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Abstract: This survey reports the spatial distribution of gastropods belonging to Caenogastropoda,
Architaenioglossa, Littorinimorpha, Cycloneritida and Hygrophila orders, and malacostracans from
Amphipoda and Mysida orders in the lower sector of the Danube River, Romania, using DNA
barcoding based on the cytochrome C oxidase I (COI) gene sequence. Sampling was performed for
eight locations of Danube Delta branches and Bechet area during three consecutive years (2019-2021).
Molecular identification of sixteen gastropods and twelve crustacean individuals was confirmed to the
species level, providing the first molecular identification of gastropods from the Lower Danube sector.
Phylogenetic analysis showed that species of gastropods and crustaceans clustered in monophyletic
groups. Among gastropods, Microcolpia daudebartii acicularis, Viviparus viviparus, Bithynia tentaculata,
Physa fontinalis, Ampullaceana lagotis and Planorbarius corneus were identified in Chilia and Sulina
branches; and the Bechet area was populated by Holandriana holandrii, Theodoxus transversalis and
Gyraulus parvus. The amphipods and mysids were present along the three main Danube branches. The
calculated density of these species revealed an abundant community of crustacean Chelicorophium ro-
bustum on Sulina branch, and Dikerogammarus haemobaphes and D. villosus in extended areas of the
Danube Delta. The presence of these invertebrates along Danube River was reported in relation to
the sediment type and water depth.

Keywords: DNA barcoding; gastropoda; amphipoda; mysidae; Danube River; distribution

1. Introduction

Danube is one of the most important inland waterways and the second-largest river in
Europe. It has a length of 2857 km from the source (Black Forest, Germany) to the delta
and the Black Sea, Romania [1]. The lower Danube course, between Bazias to its mouth at
the Black Sea, with a length of 1075 km, represents Romania’s natural borders with Serbia,
Bulgaria, Ukraine and the Republic of Moldova [2]. Over a third of the river’s length is in
Romania, covering almost a third of the surface area of the Basin [3]. With a hydrographic
basin of 816,028 km?, covering 11% of the European continent [4], the river discharges into
the Black Sea in a characteristic delta formed by three main branches.

The Danube Delta represents one of the continent’s most valuable habitats for wetland
and is the largest remaining natural wetland. Its unique ecosystems consist of a labyrinthine
network of river channels, shallow bays and hundreds of lakes. The three main channels
flowing through the delta are represented by the Chilia branch, which carries 63% of the
total flow; the Sulina branch, which accounts for 16%; and the St. George branch, which
carries the remainder [3,5]. As the largest delta in the European Union covering about
5640 km? (including the outer lagoons areas), of which 4400 km? is in Romanian territory,
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the Danube Delta acts as a natural filter for about 7 to 10% of the total water, sediment and
pollutant discharges of the river into the sea [6].

Benthic invertebrates are an important component of freshwater ecosystems; they
contributing to accelerating detrital decomposition [7,8], material circulation and energy
flow and supply food for both aquatic and terrestrial vertebrate consumers [9].

Gastropods are one of the largest benthic groups with regard to the number of species
and their relative abundances in large lowland rivers [10,11]. They have a substantial
function in riverine systems, controlling the growth of algal communities and grazed
systems, resulting in decreased algal biomass [12], and provide an important food source
for some fish species [13]. Danube’s gastropod fauna belongs to the richest in Europe,
encompassing species with a wide European distribution, but also with unique Danubian
and Ponto-Caspian elements [14-16].

Malacostracan crustacean groups represented by amphipods and mysids play key roles
in water quality assessment and ecological [17] and ecotoxicological studies, being sensitive
to some chemical contaminants at environmentally relevant concentrations [18]. Taking
into consideration their large distribution, their ecological role in the food chain and their
susceptibility to pollutants, these organisms are frequently used as bioindicators [19,20]
and contribute to nutrient recycling and water purification, representing an important
food source for a variety of animals [17]. Ponto-Caspian amphipods, isopods, mysids and
cumaceans represent some of the most successful groups of aquatic invaders, comprising
several high-impact species, such as Chelicorophium robustum, Dikerogammarus villosus and
D. haemobaphes [21].

Owing to their sensitivity to water quality, hydrology and sediment conditions, ben-
thic invertebrates are the most commonly used organisms for biological monitoring of
freshwater ecosystems worldwide; they are frequently used in environmental assessment
studies and as indicators of functional change [22,23]. However, monitoring functions
depend, to a large extent, on the accuracy of the species identification [24,25].

For the last few decades, DNA barcoding based on mitochondrial cytochrome c
oxidase 1 (COI) gene sequencing [26] was extensively used for efficient and accurate species
identification, facilitating the discovery of cryptic and new species [27]. To date, this method
has been successfully applied for the identification of gastropods [28], amphipods [29] and
mysid crustaceans [30] to overcome the limitations of specimen identification based on
morphological characters [31,32].

Several studies carried out in the Lower Danube region based on morphological
identification aimed to assess the distribution and ecology of macroinvertebrates [33],
including gastropod fauna [34-37]. Only limited data on Ponto-Caspian amphipods and
mysids from this region have been provided [38-42]. Moreover, molecular identification of
amphipods [43-45] and mysids [30,46] from the Lower Danube sector and Danube Delta
targeted only a few species. Additionally, [30,45,46] conducted studies on specimens col-
lected from unspecified locations of the Danube Delta. Meanwhile, no such investigations
based on molecular identification were carried out so far regarding gastropod fauna.

In this context, the current report based on molecular identification by DNA barcoding
provided new data on the distributions of several gastropod and Ponto-Caspian malacos-
tracan amphipods and mysids species along the Lower Danube River sector in relation to
the depth and substrate type of their habitat.

2. Materials and Methods
2.1. Study Area, Sampling and Sample Preparation

Sediment samples were collected from 8 sites along the Lower Danube sector in 2019,
2020 and 2021 during 3 field trip sessions in late spring (May-June) periods (Figure 1,
Table 1). Among these, the sites PO1 and PO1A were located within the Ceatal Izmail area,
the apex of the Danube Delta where the splitting of the river in Chilia and Tulcea distribu-
taries occurs—P06 on Chilia branch, P12 and P13 on Sulina branch, P20 and P24 on the St.
George branch and D20 in the Bechet area (km 676), respectively (Figure 1). Sampling was
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carried out at various depths, corresponding to different substrate composition (Table 1).
The substrate from the Danube branches site was represented by mixed, sandy and muddy
sediments, and in the Bechet area by submerged vegetation and a solid substrate. The
water depth in the D20 station located in Bechet area was 3.7 m on average and ranged
from 4.7 to 24 m along the Danube Delta branches.

Bechet

/B ROMANIA

ROMANIA

POIA P2

— — —— — — ROMANIA

BLACK SEA

Figure 1. Sampling sites of the Lower Danube River sector. (A) Overview map of the Danube River;
(B) sampling location in Bechet area; (C) sampling locations along the Danube Delta river branches.

Table 1. Study area. Sampling sites of the lower sector of the Danube River (Figure 1), year of
collection, water depth and substrate type. MS: mixed sediments; MSM: mixed sediments dominated
by mud with aquatic vegetation; SM: sandy mud with aquatic vegetation; S sand; M: mud; AV:
aquatic vegetation with solid substrate.

P01 2019, 2020, 2021 45°13/36.23" 28°43/57.49" 24.0 MS
PO1A 2019, 2020, 2021 45°13'36.23" 28°43'57.49" 240 MS
P06 2019, 2020, 2021 45°24'19.16" 29°33'12.71" 6.8 SM
P12 2019, 2020, 2021 45°10/53.65" 29.20’47.84" 4.7 MSM
P13 2019, 2020, 2021 45°10'35.34" 29°28'28.66' 51 MSM
P20 2019, 2020, 2021 45°01'10.2” 29°16'36.64" 13.8 S
P24 2019, 2020, 2021 44°57'33.80" 29°20/48.80" 19.5 M
D21 2019, 2021 43°44'13.0” 23°59/4.3" 37 AV

Sediments were collected using a Van Veen grab with a surface of 0.1 m? and a
limnological net. Samples were washed immediately after collection using 250 and 125 pm
mesh sieves to remove excess sediment particles and preserve macrofauna. For collecting
the phytophilous organisms, the vegetation was swept by using a limnological net with
125 um mesh size. Each specimen selected for genetic analyses was washed with sterile
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water and placed in 200 pL Tris-EDTA pH 8 buffer at —20 °C [47]. For samples collected in
2021 with the Van Veen grab, the quantitative distribution of each species was evaluated
by counting all individuals and calculating their theoretical density per unit surface (1 m?)
using a multiplication factor of 10 [48]. For the samples collected with the limnological net,
the abundance was expressed as the total number of individuals collected.

2.2. Morphological Identification

In a first attempt, all collected species were morphologically assigned according to
the identification keys for gastropods [49], amphipods [50], and mysids [51], and further
submitted to DNA barcoding analysis.

2.3. DNA Extraction, PCR Amplification and COI Gene Sequencing

Total genomic DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany), following an optimized protocol including an initial stage of cell disrup-
tion [52]. The specimens were introduced into Tris-EDTA pH 8 buffer and homogenized
at 20 °C, 50 Hz, for 12 min, in a SpeedMill PLUS Cell Homogenizer (Analytik, Jena, Ger-
many) in the presence of 5 ZR BashingBead lysis matrix 0.2 mm (Zymo Research, Irvine,
CA, USA), and further processed following the manufacturer’s protocol. A partial region
of mitochondrial COI gene was amplified using metazoan universal primers (CO1490
(5'-GGTCAACAAATCAAA-GATATTGG-3') and HCO2198 (5-TAAACTTCAGGGTGAC-
CAAAAAATCA-3)) [53]. PCR amplification was carried out in a 50 pL reaction volume
containing 1 unit ofTaq DNA polymerase (ThermoFisher Scientific, Waltham, MA, USA),
1 uL genomic DNA, 1 pL each of LCO1490 and HCO2198 primer, 0.1 mM of ANTP (Ther-
moFisher Scientific), 1 x BSA (New England Biolab, BiolabIpswich, MA, USA) and 1 x Taq
buffer containing 2.5 mM MgCl, (ThermoFisher Scientific). The COI fragment was ampli-
fied after an initial incubation at 95 °C for 2 min, followed by 5 cycles of incubation at 94 °C
for 30 s, annealing at 45 °C for 1.5 min and extension at 72 °C for 1 min; and 35 cycles of
94 °C for 30 s, 50 °C for 1.5 min and 72 °C for 1 min, with a final extension step of 5 min
at 72 °C. The size and integrity of the amplified DNA were analyzed by electrophoresis
in 1% agarose gel (Cleaver Scientific, Ltd., England). The amplicons were further purified
using a QIAquick PCR Purification Kit (Qiagen) and sequenced on both strands using the
amplification primers (Macrogen, Amsterdam, The Netherlands).

The resulting COI nucleotide sequences were edited using Sequence Assembly and
Alignment—CodonCode Aligner Software (CodonCode Corporation 2003). Sequence
identification was performed using the BLAST-NCBI platform [54]. Molecular identification
of isolated gastropods and crustaceans collected from the Danube branches was based
on the sequence identity of the COI amplicons using a combination of approaches that
included the use of the R package INSECT with the database classifier version [55,56] and
a 97% threshold for BLAST sequence screening of the NCBI GenBank database [26].

The COI sequence of all identified gastropod and crustacean specimens from the
Lower Danube sector were deposited in GenBank (Supplementary Table S1).

2.4. Phylogenetic Analysis and Calculation of Intra- and Interspecific Genetic Distance

The alignment of gastropods and crustaceans” COI sequences retrieved from NCBI
GenBank (Supplementary Table S1) was performed using MUSCLE with default parame-
ters [57]. Phylogenetic analysis for both gastropod and crustacean species based on COI se-
quences was performed via maximum likelihood statistical method using the IQ-TREE web
server (Available online: http:/ /igtree.cibiv.univie.ac.at/ (accessed on 20 June 2022)). We
used the ModelFinder to find the best substitution model according to BIC (K3Pu + F + I + G4),
with ultrafast bootstrapping (1000 iterations), single branch test SH-aLRT (1000 iterations)
and the Approximate Bayes test [58]. The resulting tree was visualized using Interac-
tive Tree of Life (Available online: https://itol.embl.de/ (accessed on 20 June 2022)) [59].
Spongilla lacustris COI gene (HQ379431) was used as an outgroup for both gastropods and
crustacean phylogenetic trees. Pairwise intraspecific and interspecific genetic distances
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were calculated using the Kimura two-parameter (K2P) model using the Molecular Evolu-
tionary Genetics Analyses (MEGA) platform version 11 [60,61]. A 3% molecular threshold
was taken into account as the most used cut-off value for species delimitation [26].

3. Results
3.1. Molecular Identification and Phylogeny of Gastropods and Crustaceans

Following an initial morphological screening of the invertebrates collected from the
eight stations of the Lower Danube sector (Figure 1), all specimens were successfully
identified by DNA barcoding, including the 16 gastropods and 12 crustacean individuals
collected (Supplementary Table S1). The taxonomic assignment of these new species using
the R package INSECT analysis confirmed their affiliation (Supplementary Table S2).

The COI amplicons’ sizes varied between 513 and 654 bp with an average was 602 bp
for gastropods, and between 539 and 651 bp with an average of 600 bp for crustaceans.

The nine gastropod species from Caenogastropoda, Architaenioglossa, Littorinimor-
pha, Cycloneritida and Hygrophila orders belonged to eight families (Amphimelaniidae,
Melanopsidae, Viviparidae, Bithyniidae, Neritidae, Lymnaidae, Physidae and Planorbidae),
and the five identified crustaceans from Amphipoda and Mysida orders were classified
into three different families (Corophiidae, Gammaridae and Misidae) (Table 2).

A phylogenetic tree for gastropod species was constructed based on 28 individuals
DNA barcode sequences, of which 16 were from the current study and 10 additional
sequences were retrieved from the NCBI GenBank database (Figure 2). All individuals
assigned to the same species belonged to monophyletic clusters, and all individuals of the
same species formed a branch, each with high bootstrap support values (<90%) (Figure 2).

’

HQ379431 Spongilla lacustris

MK919687 Physa acuta

FJ373018 Physa fontinalis

A MW600069 Physa fontinalis
AY227364 Ampullaceana balthica

A ON036036 Ampullaceana lagostis

A ON000193 Ampullaceana lagostis

A MW600073 Ampullaceana lagostis
AY282590 Planorbarius corneus

A MW600083 Planorbarius corneus
MZ127279 Gyraulus albus

A ON000194 Gyraulus parvus

A ON000188 Gyraulus parvus
MK754596 Theodoxus fluviatis
GQ365727 Theodoxus danubialis

AHM171591 Theodoxus transversalis

MW?139678 Theodoxus transversalis

MK517425 Viviparus acerosus

AONO000191 Viviparus viviparus
(98.4/17100) [ A ONO000197 Viviparus viviparus
A ONO00180 Viviparus viviparus

MW138416 Bithynia leachii
AMW139682 Bithynia tentaculata
AMW139681 Bithynia tentaculata
A ONO00192 Holandriana holanarii
A ON000184 Holandriana holanarii

KJ831022 Esperiana esperi

FJ652188 Microcopia daudebartii acicularis
A MW139680 Microcopia daudebartii acicularis

{100717100)

(98.511/94) {100717100)

(12800572181)

Tree scale: 0.1

Figure 2. Phylogenetic tree of gastropod species based on cytochrome oxidase subunit I (COI).
A: sequences from the current study; Spongilla lacustris COI (HQ379431) was used as an outgroup;
numbers in parentheses are SH-aLRT support (%)/aBayes support/ultrafast bootstrap support (%).
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Table 2. Occurrences of gastropods and malacostracans according to the year of sampling, location,
water depth and type of substrate. Sampling sites P01, PO1A, P06, P12, P13, P20, P24, D20 (Figure 1).

Gastropoda
Caenogastropoda
Holandriana holandrii 2021 3.7 AV
. . . . 2019 2019 4.7 MS
Microcolpia daudebartii acicularis 2001 2021 o1 MSM
Architaenioglossa
Viviparus viviparus 2020 2020 4.7 MS
2021 2021 24 MSM
Littorinimorpha
. . 2020 2020 5.1 MS
Bithynia tentaculata 2021 2021 o1 MSM
Cycloneritida
Theodoxus transversalis 583 37 AV
Hygrophila
. 2020 6.8 SM
Ampullaceana lagotis 2021
. 2020 5.1 MSM
Physa fontinalis 2021
. 2020 4.7 MSM
Planorbarius corneus 2021
Gyraulus parous 2021 3.7 AV
Malacostraca
Amphipoda
2019 2019 2019 2019 4.7 MS
Chelicorophium robustum 2021 2021 2021 2021 6.8 MSM
24
2019 2019 2019 2019 2019 4.7 MS
Dikerogammarus haemobaphes 2020 2021 2020 2020 2020 5.1 MSM
2021 2021 2021 2021 6.8
24
2020 2021 2020 2020 2020 2020 4.7 MS
2021 2021 2021 2021 2021 5.1 MSM
Dikerogammarus villosus 13.8
19.5
24
Mysida
Limnomysis benedeni 2020 51 MSM
2021
. . . 2020 2020 4.7 MSM
Paramysis (Mesomysis) lacustris 2021 2021 51

The intraspecific and interspecific distances were measured for the specimens assigned
to the same species and same family, in order to validate the existence of the 3% molecular
threshold. For gastropods, the intraspecific distance calculation was conducted for four
species which were represented by more than one individual, as follows: H. holandrii,
V. viviparus., B. tentaculata and A. lagotis. Intraspecific T3P distances of the COI sequences
within species ranged from 0% to 0.7%, the highest distance being found in A. lagotis. Inter-
specific distances for gastropods ranged from 17.2% to 37.8%. In the case of Planorbidae
being represented by two species, the average genetic distance within this family was 16.9%
(Table 3).
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Table 3. Intraspecific and interspecific K2P genetic pairwise distances for gastropod species. The
values calculated for Danube River specimens are represented in bold.

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 1.

1. ON000184 H. holandrii

2. ON000192 H. holandrii
3.MW139680 M. daudebartii
acicularis

4. ONO000180 V. viviparus

5. ON000191 V. viviparus

6. ON000197 V. viviparus

7. MW139681 B. tentaculata
8. MW139682 B. tentaculata
9. MW139678 T. transversalis

10.
11.
12.

13
14

ONO000193 A. lagotis
ONO036036 A. lagotis
MW600073 A. lagotis

. MW600069 P. fontinalis
. MW600083 P. corneus

15.
16.

ONO000188 G. parvus
ONO000194 G. parvus

0.000 -
0.205 0.207 -

0.281 0.282 0.241 -

0.275 0.276 0.241 0.003 -

0.277 0.278 0.240 0.003 0.003 -

0.235 0.236 0.240 0.274 0.268 0.271 -

0.242 0.241 0.243 0.278 0.268 0.278 0.003 -

0.240 0.238 0.211 0.263 0.259 0.261 0.224 0.225 -

0.327 0.317 0.327 0.347 0.337 0.345 0.319 0.321 0.277 -

0.299 0.294 0.307 0.332 0.329 0.329 0.307 0.307 0.257 0.004 -

0.315 0.305 0.306 0.333 0.330 0.332 0.308 0.306 0.258 0.005 0.007 -

0.365 0.352 0.355 0.315 0.312 0.312 0.298 0.298 0.272 0.180 0.180 0.185 -

0.345 0.329 0.302 0.305 0.302 0.304 0.321 0.318 0.273 0.173 0.172 0.175 0.202 -
0.362 0.345 0.333 0.356 0.347 0.353 0.299 0.307 0.295 0.215 0.207 0.208 0.218 0.164 -
0.362 0.362 0.350 0.378 0.372 0.378 0.316 0.320 0.316 0.232 0.219 0.226 0.230 0.175 0.000 -

For crustacea, the phylogenetic reconstruction was based on 16 COI sequences, of
which 12 were from this study and 4 were retrieved from GenBank (Figure 3). All individu-
als belonging to the same species analyzed in the present study formed distinct clusters in
the tree, with bootstrap support values <90% (Figure 3).

(42.508345069)
(51 210}249/60)
(65, TIO408T3)

T oanuEsEn |

HQ379431 Spongilla lacustris

AOND00186 Limnomysis benedeni
AMWB000T0 Limnomysis benedeni
AMWB00071 Limnomysis benedeni
AMWB00072 Limnomysis benedeni

DQT779850 Paramysis intermedia
199 371R8) i DQT79845 Paramysis (Mesomysis) lacustris

Ll A MWB00085 Paramysis (Mesomysis) lacustris

MNSS6090 Chelicorophium curvispinum
T AON0D00195 Chelicorophium robustum
(rELI0) AMW139683 Chelicorophium robustum

Tree scale: 0.1 »

156 a7irsa) KM208875 Dikerogammarus villosus

Fﬁm@sf— A MWE00090 Dikerogammarus villosus
B Y m— I A ON000189 Dikerogammarus haemobaphes
| A ON000187 Dikerogammarus haemobaphes
QA Jn AMWB00089 Dikerogammarus haemobaphes
(792 e54m2) AMWB00074 Dikerogammarus haemobaphes

Figure 3. Phylogenetic tree of amphipod and mysid species based on cytochrome oxidase subunit I
(CQI); (A): sequences from the current study; Spongilla lacustris (HQ379431) was used as an outgroup;
numbers in parentheses are SH-aLRT support (%)/aBayes support/ultrafast bootstrap support (%).

The calculated intraspecific distances for C. robustum, D. haemobaphes and L. benedeni
showed the highest genetic distance (2.7%) for L. benedeni, in addition to the identified 3%
threshold for different species. The lowest interspecific distance of 20.4% was obtained be-
tween D. haemobaphes and D. villosus, and the highest value was 38.9% between C. robustum
and P. lacustris, and the same between D. haemobaphes and L. benedeni. Additionally, the
interspecific distances between species belonging to the same family varied in the case of
Gammaridae. For the genus Dikerogammarus, the interval was 19.9-20.5% and the average
value was 20.2%. The values for the two Misidae species ranged from 30.5% to 33.8%, and
the average value was 31.4% (Table 4).
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Table 4. Intra- and interspecific K2P pairwise distances for crustacean species. The values calculated
for Danube River specimens are represented in bold.

. MW600089 D. haemobaphes
. ON000187 D. haemobaphes
. ON000189 D. haemobaphes
. MW600090 D. villosus

. MW600070 L. benedeni

. MW600071 L. benedeni

10. MW600072 L. benedeni
11. ONO000186 L. benedeni

12. MW600085 P. lacustris

O 00O NIONUTk WN -

1. 2. 3. 4, 5. 6 7. 8. 9. 10. 11. 12.
. MW139683 C.robustum -
. ON000195 C. robustum 0.000 -
. MW600074 D. haemobaphes  0.332  0.342 -

0331 0336 0.003 -

0.337 0332 0.004 0.002 -

0.338 0331 0.002 0.002 0.000 -

0322 0332 0204 0199 0205 0.203 -

0350 0373 0350 0347 0358 0349 0326 -

0.348 0370 0353 0350 0.361 0353 0.333 0.008 -

0374 0400 0380 0383 0.389 0381 0.355 0.025 0.020 -

0350 0370 0.348 0344 0355 0346 0333 0.002 0.006 0.027 -
0366 0389 0336 0333 0347 0348 0346 0310 0.306 0.338 0.305 -

Intra- and interspecific pairwise distances for crustacean species COI analyses showed
that the obtained intraspecific and interspecific genetic distances between individuals of
both gastropod and crustacean species do not overlap, further supporting the species
identification.

3.2. Distribution and Ecology of Gastropod and Crustacean Species along the Lower Danube Region

Out of the eight investigated sites, gastropod species were identified in four locations
along the Danube branches and in the Bechet area site (Figure 4) during different field trips.
The crustacean species were found in all seven sampling sites located along the Danube
branches (Figure 5), during the whole time interval (Table 2).

DanubiDelta
|\

BLACK SEA

P S‘ Gheofghe

Sakhalin Arpé

T
29.00 29.50

Microcolpia daudebartii acicularis ® Ampullaceana lagotis ® Holandriana holandrii
Viviparus viviparus Physa fontinalis [ Theodoxus transversalis ®
Bithynia tentaculata El Planorbarius corneus ® Gyraulus parvus o

Figure 4. Distribution of gastropod species along Danube branches and in the Bechet area (inset).
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Danubg Delta
l\ v

P20

‘ BLACK SEA
4 s‘ (r’?;hea‘rghe:

Sakhalin Ared

29.00 29.50
Chelicorophium robustum ® Limnomysis benedeni ®
Dikerogammarus haemobaphes « Paramysis lacustris @
Dikerogammarus villosus ®

Figure 5. Distribution of crustacean species along Danube branches.

The gastropod species identified along the Danube branches (M. daudebartii acicularis,
V. viviparus, B. tentaculata, P. fontinalis and P. corneus) were present only on Chilia and
Sulina Danube branches (Figure 4). Meanwhile, only three phytophilous gastropods
were retrieved from the Bechet area, H. holandrii, T. transversalis and G. parvus (Figure 4).
These specimens were retrieved from different water depths ranging from 3.7 to 24 m
(Table 2). The river-bed substrate below the isolated species was also variable. In this
respect, M. daudebartii acicularis, V. viviparus, B. tentaculata, P. fontinalis and P. corneus species
were associated with mixed sediments, whereas A. lagotis was detected in areas dominated
by sandy and muddy sediments rich in submerged vegetation (Table 2).

The calculated density of gastropod species was relatively low, ranging from 10 to
20 individuals/m? interval. There was a high presence (30 ind/m?) of P. corneus in site P12
(Sulina branch) (Table 5).

The amphipods and mysids were identified from the investigated sites located along
the three main Danube channels (Chilia, Sulina and St. George). D. haemobaphes was
detected in all three branches, D. villosus only in Sulina and St. George areas and C. robustum
in Chilia and Sulina; the mysids were identified only in the Sulina branch (Figure 5). Their
habitat was characterized by a variable water depth ranging from 4.7 to 25 m (Table 2). All
investigated species were detected in substrates characterized by mixed sediments, but only
representatives of Amphipoda order were encountered in sandy and muddy sediments
(Table 2).

Overall, the amphipods recorded higher calculated density as compared to mysid
species. The highest values were found for C. robustum and D. haemobaphes, reaching 420
and 300 ind./m?2 at P12 and P13 stations, respectively. The two mysid species registered
relatively low densities, the highest being recorded by P. lacustris with 30 ind./m?2 in P13
station. (Table 5).
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Table 5. Calculated densities of gastropod and crustacean species for the sampling sites of the Lower
Danube River. Locations of sampling sites P01, PO1A, P06, P12, P13, P20, P24 and D20 are indicated
in Figure 1.

Density (Individuals/m?)

Species PO1 * POIA * P06 * P12* P13 * P20 * P24 * D20 **
Gastropoda
M. daudebartii acicularis 20 20
V. viviparus 20 20
B. tentaculata 10 10
A. lagotis 10
P. fontinalis 10
P. corneus 30
H. holandrii 2
T. transversalis 3
G. parvus 2
Malacostraca
C. robustum 10 30 20 420
D. haemobaphes 10 130 210 20 300 30
D. villosus 40 110 10 30 10 20
L. benedeni 10
P. lacustris 10 30

* Samples collected with VV grab (density: expressed as individuals/ m2, ** samples collected with the limnological
net (abundance: total number of individuals collected).

4. Discussion

For the last decades, the molecular approach based on DNA barcoding has become
an important tool for biodiversity assessment worldwide, being suitable for the identi-
fication of species from different life stages and species with sexual dimorphism, or for
putative cryptic species, from both fresh and preserved materials [62]. In the current
study, DNA barcoding was proven to be an effective instrument for identifying gastropods
and crustaceans.

Traditionally, the method for validating presumptive species using DNA barcoding
analysis is based on the comparison between intraspecific and interspecific genetic nu-
cleotide divergence enabling the inference of a molecular threshold to help taxonomic
identification [26,63]. There are many debates in the scientific literature about the most ap-
propriate similarity threshold. It can vary in the 2—4% interval depending on the taxonomic
group of macroinvertebrate species [64]. The variation between species needs to exceed
the variation within species, which allows clear genetic differentiation of species by the
existence of the barcoding gap [65]. Here, for performing pairwise genetic distances, the
3% molecular threshold was used. The calculated intraspecific and interspecific divergence
values for gastropods (Table 3) were comparable to those reported for species retrieved
from the Portuguese coast, Vaal River and Adriatic Sea, varying in the 8.44-74.67% and
0-2.9% intervals, respectively [66—-68]; and for amphipods and mysids collected from the
Pacific coast of Canada, the Black Sea, the Caspian Sea, Danube River and Don and Rhine
river systems, these values were in 0%—4.3% and 4.92-34.2% intervals [69-71]. These find-
ings support the efficacy of DNA barcoding based on COI gene sequencing in species
delineation. Moreover, our results showed no overlap between intra- and interspecific
genetic divergence for both gastropod and crustacean taxa.

COl represent a better target, having major advantages: the universal LCO1490 and
HCO2198 primers for this gene are very robust, allowing the recovery of the 5" end from the
majority of the representatives of animal phyla [53,72]. The evolution of this gene was fast
enough to enable the discrimination of closely related species and phylogeographic groups
within a single species [73,74]. For both gastropod and crustacean taxa, the ML tree showed
distinctness of all the studied species. For instance, although sequences belonging to the
specimens identified as V. viviparus grouped closely with the GenBank retrieved sequences
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belonging to V. acerosus, the species formed distinct clusters in the COI phylogenetic re-
construction. Our results are consistent with those other studies showing that COI-based
phylogeny could confirm the genetic differentiation between Viviparus species [75]. More-
over, [76] reported morphological similarities between the aforementioned species, but a
later revision and molecular analyses confirmed their delimitation. Another example is
given by the representatives of the Planorbidae family. The phylogenetic reconstruction
showed that the species were grouped in distinct branches and sequences belonging to the
same species clustered together. Recently, phylogenetic analyses based on mitochondrial
and nuclear DNA sequences [77] showed that G. laevis and G. parvus are in fact part of
the same species-level clade, the latter having nomenclatural priority. Our data indicated
similar results for both amphipods and mysids collected from the lower sector of the
Danube River. While members of the same family (e.g., Gammaridae, Misidae) or the
same genus (Dikerogammarus) did not cluster together, sequences of same species grouped
together, suggesting the efficacy of COI sequences in species delineation. Previous debates
related to the taxonomic status of Dikerogammarus species considered that D. villosus and
D. bispinosus are synonyms of D. haemobaphes [78]. However, the taxonomical revision
performed by [79] and the analyses based on mitochondrial genomes performed by [80]
revealed genetic distinctions among these taxa. Furthermore, a COI gene analysis per-
formed on Chelicorophium revealed that the specimens clustered in two separate groups
corresponding to C. curvispinum and to C. robustum [81], which is consistent with our data
obtained in the case of the Lower Danube specimens.

Mollusca represent the most abundant organisms of the Danube River in terms of
biomass. Owing to their size, Bivalvia make up to 80% of the total biomass, followed by
Gastropoda, covering 10% to 35% of the community [82].

The types of substrate associated with invertebrates could also vary. Along the Danube
branches, the mixed sediments dominated by mud with aquatic vegetation were populated
by all species detected in this area, except for A. lagotis, which was identified in sandy mud.
The mixed sediments were associated with M. daudebartii acicularis, V. viviparus and B. ten-
taculata. A recent investigation [83] reported that V. viviparus, B. tentaculata, M. daudebartii
acicularis and P. fontinalis could also inhabit several types of substrate, such as gravelly,
muddy and sandy river bottoms, and areas with aquatic vegetation. Although gastropods
can populate areas with sandy and muddy river bottoms, these organisms are frequently
associated with solid substrata (boulders, stones, plant parts) [84]. Along the Danube
branches, the substrate was represented by mixed sediments, mud and sand, explaining
the low density of the species identified in this area. Both A. lagotis and P. corneus were
identified in only one substrate each, in mixed sediments and sandy mud, respectively.
Previous studies reported that these species are pelophilous and phytophilous, character-
istic of stagnant waters [85,86]; this may explain their absence from the majority of the
investigated samples. B. tentaculata and M. daudebartii acicularis were previously reported
in the Danube Delta area, along the St. George branch [42]. In addition, our study showed
that these species also populated Ceatal Izmail and Sulina branch, whereas no individuals
were found in the St. George sites. H. holandrii, T. trasversalis and G. albus were identified
only in the Bechet area, which is characterized by the presence of submerged vegetation
and a solid substrate. The Ponto-Caspian snail T. transversalis, listed as Endangered in the
TUCN Red List, is nowadays found in the Danube River in a very restricted area only in
the lower stretch [82,87,88], and H. holandrii is known as one of the Balkanian fauna of
the Danube River [82,89]. Both species are known to populate river bottoms with hard
substrates [82,87-89], and our data confirm these ecological preferences of the species.

In terms of abundance, the fauna of the Danube River was dominated by crustaceans.
Amphipoda was reported to be the dominant group in al Danube branches, representing
up to 75% of the total abundance [82]. While previous reports indicated that D. villosus,
D. haemobaphes and C. robustum are associated with gravelly substrates [90], the current data
revealed the presence of the amphipod species in several types of substrates. Although
the two representatives of Dikerogammarus showed a strong preference for large cobble
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and artificial substrate, the species are adapted to various ecological conditions [91-93], as
confirmed by the current study where these species were identified in mixed sediments,
sand and mud. A previous report on the macroinvertebrate communities from the Danube
Delta [42] also showed the occurrence of D. haemobaphes and D. villosus in several locations
along the St. George branch, similarly to our data, in support of the resilience of these
species for more than 5 years. Furthermore, C. robustum, which is reported to inhabit
gravelly and muddy substrates [94,95], was also found in the current survey to populate
areas dominated by mixed sediments and sandy mud. Our data revealed the association of
both L. benedeni and P. lacustris with mixed sediments dominated by mud, in accordance
with initial reports regarding their preferred habitat being characterized by fine sediments
(sand and mud) with standing water or slow to moderate currents [51]. L. benedeni is often
found in great densities on the shore at depths of only 0-0.5 m, although they can occur at a
depth of 6 m [51]. D. haemobaphes was identified in the littoral zone at 50-70 cm depth [96].

5. Conclusions

The current findings regarding the distributions of several gastropod and Ponto-
Caspian amphipods and mysids populating the Lower Danube region extended the knowl-
edge on the presence and density of these benthic invertebrates based on molecular identi-
fication by DNA barcoding using COI gene sequencing, and complementary meta-data
regarding their habitats (substrate type and river depth), thereby adding to the ecolog-
ical profile of these fauna populating the Danube Delta sector. The accuracy of species
identification by this method was highlighted in the cases of several specimens belonging
to same species of gastropods or crustaceans clustered together in monophyletic groups.
Moreover, this survey contributed to the first gastropod barcode dataset for the Romanian
Danube sector.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/10
.3390/d14070533/s1. Table S1. Specimen taxonomy and accession number, sampling period and
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the Lower Danube sector and Table S2. Taxonomy assignation by the INSECT R package for all COI
sequences used on the present research (including sequences recovered from NCBI).
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