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Abstract

:

Niphargus carolinensis sp. nov. was sampled from the Carolina Mine located in North Rhine–Westphalia, Germany. The new species is described and compared to phylogenetically related species and species identified in nearby locations. The three phylogenetic markers (i.e., COI, 28S rRNA and ITS2) studied in the examined specimens had different sequences compared to those belonging to species present in locations neighboring the Carolina Mine, i.e., in a radius of 40 km. N. carolinensis sp. nov. is a small-to-medium-sized species that is poorly setose; has a relatively short antenna I, trapezoidal gnathopod propodites, long pereopod VI, and short uropod III; and is not differentiated sexually. The new species described herein is a case of narrow endemism and adds to the diversity of the genus Niphargus in Germany. This work is a contribution to knowledge on groundwater amphipod diversity and the systematics of the genus Niphargus close to the northern border of the distribution of this genus.
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1. Introduction


With over 400 species [1], Niphargus is the most speciose subterranean amphipod genus; it is also the genus with the highest number of species in freshwater. It is widely distributed from Spain [2] to Iran [3], being almost completely missing in areas previously covered by the Late Quaternary ice sheets in the northern part of Europe. While it has a large number of species with mostly small distribution areas in the south of its range, the species’ richness decreases toward the north. At the same time, the distribution area of the individual species expands. Genus Niphargus, thus, follows the Rapoport rule [4].



In Germany [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22], approximately 17 species of the Family Niphargidae are known [23], of which 7 are recorded in the federal state of North Rhine–Westphalia, i.e., Niphargellus nolli Schellenberg, 1938, Niphargus aquilex Schiodte, 1855, Niphargus schellenbergi (S. Karaman, 1932), Niphargus puteanus (Koch, 1836), Niphargus fontanus (Bate, 1859), Niphargus kochianus (Bate, 1859), Niphargus stygius (Schiodte, 1847) (its presence being strongly questioned) and Niphargus stadleri S. (Karaman, 1932) [18,20,24]. N. stadleri was synonymized with N. puteanus [20].



Here, we present a new species, which, in spite of intensive searches in the near (circle around the type locality with a radius of 2 km) and far (Germany, Luxembourg, Belgium) surroundings, could only be found in one mine and is, therefore, according to current knowledge, narrowly endemic.




2. Materials and Methods


2.1. Sampling


From 2015 to 2022, 6798 niphargids were collected from 917 locations (caves, artificial cavities, springs, river interstitial sites, wells) in Germany (Figure 1A) and identified morphologically [10,14,23,25]. In total, 824 specimens in 96 locations (5 river interstitial sites, 7 helocrene sites, 3 limnocrene sites, 54 rheocrene springs, 2 spring basins, 13 caves, 11 artificial caverns and 1 shaft well) originated from North Rhine–Westphalia, of which 135 specimens were analyzed in order to determine their COI, 28S rRNA, and ITS2 sequences. The closest caves where we collected Niphargus successfully were Gesshardshöhle (51.26° N, 7.65° E) and Kückelshauser Klutert (51.34° N, 7.44° E).




2.2. Sampling Site


Niphargus carolinensis sp. nov. was found in the Carolina Mine (51.25 °N, 7.64 °E), which is an abandoned copper ore mine (Figure 2). It consists of a lower adit, which is no longer accessible, and an upper adit [26], where Niphargus carolinensis sp. nov. was found. In 1755, the upper adit was originally 48 m long and re-opened [26]. Soon after 1764, at 71 m from the adit entrance, ore containing rock was reached, and it was excavated up to 8 m above the adit [26]. At various heights, wooden crossbeams were installed between the walls at this time, supporting a platform to enable mining upwards [26]. These beams broke, at least partially, and are now lying in the gently flowing stream of the gallery. After 95 m, the gallery is collapsed. The main waterflow emerges from this collapse, and it cannot be pursued further. A breakthrough to a former daytime shaft and, thus, a ventilation system are, therefore, no longer present [26]. The broken beams can well be seen via this link: https://www.youtube.com/watch?v=Znkw4sbR7qA (accessed on 22 October 2023). The German hardness of the water of the Carolina Mine is 6°, and its temperature is 8.5 °C.



During 11–12 May 2018, baits were placed at different distances from the entrance in the Carolina Mine. Holes of 5 mm were drilled in the sides of plastic cups. The cups were placed upright in gently flowing water, so that the upper part of the cup was above the water surface. Chicken liver (approximately 10 g) was placed into the cups. The contents were emptied the following day and analyzed using the binocular equipment. Two spe-cimens of Niphargus carolinensis sp. nov. were found at a distance of 10 m from the adit mouth eaves, 3 specimens were found 20 m from the eaves and 4 specimens were found 80–85 m from the eaves (Figure 2, Table 1).



Collecting was repeated on 5 February 2022, as first sequences indicated that a new species was found. In particular, all gravel banks were examined according to the Karaman–Chappuis method [27]. No niphargids were found. At a distance of 90 m from the eaves, one specimen was captured by hand, and 95 were captured from the eaves. In the area of the wooden shoring, another three specimens were captured (Table 1).



After it was obvious that Niphargus carolinensis sp. nov. was mainly found under collapsed wooden crossbeams, a further eight specimens were captured on 6/7 September 2022 using three baits of chicken liver (Table 1). Another bait placed 90 m from the eaves into a larger lake did not yield any niphargids.



The methods used for storing the samples are shown in Table 1.




2.3. Laboratory Work


The DNA of three individuals was extracted from one pereopod using the NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Germany), according to the instructions provided by the manufacturer. DNA isolates were stored at −20 °C in the collections of the Evolutionary Biology and Ecology research unit of the Université Libre de Bruxelles and the Senckenberg German Entomological Institute (Table 1).



Polymerase chain reaction (PCR) was performed to amplify the standard barcoding fragment of the cytochrome c oxidase subunit 1 gene (COI) [28], using the primer pair HCO2198-JJ and LCO1490-JJ [29] (10 pmol/μL), premixed at a ratio of 1:1. A list of primers, together with their nucleotide sequence, for both PCR and sequencing is provided in Table 2. For COI, the PCR mix contained 1.5 μL DNA extract (with varying concentrations, not measured), 1 μL of primer mix, 5 µL of “DreamTaq DNA Polymerase” (Thermo Scientific, Macquarie Park, Australia) and 5 µL of ultrapure water. PCR cycling conditions were an initial 5 min denaturation step at 95 °C, 38 cycles of 30 s of denaturation at 95 °C, 90 s of annealing at 49 °C, 60 s of extension at 72 °C and a final elongation step of 30 min at 68 °C.



A fragment of the nuclear 28S ribosomal RNA gene (28S rRNA) was analyzed using the PCR primer Niph15 and Niph16 [30]. The PCR mixture for the 28S rRNA marker contained 2 μL of DNA extract (with varying concentration), 1 μL of each primer (10 pmol/μL), 0.2 μL of REDTaq polymerase (Sigma-Aldrich, St. Louis, MI, USA), 5 µL of REDTaq reaction buffer and 15.8 µL of ultrapure water. PCR cycling conditions for 28S rRNA were an initial 3-minute denaturation at 95 °C, 56 cycles of 30 s of denaturation at 94 °C, 60 s of annealing at 45 °C and 90 s of extension at 72 °C.



The nuclear internal transcribed spacer 2 (ITS2) marker was analyzed using the PCR primer pair shown in [31], which was premixed at a ratio of 1:1. The PCR mix for the ITS2 marker contained 1 μL of DNA extract (with varying concentration), 1 μL of primer mix (10 pmol/μL), 7.5 μL of Qiagen mix and 5.5 µL of ultrapure water. PCR cycling conditions were an initial 5 min denaturation step at 95 °C, 35 cycles of 30 s of denaturation at 95 °C, 90 s of annealing at 52 °C, 60 s of extension at 72 °C and a final elongation step of 30 min at 68 °C.



Bidirectional Sanger sequencing was performed at Genoscreen (Lille, France) or Macrogen (Amsterdam, The Netherlands). For COI and ITS2, the same primers as for PCR amplification were used. Moreover, 28S rRNA was sequenced with three primers: Niph15, Niph20 and Niph21.



To compare new findings with other findings, we sequenced 137 specimens of the genus Niphargus from North Rhine–Westphalia, mainly using those from one collecting site. From the Carolina Mine and, therefore, from the new species, three specimens were sequenced (Table 1).



The sequences were deposited in GenBank (Table 1).




2.4. Sequence Analysis


Chromatograms were assembled into contigs using Sequencher version 4.1.4 (Gene Codes Corporation, Ann Arbor, MI, USA) and inspected visually.



We downloaded all COI sequences from relevant species from North Rhine–Westphalia present in GenBank (www.ncbi.nlm.nih.gov/Genbank) in January 2023. We removed incomplete and not fully resolved sequences, obtained 316 sequences, deleted overlong sequence parts, and added to this dataset our newly achieved COI sequences of N. carolinensis. Sequences were aligned using MUSCLE [32], as implemented in Mega X [33]. This dataset was used for species delimitation.



Similarly, all 28S rRNA sequences of Niphargus were downloaded from GenBank (www.ncbi.nlm.nih.gov/Genbank) in March 2023. We removed short sequences, as well as all sequences that did not belong to the 28S rRNA fragment. We added the sequences of Microniphargus leruthi as an outgroup, as well as unpublished sequences of Niphargus irlandicus and Niphargus boulangei, as both were indicated in a preliminary test as being close to N. carolinensis. We obtained 258 sequences, trimmed the dataset to 602 columns, corresponding to fewer base pairs in one specimen, and used DNAcollapser [34] to remove duplicates. We aligned the dataset using MAFFT [35] version 7 with iterative refinement method E-INS-I in the updated version of 2015. Phylogenetic trees were performed in MEGA X [33] using p-distances with 1000 bootstrap replicates according to the Bayesian Information Criterion [36].



Internal transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed spacer 2 complete sequences (ITS) were downloaded from Genbank (www.ncbi.nlm.nih.gov/Genbank, accessed 9 October 2022) for all available species known to exist in Germany: Niphargus hrabei, Niphargus schellenbergi, Niphargus thienemanni and Niphargus tonywhitteni, with a final set of 167 sequences. Sequences were aligned using MUSCLE [32], as implemented in Mega X [33].



The sequences of the new species were compared to published sequences using Nucleotide Blast [37] to make sure the species is not known to exist outside Germany. Species delimitation was carried out using Automatic Barcode Gap Discovery (ABGD) [38] and Assemble Species via Automatic Partitioning (ASAP) [39].




2.5. Morphological Analysis


At the laboratory, the specimens (DW220205-01 male and DW 220907-01 female) were immersed in glycerol, and the dissected body appendages were mounted on slides using Kaiser’s glycerol gelatin (Merck KGaA, Darmstadt, Germany). The slides were inspected with an Olympus SZX16 stereomicroscope and provided with an Olympus SC180 camera and a microscope Olympus BX51, as well as the Olympus SC50 camera. The drawings were performed upon printed photographs via manual inking and the continuous inspection of the slides under the microscope. The terminology used for body parts, as well as the choice of appendages taken into consideration for measurements, are those previously described [40].





3. Results


3.1. Molecular Identification


All three sequenced specimens have identical COI. Comparing the sequences in Nucleotide Blast did not yield any closely related species.



Comparing the 28S rRNA sequence in Nucleotide Blast did not yield any closely related sequences. The closest relatives are Niphargus aff. fontanus (up to 90%), Niphargus aff. aquilex (up to 90%), Niphargus enslini (90%) and Niphargus puteanus (up to 90%).



ITS2 did not reveal any closely related species: Niphargus racovitzai (87%), Niphargus pontoruffoi (87%) and Niphargus dobrogicus (87%) were the most closely related species.



The Neighbor Joining (NJ) tree of the 28S rRNA placed N. irlandicus/glenniei clade as the sister clade to all other Niphargus species, and within those, Niphargus carolinensis was the sister clade to all remaining Niphargus species (Figure 3). The split of N. carolinensis to the main clade of Niphargus is of high support. The Maximum Likelihood (ML) tree yielded low support.



ABGD based on COI of the species from North Rhine–Westphalia in standard settings and all distance models resulted in 19 species (2 putative species of the N. kochianus species complex, 4 putative species of the N. puteanus species complex, 1 putative species of the N. fontanus complex, 2 putative species of the N. caspary species complex, 8 putative species of the N. aquilex species complex and 1 putative species of the N. schellenbergi complex), with N. carolinensis defined as a separate species. ASAP in standard settings results in 22 species (3 putative species of the N. kochianus species complex, 5 putative species of the N. puteanus species complex, 2 putative species of the N. fontanus species complex, 2 putative species of the N. caspary species complex, 8 putative species of the N. aquilex species complex and 1 putative species of the N. schellenbergi complex), with N. carolinensis defined as a separate species.




3.2. Morphology-Based Description


Order Amphipoda (Latreille, 1816);



Family Niphargidae (Bousfield, 1977);



Genus Niphargus (Schiödte, 1849);



Niphargus carolinensis sp. nov. (Weber and Brad, 2023).



https://zoobank.org/NomenclaturalActs/50af777d-99f8-4b8c-8986-398534020cdd.



3.2.1. Diagnosis


Small-to-medium-sized Niphargus, with little setose appendages. No outstanding diagnosis features were noticed, which would be particularly specific for the newly species herein described. The molecular evidence best supports the reason for the present species description.




3.2.2. Etymology


The species name derives from the name of the Carolina Mine in western Germany (North Rhine–Westphalia), where it was discovered.




3.2.3. Type Locality


Germany, North Rhine–Westphalia, 2 km NE Lüdenscheid, 51.25 °N and 7.64 °E of the Carolina Mine, leg. D. Weber.




3.2.4. Description


Material Examined


Holotype. Germany. Male, the Carolina Mine, North Rhine–Westphalia, Germany (Figure 1A). The holotype specimen was dissected and used here for species description.



Paratypes. Female, inspected for sexual variability. Two additional paratypes exa-mined for potential intraspecific variability.



The dissected body appendages were transferred to permanent slides and stored in the collection of Emil Racoviță Institute of Speleology, Cluj, Romania, with the inventory number DW220205-001 (male holotype) and DW220907-001 (female paratype).




Description (Male)


The total body length of the male is 8.93 mm (Figure 4A). A chart containing detailed measurements of all diagnosis-relevant body appendages is presented in Table 3.



Head: the head (Figure 4A) with no rostrum represents 7.41% of the total body length.



Antenna I: Antenna I (Figure 5A), with the main flagellum formed of 20 articles, represents approximately one third of the total body length (Table 3). The length of the antenna I peduncle is one third of the total length of antenna I. The accessory flagellum (Figure 5B) is biarticulated; the proximal article is as long as the first two articles of the main flagellum. The distal article bears apically three setae of different lengths and one aestethasc and represents one third of the total length of the accessory flagellum. Aestethascs is three quarters of the lengths of the respective flagellum articles (Figure 5C).



Antenna II: the flagellum (Figure 5D) is formed of nine articles and represents one third of the total length of antenna II.




Mouthparts


Labium (Figure 6D). Short inner lobes with no setae. Outer lobes with one row of fine setae subapically on inner sides.



Labrum (Figure 6E) is of typical, subovoid shape.



Maxilla I (Figure 6A) with six apical setae on the distal article of the palp. Six spines of the outer lobe with one tooth each and one spine with three smaller teeth. Inner lobe with two apical setae.



Maxilla II (Figure 6C) with the inner lobe slightly shorter than the outer lobe. One apical row of setae on each lobe. Four fine setae along the outer margin of inner lobe.



Left mandible (Figure 7A) with four teeth on incisor process and two teeth on lacinia mobilis. Five serrate setae and two groups with four and seven smaller setae between lacinia mobilis and the molar process, respectively.



Right mandible (Figure 7B) with three teeth on incisor process and three teeth on the lacinia mobilis, three serrate and two small setae between lacinia mobilis and the molar process and a long seta on the molar process.



The mandibular palps (Figure 7A,B) are highly similar and of the same length. The three articles of mandibular palps account for 17.9% (article 1), 35.7% (article 2) and 46.4% (article 3) of the total length of the palp (Table 3). Proximal article without setae, median article with 7–8 ventral setae and distal article of the palp with one group of 3–4 A setae, three groups with 1–2 B setae, 9–11 D setae and 4–5 E setae (for the nomenclature of mandibular palps setae, see [40].



Maxilliped (Figure 7C) with the palp formed of four articles. Article 1 with one strong seta on the inner margin, and article 2 with numerous setae aligned along the inner margin. Article 3 with one group of four setae located on the inner margin and one group of five apical setae. Article 4 with one seta located on the outer margin. The outer lobe of maxilliped with three setae, nine flattened spines and five serrated setae located apically. Inner lobe provided apically with four flattened spines and subapically with one seta.



Gnathopod I (Figure 8A) with a coxal plate in the form of a rectangular trapezoid, with a depth larger than its width (ratio depth:width 1.0:0.7). The basis length:width ratio is 1.0:0.4 (Table 3). Ischiopodite with one posteroventral group of three setae. The basis length:carpus length ratio is 1.0:0.5. The carpus has a row of nine setae of various lengths along the ventral margin and a group of five setae located anterodorsally. The propodite is slightly longer than wide and has six groups of 1–6 setae on its ventral margin, as well as two antero-dorsal groups of 4 and 7 setae and one antero-apical group of 6 setae. Two small setae are on the lateral surface of the propodite close to its ventral side, three mesial setae are on the lateral surface and one group of four setae is close to the dorsal margin. One group of three long setae is present in the vicinity of palmar corner. One strong palmar spine, one smaller spine and one outer denticulate spine is present in the palmar corner. Dactylopodite has a claw one third of the total dactylopodite length with four small setae along the outer margin.



Gnathopod II (Figure 8C) is larger than gnathopod I. The coxal plate is nearly as wide as it is deep (Table 3). The basis length:width ratio is 1.0:0.3. Ischiopodite with one posteroventral group of four setae. The basis length:carpus length ratio is 1.0:0.5. Carpus with six setae along its ventral margin, nine setae on its surface close to ventral margin and three setae located anterodorsally. The propodite has approximately the same length and width; the propodite presents in six groups of 1–9 setae on its ventral margin, one antero-dorsal group of 5 setae and one antero-apical group of 4 setae. On its surface, the propodite has three mesial groups of 1–3 small setae and three more setae closer to its ventral margin. One group of three long setae close to the palmar spine. Strong palmar spine, one smaller spine and one outer denticulate spine in palmar corner. Dactylopodite with the claw one third of the total dactylopodite length and four small setae along the outer margin.



Pereopod III (Figure 9A) with rectangular coxal plate and a ratio of depth:width 1.0:0.8 (Table 3). Dactylus (Figure 9B) with the nail measuring half of the total length of the dactylus, with one dorsal seta with plumose tip and one seta at nail base. The propodus length:dactylus length ratio is 1.0:0.5. Pereopod III is nearly equal in length to pereopod IV (the pereopod III length:pereopod IV length ratio is 1.0:0.91).



Pereopod IV (Figure 9C) with a relatively rectangular coxal plate, with a concavity on the posterior margin. The depth:maximum width ratio is 1.0:1.0. Robust dactylus (Figure 9D) with the nail measuring almost half of total dactylus length, with one dorsal seta with plumose tip and one seta at nail base. The propodus length:dactylus length ratio is 1.0:0.4.



Pereopod V (Figure 9E) with the coxal plate of irregular shape, with a deep concavity on the ventral side and one anterior seta. The basis has an ovoid–rectangular shape with an length:width ratio of 1.0:0.6, 11 groups of 1–2 short and thick setae on the posterior margin and six similar setae on the anterior margin. Two postero-apical setae. Dactylus (Figure 9F) with on seta with plumose end on the outer margin and one seta at the base of the nail, which represents 34% of the total dactylus length. The propodus length:dactylus length ratio is 1.0:0.3.



Pereopod VI (Figure 10A). With more than 4 mm, pereopod VI is the longest leg of the inspected male Niphargus carolinensis sp. nov. (Table 3). Coxal plate similar in shape to that of pereopod V, but slightly smaller, with two posterior setae. Basis with ovoid–trapezoidal shape, seven groups of 1–2 small setae on the anterior margin and 11 small setae on the posterior margin; the length:width ratio is 1.0:0.6. Dactylus (Figure 10B) with one plumose seta on the outer margin and two setae at the base of nail. Nail length is one third of the total dactylus length. The ratio of propodite length:dactylus length is 1.0:0.3.



Pereopod VII (Figure 10C). The coxal plate of pereopod VII is trapezoidal, with no setae. The base has an ovoid–trapezoidal shape, with a ratio of length:width of 1.0:0.65. The basis presents 5 thick setae on the anterior margin and 11 setae on the posterior margin. Dactylus (Figure 10D) with two plumose setae on the outer margin and two setae at the base of the nail. Nail length is one third of the total dactylus length. The ratio of propodite length:dactylus length is 1.0:0.35.



Pereopods’ V:VI:VII ratio is 1.0:1.33:1.22 (Table 3).



Pleopods are highly similar (pleopod II is depicted in Figure 11A), with equal rami and two hooks on the retinaculum.



Uropod I (Figure 11B) with two rows of 2–4 dorsal and 3 apical spines onto peduncle. The endopodite is slightly longer than the exopodite, and the ratio of endopodite length:exopodite length is 1.0:0.81. One strong spine at the base of the uropod I.



Uropod II (Figure 11C): Peduncle with two apical and no dorsal spines. The pendopodite is longer than the exopodite, and the endopodite length:exopodite length ratio is 1.0:0.87; both rami have a low number of spines.



Uropod III (Figure 11D) is short, being approximately 15% of the total body length (Table 3). Sexually not differentiated. Basipodite with two groups of four apical spine-like setae. Short endopodite, slightly less than half of basipodite, with three apical setae. The proximal segment of the exopodite is five times longer than that of the distal segment (ratio 1.0:0.18). The anterior margin of the proximal segment of exopodite has four groups of two setae, with one of them containing one plumose seta. The posterior margin of the proximal segment has three groups of 4–5 setae. The proximal segment of the exopodite is provided apically with five setae, while the distal segment has two setae.



Epimeral plates (Figure 4B): Epimeral plate I with acute postero-ventral angle. Relatively rounded ventral margin; convex posterior margin with one postero-ventral and one postero-dorsal seta. Epimeral plate II with right postero-ventral angle, convex ventral margin with two spines and a relatively straight posterior margin with three setae and one postero-dorsal seta. Epimeral plate III is slightly different compared to epimeral plates I and II, as the postero-ventral angle is rather acute, the ventral margin is straight with three spines and the posterior margin is concave to straight, with three setae and two postero-dorsal setae.



Urosomite I (Figure 4A) with two dorso-lateral spines, and urosomite II with three dorso-lateral spines of various lengths. Dorsal margin of urosomite III with no spines (Figure 4A).



Telson (Figure 11F) longer than wide (length:width ratio of 1.0:0.8). Four apical spines of different lengths, and one plumose seta on each lobe; the longest spine is slightly more than half of the total telson length (Table 3). Two fragile setae with plumose ends along each side. Three small dorsal setae at the cleft base.





3.2.5. Sexual Dimorphism


No obvious sexual dimorphism was observed. Males and females seem identical, with small differences in maxilla I, where the distal article of the palp has only four setae in the case of females (Figure 6B), compared to six setae in the case of males (Figure 6A). Gnathopods I and II are identical in shape and slightly smaller in females (Figure 8B,D). An oostegite is present next to gnathopod II in females (Figure 8D). The endopodite of the female uropod III is provided apically with only one seta (Figure 11E), compared to that of the males, which has three setae (Figure 11D).






4. Discussion


4.1. New Species


The specimens from the Carolina Mine have strong genetic variation to all other known Niphargus species. Molecular species delimitation models fail when no sequences of comparative species are available. In this case, however, all species in question have been sufficiently sequenced.



4.1.1. Position of N. carolinensis sp. nov. in the Niphargid Tree of Life


As the 28S rRNA data already indicated a low relationship between N. carolinensis and other Niphargus species, it is not a surprise that phylogenetic trees based on the COI always yielded low support. The ITS2 marker can only be used for reconstruction when dealing with sufficiently similar species, which is not the case for the species in question. In contrast, the NJ tree of the 28S rRNA gene shows the position of N. carolinensis outside the main Niphargus clade with high support and, thus, indicates a very early split of N. carolinensis from the other Niphargus species. The close relationships between N. boulangei and N. irlandicus suggested in initial tests have not been confirmed.



It is noticeable that the species delimitation according to ABGD splits numerous species deposited in Genbank into several species, which may give the impression that the method is flawed. However, we assume that, rather erroneously, several species are stored under the same name in Genbank, as we proved in the case of Niphargus aquilex [41].




4.1.2. Morphological Difference between Niphargus carolinensis sp. nov. and Species in Nearby Vicinity


Morphologically, Niphargus carolinensis sp. nov. is different from the species present in nearby locations. The first varying characteristic is the constitution of uropod III. In the case of all three species present in locations neighboring the Carolina Mine, the distal article of the exopodite of uropod III is elongated in males. This aspect is not present in the newly described species herein. This distal article of uropod III exopodite is short and identical in males and females. Adult individuals of N. schellenbergi and N. fontanus are sexually dimorphic and a lot larger compared to specimens of N. carolinensis sp. nov. Compared to Niphargus carolinensis sp. nov., N. fontanus is approximately twice as large [42].



Other similarly sized species with gnathopod II being visibly larger than gnathopod I and broad basipodites display a few morphological differences compared to N. carolinensis sp. nov., as described herein. Hence, N. laisi described from Austria has the spines on maxilla I outer lobe with 4–6 teeth and the ventral margin of gnathopods dactylopodites with only 1 seta [43]. N. renei from France has two spines on the maxilla I outer lobe with more than one tooth and only three setae on the ventral margin on gnathopods dactylopodites [44]. An outstanding character of N. arolaensis discovered in drinking water wells in Switzerland is the presence of two spiniform setae on the posteroventral angle of the first urosomite near the insertion of uropod I [45]. Most Niphargus species, including N. carolinensis sp. nov., bear only one seta in this region. Also, maxilla I of N. arolaensis is provided on its outer lobe with seven comb-like spiniform setae, and only two setae are present on the ventral margins of gnathopod dactylopodites. Compared to N. carolinensis sp. nov., N. tonywhitteni is a lot larger, and it has uropod III with an elongated second article of the exopodite and a rather different telson with respect to shape and chaetotaxy [46].



Niphargus aquilex s.str. and several species within the N. aquilex complex usually have only one seta along the outer margin of the gnathopod dactylopodites, while four setae are present in the case of N. carolinensis sp. nov. The species in N. aquilex complex that we refer to are currently under description and were collected from Luxembourg; the regions Normandy, Alsace and Lorraine (France); and the German federal states of Rhenish–Pala-tinate and Saarland.





4.2. Ecological Data


Niphargus carolinensis sp. nov. specimens were found mainly on and below the wooden crossbeams that were installed around the year 1764, or in their immediate vici-nity. N. carolinensis sp. nov. specimens probably feed on this 250-year-old wood, the only organic material visible in the Carolina mine. It may graze on bacteria and fungi feeding on this wood. This is a sign of how low the food requirements of subterranean niphargids may be. We found fewer specimens in chicken liver baits than expected, if compared to other Niphargus species.



Niphargus carolinensis sp. nov. is absent in running water and lakes, as well as in interstitial spaces in the mine. It is also absent in neighboring springs, meaning that it is classified as strictly stygobiontic.




4.3. Endemic Species in the North


Niphargus carolinensis sp. nov. was so far identified in one location only, i.e., the Carolina Mine, as we searched thoroughly in groundwater sources in the nearby vicinity and only encountered other species (Figure 1C). In a karst spring located approximately 100 m from the Carolina Mine, we sampled specimens of Niphargus fontanus (blue dot in Figure 1C). Niphargus schellenbergi and a species of the Niphargus aquilex complex were sampled from locations at distances less than 1 km away from the Carolina Mine (Figure 1C).



The presence of Niphargus carolinensis sp. nov. is a case of extreme endemicity. Northern areas are usually characterized by smaller biodiversity compared to more southern parts of the Northern Hemisphere [47]. Likewise, the number of Niphargus species in Germany is far smaller compared to that in Slovenia, for example [48], and their distribution range is far higher (Table 4), confirming the so-called Rapoport rule [4,49]. Strongly endemic Niphargus species are known. However, they all originate from the southern distribution areas of niphargids [50,51,52,53].



In the northern areas, at best, Niphargus boulangei [54] could have been considered narrow endemic, with only one published collecting site; however, other localities of this species, far from the type locality, have since become known (Weber, unpublished). Thus, N. carolinensis sp. nov. is the only known narrow endemic Niphargus species in the northern distribution area (roughly North of 47° N) of the genus Niphargus.





 





Table 4. Distribution ranges of Niphargus species from northern half of the distribution of this genus. Only identification results that have been molecularly confirmed are considered. Niphargus virei names follow [55], and Niphargus virei A, with two figures as species, is not finally defined.
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	Species
	Distribution
	Literature





	Niphargus carolinensis
	0.06
	This study



	Niphargus enslini
	82
	[19]



	Niphargus fontanus
	1150
	Weber and Schmitt in prep.



	Niphargus puteanus
	756
	[20]



	Niphargus schellenbergi
	551
	[15]



	Niphargus tonywhitteni
	400
	[56]



	Niphargus virei A
	420, 640
	[15,57]



	Niphargus virei C
	93
	[15,57]








We are convinced that N. carolinensis sp. nov. mainly lives in a water body outside the mine and has been living there for significantly longer time than the age of the mine ((300 years). Here, as in many other cases, the mine is not the main habitat, but it is a window to the subterranean environment. Even under the unlikely assumption that N. carolinensis exclusively lives deep in the interior of the mountain, while other niphargid species are more likely to survive in springs, the species should most probably have been found in at least one of the neighboring natural caves. Finally, the question remains open as to why N. carolinensis only occurs in this narrowly defined area.




4.4. Low Intraspecific Variability


The comparison of the COI sequences of N. carolinensis sp. nov. with other Niphargus species of the northern range of the genus, of which several specimens were sequenced from the same site, yielded the following results: Niphargus enslini shows one base pair difference at the same site [19]; Niphargus puteanus shows three sites with one base pair difference at the same site and one site with 18 base pair differences at this site [20]; Niphargus schellenbergi shows 10 sites with only identical COI, three sites with one base pair difference and one site with 2, 6, 12 and 23 base pair differences; Niphargus aquilex EF sensu McInerney [55] with four sites and N. aquilex A sensu McInerney [55] with two sites show no differences in COI at the same site [22]. Although the various Niphargus species show strong differences in COI across their ranges, strong variation within a site tends to be the exception, so the identical COI sequences of N. carolinensis seem not to be exceptional.





5. Conclusions


With N. carolinensis, we succeeded in discovering the only strictly endemic species in the north of the distribution range, which separated very early from the main clade of niphargids.



Due to this high degree of endemicity in the newly described species, we suggest that the Carolina Mine should be strictly protected. Visits to the Carolina Mine should be only performed for scientific matters, and the visiting scientists should avoid stepping in the water pools and substrates.
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Figure 1. Sites in Germany where Niphargus specimens were collected. The site of Niphargus carolinensis sp. nov. is marked with a red star (A). The red rectangle represents the area where the Caro-lina Mine is present (red star), with all species identified in the neighboring locations (B), and a depiction of a smaller area (C) indicating the Carolina Mine (red star) and the nearby location with different Niphargus species, i.e., purple dots are the locations where N. schellenbergi is present, the blue dot stands for N. fontanus, and the yellow dot stands for species within the N. aquilex complex. Black dots indicate sites in Germany where Niphargidae were found and sequenced. 
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Figure 2. Plan of the Carolina Mine from 1992, sourced from Arbeitsgemeischaft Höhle und Karst Sauerland Hemer e.V. Red dots represent the sites where specimens of Niphargus carolinensis sp. nov. were found. 
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Figure 3. NJ tree of the 28S rRNA gene fragments. The triangle shows the collapsed Niphargus main clade. Microniphargus leruthi (family Pseudoniphargidae) is chosen as an outgroup. 
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Figure 4. Habitus of male Niphargus carolinensis sp. nov. (A); epimeral plates I to III, from left to right (B). 
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Figure 5. Niphargus carolinensis sp. nov. male antenna I (A), details of accessory flagellum (B) and aestethascs (C) and antenna II (D). 
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Figure 6. Niphargus carolinensis sp. nov. maxilla I male (A) and female (B), male maxilla II (C), labium (D) and labrum (E). 
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Figure 7. Niphargus carolinensis sp. nov. male mandibles left (A) and right (B), and maxilliped (C). 
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Figure 8. Niphargus carolinensis sp. nov. gnathopod I male (A) and female (B). Gnathopod II male (C) and female (D). 
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Figure 9. Niphargus carolinensis sp. nov. male pereopods III (A), IV (C) and V (E), with details on dactylopodites ((B), (D) and (F), respectively). 
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Figure 10. Niphargus carolinensis sp. nov. male pereopods VI (A) and VII (C). Details on dactylopodites ((B) and (D), respectively). 
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Figure 11. Niphargus carolinensis sp. nov. male pleopod II (A) with a detail of the retinaculum. Male uropods I (B), II (C) and III (D). Female uropod III (E). Male (F) and female (G) telson. 
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Table 1. Specimen list. * = holotype; Date = date of collecting; pres. = preservation (ET96 = pure ethanol 96%, minus 20 °C; KGG = Kaiser’s glycerol gelatin according to 2.4; PG = propylene glycol 100% = propylene diol-1,2, minus 20 °C); Spec. = storage of the specimen (Weber = private collection Dieter Weber, ISER = Institutul de Speologie “Emil Racoviță”, -** = completely used for DNA isolation); isolate = storage of the isolate (ULB = Evolutionary Biology and Ecology research unit of the Université libre de Bruxelles; SDEI = Senckenberg German Entomological Institute); COI = Genbank number of the COI sequence; 28S = Genbank number of the 28S rRNA sequence; ITS2 = Genbank number of the ITS sequence.
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	Inv.No.
	Date
	Pres.
	Spec.
	Isolate
	COI
	28S
	ITS2





	DW180512-003
	12 May 2018
	ET96
	Weber
	ULB
	OR644127
	OR646283
	



	DW180512-004
	12 May 2018
	ET96
	Weber
	
	
	
	



	DW180512-005
	12 May 2018
	ET96
	Weber
	
	
	
	



	DW180512-006
	12 May 2018
	ET96
	Weber
	
	
	
	



	DW180512-007
	12 May 2018
	ET96
	Weber
	
	
	
	



	DW180512-008
	12 May 2018
	ET96
	Weber
	
	
	
	



	DW180512-009
	12 May 2018
	ET96
	Weber
	
	
	
	



	DW180512-010
	12 May 2018
	ET96
	ISER
	
	
	
	



	DW180512-011
	12 May 2018
	ET96
	ISER
	SDEI
	OR644128
	
	



	DW220205-001 *
	5 February 2022
	KGG
	ISER
	
	
	
	



	DW220205-002
	5 February 2022
	PG
	-**
	SDEI
	OR644129
	
	OR711534



	DW220205-003
	5 February 2022
	ET96
	Weber
	
	
	
	



	DW220205-004
	5 February 2022
	ET96
	Weber
	
	
	
	



	DW220906-001
	6 September 2022
	PG
	ISER
	
	
	
	



	DW220907-001
	7 September 2022
	KGG
	ISER
	
	
	
	



	DW220907-002
	7 September 2022
	PG
	ISER
	
	
	
	



	DW220907-003
	7 September 2022
	PG
	ISER
	
	
	
	



	DW220907-004
	7 September 2022
	PG
	ISER
	
	
	
	



	DW220907-005
	7 September 2022
	ET96
	ISER
	
	
	
	



	DW220907-006
	7 September 2022
	ET96
	ISER
	
	
	
	



	DW220907-007
	7 September 2022
	ET96
	ISER
	
	
	
	










 





Table 2. List of primers used for PCR and sequencing (Seq). Ref. = Reference.
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	Primer
	Nucleotide Sequence (5′ to 3′)
	PCR
	Seq
	Ref.





	LCO1490-JJ
	CHA CWA AYC ATA AAG ATA TYG G
	x
	x
	[29]



	HCO2198-JJ
	AWA CTT CVG GRT GVC CAA ARA ATC A
	x
	x
	[29]



	Niph15
	CAA GTA CCG TGA GGG AAA GTT
	x
	x
	[30]



	Niph16
	AGG GAA ACT TCG GAG GGA ACC
	x
	
	[30]



	Niph20
	AAA CAC GGG CCA AGG AGT AT
	
	x
	[31]



	Niph21
	TAT ACT CCT TGG CCC GTG TT
	
	x
	[31]



	ITSsf2 = Niph22
	AAGGCTATAGCTGGCGATCA
	x
	x
	[31]



	ITSsr2 = Niph23
	TCAGCGGGTAACCTCTCCTA
	x
	x
	[31]










 





Table 3. Measurements in mm (according to landmarks in Fišer et al., 2009 [40]) of the various appendages of male (inventory number DW220205-001) Niphargus carolinensis sp. nov. sampled from the Carolina Mine (North Rhine–Westphalia, Germany).
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Appendage

	
mm

	
Appendage

	
mm






	
Body length

	
8.93

	
PIII

	
Coxal plate depth

	
0.62




	
Head length

	
0.66

	
Coxal plate width

	
0.49




	
Antenna I

	
Peduncle length

	
1.17

	
Basipodite

	
0.96




	
Flagellum length

	
2.19

	
Ischiopodite

	
0.13




	
Art 1 acc. flagellum

	
0.13

	
Meropodite

	
0.67




	
Antenna II

	
Peduncle length

	
1.32

	
Carpopodite

	
0.43




	
Flagellum length

	
0.70

	
Propodite

	
0.49




	
Mandible palp

	
Art 1

	
0.10

	
Dactylopodite 1

	
0.11




	
Art 2

	
0.20

	
Dactylopodite 2

	
0.13




	
Art 3

	
0.26

	
PIV

	
Coxal plate depth

	
0.54




	
Gnathopod I

	
Propodite length

	
0.57

	
Coxal plate width

	
0.55




	
Propodite width

	
0.53

	
Basipodite

	
0.95




	
Propodite depth

	
0.40

	
Ischiopodite

	
0.13




	
Dactylopodite 1

	
0.38

	
Meropodite

	
0.55




	
Dactylopodite 2

	
0.20

	
Carpopodite

	
0.41




	
Carpopodite length

	
0.30

	
Propodite

	
0.43




	
Basipodite width

	
0.28

	
Dactylopodite 1

	
0.08




	
Basipodite length

	
0.66

	
Dactylopodite 2

	
0.10




	
Coxal plate depth

	
0.51

	
PV

	
Basipodite length

	
0.83




	
Coxal plate width

	
0.36

	
Basipodite width

	
0.53




	
Gnathopod II

	
Propodite length

	
0.74

	
Ischiopodite

	
0.15




	
Propodite width

	
0.70

	
Meropodite

	
0.50




	
Propodite depth

	
0.47

	
Carpopodite

	
0.63




	
Dactylopodite 1

	
0.56

	
Propodite

	
0.71




	
Dactylopodite 2

	
0.24

	
Dactylopodite 1

	
0.15




	
Carpopodite length

	
0.37

	
Dactylopodite 2

	
0.08




	
Basipodite width

	
0.26

	
PVI

	
Basipodite length

	
0.97




	
Basipodite length

	
0.82

	
Basipodite width

	
0.57




	
Coxal plate depth

	
0.48

	
Ischiopodite

	
0.15




	
Coxal plate width

	
0.50

	
Meropodite

	
0.62




	
Uropod I

	
Basipodite length

	
0.70

	
Carpopodite

	
0.91




	
Endopodite length

	
0.57

	
Propodite

	
1.10




	
Exopodite length

	
0.46

	
Dactylopodite 1

	
0.20




	
Uropod II

	
Basipodite length

	
0.47

	
Dactylopodite 2

	
0.10




	
Endopodite length

	
0.38

	
PVII

	
Basipodite length

	
0.91




	
Exopodite length

	
0.33

	
Basipodite width

	
0.59




	
Uropod III

	
Basipodite length

	
0.34

	
Ischiopodite

	
0.19




	
Endopodite length

	
0.14

	
Meropodite

	
0.54




	
Exopodite art 1

	
1.00

	
Carpopodite

	
0.87




	
Exopodite art 2

	
0.18

	
Propodite

	
0.89




	
Telson

	
Cleft length

	
0.23

	
Dactylopodite 1

	
0.21




	
Telson width

	
0.26

	
Dactylopodite 2

	
0.10




	
Telson length

	
0.33

	

	

	




	
Longest spine length

	
0.19
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