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Concerns regarding the status of marine ecosystems have increased in part due

to traditional and emerging human activities in marine waters, driving a demand for

approaches with high sample throughput capability to improve ecosystem monitoring.

Nematodes are already used as indicator species in biodiversity assessments and

biomonitoring of terrestrial and marine systems, with molecular approaches offering

the opportunity to utilize these organisms further in large scale ecological surveys and

environmental assessments. Based on an available nematode dataset for estuarine

sediments of the Mira estuary (SW coast, Portugal), we evaluated the diversity of the

nematode community of this system, using the molecular markers 18S rRNA and COI

genes. These approaches were compared to voucher specimens from a morphological

characterization of the same samples allowing validation and comparison between

nematode communities. The spatial and temporal variability of the density and diversity

of the nematode assemblages was analyzed based on morphological characterization

to allow the validation and efficiency of the genetic characterization. A PCO ordination

plot showed a distinct separation of the assemblages between sampling occasions

confirmed by PERMANOVA analysis, which showed significant differences, although

no significant differences were detected between sampling sites. The morphological

characterization identified 50 genera of which only 26 and 25 distinct 18S rRNA and

COI DNA barcodes, respectively, were obtained. 90.2% of the morphologically identified

specimens representing eleven different genera, successfully generated DNA barcodes

for both 18S rRNA and COI genes. This study confirmed that the success of the 18S

rRNA gene PCR amplification is higher than of COI gene with 43 species amplified against

34. The study highlights a limitation of available sequences for both targets in databases

when compared to the known diversity of marine nematodes. The gene sequences of
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this study enriched the databases, contributing gene sequences from 7 to 16 new genera

for the 18S rRNA and COI genes, respectively. A robust database of gene sequences is

a prerequisite for the development of robust high sample throughput techniques to be

applied in marine assessing and monitoring programs.

Keywords: benthic nematodes, DNA barcoding, good environmental status (GES), biodiversity assessment, COI,

molecular monitoring, 18S rRNA

INTRODUCTION

Concerns regarding the status of marine ecosystems have
increased in part due to traditional and emerging human
activities in marine waters, driving development of many
methods for the assessment of its ecological status. The primary
goal of the Marine Strategy Framework Directive (MSFD)
(2008/56/CE) is to achieve or maintain the Good Environmental
Status (GES) of European marine waters. The Directive states
that GES is achieved when the marine waters provide ecologically
diverse and dynamic oceans and seas which are clean, healthy
and productive (Article 3). The main aim of the MSFD is to
ensure the sustainable marine resources for future generations.
Eleven descriptors will be used to assess the GES; here we will
focus on Descriptor 1 (Biodiversity), which aims to ensure that
the biodiversity will be “maintained,” and where high sample
throughput methods can be used to assess, for example, species
distribution, population size and habitat condition. Further
development of tools for a rapid evaluation of the marine
health status is therefore critical with molecular tools seen as a
promising approach to improve ecosystemmonitoring providing
greater accuracy and throughput than traditional approaches
(Bourlat et al., 2013). Genomic analysis has catapulted ecology
into a new era, representing, perhaps, the largest source of
innovation in marine monitoring techniques.

Assessing ecosystem health requires detailed species
inventories and biodiversity studies to understand patterns
and trends (Larigauderie et al., 2012). It is now common
to use DNA barcoding to facilitate identification of taxa
and the technique has wide applications in biodiversity
conservation, environmental management, invasion biology,
trophic interactions studies and food safety (Valentini et al.,
2009; Taylor and Harris, 2012). Assessment of DNA allows
construction of high-quality sequence reference libraries for
the development of high-throughput molecular tools for
environmental monitoring, e.g., metabarcoding (Taberlet et al.,
2012; Bourlat et al., 2013) or T-RFLP (Terminal-Restriction
Fragment Length Polymorphism) (Chen et al., 2010; Donn et al.,
2012). The available reference barcode library, if depleted, will
affect the results of the community composition inferred from
such data. Once a high quality reference database has been
established, environmental samples can be analyzed, in a high
throughput manner, without the need to isolate individuals for
identification (Borja et al., 2016).

Since the inception of DNA barcoding (Hebert et al., 2003;
Blaxter et al., 2004), molecular approaches have been increasingly
adopted in biodiversity studies. The combination of molecular
with morphological approaches is powerful and has facilitated

identification and resolution of evolutionary relationships within
marine nematodes (Derycke et al., 2008; Fonseca et al., 2008).
A good degree of concordance has been achieved between
morphology-based taxonomy and DNA barcoding in marine
nematodes (De Ley et al., 2005; Bhadury et al., 2006a, 2008).
Nematodes are the most diverse and abundant metazoans in
aquatic habitats (Lambshead, 2004) crossing many trophic levels
of the food web (Vafeiadou et al., 2014), and prevalent in
habitats varying from freshwater (Weber and Traunspurger,
2016) to deep sea habitats (Ramalho et al., 2014), and from
pristine to extremely polluted environments, and thus are
considered excellent as indicators for biodiversity assessment and
biomonitoring (Yeates and Boag, 2004). Molecular approaches
have been increasingly adopted and offer the opportunity
to utilize nematode communities in ecological surveys and
environmental assessments (Bhadury et al., 2006a; Griffiths et al.,
2006; Donn et al., 2008; Neilson et al., 2009; Bik et al., 2010, 2012;
Chen et al., 2010; Creer et al., 2010; Pereira et al., 2010).

The nuclear small subunit (SSU) ribosomal RNA gene
(hereafter 18S rRNA gene) is encoded by a conserved gene
that allows the design and use of universal PCR nematode
primers with resolution at genus level (De Ley et al., 2005).
The accumulation of nematode 18S rRNA sequences in public
databases reflects its easy amplification across the phylum and its
usefulness in molecular phylogenetic studies (Blaxter et al., 1998;
Bhadury et al., 2006b; Meldal et al., 2007). Cytochrome c oxidase
subunit 1 (COI) gene has been successfully used in barcoding
of marine nematodes to resolve taxonomic relationships among
closely related and/or cryptic species (Blouin et al., 1998; Derycke
et al., 2005, 2010).

The comparison between traditional and molecular based
taxonomic composition inferences is the baseline for the
construction of high-throughput molecular tools, such as
metabarcoding or T-RFLP, to be used as regular techniques in
monitoring programs (Donn et al., 2012; Borja et al., 2016).
A dataset is available for the nematode assemblages associated
to sediment of the Mira estuary (SW cost, Portugal) based on
morphological identification, which exhibit spatial and temporal
distribution patterns in density and species composition (Adão
et al., 2009; Alves et al., 2009; Materatski et al., 2015, 2016).
The existing knowledge of the nematode communities of the
Mira estuary based on traditionalmethodology and acquired over
many years underpins molecular characterization of nematode
communities, creating a sequence library for future application
of molecular approaches to assess and monitor the marine
ecosystem.

The main aim of this study was to evaluate the diversity
of the nematode community of Mira estuary based on
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morphological and molecular approaches. A temporal and
spatial morphological characterization of the community of
Mira estuary was performed to assess density and diversity
variability to confirm posteriorly a good genetic characterization
was achieved for the community. The specific objectives of this
study were to: (i) perform temporal and spatial morphological
characterization of the nematode community of Mira estuary; (ii)
to generate voucher specimens of the different species of marine
nematodes; (iii) sequence the 18S rRNA and COI genes of each
vouchered nematode individual and species; (iv) create a library
of gene sequences (DNA barcodes) of nematode genera/species
that were morphologically identified; (v) to contribute the public
gene database available for marine nematodes for molecular
approaches application to assess andmonitor marine ecosystems.

MATERIALS AND METHODS

Sampling and Nematode Collection
Sampling was performed in the Mira estuary, a small mesotidal
system with a semidiurnal tidal regime, located on the
southwestern coast of Portugal (37◦40′N, 8◦40′W) (Figure 1).
Together with its surrounding area, this estuary is within a
protected area, the Natural Park of “Sudoeste Alentejano e Costa
Vicentina” (Adão et al., 2009). The lower section of the estuary
was characterized by the presence of Zostera noltii seagrass beds
under natural recovery process, and in 2015 it was possible
to observe a considerable large area of seagrass beds naturally
recovered (Materatski et al., 2016).

The mainly environmental variables determining estuarine
nematodes assemblages as salinity, grain size and organic matter
content of the sediments (Adão et al., 2009) were analyzed

through the study. Salinity of the sediment intersticial water was
measured in situ using a VWR pHenomenal R© MU600H with
pHenomenal R© 111 electrode. Total organic matter wasmeasured
following the Loss on Ignition (LOI) method (Heiri et al.,
2001). Three additional sediment cores (5 cm inner diameter,
10 cm deep) were collected and frozen until further laboratorial
analysis of the particle size. All samples were analyzed using a
Coulter Laser Light Scatter 230 and the following size categories
of sediment were determined: clay (<0.004mm), silt (0.004–
0.063mm), sand (0.063–2mm) and gravel (>2mm). The relative
content of the different grain size fractions was expressed as a
percentage of the total sample weight.

Nematode samples were collected from four sites in July and
October 2015 by forcing a hand core (3.6 cm inner diameter)
3 cm into the sediment at the four sites (A, B, C, and D).
Each core was randomly selected along a fixed transect in
the intertidal zone during low tide. Sites were selected based
on information from earlier studies (Adão, 2004; Materatski
et al., 2015, 2016) to enable the coverage of known nematode
taxonomic diversity in the system. At each site, 3 replicates
were collected for morphological identification and 1 replicate
for molecular analysis. Collected sediments were immediately
fixed in a 4% buffered formalin solution for morphological
characterization, and the other replicate was fixed in 70% ethanol
for molecular characterization.

Nematodes were extracted from sediment using Ludox
HS-40 colloidal silica at a specific gravity 1.18 gcm−3 and
a 38µm sieve (Heip et al., 1985). Extracted nematodes for
morphological characterization were stored in a 4% formalin
solution and stained with Rose Bengal with those for molecular
characterization stored in 70% ethanol.

FIGURE 1 | Location of the Mira estuary (Portugal) with an indication of sampling sites (A, B, C, and D).
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Morphological Characterization of the
Nematode Community
Morphological Identification
Nematodes were counted using a stereomicroscope Olympus
DP70 (40× magnification) and a counting dish. From each
replicate, a random set of 120 nematodes was picked and
transferred through a graded series of glycerol-ethanol solutions,
following by storage in anhydrous glycerol and mounted on
slides (Vincx, 1996). Based on morphological characters, each
specimen was identified, wherever possible, to genus and species
level (Olympus BX50 light microscope and cell software D
Olympus, Japan). Identification was made using pictorial keys
(Platt andWarwick, 1983, 1988;Warwick et al., 1998), and online
identification keys/literature available in the Nemys database
(Guilini et al., 2016). Specimens were denoted as sp. when
identification was ambiguous beyond genus level.

Data Analysis
Univariate and multivariate analyses aimed to detect temporal
and spatial changes in nematode assemblages over time (T1

and T2). Analyses were performed using PRIMER v6 software
package (Clarke and Gorley, 2006) including the PERMANOVA
module (Anderson et al., 2008).

Total nematode density (individuals 10 cm−2), genera
richness and the ecological diversity indicators: Margalef ’s
richness Index (d) (Margalef, 1958) and Shannon-Wiener
diversity (H′) (Shannon and Weaver, 1963) and the genera
Rarefaction (EG) (Hurlbert, 1971) were calculated.

Assemblage descriptors (genera total density, genera diversity,
d and H′) were subjected to a two-way permutational analysis
of variance (PERMANOVA) to test the null hypothesis that
there no significant temporal and spatial differences existed in
nematode density, diversity between sites (“Site”) and sampling
occasions (“Time”). The PERMANOVA analysis was carried out
following a two factor design: “Time”: T1 and T2 (2 levels,
random); “Site”: Site A, Site B, Site C and Site D (4 levels,
fixed). Nematode density data were square root transformed
for normality. PERMANOVA analysis (p < 0.05) used a Bray-
Curtis similarity matrix. When the number of permutations
was lower than 150, the Monte Carlo permutation p(MC)
was used. A posteriori pairwise comparisons were performed
whenever significant interactions between factors were detected.
Euclidean distance similarity matrices were used for univariate
data (number of genera, Margalef index and Shannon-Wiener
index) and Bray-Curtis similarity matrices for multivariate data
(genera composition). “Time” and “Site” similarity data were
plotted by Principal Coordinates Analysis (PCO).

Genetic Characterization of the Nematode
Community
Morphological Identification
Individual nematodes were hand-picked, rinsed with distilled
water and mounted on temporary slides in a drop of sterile water
for morphological identification using taxonomic keys described
above. Digital photographic (Olympus DP70, Japan) vouchers

representing anatomical details of the species nematode were
taken.

DNA Extraction
Immediately after the vouchering procedure, individual
nematodes were collected from the temporary slide and
transferred into individual microtubes containing 20 µl of
Worm Lysis Buffer (WLB) (50 mM KCl, 10 mM Tris (pH 8.5),
2.5 mMMgCl2, 0.5% Triton X-100, 0.5% Tween 20) (Ristau et al.,
2013) and stored at −20◦C. To extract genomic DNA, 1 µl of
proteinase K (10 mgml−1) was added to the WLB. Subsequently,
nematodes were frozen at −80◦C for 10 min followed by an
incubation at 65◦C for 1h for protein digestion and 10 min at
95◦C for proteinase inactivation. Extracts were centrifuged for
1 min at 13,000 rpm and 1.5 µl of the supernatant was used in
subsequent PCR amplifications.

Amplification of the 18S rRNA Gene
The 18S rRNA gene region was amplified using primers G18S4
(Blaxter et al., 1998), 4R (Armenteros et al., 2014), 18S_Nem F
and 18S_NemR (this study) (Table 1). The primer set G18S4-
4R, which amplifies a fragment ca. 925 bp, was used when the
two primer sets G18S4-18S_NemR and 18S_NemF-18S_NemR,
which amplify a fragment ca. 1700 bp, did not generate product.
PCR amplification was performed in 25 µl reaction volume
which included: 1.5 µl of DNA template, 1X PCR Buffer, 2
mM MgSO4, 0.2 mM dNTPs (VWR), 0.3 µM each primer
(synthesized by STAB VIDA), 400 µg mL−1 of Bovine serum
albumin (BSA) and 1 unit of Platinum R© Taq DNA Polymerase
High Fidelity (Invitrogen). BSA was included in PCR to avoid
interferences of possible inhibitors. PCR cycling conditions were:
initial denaturation of 1 min at 94◦C, 35 cycles of 94◦C for 15
s, 56◦C for 30 s and 68◦C for 2 min with the primer sets G18S4-
18S_NemR or 18S_NemF-18S_NemR, or 68◦C for 1min with the
primer set G18S4-4R.

Amplification of the COI Gene
The COI region was amplified using the primer pair JB3 (Bowles
et al., 1992) and JB5 (Derycke et al., 2005), which amplifies a
fragment ca. 426 bp (Table 1). PCR amplification was performed

TABLE 1 | Primers sequences for amplification and sequencing of 18S

rRNA and COI genes.

Primer Sequence (5′ 3′) Direction References

18S_NemF TGTCTCAAAGATTAAGCCATGC Foward This study

G18S4 GCTTGTCTCAAAGATTAAGCC Foward Blaxter et al., 1998

Seq18S_1 CATCCAAGGAAGGCAGCAGG Foward This study

Seq18S_3 CGAAGGCGATCAGATACCG Foward This study

JB3 TTTTTTGGGCATCCTGAGGTTTAT Foward Bowles et al.,

1992

18S_NemR GGGCGGTGTGTACAAAGG Reverse This study

4R GTATCTGATCGCCKTCGAWC Reverse Armenteros et al.,

2014

Seq18S_2 GAGCTGGAATTACCGCGG Reverse This study

JB5 AGCACCTAAACTTAAAACATAAT

GAAAATG

Reverse Derycke et al.,

2005
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in a 25 µl reaction volume including: 1 µl of DNA template,
1X PCR Buffer, 1X Coral Buffer, 1.5 mM MgCl2, 0.2 mM
dNTPs (VWR), 0.25 µM each primer (synthesized by STAB
VIDA), 400 µg mL−1 of BSA and 1.25 units of TopTaq DNA
Polymerase (Qiagen). Touchdown PCR cycling conditions were:
initial denaturation of 5 min at 94◦C, 5 cycles of (94◦C for 30 s,
54◦C for 30 s and temperature decreasing with 1◦C for each cycle,
72◦C for 30 s) followed by 35 cycles of (94◦C for 30 s, 50◦C for 30
s, 72◦C for 30 s), and a final extension of 10 min at 72◦C.

Purification and Sequencing of the 18S rRNA and

COI Genes
PCR products were analyzed by 1% agarose gel electrophoresis
and those of the expected size were excised and purified using
the MinElute PCR Purification Kit (Qiagen) following the
instructions of the manufacturer.

Both strands were sequenced with the primers utilized for
PCR amplifications (Table 1) and compared with those available
in Genbank. Internal primers for the 18S rRNA fragment
(Seq18S_1, Seq18S_2 and Seq18S_3) (Table 1) were designed and
used to obtain the full sequence. Sequences have been submitted
to GenBank under accession numbers KX944126-KX944168 (18S
rRNA) and KX951882-KX951915 (COI).

Phylogenetic Analyses of 18S rRNA and COI Gene

Sequences
Electropherograms were visually checked for sequence quality
and manually edited using BioEdit v7.0.9.0 (Hall, 1999). To
search for nucleotide sequence homology, sequences were
analyzed using BLAST (Basic Local Alignment Tool) (Altschul

et al., 1990). DNA barcodes were aligned with database sequences
using ClustalW2 (Larkin et al., 2007). MEGA6 (Tamura et al.,
2013) was used for the selection of the best nucleotide
substitution model. Phylogenetic trees were then inferred using
the Maximum Likelihood (ML) estimation. Branch support was
estimated by 1000 bootstrap resamplings.

RESULTS

Environmental Data
The environmental variables measured in sediment and
interstitial water during the sampling occasions showed in
average a salinity of 37 and sediment organic matter was
in average 7%. The sediment samples were characterized by
dominance of silt (47%) followed by sand (36%) and clay
fractions (17.2%), with a mean grain size ranging from 89 to
139µm.

Morphological Characterization
The spatial and temporal variability of the density and diversity of
the nematode assemblages was analyzed based on morphological
characterization to allow the validation and efficiency of the
genetic characterization for the community of Mira estuary to
be assessed. Highest nematode densities were observed at the
first sampling time (July 2015) (Site A: 6,540 ± 1,546; Site B:
5,150 ± 1,389; Site C: 1,964 ± 708; Site D: 4,766 ± 1,508 ind.
10 cm−2); at sampling occasion T2 (October 2015) the density
decreased (Site A: 2,420 ± 321; Site B: 2,275 ± 562; Site C:
1,575 ± 357; Site D: 1,580 ± 87 ind. 10 cm−2) (Figure 2). A
PCO ordination plot clearly reflects a distinct separation (PCO1

FIGURE 2 | Mean density ± standard error (SE) of nematode assemblages (number of individual per 10 cm−2) at each of the four sampling sites (A, B,

C, D) on each sampling occasion (T1, T2).
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– 30.2%; PCO2 – 17.7%) between the majority of nematode
assemblages of T1 and T2 (Figure 3). However, Site C T1 samples
were more similar to those samples taken at T2 (Figure 3). These
results are also supported by PERMANOVA analysis of density
data which showed significant differences between both sampling
occasions T1 and T2(“Time”: p < 0.05), although no significant
differences were detected between sampling sites (Table 2).

Fifty nematode genera belonging to 21 families and
3 orders were identified (Table 3). The most abundant
families were Linhomoeidae (40.2%) (genera Terschellingia,
Linhomoeus, Metalinhomoeus and Megadesmolaimus),
Comesomatidae (33.2%) (genera Paracomesoma, Sabatieria,
Cervonema and Comesoma), Chromadoridae (7.5%)
(genera Ptycholaimellus, Atrochromadora, Chromadorina,
Prochromadorella, Chromadora, Neochromadora and
Dichromadora), Xyalidae (4.6%) (genera Daptonema,
Promonhystera and Metadesmolaimus) and Axonolaimidae
(4.4%) (genera Odontophora, Axonolaimus and Ascolaimus).
At order level, Monhysterida (50.3%) (genera Terschellingia,
Paracomesoma, Linhomoeus, Daptonema, Sphaerolaimus,

Metalinhomoeus, Promonhystera, Cervonema, Comesoma,
Megadesmolaimus and Metadesmolaimus) was the most
abundant, followed by Chromadorida (46.6%) (genera
Ptycholaimellus, Atrochromadora, Chromadorina, Synonchiella,
Paracanthonchus, Prochromadorella, Paracyatholaimus,
Chromadora, Neochromadora, Dichromadora and
Praeacanthonchus) and Enoplida (3.1%) (genera Anoplostoma,
Halalaimus, Viscosia, Eurystomina, Oncholaimellus, Bathylaimus,
Oxystomina, Metoncholaimus, Calyptronema, Oncholaimus and
Nemanema) (Table 3).

The genera Terschellingia (28.7%), Paracomesoma (19.5%),
Linhomoeus (12%), Sabatieria (9.6%), Ptycholaimellus (5.3%),
Daptonema (4.6%), Odontophora (4.1%), Metachromadora
(2.9%), Anoplostoma (1.2%), Sphaerolaimus (1.2%) and
Metalinhomoeus (1.1%) represented 90.2% of the total nematode
density. The remaining genera represented densities < 1%
(Table 3). Number of genera (N, p < 0.01), Shannon-Wiener
(H′, p < 0.05) and genera rarefaction (EG55, p < 0.01) were
significantly different for factor “Time” with a significant
interaction for all three attributes at either p < 0.01 (N, EG55)

FIGURE 3 | Principal coordinates analysis (PCO) based on nematode densities at each sampling site (“Site”: A, B, C, and D) and sampling occasion

(“Time”: T1 and T2).
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TABLE 2 | Two-factor PERMANOVA test with “Time” (2 levels, random) and “Site” (4 levels, fixed) for nematode total density, number of genera, genera

rarefaction, Margalef and Shannon Index.

Source of variation Degress of freedom Sum of squares Mean square Pseudo-F Unique perms P (perm)

NEMATODES DENSITY

Site 3 7,206.9 2,402.3 1.8523 840 0.100

Time 1 3,066.6 3,066.6 3.3259 9,943 0.003

Time × site 3 3,890.9 1,297 1.4066 9,913 0.115

Residual 16 14,752 922.03

Total 23 28,917

NUMBER OF GENERA

Site 3 1,076.8 358.93 1.3335 76 0.260

Time 1 311.66 311.66 7.3892 9,918 0.007

Time × site 3 807.52 269.17 6.382 9,937 0.004

Residual 16 674.84 42.177

Total 23 2,870.8

MARGALEF INDEX

Site 3 2.3936 0.7979 3.4152 840 0.126

Time 1 3.74E-02 3.74E-02 0.4256 9,844 0.519

Time × site 3 7.01E-01 2.34E-01 2.6557 9,948 0.083

Residual 16 1.4075 8.80E-02

Total 23 4.5395

SHANNON-WIENER INDEX

Site 3 0.9039 0.3013 1.438 216 0.302

Time 1 0.3078 0.3078 5.1704 9,808 0.038

Time × site 3 0.6286 0.2095 3.5196 9,941 0.040

Residual 16 0.9525 5.95E-02

Total 23 2.7929

GENERA RAREFACTION EG(55)

Site 3 195.83 65.278 1.1228 838 0.356

Time 1 70.45 70.45 7.2986 9,912 0.008

Time × Site 3 174.42 58.14 6.0234 9,954 0.005

Residual 16 154.44 9.6525

Total 23 595.14

Bold values represent significant effects and interactions (p < 0.05).

or p < 0.05 (H′) between both factors (“Time” × “Sites”). No
significant differences were detected for Margalef index (d)
(Table 2).

The highest number of genera (n = 31) was registered at site
C, in both sampling occasions T1 and T2, and the lowest number
of genera (n= 13) was registered at site A T2 (Table 3). Shannon-
Wiener (H′) ranged from site C (H′ = 2.26) to the lowest values
at site A (H′ = 1.03), both at the sampling occasion T2. Margalef
index (d) showed the highest value in Site B, at the sampling
occasion T1 (d = 2.19) and the lowest value in Site A, at the
sampling occasion T2 (d = 1.23).

Genetic Characterization
18S rRNA Gene
For a total of 43 specimens (Table 4), 18 (42%) specimens DNA
was successfully amplified with primers G18S4-18S_NemR or
18S_NemF-18S_NemR. The remaining individuals (25; 58%)
were amplified with primers G18S4-4R.

All sequences showed homology with nematode sequences
(between 86 and 99%). In total, 43 sequences were obtained
representing many of the families, suborders or orders of
marine taxa (Meldal et al., 2007). The exceptions were the
families Enoplidae, Monoposthiidae, Desmoscolecidae, and
Monhysteridae, for which no specimens were obtained for
genetic characterization or no amplification was achieved.

Comparison of sequences generated in this study with
database sequences fully matched the morphological
identification. However, the genera Linhomoeus (Bastian,
1865), Microlaimus (de Man, 1880), Nemanema (Cobb, 1920),
Odontophoroides (Boucher and Helléouët, 1977), Paracomesoma
(Hope andMurphy, 1972), Prochromadorella (Micoletzky, 1924);
and Thalassironus (de Man, 1889) had neither 18S rRNA nor
COI sequences in databases. Thus, this dataset contributed with
8 gene sequences from 7 new genera to the database.

An alignment which included 114 18S rRNA sequences
generated a consensus sequence of 998 bp in length of which
662 positions were parsimony informative. The best nucleotide
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TABLE 3 | Mean density ± standard error (SE) of nematode genera (number of individuals per 10 cm−2) at each sampling site (A, B, C, and D) and

sampling occasion (T1 and T2).

Genera Site A Site B Site C Site D Total individuals

T1 T2 T1 T2 T1 T2 T1 T2

Terschellingia 2,443 ± 1,170 366 ± 121 1,011 ± 502 614 ± 367 291 ± 78 298 ± 112 1,998 ± 1,385 514 ± 218 7,535

Paracomesoma 556 ± 288 1,476 ± 315 615 ± 438 369 ± 190 598 ± 200 522 ± 152 675 ± 244 320 ± 149 5,131

Linhomoeus 306 ± 133 250 ± 171 1,151 ± 514 269 ± 38 414 ± 297 167 ± 80 432 ± 308 173 ± 136 3,162

Sabatieria 1,181 ± 601 105 ± 6 380 ± 218 150 ± 125 146 ± 61 177 ± 81 313 ± 226 76 ± 43 2,528

Ptycholaimellus 592 ± 33 8 ± 8 450 ± 107 0 33 ± 17 17 ± 10 203 ± 75 98 ± 50 1,401

Daptonema 314 ± 111 15 ± 8 319 ± 146 159 ± 63 114 ± 36 101 ± 29 137 ± 57 44 ± 6 1,203

Odontophora 183 ± 55 31 ± 31 291 ± 182 128 ± 50 114 ± 46 81 ± 21 170 ± 69 75 ± 34 1,073

Metachromadora 206 ± 85 0 170 ± 66 104 ± 40 0 0 217 ± 149 55 ± 29 752

Anoplostoma 75 ± 43 0 45 ± 25 61 ± 61 0 0 104 ± 104 21 ± 21 306

Sphaerolaimus 81 ± 6 45 ± 25 106 ± 40 0 33 ± 17 17 ± 10 14 ± 14 8 ± 8 304

Metalinhomoeus 50 ± 25 0 156 ± 146 26 ± 4 7 ± 7 6 ± 6 33 ± 18 9 ± 5 287

Atrochromadora 0 0 140 ± 56 0 0 0 96 ± 78 22 ± 15 258

Microlaimus 25 ± 25 0 104 ± 75 0 0 0 64 ± 44 29 ± 19 222

Chromadorina 141 ± 43 0 0 0 31 ± 12 30 ± 13 0 0 202

Synonchiella 102 ± 102 8 ± 8 0 36 ± 36 9 ± 7 12 ± 6 0 0 167

Paracanthonchus 0 0 0 123 ± 123 5 ± 5 19 ± 19 0 0 147

Prochromadorella 10 ± 10 0 61 ± 61 10 ± 10 20 ± 18 12 ± 6 21 ± 21 12 ± 12 146

Axonolaimus 46 ± 23 30 ± 9 0 6 ± 6 0 0 40 ± 12 14 ± 1 136

Paracyatholaimus 0 67 ± 29 17 ± 17 6 ± 6 9 ± 9 3 ± 3 7 ± 7 4 ± 4 113

Chromadora 95 ± 66 0 0 0 2 ± 2 6 ± 6 0 0 103

Quadricoma 0 0 0 0 0 0 64 ± 64 37 ± 37 101

Promonhystera 0 0 61 ± 23 0 0 0 27 ± 13 14 ± 7 102

Molgolaimus 25 ± 25 0 0 45 ± 23 11 ± 8 9 ± 5 0 0 90

Halalaimus 0 0 7 ± 7 5 ± 5 17 ± 8 8 ± 5 20 ± 11 9 ± 5 66

Comesa 0 0 0 0 0 0 44 ± 34 20 ± 14 64

Campylaimus 50 ± 25 0 0 0 9 ± 9 3 ± 3 0 0 62

Viscosia 25 ± 25 8 ± 8 0 15 ± 9 2 ± 2 6 ± 6 0 0 56

Aegialoalaimus 0 0 0 53 ± 36 0 0 0 0 53

Eurystomina 10 ± 10 10 ± 10 0 5 ± 5 13 ± 8 15 ± 11 0 0 53

Oncholaimellus 21 ± 21 0 17 ± 17 0 2 ± 2 6 ± 6 0 0 46

Spirinia 0 0 27 ± 18 15 ± 15 0 0 0 0 42

Bathylaimus 0 0 17 ± 17 0 0 0 21 ± 21 4 ± 4 42

Cervonema 0 0 0 0 7 ± 7 6 ± 6 21 ± 21 4 ± 4 38

Aponema 0 0 0 38 ± 8 0 0 0 0 38

Neochromadora 0 0 0 0 15 ± 15 12 ± 12 0 0 27

Oxystomina 0 0 0 0 0 0 21 ± 21 4 ± 4 25

Metoncholaimus 0 0 0 0 5 ± 5 19 ± 19 0 0 24

Dichromadora 0 0 0 0 0 0 14 ± 14 8 ± 8 22

Leptolaimus 0 0 7 ± 7 0 7 ± 7 6 ± 6 0 0 20

Ascolaimus 0 0 0 12 ± 12 0 0 0 0 12

Calyptronema 0 0 0 0 9 ± 9 3 ± 3 0 0 12

Comesoma 0 0 0 0 9 ± 9 3 ± 3 0 0 12

Neotonchus 0 0 0 0 9 ± 9 3 ± 3 0 0 12

Oncholaimus 0 0 0 0 9 ± 9 3 ± 3 0 0 12

Tricoma 0 0 0 0 9 ± 9 3 ± 3 0 0 12

Nemanema 0 0 0 0 0 0 7 ± 7 4 ± 4 11

Megadesmolaimus 0 0 0 10 ± 10 0 0 0 0 10

Metadesmolaimus 0 0 0 10 ± 10 0 0 0 0 10

Monoposthia 0 0 0 0 2 ± 2 6 ± 6 0 0 8

Praeacanthonchus 0 0 0 5 ± 5 0 0 0 0 5

Total genera 22 13 21 25 31 31 25 25
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TABLE 4 | Nematode species list identified by the three methods

(morphology, 18s rRNA gene and COI gene).

Morphology 18S rRNA COI

Anoplostoma sp. X X

Anticoma sp. X

Atrochromadora sp. X

Axonolaimus sp. X X

Bathylaimus sp. X X

Calyptronema sp. X

Chromadora nudicapitata X

Comesa sp. X

Daptonema sp. 1 X X

Daptonema sp. 2 X X

Daptonema sp. 3 X X

Desmolaimus sp. X

Eurystomina sp. 1 X X

Eurystomina sp. 2 X X

Halalaimus sp. X X

Linhomoeus sp. 1 X X

Linhomoeus sp. 2 X X

Metachromadora remanei X X

Metachromadora sp. 1 X

Metachromadora sp. 2 X X

Metadesmolaimus sp. X X

Microlaimus sp. X

Nemanema sp. X X

Neochromodora sp. X

Odontophora sp. X X

Odontophoroides sp. X

Oncholaimellus sp. X

Oncholaimus sp. X

Paracomesoma sp. X X

Paracyatholaimus sp. X X

Paralinhomoeus sp. X X

Pareurystomina sp. X X

Praeacanthonchus sp. X X

Prochaetosoma sp. X X

Prochromadorella septempapillata X X

Promonhystera sp. X

Ptycholaimellus sp. X X

Sabatieria sp. X X

Setosabatieria sp. X

Sphaerolaimus sp. X X

Spirinia sp. X X

Terschellingia sp. 1 X

Terschellingia sp. 2 X X

Thalassironus sp. X

Theristus sp. X X

Viscosia elegans X X

Viscosia sp. 3 X

Species with DNA barcodes obtained for 18S rRNA and /or COI genes are indicated with
a cross.

substitution model was the General Time Reversible with gamma
distributed rates (GTR + G). A Maximum Likelihood (ML) tree
(Figure 4) showed a topology consistent with that known for
families and orders of marine nematodes. The two classes of
marine nematodes (Chromadorea and Enoplea) are separated in
two monophyletic groups.

Sequences obtained in this study clustered into well-
defined clades together with sequences retrieved from database
belonging to 17 different families (Xyalidae, Sphaerolaimidae,
Comesomatidae, Linhomoeidae, Axonolaimidae, Desmodoridae,
Draconematidae, Microlaimidae, Cyatholaimidae,
Chromadoridae, Anticomidae, Ironidae, Oxystominidae,
Anoplostomatidae, Enchelidiidae, Oncholaimidae and
Tripyloididae). The exceptions are the Linhomoeidae and
Oxystominidae families that are both separated in two
different clades. The sequences from nematodes identified
as Desmolaimus, Prochaetosoma and Atrochromadora do not
form clades with sequences from database of the same genera
although they are proximal (Figure 4). The identification of
these specimens was further confirmed by comparison to stored
photo-vouchers.

Among the total 43 specimens, only four (9%) specimens
were identified morphologically to the species level. Twelve
specimens (28%) were identified as different species being labeled
as sp. 1, sp. 2 or sp. 3. The phylogenetic analysis of the 43
sequences with known marine nematode 18S rRNA sequences
resolved 11 (27.5%) specimens to species level in the ML tree
(Figure 4).

COI Gene
Thirty four of the 43 specimens morphologically identified were
successfully amplified with primers JB3 and JB5 (Table 4). Most
sequences (82.3%, n = 28) showed a closest match to database
nematode sequences with a homology between 73 and 99%. The
remaining sequences, 14.7% (n = 5) showed homology with
sequences from other phyla, and no significant similarity was
found for 3% (n= 1) of the sequences.

Analysis confirmed the morphological characterization.
With this study, 34 COI sequences belonging to 34 different
species of sixteen genera (Axonolaimus, de Man, 1889;
Chromadora, Bastian, 1865;Comesa, Gerlach, 1956; Eurystomina,
Filipjev, 1921; Linhomoeus, Bastian, 1865; Metadesmolaimus,
Schuurmans Stekhoven, 1935; Metalinhomoeus, de Man,
1907; Nemanema, Cobb, 1920; Paracomesoma, Hope
and Murphy, 1972; Paracyatholaimus, Micoletzky, 1922;
Paralinhomoeus, de Man, 1907; Pareurystomina, Micoletzky
and Kreis, 1930; Prochaetosoma, Micoletzky, 1922;
Promonhystera, Wieser, 1956; Ptycholaimellus, Cobb, 1920;
and Terschellingia, de Man, 1888) were determined for the first
time.

An alignment of 60 COI sequences yielded a consensus
sequence of 362 bp in length of which 304 positions were
parsimony informative. The best nucleotide substitution model
was the General Time Reversible with non-uniform evolutionary
rates (GTR + G). The ML tree of COI gene (Figure 5) showed
a topology consistent with that known for families of marine
nematodes. The two classes of marine nematodes (Chromadorea
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FIGURE 4 | Maximum likelihood tree based on a region of 998 bp of 18S rRNA gene. Sequences labelled with black dots are from this study. Numbers

above/below the branches indicate branch support based on 1,000 bootstrap replicates. Scale bars indicate the number of substitutions per site. Families are

indicated by vertical bars, followed by orders and classes.
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FIGURE 5 | Maximum likelihood tree based on a region of 362 bp of COI gene. Sequences labelled with black dots are from this study. Numbers above/below

the branches indicate branch support based on 1,000 bootstrap replicates. Scale bars indicate the number of substitutions per site. Families are indicated by vertical

bars, followed by orders and classes.

and Enoplea) are not separated in two clades. The Monhysterida,
Chromadorida and Enoplida orders are separated in two clades
each.

Sequences obtained in this study segregated into clades
with sequences retrieved from databases belonging to
fifteen different families (Axonolaimidae, Linhomoeidae,
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Xyalidae, Sphaerolaimidae, Desmodoridae, Draconematidae,
Neotonchidae, Anoplostomatidae, Tripyloididae,
Oxystominidae, Comesomatidae, Cyatholaimidae,
Chromadoridae, Oncholaimidae and Enchelidiidae). The
exceptions were the Desmodoridae and Oncholaimidae
families which do not form individual clades. Sequences for
Halalaimus and Oncholaimellus did not group with database
sequences putatively of the same family although they are
similar (Figure 5). Photo-vouchers were used to confirm the
identification of these specimens.

From the total 34 specimens, only two (5.9%) specimens were
identified morphologically to the species level. Nine specimens
(26.5%) were identified as different species being labeled as sp. 1,
sp. 2, or sp. 3.

DISCUSSION

Marine nematodes are recognized as good indicators of
environmental ecological conditions for a variety of marine
habitats, from the estuaries until the deep sea ecosystems.
They respond to several types of pressures as the physical
and chemical disturbances at spatial and temporal scales. It
is the combination of many attributes that gives them the
status of a good bioindicator: (i) they are ubiquitous and the
assemblages presenting high abundances and many species;
(ii) most nematode species have a short life cycle; (iii) some
species/genera are tolerant to extreme conditions, and in
addition, (iv) marine nematodes are easily sampled (Fonseca
and Gallucci, 2016). These nematode characteristics are very
useful to develop good tools for assessment of the “Good
Environmental Status” of marine ecosystems. Nematodes are
considered the ideal model organism or community for exploring
the relationship between diversity and ecosystem functioning
(Danovaro et al., 2008). However, monitoring programs based
on marine nematodes has limitations, the morphological species
identification requires extensive taxonomic expertise, is time-
consuming, expensive, and laborious (De Ley et al., 2005). This
limitation can be overcome with the rapid development of high
sample throughput tools representing a promise opportunity
to facilitate the implementation of molecular approaches for
monitoring programs, and the ability to provide a more
comprehensive community analysis than traditional assessments
(Bourlat et al., 2013; Dowle et al., 2016). The high-quality
reference database provided by DNA barcoding is essential for
the design, construction, development, and testing of other
high-throughput molecular tools, e.g., metabarcoding or T-RFLP
(Donn et al., 2012; Borja et al., 2016). T-RFLP was developed
for soil nematode communities, allowing to process large sample
numbers compared with classical taxonomic or low throughput
molecular analyses, and this tool may be relevant for marine
assemblages (Chen et al., 2010; Donn et al., 2012). A rapid and
cost-effective taxonomic identification of thousands of samples
are also possible with DNA metabarcoding. With this technique,
barcodes specific for a species are obtained from the entire
environmental sample and compared to a previously generated
DNA sequence reference database. Therefore, the community

composition inferred from genomic data is dependent on
available reference barcode library (Taberlet et al., 2012; Bourlat
et al., 2013). In this study, we performed a comparison of
morphological and barcoding characterization of the intertidal
sediments nematode community of Mira estuary, thus validating
that barcoding was established for the community capturing
the majority of dominant taxa in the system. This DNA
barcode reference database will be used in the future for the
development and implementation of high sample throughput
tools.

Nematode assemblage densities and diversity obtained by
morphological identification were in agreement with previous
studies developed in seagrass beds of Mira estuary (Adão, 2004;
Vafeiadou et al., 2013, 2014; Materatski et al., 2015, 2016). The
high nematode density and diversity, low spatial variability and
homogeneous community structure are driven by the physico-
chemical, trophic dynamics and biological factors of the seagrass
environment characteristics, namely sediment grain size, higher
percentage of clay, higher sediment organic matter content and
salinity, that are fundamental for structuring the distribution of
the nematode assemblages (Alves et al., 2009; Materatski et al.,
2015, 2016).

The organic carbon input in the seagrass bed food web at
the Mira estuary was also previously assessed and identified as
a driver of high nematode density, with several sources, i.e.,
seagrass detritus, epiphytes, microphytobenthos and suspended
particulate organic matter (Vafeiadou et al., 2013, 2014). In this
study, temporal differences in nematode density and diversity
were associated with greater mean grain size at T2. This is in
agreement with previous studies showing decreased nematode
abundance in finer sands (Adão et al., 2009; Moens et al., 2014).
Genus composition and the most prevalent genera recorded
throughout this study were typical of nematode assemblages
from estuarine muddy intertidal sediments; i.e., mud-adapted
genera belonging to the families Linhomoeidae (Terschellingia,
Linhomoeus), Comesomatidae (Paracomesoma), Desmodoridae
(Spirinia) and Axonolaimidae (Odontophora) (Smol et al., 1994;
Soetaert et al., 1995; Olafsson et al., 2000; Steyaert et al., 2003;
Fonseca et al., 2011; Moens et al., 2014).

Intensive morphology-based analyses whilst essential are
difficult, time consuming and require an expert taxonomist in
marine nematode taxonomy. The decreasing availability of these
skills and requirement of higher sample numbers for monitoring
is driving a need for development of high sample throughput
molecular tools. However, barcoding approaches for nematodes
also have limitations, especially in a requirement for validation
matching genetic sequences with traditional taxonomy. This
integration between molecular approaches and morphological
vouchering (photos or videos) is essential for the efficient
investigation of nematode biodiversity (De Ley et al., 2005) and
development of new high throughput methods. Most molecular
studies on marine nematodes focus on the use of 18S rRNA
gene due to the availability of universal nematode primers (De
Ley et al., 2005; Meldal et al., 2007). The mitochondrial COI
gene is used less as a phylogenetic marker in marine nematodes
because, in part, it is less constrained than the 18S rRNA gene
and making it more difficult to design universal primers for this
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target (Blaxter et al., 2005; De Ley et al., 2005; Bhadury et al.,
2006a). This study confirmed that PCR amplification success of
18S rRNA is higher than COI as reported in previous studies
(Bhadury et al., 2006a; Creer et al., 2010; Porazinska et al., 2010).
The DNA from specimens of the same nematode genera was
amplified using the primers for 18S rRNA and COI genes. The
COI gene from 34 species was successfully amplified, against the
18S rRNA gene that was amplified in 43 species. Among the two
18S rRNA gene regions tested, the primers G18S4-4R proved to
be more efficient in amplifying the gene region than the primer
sets G18S4-18S_NemR and 18S_NemF-18S_NemR for the longer
region. Shorter regions are more easily amplified than longer
ones and may be sufficiently specific (Hadziavdic et al., 2014).

For the 18S rRNA analysis, sequences showed a nematode
origin, and the morphological identification matched with the
molecular based identification. The COI analysis showed five
sequences with high similarity with the Arthropoda Phylum,
probably due to DNA contamination. A limitation of available
sequences when compared to the enormous diversity of marine
nematodes (Lambshead, 2004) is observed, especially for COI
gene, for which only 281 sequences are available, against 1020 for
18S rRNA gene. Therefore, it is essential to improve the databases
with morphological vouchers associated with gene sequences.

Generic diversity differed both spatially and temporally.
Although 50 nematode genera were morphologically identified
from all four sampling sites, only 26 and 25 DNA barcodes
were obtained for the 18S rRNA and COI genes, respectively.
However, 90.2% of the nematode assemblages are constituted
by Terschellingia, Paracomesoma, Linhomoeus, Sabatieria,
Ptycholaimellus, Daptonema, Odontophora, Metachromadora,
Anoplostoma, Sphaerolaimus, and Metalinhomoeus. With
the exception of the genus Metalinhomoeus which amplified
only with COI, for all of the other genera, DNA barcodes
were obtained for both genes. Therefore, the barcoding is
representative of the nematode assemblages in Mira estuary.
The remaining genera represented abundances lower than
1%. For example, for the genera Ascolaimus, Comesoma,
Megadesmolaimus, Neotonchus and Tricoma, 12 or fewer
individuals were found in all the sites and times (Table 3).
These rare genera drove the differences in spatial and temporal
distributions.

In general, both phylogenetic trees based on 18S rRNA
and COI genes show a topology congruent with that known
for families and orders of marine nematodes. However, lower
support bootstrap values were obtained in the ML tree of the
COI gene. The ML tree based on the 18S rRNA gene sequence
is more robust with higher bootstrap values. Several factors can
contribute to the lower robustness of the COI gene-based tree
compared with the 18S rRNA gene tree, namely (1) the higher
sequence variability of the COI gene, (2) the shorter length of the
sequenced fragment of the COI gene, and (3) the lower number
of COI gene sequences in the databases.

Taxa morphologically identified and whose 18S rRNA
(Linhomoeus, Microlaimus, Nemanema, Odontophoroides,
Paracomesoma, Prochromadorella and Thalassironus) and COI
(Axonolaimus, Chromadora, Comesa, Eurystomina, Linhomoeus,
Metadesmolaimus, Metalinhomoeus, Nemanema, Paracomesoma,
Paracyatholaimus, Paralinhomoeus, Pareurystomina,

Prochaetosoma, Promonhystera, Ptycholaimellus, and
Terschellingia) genes had not been previously sequenced
were placed consistently within clades representatives of the
families. This result confirms the agreement between the
morphology- and DNA-based approaches at family level of
marine nematodes (van Megen et al., 2009; Derycke et al., 2010).

Generally COI gene sequencing seems to be a promising
tool for DNA barcoding of nematodes (Derycke et al., 2010;
Armenteros et al., 2014). However, the poor knowledge of the
diversity and taxonomy of marine nematodes (Bucklin et al.,
2011), and the low number of sequences of COI in databases, have
been limiting the implementation of COI barcoding for marine
nematodes driving poor coverage probably driven by sequence
variability reducing primer efficiency. Thereafter, in the absence
of a robust database of COI sequences, 18S rRNA gene will
remain the most widely used molecular marker for identification
of marine nematodes.

The genomic approach application to marine monitoring
is the most promising techniques. However, these routine
applications require available reference barcode library, which
affect the taxonomic composition inferred from genomic data
(Aylagas et al., 2014). There is therefore an urgent need
to compare both traditional and molecular based taxonomic
composition inferences so that can be introduced as regular tool
in monitoring program (Borja et al., 2016). Benthic nematodes
are considered as good indicators either for biodiversity and
ecosystems interactions assessment providing a community
monitoring model in aquatic ecosystems (Alves et al., 2013).

The classical morphology-based approach to assess the
nematode diversity for ecosystem functioning is a very time
consuming and laborious task that requires considerable
taxonomic expertise and nullified their ecological abilities.
This makes the development of high-throughput and low
cost molecular tools for nematode identification appealing
and essential, e.g., the dT-RFLP (directed Terminal-Restriction
Fragment Length Polymorphism) whose principle is the selection
of restriction endonucleases which cut the DNA in positions
that discriminate between taxa of interest. dT-RFLP characterizes
nematode assemblages by relative abundance of feeding guilds,
providing a high-throughput semi-quantitative characterization
of nematode communities (Donn et al., 2012). However, the
dT-RFLP application in estuarine and marine assemblages is
not direct and requires effort in design and validation stages,
including a combination ofmorphological analysis and cloning—
sequence libraries performed on selected samples barcoding
library.

CONCLUSION

The temporal and spatial morphological characterization of
the nematode assemblages allowed the confirmation of their
genetic characterization. Although 50 nematode genera were
morphologically identified, and only 26 and 25 DNA barcodes
were obtained for the 18S rRNA and COI genes, respectively, the
barcoding of the Mira estuary community was mostly achieved.
90.2% of the nematode assemblages were constituted by eleven
nematode genera and DNA barcodes were obtained for both
18S rRNA and COI genes. Gene sequences obtained in this
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study enriched public databases and will provide a reference
barcode database for future studies of the Mira estuary and other
similar estuarine systems. This dataset contributed with gene
sequences from 7 to 16 new genera for 18S rRNA and COI genes,
respectively, to the database. This will be useful not only for the
rapid identification of nematodes from the Mira estuary, but may
also be applicable to other estuaries with similar communities.
The information provided here demonstrates that molecular
and morphological data is congruent opening the way for the
development of high sample throughput molecular tools for the
assessment of sediment environmental quality. These tools will be
especially useful in next generation marine monitoring programs
due to their capability for the processing of the high sample
numbers required to enable the achievement of the goals of
worldwide marine legislation.
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