatives of the families Bosminidae, Eurycercidae and Chydoridae. Zool. Zhurnal 2015, 94, 1009–1022. [Google Scholar]

	



Novichkova, A.A.; Chertoprud, E.S. The freshwater crustaceans (Cladocera: Copepoda) of Bering Island (Commander Islands, Russian Far East): Species richness and taxocene structure. J. Nat. Hist. 2016, 50, 1357–1368. [Google Scholar] [CrossRef]

	



Novichkova, A.A.; Azovsky, A.I. Factors affecting regional diversity and distribution of freshwater microcrustaceans (Cladocera, Copepoda) at high latitudes. Polar Biol. 2017, 40, 185–198. [Google Scholar] [CrossRef]

	



Trofimova, T.P.; Zhirkov, I.I.; Zhirkov, K.I.; Sobakina, I.G.; Ivanov, K.P. Recent state of the lakes of the Yana River basin. Vest. North-East. Fed. Univ. Earth Sci. 2018, 2, 32–40. [Google Scholar]

	



Chertoprud, E.S.; Novichkova, A.A. Crustaceans in the meiobenthos and plankton of the thermokarst lakes and polygonal ponds in the Lena River Delta (Northern Yakutia, Russia): Species composition and factors regulating assemblage structures. Water 2021, 13, 1936. [Google Scholar] [CrossRef]

	



Kotov, A.A.; Karabanov, D.P.; Bekker, E.I.; Neretina, T.V.; Taylor, D.J. Phylogeography of the Chydorus sphaericus Group (Cladocera: Chydoridae) in the Northern Palearctic. PLoS ONE 2016, 11, e0168711. [Google Scholar] [CrossRef] [PubMed]

	



Kotov, A.A.; Garibian, P.G.; Bekker, E.I.; Taylor, D.J.; Karabanov, D.P. A new species group from the Daphnia curvirostris species complex (Cladocera: Anomopoda) from the eastern Palaearctic: Taxonomy, phylogeny and phylogeography. Zool. J. Linn. Soc. 2021, 191, 772–822. [Google Scholar] [CrossRef]

	



Bekker, E.I.; Karabanov, D.P.; Galimov, Y.R.; Haag, C.R.; Neretina, T.V.; Kotov, A.A. Phylogeography of Daphnia magna Straus (Crustacea: Cladocera) in Northern Eurasia: Evidence for a deep longitudinal split between mitochondrial lineages. PLoS ONE 2018, 13, e0194045. [Google Scholar] [CrossRef] [PubMed]

	



Bekker, E.I.; Kotov, A.A.; Taylor, D.J. A revision of the subgenus Eurycercus (Eurycercus) Baird, 1843 emend. nov. (Cladocera: Eurycercidae) in the Holarctic with the description of a new species from Alaska. Zootaxa 2012, 3206, 1–40. [Google Scholar] [CrossRef]

	



Xu, S.; Hebert, P.D.N.; Kotov, A.A.; Cristescu, M.E. The noncosmopolitanism paradigm of freshwater zooplankton: Insights from the global phylogeography of the predatory cladoceran Polyphemus pediculus (Linnaeus, 1761) (Crustacea, Onychopoda). Mol. Ecol. 2009, 18, 5161–5179. [Google Scholar] [CrossRef]

	



Garibian, P.G.; Neretina, A.N.; Taylor, D.J.; Kotov, A.A. Partial revision of the neustonic genus Scapholeberis Schoedler, 1858 (Crustacea: Cladocera): Decoding of the barcoding results. PeerJ 2020, 8, e10410. [Google Scholar] [CrossRef]

	



Haney, R.A.; Taylor, D.J. Testing paleolimnological predictions with molecular data: The origins of Holarctic Eubosmina. J. Evol. Biol. 2003, 16, 871–882. [Google Scholar] [CrossRef]

	



Belyaeva, M.; Taylor, D.J. Cryptic species within the Chydorus sphaericus species complex (Crustacea: Cladocera) revealed by molecular markers and sexual stage morphology. Mol. Phylogenet. Evol. 2009, 50, 534–546. [Google Scholar] [CrossRef]

	



Adamowicz, S.J.; Petrusek, A.; Colbourne, J.K.; Hebert, P.D.N.; Witt, J.D.S. The scale of divergence: A phylogenetic appraisal of intercontinental allopatric speciation in a passively dispersed freshwater zooplankton genus. Mol. Phylogenet. Evol. 2009, 50, 423–436. [Google Scholar] [CrossRef]

	



Petrusek, A.; Hobaek, A.; Nilssen, J.P.; Skage, M.; Černý, M.; Brede, N.; Schwenk, K. A taxonomic reappraisal of the European Daphnia longispina complex (Crustacea, Cladocera, Anomopoda). Zool. Scr. 2008, 37, 507–519. [Google Scholar] [CrossRef]

	



Schwenk, K.; Posada, D.; Hebert, P.D. Molecular systematics of European Hyalodaphnia: The role of contemporary hybridization in ancient species. Proc. Biol. Sci. 2000, 267, 1833–1842. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, D.J.; Finston, T.L.; Hebert, P.D.N. Biogeography of a widespread freshwater crustacean: Pseudocongruence and cryptic endemism in the North American Daphnia laevis complex. Evolution 1998, 52, 1648–1670. [Google Scholar] [CrossRef] [PubMed]

	



Ishida, S.; Taylor, D.J. Quaternary diversification in a sexual Holarctic zooplankter, Daphnia galeata. Mol. Ecol. 2007, 16, 569–582. [Google Scholar] [CrossRef] [PubMed]

	



Ishida, S.; Taylor, D.J. Mature habitats associated with genetic divergence despite strong dispersal ability in an arthropod. BMC Evol. Biol. 2007, 7, 52. [Google Scholar] [CrossRef] [PubMed]

	



Weider, L.J.; Hobaek, A.; Colbourne, J.K.; Crease, T.J.; Dufresne, F.; Hebert, P.D.N. Holarctic phylogeography of an asexual species complex. I. Mitochondrial DNA variation in Arctic Daphnia. Evolution 1999, 53, 777–792. [Google Scholar] [CrossRef]

	



Colbourne, J.K.; Crease, T.J.; Weider, L.J.; Hebert, P.D.N.; Duferesne, F.; Hobaek, A. Phylogenetics and evolution of a circumarctic species complex (Cladocera: Daphnia pulex). Biol. J. Linn. Soc. 1998, 65, 347–365. [Google Scholar] [CrossRef]

	



Crease, T.J.; Omilian, A.R.; Costanzo, K.S.; Taylor, D.J. Transcontinental phylogeography of the Daphnia pulex species complex. PLoS ONE 2012, 7, e46620. [Google Scholar] [CrossRef]

	



Taylor, D.J.; Connelly, S.J.; Kotov, A.A. The Intercontinental phylogeography of neustonic daphniids. Sci. Rep. 2020, 10, 1818. [Google Scholar] [CrossRef]

	



Korovchinsky, N.M.; Kotov, A.A.; Sinev, A.Y.; Neretina, A.N.; Garibian, P.G. Water Fleas (Crustacea: Cladocera) of North Eurasia. Vol. 2.; KMK Press: Moscow, Russia, 2021. [Google Scholar]

	



Zuykova, E.I.; Bochkarev, N.A.; Katokhin, A.V. Identification of the Daphnia species (Crustacea: Cladocera) in the lakes of the Ob and Yenisei River basins: Morphological and molecular phylogenetic approaches. Hydrobiologia 2013, 715, 135–150. [Google Scholar] [CrossRef]

	



Zuykova, E.I.; Simonov, E.P.; Bochkarev, N.A.; Taylor, D.J.; Kotov, A.A. Resolution of the Daphnia umbra problem (Crustacea: Cladocera) using an integrated taxonomic approach. Zool. J. Linn. Soc. 2018, 184, 969–998. [Google Scholar] [CrossRef]

	



Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947–2948. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 2019, 20, 1160–1166. [Google Scholar] [CrossRef] [PubMed]

	



Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 1999, 41, 95–98. [Google Scholar]

	



Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 2003, 52, 696–704. [Google Scholar] [CrossRef]

	



Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. jModelTest 2: More models, new heuristics and parallel computing. Nat. Methods 2012, 9, 772. [Google Scholar] [CrossRef]

	



Tavaré, S.; Miura, R.M. Lectures on mathematics in the life sciences. Lect. Math. Life Sci. 1986, 17, 57–86. [Google Scholar]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef]

	



Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4, 406–425. [Google Scholar] [CrossRef]

	



Ronquist, F.; Huelsenbeck, J.P. MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 2003, 19, 1572–1574. [Google Scholar] [CrossRef]

	



Rambaut, A.; Drummond, A.J.; Xie, D.; Baele, G.; Suchard, M.A. Posterior summarization in Bayesian phylogenetics using Tracer 1.7. Syst. Biol. 2018, 67, 901–904. [Google Scholar] [CrossRef]

	



Helaers, R.; Milinkovitch, M.C. MetaPIGA v2.0: Maximum likelihood large phylogeny estimation using the metapopulation genetic algorithm and other stochastic heuristics. BMC Bioinform. 2010, 11, 379. [Google Scholar] [CrossRef] [PubMed]

	



Gouy, M.; Guindon, S.; Gascuel, O. SeaView version 4: A multiplatform graphical user interface for sequence alignment and phylogenetic tree building. Mol. Biol. Evol. 2010, 27, 221–224. [Google Scholar] [CrossRef] [PubMed]

	



Bandelt, H.J.; Forster, P.; Rohl, A. Median-joining networks for inferring intraspecific phylogenies. Mol. Biol. Evol. 1999, 16, 37–48. [Google Scholar] [CrossRef] [PubMed]

	



Librado, P.; Rozas, J. DnaSP v5: A software for comprehensive analysis of DNA polymorphism data. Bioinformatics 2009, 25, 1451–1452. [Google Scholar] [CrossRef]

	



Fu, Y.X.; Li, W.H. Statistical tests of neutrality of mutations. Genetics 1993, 133, 693–709. [Google Scholar] [CrossRef]

	



Tajima, F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics 1989, 123, 585–595. [Google Scholar] [CrossRef]

	



Excoffier, L.; Lischer, H.E.L. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux and Windows. Mol. Ecol. Resour. 2010, 10, 564–567. [Google Scholar] [CrossRef]

	



Zuykova, E.I.; Bochkarev, N.A.; Taylor, D.J.; Kotov, A.A. Unexpected endemism in the Daphnia longispina complex (Crustacea: Cladocera) in Southern Siberia. PLoS ONE 2019, 14, e0221527. [Google Scholar] [CrossRef]

	



Zuykova, E.I.; Bochkarev, N.A.; Katokhin, A.V. Molecular genetic identification and phylogeny of Daphnia species (Crustacea, Cladocera) from water bodies of Lake Chany basin. Genetika 2013, 49, 235–243. [Google Scholar] [CrossRef]

	



Zuykova, E.I.; Bochkarev, N.A.; Kotov, A.A. Specific and Genetic Structure of the Daphnia longispina s. l. Complex (Cladocera, Daphniidae) in Water Bodies of Southern Siberia. Biol. Bull. Russ. Acad. Sci. 2021, 48, 880–891. [Google Scholar] [CrossRef]

	



Nilssen, J.P.; Hobæk, A.; Petrusek, A.; Skage, M. Restoring Daphnia lacustris G.O. Sars, 1862 (Crustacea, Anomopoda): A cryptic species in the Daphnia longispina group. Hydrobiologia 2007, 594, 5–17. [Google Scholar] [CrossRef]

	



Jeffery, N.W.; Elías-Gutiérrez, M.; Adamowicz, S.J. Species diversity and phylogeographical affinities of the Branchiopoda (Crustacea) of Churchill, Manitoba, Canada. PLoS ONE 2011, 6, e18364. [Google Scholar] [CrossRef] [PubMed]

	



Weider, L.J.; Hobæk, A. Postglacial dispersal, glacial refugia, and clonal structure in Russian/Siberian populations of the arctic Daphnia pulex complex. Heredity 1997, 78, 363–372. [Google Scholar] [CrossRef]

	



Tsugeki, N.K.; Honjo, M.N.; Kuwae, M. Interspecific variation in ephippial size between Daphnia galeata and D. pulicaria in Lake Biwa, Japan. Limnology 2021, 22, 197–207. [Google Scholar] [CrossRef]

	



Taylor, D.J.; Hebert, P.D.; Colbourne, J.K. Phylogenetics and evolution of the Daphnia longispina group (Crustacea) based on 12S rDNA sequence and allozyme variation. Mol. Phylogenet. Evol. 1996, 5, 495–510. [Google Scholar] [CrossRef]

	



Penton, E.H.; Crease, T.J. Evolution of the transposable element Pokey in the ribosomal DNA of species in the subgenus Daphnia (Crustacea: Cladocera). Mol. Biol. Evol. 2004, 21, 1727–1739. [Google Scholar] [CrossRef]

	



Alonso, M. Crustacea: Branchiopoda, Fauna Iberica; Consejo Superior de Investigaciones Cientificas: Madrid, Spain, 1996; ISBN 978-8400075712. [Google Scholar]

	



Novichkova, A.A.; Kotov, A.A.; Chertoprud, E.S. Freshwater crustaceans of Bykovsky Peninsula and neighboring territory (Northern Yakutia, Russia). Arthropoda Sel. 2020, 29, 1–12. [Google Scholar] [CrossRef]

	



Hebert, P.D.N.; Hann, B.J. Patterns in the composition of Arctic tundra pond microcrustacean communities. Can. J. Fish. Aquat. Sci. 1986, 43, 1416–1425. [Google Scholar] [CrossRef]

	



Rautio, M. Community structure of crustacean zooplankton in subarctic ponds—Effects of altitude and physical heterogeneity. Ecography 1998, 21, 327–335. [Google Scholar] [CrossRef]

	



Pinel-Alloul, B.; Patoine, A.; Marty, J. Multi-scale and multi-system perspectives of zooplankton structure and function in Canadian freshwaters. Can. J. Fish. Aquat. Sci. 2021, 78, 1543–1562. [Google Scholar] [CrossRef]

	



Schartau, A.K.; Mariash, H.L.; Christoffersen, K.S.; Bogan, D.; Dubovskaya, O.P.; Fefilova, E.B.; Hayden, B.; Ingvason, H.R.; Ivanova, E.A.; Kononova, O.N.; et al. First circumpolar assessment of Arctic freshwater phytoplankton and zooplankton diversity: Spatial patterns and environmental factors. Freshw. Biol. 2021, 67, 141–158. [Google Scholar] [CrossRef]

	



Dimante-Deimantovica, I.; Walseng, B.; Chertoprud, E.; Novichkova, A. New and previously known species of Copepoda and Cladocera (Crustacea) from Svalbard, Norway—Who are they and where do they come from? Fauna Norv. 2018, 38, 18–29. [Google Scholar] [CrossRef]

	



Marková, S.; Maurone, C.; Racchetti, E.; Bartoli, M.; Rossi, V. Daphnia diversity in water bodies of the Po River Basin. J. Limnol. 2017, 76, 261–271. [Google Scholar] [CrossRef]

	



Dubovskaya, O.P.; Kotov, A.A.; Korovchinsky, N.M.; Smirnov, N.N.; Sinev, A.Y. Zooplankton of lakes in the spurs of the Putorana Plateau and adjacent territories (North of Krasnoyarsk Krai). Contemp. Probl. Ecol. 2010, 3, 401–434. [Google Scholar] [CrossRef]

	



Fefilova, E.B.; Kononova, O.N.; Dubovskaya, O.P.; Khokhlova, L.G. The current state of zooplankton in the lake system of Bol’shezemel’skaya tundra. Inland Water Biol. 2012, 5, 333–341. [Google Scholar] [CrossRef]

	



Fefilova, E.; Dubovskaya, O.; Kononova, O.; Frolova, L.; Abramova, E.; Nigamatzyanova, G. Data on taxa composition of freshwater zooplankton and meiobenthos across Arctic regions of Russia. Data Brief 2021, 36, 107112. [Google Scholar] [CrossRef]

	



Neretina, A.N.; Gololobova, M.A.; Neplyukhina, A.A.; Zharov, A.A.; Rogers, C.D.; Horne, D.J.; Protopopov, A.V.; Kotov, A.A. Crustacean remains from the Yuka mammoth raise questions about non-analogue freshwater communities in the Beringian region during the Pleistocene. Sci. Rep. 2020, 10, 859. [Google Scholar] [CrossRef]

	



Avise, J.C. Phylogeography: The History and Formation of Species; Harvard University Press: Cambridge, MA, USA, 1999; ISBN 978-0674666382. [Google Scholar]

	



Ishida, S.; Takahashi, A.; Matsushima, N.; Yokoyama, J.; Makino, W.; Urabe, J.; Kawata, M. The long-term consequences of hybridization between the two Daphnia species, D. galeata and D. dentifera, in mature habitats. BMC Evol. Biol. 2011, 11, 209. [Google Scholar] [CrossRef]

	



Ma, X.; Petrusek, A.; Wolinska, J.; Gieβler, S.; Zhong, Y.; Yang, Z.; Hu, W.; Yin, M. Diversity of the Daphnia longispina species complex in Chinese lakes: A DNA taxonomy approach. J. Plankton Res. 2015, 37, 56–65. [Google Scholar] [CrossRef]

	



Möst, M.; Petrusek, A.; Sommaruga, R.; Juračka, P.J.; Slusarczyk, M.; Manca, M.; Spaak, P. At the edge and on the top: Molecular identification and ecology of Daphnia dentifera and D. longispina in high-altitude Asian lakes. Hydrobiologia 2013, 715, 51–62. [Google Scholar] [CrossRef]

	



Karabanov, D.P.; Bekker, E.I.; Kotov, A.A. Underestimated consequences of biological invasions in phylogeographic reconstructions as seen in Daphnia magna (Crustacea, Cladocera). Zool. Zhurnal 2020, 99, 1232–1241. [Google Scholar] [CrossRef]

	



Mergeay, J.; Verschuren, D.; De Meester, L. Invasion of an asexual American water flea clone throughout Africa and rapid displacement of a native sibling species. Proc. Biol. Sci. 2006, 273, 2839–2844. [Google Scholar] [CrossRef] [PubMed]

	



Duggan, I.; Robinson, K.; Burns, C.; Banks, J.; Hogg, I. Identifying invertebrate invasions using morphological and molecular analyses: North American Daphnia ‘pulex’ in New Zealand fresh waters. AI 2012, 7, 585–590. [Google Scholar] [CrossRef]

	



Ye, Z.; Williams, E.; Zhao, C.; Burns, C.W.; Lynch, M. The rapid, mass invasion of New Zealand by North American Daphnia “pulex”. Limnol. Oceanogr. 2021, 66, 2672–2683. [Google Scholar] [CrossRef]








[image: Water 14 01946 g001 550] 





Figure 1. Map of the Daphnia sampling localities and species distribution in the water bodies of Russian part of the arctic–subarctic zone; red circle—D. longispina s.str., yellow circle—D. dentifera, upside black triangle—D. galeata, red triangle—D. umbra, blue square—D. cristata, turquois square—D. longiremis, blue diamond—D. curvirostris, black triangle—D. middendorffiana, green triangle—D. pulex. Numbers of sampling sites correspond to Table S1. 
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Figure 2. Bayesian phylogenetic tree for the Daphnia species based on the 12S sequences (original and obtained from the GenBank database, Table S2). Bayesian posterior probabilities BI and bootstrap values from ML analysis above 72% expressed as a percentage are indicated for each significant node; red *—new nucleotide sequences; blue—ambiguous specific status of the GenBank sequences. Scale is given in expected substitutions per site. 
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Figure 3. Bayesian phylogenetic trees for the Daphnia longispina (A) and Daphnia pulex (B) complexes are reconstructed based on the fragments of the 12S gene of the mtDNA (GTR+I+G, α = 0.61). Note that D. curvirostris is not represented here, see Figure 2. Posterior probabilities BI and bootstrap values from ML analysis above 72% expressed as a percentage are indicated for each significant node; red *—new nucleotide sequences; blue—ambiguous specific status. The scale is given in expected substitutions per site. 
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Figure 4. Phylogenetic tree for Daphnia dentifera reconstructed based on original and obtained from the GenBank database 12S haplotypes (A) and median-joining network for the clades III and IV (B). The scale is given in expected substitutions per site. 
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Figure 5. Phylogenetic tree for species of the Daphnia pulex complex reconstructed based on original and obtained from the GenBank database 12S haplotypes (A); median-joining networks for Dp_II clade (B) and D. middendorffiana clade (C). The scale is given in expected substitutions per site. 
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Table 1. Evolutionary divergence over sequence pairs within and between Daphnia species (below the diagonal—uncorrected p-distances, %; above the diagonal—standard error estimates) based on the full 12S dataset (original sequences plus GenBank). The analysis involved 295 nucleotide sequences. Note: 1—D. longispina s.str. “Siberian” clade A; 2—D. longispina s.str. “European” clade B; 3—D. dentifera; 4—D. galeata; 5—D. umbra; 6—D. curvirostris; 7—D. cristata; 8—D. longiremis; 9—D. middendorffiana; 10—D. pulex LIII; 11—D. pulex LI; 12—D. pulex LII; 13—D. parvula; 14—D. obtusa; 15—D. ambigua.
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	Within Species
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15





	1
	0.3 ± 0.1
	
	0.5
	0.7
	1.0
	1.3
	1.5
	1.5
	1.5
	1.6
	1.6
	1.6
	1.7
	1.6
	1.5
	1.6



	2
	0.7 ± 0.2
	2.0
	
	0.7
	1.0
	1.2
	1.5
	1.5
	1.5
	1.6
	1.6
	1.6
	1.7
	1.6
	1.5
	1.6



	3
	0.3 ± 0.1
	3.5
	3.5
	
	1.1
	1.2
	1.5
	1.5
	1.6
	1.6
	1.6
	1.6
	1.7
	1.6
	1.5
	1.6



	4
	0.6 ± 0.2
	7.1
	7.9
	7.8
	
	1.3
	1.6
	1.5
	1.5
	1.6
	1.6
	1.6
	1.7
	1.7
	1.5
	1.6



	5
	1.1 ± 0.3
	12.7
	12.9
	12.4
	13.3
	
	1.4
	1.6
	1.6
	1.6
	1.6
	1.6
	1.7
	1.7
	1.6
	1.6



	6
	0.9 ± 0.2
	18.2
	17.7
	18.1
	18.6
	18.2
	
	1.6
	1.6
	1.6
	1.6
	1.6
	1.7
	1.7
	1.5
	1.6



	7
	0.1 ± 0.1
	17.3
	17.8
	17.6
	17.1
	18.5
	18.2
	
	1.3
	1.6
	1.5
	1.6
	1.6
	1.6
	1.4
	1.4



	8
	0.1 ± 0.1
	18.8
	18.5
	19.4
	18.1
	18.9
	19.2
	11.9
	
	1.6
	1.6
	1.6
	1.6
	1.6
	1.5
	1.6



	9
	1.2 ± 0.2
	22.3
	22.7
	22.6
	21.6
	21.2
	21.7
	19.8
	19.3
	
	0.9
	1.0
	0.6
	1.4
	1.2
	1.4



	10
	1.0 ± 0.1
	23.0
	23.7
	23.1
	22.2
	21.7
	22.7
	19.5
	20.7
	5.9
	
	1.0
	0.6
	1.4
	1.3
	1.4



	11
	0.4 ± 0.2
	23.1
	23.6
	23.1
	22.5
	22.6
	22.7
	19.8
	20.7
	7.4
	6.9
	
	0.9
	1.3
	1.3
	1.5



	12
	1.9 ± 0.5
	23.8
	24.3
	24.1
	22.4
	22.1
	23.0
	21.1
	20.3
	3.2
	6.2
	7.6
	
	1.5
	1.2
	1.4



	13
	0.2 ± 0.2
	22.7
	23.1
	23.1
	23.8
	24.1
	21.3
	20.5
	20.0
	14.0
	14.3
	12.6
	15.0
	
	1.3
	1.4



	14
	6.3 ± 0.7
	22.0
	22.2
	22.2
	21.7
	22.5
	19.1
	18.1
	18.7
	12.7
	13.0
	13.1
	13.4
	11.8
	
	1.5



	15
	1.3 ± 0.2
	21.5
	22.1
	22.7
	22.5
	21.7
	21.7
	18.1
	20.2
	14.9
	16.2
	17.1
	16.1
	17.2
	16.1
	










[image: Table] 





Table 2. Polymorphism of the 12S gene fragment of mtDNA for Daphnia species and neutrality tests based on original sequences only. Note: n—number of sequences used; S—polymorphic (segregating) sites; h—number of haplotypes; Hd—haplotype (gene) diversity; π—nucleotide diversity; st.d.—standard deviation; * p < 0.05, *** p < 0.001.
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	Species
	n
	h
	S
	Hd ± st.d.
	π ± st.d.
	Tajima’s D
	Fu’s FS





	D. longispina s.str. clade A
	20
	8
	10
	0.805 ± 0.070
	0.0029 ± 0.0007
	−1.421
	−2.851 *



	D. longispina s.str. clade B
	4
	4
	8
	1.000 ± 0.177
	0.0073 ± 0.0016
	−0.446
	−0.768



	D. dentifera
	45
	16
	22
	0.665 ± 0.080
	0.0032 ± 0.0006
	−2.087 **
	−9.913 **



	D. galeata
	18
	11
	20
	0.915 ± 0.050
	0.0064 ± 0.0011
	−1.462
	−3.550 *



	D. umbra
	9
	5
	12
	0.833 ± 0.098
	0.0095 ± 0.0013
	1.045
	1.386



	D. curvirostris
	15
	8
	21
	0.848 ± 0.071
	0.0103 ± 0.0016
	−0.377
	0.278



	D. cristata
	16
	5
	4
	0.533 ± 0.142
	0.0011 ± 0.0003
	0
	1.061



	D. longiremis
	8
	3
	2
	0.607 ± 0.164
	0.0012 ± 0.0004
	1.826
	13.378



	D. middendorffiana
	43
	17
	34
	0.907 ± 0.029
	0.0115 ± 0.0006
	−0.113
	−0.047



	D. pulex
	73
	40
	130
	0.941 ± 0.019
	0.0231 ± 0.0045
	−2.293 **
	−5.486 **
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