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Abstract

Niphargus amphipods were collected from 2007 to 2018 at 98 sites comprising artificial caverns, springs and interstitial
waters in the Grand Duchy of Luxembourg. Opportunistic sampling was combined with passive trapping. Specimen
identification was achieved using morphological keys and molecular data. Initial morphological determination and literature
data suggested five species, whereas sequencing of fragments of the mitochondrial cytochrome c oxidase subunit 1 gene
and nuclear 28S rDNA marker supported the presence of seven species: Niphargus schellenbergi, Niphargus puteanus,
Niphargus fontanus, one species of the Niphargus kochianus complex, and three species of the Niphargus aquilex complex.
Niphargus schellenbergi was by far the most abundant and widespread species. Limited overlap was observed between
literature-based records, our initial morphological determinations based on classical taxonomic characters, and genetic
sequence data. In general, the combination of phenotypically variable taxa, such as N. schellenbergi, and cryptic or near-
cryptic species, as in the N. aquilex complex, renders morphological identification of niphargids from Luxembourg a
challenging or even impossible task. DNA taxonomy will therefore have to be used in future studies of the fauna of this
region.

résumeé

Plusieurs amphipodes du genre Niphargus ont été prélevés de 2007 a 2018 sur 98 sites différents (cavernes artificielles,
sources et eaux interstitielles) au sein du Grand-Duché de Luxembourg. Cet échantillonnage a été effectué de maniere
opportuniste et par piégeage passif. L identification des échantillons a été réalisée a la fois a1‘aide de clés morphologiques et
aussi en utilisant des données moléculaires. La détermination morphologique initiale suggérait la présence de cinq especes,
tandis que le séquencage de fragments de la sous-unité 1 de la cytochrome ¢ oxidase mitochondriale et du marqueur ADNr
nucléaire 28S indique la présence de sept especes : Niphargus schellenbergi, Niphargus puteanus, Niphargus fontanus,
une espece du complexe Niphargus kochianus et trois espéces du complexe Niphargus aquilex. Niphargus schellenbergi
semble de loin 1‘espéce la plus abondante et la plus répandue. Le recouvrement entre les données basées sur la littérature
existante et nos déterminations morphologiques initiales fondées sur les caractéres taxonomiques classiques d’un part et
les groupements opérés sur la base de séquences génétiques de 1’autre apparait relativement limité. De maniére générale,
la combinaison de taxons phénotypiquement variables, tels que N. schellenbergi, et d‘espéces cryptiques ou quasi-
cryptiques, comme dans le complexe de N. aquilex rend 1‘identification morphologique des niphargidés du Luxembourg
une tache difficile voire impossible. La taxonomie ADN devra donc étre utilisée dans les études futures de la faune de
cette region.

Zusammenfassung

Von 2007 bis 2018 wurden im Grofherzogtum Luxemburg an 98 Standorten (kiinstliche Hohlrdume, Quellen, Interstitial)
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Amphipoden der Gattung Niphargus gesammelt. Gezieltes Sammeln wurde mit dem Aufstellen von Fallen kombiniert.
Die Bestimmung der Tiere erfolgte anhand morphologischer Bestimmungsschliissel und molekularer Daten. Anfangliche
auf Morphologie basierende Bestimmungen in Kombination mit Daten aus der Literatur legten die Existenz von fiinf
Arten nahe, wihrend die Analyse von Fragmenten des mitochondrialen Cytochrom-c-Oxidase-Untereinheit-1-Gens und
des nuklearen 28S rDNA Markers sieben Arten belegen konnte: Niphargus schellenbergi, Niphargus puteanus, Niphargus
fontanus, eine Art des Niphargus kochianus Komplexes und drei Arten des Niphargus aquilex Komplexes. Niphargus
schellenbergi war bei weitem die am hiufigsten vorkommende und am weitesten verbreitete Art. Die Uberlappung
zwischen dlteren Literaturangaben und unseren anfinglichen morphologischen Bestimmungen mit den genetischen
Daten war gering. Die morphologische Identifizierung von Niphargen aus Luxemburg ist bei phdnotypisch variablen
Taxa wie N. schellenbergi und kryptischen oder fast kryptischen Arten wie im N. aquilex-Komplex eine schwierige oder
sogar unmdgliche Aufgabe. Die DNA-Taxonomie wird daher in zukiinftigen Studien der Fauna dieser Region verwendet
werden miissen.
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Introduction

Niphargidae is a family of amphipod crustaceans that comprises more than 400 formally described species (Horton
et al. 2021). The family occupies a wide geographical area ranging from Spain (Karaman 2017) to Iran (Esmaeili-
Rineh et al. 2017) and harbours numerous cryptic species complexes (Fiser & Zagmajster 2009, Meleg et al. 2013,
Esmaeili-Rineh et al. 2019). Mediterranean Europe is the region with the highest known species richness. Almost
all Niphargus species are obligate groundwater taxa (also called stygobionts) living in groundwater aquifers and
groundwater-dependent ecosystems such as springs and riverine interstitial sediments (FiSer 2012). They also dem-
onstrate typical ecophysiological adaptations to a subterranean lifestyle, such as lack of eyes (Schellenberg 1932a,
Kureck 1964, Borowsky 2011), depigmentation and increased longevity (Bellan-Santini 2015).

Until the end of the last century, species delimitation and specimen identification of niphargids relied on mor-
photaxonomy. Yet, already during these times, taxonomic decisions were driven by permanent disputes and frequent
revisions. Species were often downgraded to subspecies rank and vice versa: for instance, Niphargus schellenbergi
became Niphargus aquilex schellenbergi (Schellenberg 1932b) then reverted to N. schellenbergi (Straskraba 1972).
Similarly, new genera such as Niphargellus were erected (Schellenberg 1934). The taxonomy and systematics of
niphargids are particularly challenging because of the difficulty of disentangling intraspecific and interspecific
variation, and thus of defining reliable diagnostic morphological features (Fiser 2012). Although this is a common
taxonomic problem, the situation within Niphargus is complicated by the fact that some species demonstrate quite
distinct phenotypes, whereas others are part of so-called cryptic species complexes displaying nearly conserved
morphologies. In such situations, DNA barcoding and molecular taxonomy can often be used to adequately disen-
tangle species identities (Fontaneto et al. 2015). For instance, Mclnerney et al. (2014) integrated molecular data
to investigate the niphargid fauna from Northern, Western and Central Europe. The authors revealed that several
of the known morphospecies (Niphargus aquilex, N. fontanus, N. kochianus, N. schellenbergi) actually comprise
complexes of genetically divergent lineages, which they called Operational Taxonomic Units (OTUs): six for
N. aquilex, three for N. fontanus, four for N. kochianus and two for N. schellenbergi. As these OTUs were inferred
from molecular data, we will refer to them as MOTUSs (short for “Molecular Operational Taxonomic Units”).

In the Grand Duchy of Luxembourg, the first inventory of niphargids dates back to more than 50 years ago when
Hoffmann (1963) reported Microniphargus leruthi and four Niphargus taxa (N. aquilex aquilex, N. aquilex schel-
lenbergi, N. virei, N. fontanus) for the country. Later, Gerecke et al. (2005) performed a national survey spanning 41
springs and 30 hyporheic interstitial sites, detecting two Niphargus species (N. aquilex and N. schellenbergi). More
recently, Weber (2011), Flot & Weber (2013) and Weigand et al. (2016) collected N. schellenbergi from several
mines and abundant railway tunnels. In this study, we apply for the first time a molecular taxonomic approach to
provide a comprehensive inventory of the diversity and distribution of groundwater amphipods in Luxembourg. Our
results are discussed in light of previous findings in the country as well as in adjacent regions.
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Material and methods

Study region and sampling

Luxembourg is characterised by a rather complex geology, with schist in the North, sandstone and sandy limestone
in the centre, limestone or dolomite in the East and Minette iron ore in the very South (Weber 2013). Between
2007-2018, niphargids were collected during various nationwide field campaigns (Fig. 1A). Specimens were col-
lected mainly by hand and in an opportunistic way. Sieving was conducted in four mines (Schiefergrouf vu Schlaif,
Kofferminn Stolzebuerg Hauptsystem, Galerie Merkholtz, Antimonminn Goesdorf) and in one railway tunnel (Tun-
nel Huldange) with mesh sizes of 5000 pm, 1000 pm, 600 pm and 200 pm. Meat-baited tin cans were placed in
five mines (Antimonminn Goesdorf, and the iron ore mines Miniére Doihl, Mini¢re Weltschegrond II, Miniére
Langegronn, Miniére Prince Henry) and emptied after 2—3 days. In a parallel study, hundreds of Barber traps (with
ethane-1,2-diol, without bait; Barber 1931) were installed to collect soil fauna. Springs were sampled by collecting
and sieving mud, foliage or moss (same sieve mesh sizes as above). Interstitial sites were sampled using the Kara-
man-Chappuis-method (Chappuis 1942; Malard et al. 2002).

Captured specimens were immediately preserved in 96% ethanol and kept at -20°C. Whenever possible, at
least one male and one female were preserved in 70% ethanol at room temperature for morphological investigation.
Specimens collected before 2001 were first preserved in 70% isopropanol, then transferred to 70% ethanol and
stored at -20°C. Specimens are stored in the collection of the National Museum of Natural History Luxembourg
(MNHNL) (Supplementary Table 1).

Morphological identification and literature consulted for past records

All specimens were morphologically identified using available regionally relevant taxonomic keys and primary
literature (Ginet 1991-1995; Schellenberg 1932b, 1933, 1935) using a Wang Biomedical stereo microscope with
magnification of 7 to 40 times. Further, the following literature sources were consulted for data or status reports of
Niphargus amphipods in Luxembourg: Sunnen (1957), Hoffmann (1963), Gerecke ef al. (2005), Weber (2011), Flot
& Weber (2013), Meisch & Massard (2015), Weigand et al. (2016).

DNA extraction

Since morphological determination of specimens was not always possible (e.g. for juveniles or intermediate morphs)
and the aim was to integrate molecular data, a subset of specimens was analysed with two genetic markers. The
subset included one specimen of each morphospecies from each site. In case of doubtful morphological identifica-
tion, two or more specimens were sequenced. Additional specimens of N. schellenbergi from Luxembourg were
integrated as part of an ongoing phylogeographic study (Supplementary Table 1). A single leg of specimens larger
than 4 mm, two legs of specimens between 3—4 mm, and an entire specimen for smaller individuals were used for
DNA isolation. DNA was extracted using either the DNeasy Blood & Tissue Kit (Qiagen) or the NucleoSpin Tissue
Kit (Macherey-Nagel) following the manufacturers’ protocols. DNA isolates were stored at -20°C in the collections
of the Evolutionary Biology and Ecology research unit of the Université libre de Bruxelles (ULB, Solbosch cam-
pus), and in the collection of the National Museum of Natural History Luxembourg (MNHNL). In order to assess
whether N. aquilex sensu stricto is present in Luxembourg and given that the neotype of N. aquilex sensu stricto
was not suitable for molecular analyses, we analysed one newly collected N. aquilex specimens from a spring in
Crowborough (sample UK1 in Supplementary Table 1), the neotype locality (Karaman 1980).

PCR and sequencing
The standard animal barcoding fragment of the cytochrome ¢ oxidase subunit 1 (COI) gene (Folmer et al. 1994)
was amplified via polymerase chain reaction (PCR) using the degenerate primer pair HCO2198-]J and LCO1490-]JJ
(Astrin & Stiiben 2008; Tab. 2). The PCR mix contained 1 pul DNA extract (of variable concentration), 0.8 ul of each
primer (10 pmol/ul), 5 ul of DreamTaq DNA Polymerase Master Mix (5 units/pl, Thermo Scientific) and 2.4 pl of
ultrapure water. PCR cycling conditions were an initial 3 minutes denaturation step at 94°C followed by 36 cycles
of 20 s denaturation at 94°C, 45 s annealing at 50°C, and 60 s extension at 65°C; then a final elongation step of 2
minutes at 65°C.

Furthermore, a fragment of the nuclear 28S ribosomal RNA gene was investigated using primers Niph15 and
Niph16 (Tab. 2 in Verovnik et al. 2005). The PCR mix for the 28S marker contained 2 pl of DNA extract (of vari-
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able concentration), 1 pl of each primer (10 pmol/ul), 0.2 ul of REDTaq Polymerase (1 unit /ul in 20 mM Tris-HCI,
Sigma-Aldrich), 5 pl REDTaq reaction buffer and 15.8 pl ultrapure water. PCR cycling conditions for 28S were an
initial 3 minutes denaturation step at 95°C followed by 56 cycles of 30s denaturation at 94°C, 60 s annealing at 45°C,
and 90 s extension at 72°C. PCR amplification results were visualised on a 1.2% agarose gel. PCR products were
bi-directionally Sanger-sequenced at Genoscreen (Lille, France). The COI marker was sequenced using the same
primer pair as during PCR amplification, whereas the 28S marker was sequenced using three primers (Table 1).

TABLE 1. PCR and sequencing primers. X letters indicate for which steps a given primer was used.

Primer Nucleotide sequence PCR Sequencing Reference
LCO1490-JJ 5’-CHA CWA AYC ATAAAG ATATYG G-3° X X Astrin & Stiiben (2008)
HCO2198-J]  5-AWA CTT CVG GRT GVC CAAARAATC A-3’ X X Astrin & Stiiben (2008)
Niphl5 5’-CAA GTA CCG TGA GGG AAA GTT-3° X X Verovnik et al. (2005)
Niphl6 5’-AGG GAAACT TCG GAG GGAACC-¥ X Verovnik et al. (2005)
Niph20 5’-AAA CAC GGG CCAAGG AGT AT-3’ X Flot et al. (2010a)
Niph21 5’-TAT ACT CCT TGG CCC GTG TT-3’ X Flot et al. (2010a)

Analysis of molecular data

Chromatograms were edited and assembled into contigs using Sequencher version 4.1.4 (Gene Codes Corporation,
USA); the resulting consensus sequences were deposited in GenBank (accessions OK378185-0K378243 for 28S
and OK380764-OK380901 for COI; Supplementary Table 1). For connecting our specimens to previously delim-
ited species and MOTUs, the COI and 28S sequences from three N. schellenbergi individuals from Germany (Flot
2010a) as well as 16 COI sequences and 16 28S sequences used to delimit MOTUs in Mclnerney et al. (2014) were
added to the datasets. In the case of COIL, a Crangonyx subterraneus sequence (accession number MT993546.1)
from Weber et al. (2020b) was also included as an outgroup for phylogenetic analyses. The resulting datasets were
aligned by hands in the case of COI and using MAFFT webserver’s E-INS-i algorithm (Katoh et a/. 2019) in the
case of 28S. For the COI marker, MEGAX (Kumar et al. 2018) was used to compute a neighbour-joining (NJ) tree
of the 139 sequences (the Crangonyx outgroup + 136 Niphargus specimens, two of which represented by two COI
sequences each) using p-distances with 1,000 bootstrap replicates (Felsenstein 1985). In the case of 28S, a haploweb
(Flot et al. 2010b) based on a minimum spanning network (with additional curves connecting sequences found co-
occurring in heterozygous individuals) was produced using HaplowebMaker (Spori & Flot 2021) by masking all
positions with indels in the alignment, then redrawn using Inskscape (Bah 2011). Molecular delimitation of species
was also performed using Assemble Species by Automatic Partitioning (ASAP; Puillandre ez al. 2021) with default
parameters and using K over Theta (KoT; Spdri et al. 2021) with pairwise deletion, transitivity and a threshold K/
theta ration of 6 (corresponding to a 0.99 minimal probability of monophyly).

Results

Taxonomic records from literature

The literature sources named five niphargid species for Luxembourg: N. schellenbergi, N. fontanus, N. aquilex,
N. virei and Microniphargus leruthi (Table 2). Additional literature sources were consulted for niphargid records in
adjacent regions, which we will refer to in the species-specific discussions.

Taxonomic records from field survey and morphology

A total of 241 sites were visited between 2007 and 2018 (Fig. 1). Most of these sites were springs (119; 43%) fol-
lowed by mines and tunnels (58; 24%), natural caves (34; 14%) and interstitial waters (30; 12%) (Table 2). Among
all sites, 175 (73%) contained water and from a subset of 98 sites (41% of the total, 56% of water-containing sites)
Niphargus specimens were successfully sampled—primarily from springs (70% of all sites with water). In total,
1,763 specimens were collected and investigated morphologically. Out of this material, we recognized six Niphar-
gus morphotypes: N. schellenbergi, N. fontanus (sometimes difficult to distinguish clearly from N. schellenbergi),
N. puteanus, N. kochianus, N. aquilex, and another distinct Niphargus morphotype that was later genetically as-
signed to N. schellenbergi.
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TABLE 2. Collection sites in Luxembourg from 2007-2018. Barber trap collection sites are not included as they tar-
geted soil species and niphargids in these traps were only found by chance.

Number of sites visited Number of sites containing Number of sites
water with Niphargus
Springs 119 119 69
Natural caves 34 0 0
Mines and tunnels 58 26 20
Interstitial waters 30 30 9
Total 241 175 98

Taxonomic records from molecular species delimitation

169 specimens were sequenced for the COI marker alone (99 specimens), for the 28S marker alone (16 specimens)
or for both markers (54 specimens) (Supplementary Table 1). Among those, 135 specimens were newly sequenced
for this study (identifiers for COI sequences MNHNL006-20 to MNHNL140-20), whereas 18 COI and 17 28S
sequences were added from previous studies (Flot & Weber 2013, Weigand et al. 2016). COI sequences were ob-
tained for a total of 93 sites and 28S sequences for 50 sites. We found in Luxembourg three of the seven N. aquilex
MOTUs identified by Mclnerney et al. (2014)—namely, MOTU B, MOTU E and MOTU F—and delineated one
additional N. aquilex MOTU that had not been previously observed, which we will refer to as MOTU G. Specimen
UK from the neotype locality of N. aquilex in Crowborough (UK) turned out to belong to N. aguilex MOTU B. All
specimens of N. fontanus collected in Luxembourg were assigned to N. fontanus (without suffix) following Trontel]
et al. (2009), which corresponds to N. fontanus MOTU A following Mclnerney et al. (2014).

The COI chromatograms of two individuals comprised double peaks (three in BR1 and one in KF2), either as a
result of heteroplasmy or because of the presence of numts, i.e. nuclear pseudogenes. The COI haplotypes of these
specimens were phased using Clark’s method (Clark, 1990) and then included in downstream analyses.

ASAP applied to the COI dataset (Tab. 3) detected seven Niphargus MOTUs among the Luxembourg individu-
als sequenced for this marker: N. aquilex MOTU E (10 specimens), N. aquilex MOTU F (6 specimens), N. aquilex
MOTU G (one specimen), N. fontanus MOTU A (three specimens), N. kochianus (one specimen), N. puteanus (one
specimen), N. schellenbergi (113 specimens). In contrast to the results of Mclnerney et al. (2014), this analysis
lumped together the two N. aquilex MOTUs A1 and A2, the two N. fontanus MOTUs Al and A2 as well as the three
N. kochianus MOTUs A, B and C.

TABLE 3. Results of ASAP species delimitation based on COI sequences (individuals from Luxembourg are underlined)

Niphargus aquilex MOTU A KC315623(A1) JF420841(A2)

Niphargus aquilex MOTU B UKl

Niphargus aquilex MOTU E GK2 GK3 GK9 GK13 GK14 GK15 GK16 MK2 GO2 GO3 KC315621(E)

Niphargus aquilex MOTU F 111 IL3 IL4 IS1 WP1 MH2 KC315622(F)

Niphargus aquilex MOTU G MK3

Niphargus fontanus MOTU A KEI1 KE2 LG2 KC315633(A1) KC315629(A2) KC315630(A2)

Niphargus fontanus MOTU C KC315632

Niphargus kochianus MOTU ABC KC315682(A) KC315687(A) KC315688(A) MUS KC315661(B) KC315662(B)
KC315667(B) KC315659(C) KC315660(C)

Niphargus puteanus QL1

Niphargus schellenbergi AK1 AS1 AS2 AW1 AW2 BA1 BA2 BA3 BB1 BC1 BR1 BR2 DF1 DI1 DK1

LB2 LE1 LE2 LG1 LI1 MF1 MH1 MK1 ML1 MU1 MU2 MU3 MU4 NE1 NR1
PA1 QA1 QB1 QG1 QL2 QN1 QS1 QT1 RM1 RP1 SB1 SB2 SC1 SF1 SG1 SI1
SL1 SM1 SW1 SW2 SW3 TF1 TI1 TN1 TO1 TS1 UE1 UR1 VM1 WD1 WE1

WHI WI1 WN1 WR1 WS1 WT1 WT2 WT3 WUI WY1
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KoT applied to the same COI dataset (Tab. 4) detected eight Niphargus MOTUs among the Luxembourg in-
dividuals sequenced for this marker, as the 10 specimens attributed by ASAP to N. aquilex MOTU E were split by
KoT into two MOTUs both considered distinct from N. aquilex MOTU E. The result of KoT was more similar to
the conclusions of Mclnerney et al. (2014) in separating the two N. aquilex MOTUs A1 and A2 as well as the three
N. kochianus MOTUs A, B and C, but the two N. fontanus MOTUs A1 and A2 were still lumped by KoT.

TABLE 4. Results of KoT species delimitation based on COI sequences (individuals from Luxembourg are underlined)

Niphargus aquilex MOTU Al
Niphargus aquilex MOTU A2
Niphargus aquilex MOTU B
Niphargus aquilex MOTU E

Niphargus aquilex MOTU F
Niphargus aquilex MOTU G
Niphargus fontanus MOTU A
Niphargus fontanus MOTU C
Niphargus kochianus MOTU A
Niphargus kochianus MOTU B

KC315623
JF420841

UK

KC315621(E)

GK2 GK3 GK9 GK13 GK14 GK15 GK16 MK2

MK3
KEI KE2 LG2 KC315633(A1) KC315629(A2) KC315630(A2)
KC315632

KC315682 KC315687 KC315688

MUS KC315661 KC315662 KC315667

Niphargus kochianus MOTU C KC315659 KC315660
Niphargus puteanus QL1
Niphargus schellenbergi AK1 AS1 AS2 AW1 AW2 BA1 BA2 BA3 BB1 BCI1 BR1 BR2 DF1 DI1 DK1 DK2

GK1 GK10 GK11 GK12 GK4 GK5 GK6 GK7 GK8 GO1 HN1 HR1 HS1 IA1 IL1
IL2 IW1 KC1 KF1 KF2 KF3 KK1 KO1 KR1 KS1 KT1 KZ1 LB1 LB2 LE1 LE2

WRI1 WS1 WTI WT2 WT3 WU1 WY1

The 28S chromatograms of four individuals comprised double peaks and those specimens were treated as het-
erozygous in downstream analyses: Niphargus aquilex MOTU F (GK16 with 2 double peaks, GK3 with 2 double
peaks, MK2 with 3 double peaks) and N. aquilex MOTU G (LG3 with 1 double peak).

The ASAP analysis for 28S (Table 5) detected six Niphargus MOTUs among the Luxembourg individuals
sequenced for this marker: N. aquilex MOTUs A&B (one specimen), N. aquilex MOTUs E&F (12 specimens),
N. aquilex MOTU G (two specimens), N. fontanus MOTUs A&B (two specimens), N. puteanus (one specimen) and
N. schellenbergi (35 specimens). It also lumped the three N. kochianus MOTUs A, B and C from Mclnerney et al.
(2014) into a single putative species.

The KoT analysis for 28S (Table 6) detected seven Niphargus MOTUs among the Luxembourg individuals se-
quenced for this marker: the difference was that N. aquilex MOTU E and N. aquilex MOTU F, which were lumped
by ASAP, were separated by KoT. However, one heterozygous individual (MK2) was represented in both MOTUs,
as one of his haplotypes grouped with N. aquilex MOTU E and the other haplotype grouped with N. aquilex MOTU
F. This suggests that these two MOTUs are actually a single species, and the final result of KoT can therefore be
considered to be six MOTUs, just like ASAP. The KoT analysis of the 28S data also lumped N. kochianus MOTUs
A, B and C. Compared to ASAP, however, KoT separated N. aquilex MOTU A from N. aquilex MOTU B, thereby
making it possible to attribute individual IS3 to N. aquilex MOTU B.
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TABLE 5. Results of the ASAP species delimitation based on 28S sequences (individuals from Luxembourg are under-

lined)

Niphargus aquilex MOTU AB IS3 UK1 KC315604(A1) JF420874(A2) KC315605(B)

Niphargus aquilex MOTU C KC315602(C)

Niphargus aquilex MOTU D KC315603(D)

Niphargus aquilex MOTU EF GK2 GK3 GK16 GO2 I11 IL3 IS1 IS2 MH2 MH3 MK2 WP1 KC315606(E)
KC315607(F)

Niphargus aquilex MOTU G LG3 MK3

Niphargus fontanus MOTU AB  KE1 LG4 KC315608(A1) KC315614(A2) EF025852(B)

Niphargus fontanus MOTU C KC315609(C)

Niphargus kochianus ABC KC315610(A) KC315611(B) KC315612(C)

Niphargus kochianus D KC315613(D)

Niphargus puteanus QL1 EF617302

Niphargus schellenbergi DF1 DL1 DL2 DL8 DU1 DU2 DU3 EN2 FO1 GF1 GK1 HN1 HS1 IL1 IL2 IL5 IW1

TI1 UE1 WI1 AS1

TABLE 6. Results of the KoT species delimitation based on 28S sequences (individuals from Luxembourg are under-
lined, and the asterisk indicates one heterozygous individual whose two haplotypes were in two different MOTU )

Niphargus aquilex MOTU A
Niphargus aquilex MOTU B
Niphargus aquilex MOTU C
Niphargus aquilex MOTU D
Niphargus aquilex MOTU E
Niphargus aquilex MOTU F
Niphargus aquilex MOTU G
Niphargus fontanus MOTU AB
Niphargus fontanus MOTU C
Niphargus kochianus ABC
Niphargus kochianus D
Niphargus puteanus
Niphargus schellenbergi

KC315604(A1) JF420874(A2)
1S3 UK1 KC315605(B)

KC315602(C)

KC315603(D)

GK2 GK3 GK16 GO2 MK2* KC315606(E)

111 IL3 IS1 IS2 MH2 MH3 MK2* WP1 KC315607(F)
LG3 MK3

KE1 LG4 KC315608(A1) KC315614(A2) EF025852(B)
KC315609(C)

KC315610(A) KC315611(B) KC315612(C)
KC315613(D)

QL1 EF617302

Finally, the haploweb analysis of 28S was congruent with both the ASAP and KoT results in delimiting six

species among the Luxembourg individuals sequenced for this marker, suggesting the presence of a total of seven
Niphargus species in Luxembourg (since the single N. kochianus sampled in Luxembourg had no 28S sequence
available) (Fig. 2). Compared to COI, this consensus of the various approaches applied to 28S differs only by the
number of MOTUs delimited for N. aquilex: whereas COI results suggest the presence of four N. aquilex MO-
TUs in Luxembourg (MOTUs B, E, F and the new MOTU G), the 28S results indicate that N. aguilex MOTUs E
and F may be a single species. In the remaining part of our paper, we chose the most conservative approach and
considered N. aquilex MOTUs E and F as conspecific (as well as N. kochianus MOTUs A, B and C), yielding the
following tentative list of seven molecularly defined Niphargus species for Luxembourg: N. aquilex MOTU B, N.
aquilex MOTU EF, N. aquilex MOTU G, N. fontanus MOTU A, N. kochianus MOTU ABC, N. puteanus, and N.
schellenbergi (Fig. 3 and Table 7).
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TABLE 7. Recorded presence of niphargids in Luxembourg. Past literature records compared to the findings of the pres-
ent study (morphology and DNA-based).

Species Known from past literature  Initial morphological Molecular findings
findings findings (this study) (this study)

N. schellenbergi Yes Yes, two morphotypes Yes, a single lincage

N. fontanus Yes (Yes) Yes, MOTU A

N. aquilex Yes Yes Yes, MOTUs B, EF and G

N. kochianus No Yes Yes, MOTU ABC

N. puteanus No Yes Yes

N. virei Yes No No

Microniphargus leruthi Yes No No

N. puteanus (1)

N. fontanus "
N. kochianus MOTU A - O
MOTU ABC (2)

(1)

N. aquilex
MOTU G =
(2)

53)

N. aquilex
MOTU B

(2)

@8)

N. aquilex
MOTU EF
(12)

34 sequences

N. schellenbergi (36) o 1 sequence

FIGURE 2. Haploweb for Niphargus 28S sequences obtained from Luxembourg. The size of the circles is proportional
to the number of sequences bearing a specific 28S allele. The 28S alleles of heterozygous specimens are connected by dotted
curves. Hypothetical, unsampled haplotypes are shown as white dots. Niphargus kochianus MOTU ABC is represented by a
consensus of the three sequences from Mclnerney ef al. (2014), and the 28S sequence of specimen UK1 from the neotype lo-
cality of Niphargus aquilex sensu stricto is included in the analysis (in Niphargus aquilex MOTU B). The species delineation
shown as boxes is based on the consensus of the ASAP and KoT outcomes, stating the number of sequences for each species.

Distribution and abundance

Niphargus schellenbergi was by far the most abundant and widespread species in Luxembourg. It was collected in
springs, interstitial sites, mines and abandoned railway tunnels (Fig. 1, Table 8). Records originated from all types
of rocks, in a temperature regime from 5.9 to 14.9°C (n = number of measured sites = 42, x = arithmetic average =
9.8, s = standard deviation = 2.0), in German hardness ranging from 1° to 46° (n =23, x =14.5, s = 13.1), pH values
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from4.2t0 7.9 (n=13,x=6.6,s=2.1) and in total dissolved solid values ranging from 39 to 451 ppm (n =153, x =
246, s = 165). All the other species were much rarer (N. fontanus MOTU A and N. aquilex MOTUs EF and G), with
single-specimen records for N. puteanus, N. kochianus MOTU ABC and N. aquilex MOTU B).

005
100 N. sche/lenbergi (113)

1 N. aquilex MOTU B (1)

100

100

100

N. aquilex MOTU EF (16)

N. aquilex MOTU G (1)
N. puteanus (1)

N. fontanus MOTU A (3)

|_
100\_{

B0

N. kochianus MOTU ABC (1)

Crangonyx subterraneus

FIGURE. 3. Neighbor-joining tree of Niphargus COI sequences from Luxembourg. This tree was generated using p-dis-
tances in MEGA X. Coloured boxes indicate the different species delineated by ASAP and correspond with the 28S haploweb.
Niphargus aquilex MOTU B from Luxembourg had no COI sequence data, hence the COI sequence of individual UK1 from the
neotype locality of Niphargus aquilex sensu stricto was included.

TABLE 8. Luxembourg’s Niphargus species and their main habitats [from Weber & Flot (2013), Weigand et al.
(2016) and the present study] * = including artificial cavities and tunnels.

Species springs caves* interstitial main habitat
Niphargus aquilex MOTU B - - 1 interstitial

Niphargus aquilex MOTU EF 1 1 6 interstitial, spring, mine
Niphargus aquilex MOTU G - 2 - mine

Niphargus fontanus MOTU A 1 1 - spring, mine

Niphargus kochianus MOTU ABC 1 - - interstitial

Niphargus puteanus 1 - - spring

Niphargus schellenbergi 68 20 6 spring, mine, interstitial
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Discussion

Niphargid diversity in Luxembourg with notes on morphological and ecological peculiarities
Microniphargus leruthi Schellenberg, 1934 has been found in Luxembourg only once (Hoffmann 1963) in a galena
mine in the North of Luxembourg. This mine is not accessible anymore. Our collections in springs around this mine
only yielded N. schellenbergi. Microniphargus leruthi was also reported from adjacent areas along the Meuse River
in Belgium (e.g. FiSer ef al. 2018) and in Germany (Spangenberg 1973; Karaman & Ruffo 1986). The presence of
M. leruthi in Luxembourg seems therefore possible, although unconfirmed by our present study.

Niphargus aquilex Schiddte, 1855 extends over an area ranging from South East England to Western Germany.
MOTU B had only been reported so far in England, and our study is the first published report of this species from
continental Europe. MOTU EF is frequently observed from Devon (UK) to Saxony (Germany). It comprises two
genetically well-separated COI clades with no apparent morphological differences and that were lumped in our 28S
molecular analyses. MOTU G is new to science, and can be also found in the Czech Republic and in several sites
in Germany (unpublished data). In Luxembourg, we collected it in an ancient schist mine in the Oesling (53 m past
the entrance) and in a Minette mine in the South of Luxembourg (850 m from the entrance). The description of this
new species is in preparation.

Hoffmann (1963; as N. aquilex aquilex) stated that the N. aquilex morphospecies was less common in Lux-
embourg than N. schellenbergi, but could be found in all regions as well as in different habitats such as mines,
water catchments, wells, and springs, although never in streamlets or rivers. Gerecke ef al. (2005) did not report
any N. aquilex in springs, but with 146 specimens from ten sites, the morphospecies seemed common in interstitial
water. Gerecke et al. (2005) already assumed that V. aquilex comprises several species, even though specimens they
examined were described as morphologically extremely close to the original English material. In our study, MOTU
B and MOTU EF co-occurred in the interstitial of the Sauer River. Within MOTU EF, both clades were detected in
Luxembourg, with one exclusively inhabiting interstitial sites in the Oesling region in the North of Luxembourg,
which also seems to be the main habitat for this lineage. The other clade was found in springs, mines and interstitial
sites. Both clades showed overlapping distributions in Luxembourg.

Niphargus fontanus Spence Bate, 1859 is regularly found in Belgium (Leruth 1939; Delhez et al. 1999; Stoch
et al. 2004; FiSer et al. 2018) and in the western part of Germany (Weber 2001, 2012). Population densities seem
always far lower than for N. schellenbergi (Leruth 1939; Delhez et al. 1999; Stoch et al. 2004; Fiser et al. 2018;
Weber 2001, 2012). This morphospecies nowadays is recognised as a species complex comprising three main clades
(Trontelj et al. 2009; as N. fontanus, N. cf. fontanus 1, and N. cf. fontanus 2). One clade is reported from Germany,
Switzerland, and Austria (Trontelj et al. 2009; Fiser et al. 2016), one clade is known from France (Trontelj et al.
2009, Mclnerney et al. 2014), and the third clade is present in UK, France and Belgium (Hardtke e al. 2011, Lefé-
bure et al. 2007, Trontelj et al. 2009, Altermatt et al. 2014, McInerney et al. 2014). In Luxembourg, only N. fontanus
MOTU A (sensu Mclnerney et al. 2014) was detected, and only at two sites: in the Miniére Langegronn occurring
in syntopy with N. schellenbergi and in the spring of Klengelbuer (genetically confirmed by two specimens). The
type locality for N. fontanus is located in Great Britain (Spence Bate 1859) with currently only one clade found in
this country (Trontelj e al. 2009; Hartke et al. 2011; McInerney et al. 2014). Once the three clades will be formally
described, specimens from Luxembourg most probably belong to N. fontanus sensu stricto since they cluster with
the British N. fontanus MOTU A.

N. schellenbergi and N. fontanus morphologically much resemble each other. The ovoid gnathopods for
N. fontanus versus the trapezoidal gnathopods of N. schellenbergi on Luxembourg’s material are by far not as easy
distinguishable, as shown in many drawings (e.g. Gledhill ez al. 1976; Hartke et al. 2011). Because the drawings of
Hoffmann (1963) do not clearly indicate the gnathopods of N. fontanus, it is likely that Hoffmann confused these
two species.

Although literature records exist from the Mini¢re Laangebierg for this species (being not identical to Miniére
Langegronn) and from springs near Echternach (Hoffmann 1963), and the species is frequently mentioned to be
a typical member of the Minette mines in the South of Luxembourg, our investigations of sites where Hoffmann
(1963) reported N. fontanus only yielded specimens of N. schellenbergi.

Niphargus kochianus Spence Bate, 1859 is a species complex currently under revision. Mclnerney et al.
(2014) distinguished four MOTUs, but the authors did not investigate specimens from the whole distribution area.
For Luxembourg, a single specimen at the Sickerquelle Maulusmiihle was provisionally assigned by genetics as
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N. kochianus MOTU ABC (lumping three MOTUs from Mclnerney et al. 2014, including MOTU B reported as
most widespread MOTU in the Benelux area). At this spring, we found eight niphargid specimens in total, but none
was an adult suitable for morphological determination. The five additional specimens that were sequenced from this
site were identified as N. schellenbergi.

Niphargus puteanus (C.L. Koch in Panzer, 1836) is widely distributed in Baden-Wiirttemberg (Dobat 1975;
Weber et al. 2020a) and parts of Bavaria (Fiser et al. 2016), but rarely found in North Rhine-Westphalia (Weber
1991) and Switzerland (Chappuis 1924; Altermatt et al. 2014). Occurrences from West of the Rhine River are gen-
erally sparse (Weber et al. 2020a). It was previously reported from a single site in Belgium [Leloup & Jacquemart
1963; but this was not confirmed in a later study by Fiser et al. (2018)], as well as from four sites in Alsace (Hertzog
1930; and our own investigation), all very close to the Rhine River. For a general overview of the distribution and
habitat preferences of the species see Weber et al. (2020a).

Only one specimen of N. puteanus was found in a spring in the Minette region in the South of Luxembourg,
where it occurred in sympatry with N. schellenbergi. This single-specimen record was confirmed by conducting
a second DNA isolation then by performing separate PCRs and separate sequencing reactions for both markers.
Niphargus puteanus and N. schellenbergi are two spring-inhabiting species that seem to exclude each other (We-
ber, pers. obs.).

Niphargus schellenbergi S. Karaman, 1932 is the most abundant and widespread niphargid species in Belgium
(Leruth 1939; Delhez & Houssa 1969; Notenboom 1982; Stoch et al. 2004; Fiser et al. 2018), the Netherlands
(Stock 1961; Cuppem 1978; Weber 2018) and the Western part of Germany (Weber 2001, 2012). It is therefore not
surprising that this is the case for Luxembourg as well. Hoffmann (1963; as Niphargus aquilex schellenbergi) con-
sidered this species to be common in springs in the Oesling and the Gutland. Notably, Hoffmann (1963) reported
this species also from nine streamlets and rivers. Gerecke et al. (2005) observed N. schellenbergi in 26 springs and
at two interstitial sites. This indicates that V. schellenbergi is a common species in springs of Luxembourg, but rarer
in the interstitial. Our records of N. schellenbergi confirm the wide habitat range of this species. The majority of
findings originated from springs, but we also recovered the species in subterranean and interstitial habitats. Notably,
in five mines (Minn vun Asselbuer, two specimens; Ardoisiére de Merkholtz, three specimens; Schiefergrouf vu
Schlaif II, one specimen, Schiefergrouf vu Pérel, three specimens; Miniére Laange Gronn XII, 33 specimens) and in
one railway tunnel (Eisebunns Tunnel Fouhren, nine specimens), N. schellenbergi specimens were found in Barber
traps outside the water and up to 3 m from the edges of the mine lakes. Flooding of the traps before they were col-
lected seems unlikely as the traps were still filled with ethane-1,2-diol. We therefore assume that specimens crawled
on the damp ground from the subterranean river into the traps. Such a behaviour was reported by Sket (2004) for the
amphipod Typhlogammarus mrazeki (Schéferna, 1907), but to the best of our knowledge never for niphargids.

Comparison of COI as well as of 28S to N. schellenbergi molecular data from the type locality (data not shown)
indicates that all Luxembourgish specimens belong to N. schellenbergi sensu stricto. Furthermore, the morphology
of the specimens collected in Luxembourg generally matched the morphological variability found at the type local-
ity (Karaman 1932; re-collected by the first author in 2018). However, a few specimens displayed strong deviations
from this morphology. Some, but by far not all adult specimens from the Miniere Doihl exhibited a slightly to
strongly rounded epimeral plate III. This is indicative of the N. aquilex complex. The rami of uropod II of these
N. schellenbergi are about 60% of the length of their peduncle, while in N. schellenbergi normally it is close to
100%. All other characters, such as 3—4 spines in the dactylus of the gnathopods, indicate them as belonging to NV.
schellenbergi. One adult male (individual DL1 in Supplementary Table 1) very clearly possessed this rounded
epimeral plate but sequencing revealed it as a N. schellenbergi instead (as was the case for all sequenced specimens
from Miniére Doihl). In addition, some specimens had relatively short spines (of about 40% of the telson length)
at the end of the telson, whereas all the specimens of our collections had spines >60% of the length of the telson
(thereby differing from the literature, e.g. the first description by Karaman in 1932). All other deviations from the
first description (e.g. antennae 1 40% of body length vs. 33% in the original description) seemed to be within the
variability of this species (according to our own investigations, data not shown).

All adult males from Sept-Fontaines deviated strongly from all known N. schellenbergi morphs. They had 5
spines at the dactyli of the gnathopods whereas all other adult specimens of our material showed 3—4 spines. Their
3" epimeral plate was slightly rounded. The end-spines of their telsons had a length only 40-50% of the telson
length. The specimens bear 2628 segments on the flagellum of antennae 1. Niphargus schellenbergi normally pos-
sesses 22—25 segments on this part. It seems thus likely that N. schellenbergi harbors a much greater intraspecific
morphological variability than currently recognized.
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Niphargus virei Chevreux, 1896 was reported by Hoffmann (1963) from two sites: Miniére Langegronn and
Sept-Fontaines (=Sieweboure) in the city of Luxembourg. It was stated to co-occur with N. schellenbergi. We were
not able to re-collect V. virei in Luxembourg, although we re-visited both sites. Our collection in Sept-Fontaines re-
sulted in 42 individuals (9 males, 11 supposed females and 22 juveniles). Their morphology deviated strongly from
the typical N. virei as well as from N. schellenbergi, to the point they could have been considered a different, un-
described species. Surprisingly, however, both genetic markers allocated the specimens clearly to N. schellenbergi.
Field sampling at the other potential V. virei site (Miniére Langegronn) only yielded N. schellenbergi (confirmed by
morphology, COI and 28S). In springs above the mines, where predominantly N. schellenbergi was detected, one
specimen was assigned to N. puteanus.

The presence of N. virei in Luxembourg remains doubtful. For the moment, we assume that Hoffmann (1963)
was misled by the peculiar morphotype of N. schellenbergi in Sept-Fontaines. It might explain why Hoffmann (1963)
did not attribute them to N. schellenbergi, but it does not explain why he identified them as belonging to N. virei.
Given the morphological characters stated by Hoffmann (1963) for his material from Miniére Langegronn (Table
9), we can exclude the possibility that he had collected N. puteanus (based on overall size, number of spines of the
dactylus, length of end spines of telson, length coxal plate IV, end spines:telson) or N. virei (based on number of
spines on the dactylus, telson length:width, end spines:telson). Currently, no known morphospecies fits his investi-
gations and we tentatively interpret his results as misidentifications.

TABLE 9. Relevant morphological characters of Niphargus puteanus and Niphargus virei in comparison to the specimen
drawn by Hoffmann (1963) determined as N. virei.

N. puteanus N. virei Hoffmann (1963)
Size in mm 1022 about 35 30-33
Coxal plate IV not longer than V longer than V longer than V
Spines on the dactylus of the gnathopods 5-8 2-10 1
Epimeral plate 3, angle at posterior edge 80°-120° 90° 90°
Uropod I internal branch:external branch 1.2-2 1.2-1.35 1.25
Telson length:width 0.86—1.05 1.2-1.25 1
End spines of telson 3 4-5 5
End spines:telson 0.33-0.53 0.25-0.44 0.22

Combining past and present findings
Our integrative taxonomic survey for groundwater amphipods of the family Niphargidae in Luxembourg detected
N. schellenbergi as the predominant species. All other taxa were less frequent (N. fontanus MOTU A, N. aquilex MOTUs
EF and G), and for three species only a single-specimen record was retrieved (N. aquilex MOTU B, N. kochianus
MOTU ABC, N. puteanus). When compared, species overlap between literature reports (Fig. 4), morphology-based
identifications from our study and DNA-based species identifications was limited to three (morpho)species: N. ag-
uilex, N. fontanus and N. schellenbergi. Neither M. leruthi nor N. virei were re-detected.

As stated above, we faced several difficulties when identifying specimens based on their morphology, partly
leading to questionable or imprecise determination results attributable to the following causes:

* mistakes or ambiguities in determination keys (e.g. in Ginet, 1991-1995, where N. schellenbergi is described
with the external ramus of uropod 1 being longer than internal, whereas at least in Luxembourg and further
Central European material both rami have similar lengths);

» lack of taxonomic keys to distinguish species within species complexes (N. aquilex complex, N. kochianus
complex), which so far can only be addressed using genetic data;

* mismatches between the historical drawings of diagnostic morphological characters and their features in the
specimens at hand (e.g. the supposedly ovoid gnathopods in N. fontanus compared to the square-shaped gna-
thopods of N. schellenbergi);

* high intraspecific morphological variability, as e.g. observed in N. schellenbergi for which two distinct mor-
photypes were observed. Without molecular data (COI and 28S), we would have wrongly described the distinct
phenotype from Sept-Fontaines as a species new to science;
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» abundance of juveniles among our collected individuals, which are always difficult to determine with confi-
dence.

Prior to the project Data of the project

N. aquilex MOTU EF

N. aquilex MOTU B

Microniphargus
leruthi

N. aquilex MOTU G

N. fontanus MOTU A |\ | hianus MOTU ABC

Niphargus virei

N. schellenbergi

N. puteanus

FIGURE 4. Venn diagram of niphargids from Luxembourg, comparing historical literature findings and genetic findings
of this study. The presence of Microniphargus leruthi seems likely, but the species was not recollected.

The outcomes of our integrative taxonomic survey hence strongly corroborate previous statements that mor-
phology-based identifications of the niphargid fauna of Northern France, the Benelux countries and Germany is er-
ror-prone, or, for some species complexes, even impossible (McInerney et al. 2014; Weber et al. 2020b). Currently,
only adult N. puteanus can be reliably identified using their morphology (Weber et al. 2020a). For some part also,
an accurate morphological determination of N. schellenbergi seems possible, i.e. when referring to 1) the form of
gnathopods, ii) the setae on the outer ramus of the dactylus of gnathopods and iii) the rounded epimeral plate; the
length of the two rami of uropod I, on the other hand, does not appear informative. In contrast, several individuals
not matching the set of diagnostic characters mentioned in the original description of N. schellenbergi by Karaman
(1932) turned out to belong to this species after integration of mitochondrial and nuclear sequence data.

In conclusion, a safe determination of niphargids from Luxembourg—and the Greater Region of Saarland,
Lorraine, Luxembourg, Wallonia and Rhineland-Palatinate—appears only possible using molecular data. The com-
monly applied COI barcode marker seems highly suitable here as species delineations and assignments were consis-
tent with nuclear 28S data. A large-scale molecular inventory of niphargids in the Greater Region would also allow
shedding further light on the distribution and ecological preferences of the rare species detected in our study.
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ONLINE SUPPLEMENTARY MATERIAL

Online Supplementary Data 1. Sequencher file containing all the COI chromatograms of the present study (136 chro-
matogram pairs, two of which displayed double peaks attributable to Numts or heteroplasmy).

Online Supplementary Data 2. Sequencher file containing all the 28S chromatograms of the present study (55 chro-
matogram pairs, five of which displayed double peaks attributable to heterozygosity).

Online Supplementary Data 3. FASTA alignment of all the COI sequences used in the present study (138 sequences
from 136 individuals from the present study plus three sequences from Flot 2010 and 16 sequences from Mclnerney et
al. 2014).

Online Supplementary Data 4. FASTA alignment of all the 28S sequences used in the present study (60 sequences
from 55 individuals from the present study plus three sequences from Flot 2010 and 16 sequences from Mclnerney et al.
2014).
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