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a b s t r a c t

Detecting the presence of potential invasive species in ballast water is a priority for preventing their
spread into new environments. Next generation sequencing technologies are being increasingly used for
exploring and assessing biodiversity from environmental samples. Here we apply high throughput
sequencing from DNA extracted from ballast water (BW) samples employing two different platforms, Ion
Torrent and 454, and compare the putative species catalogues from the resulting Operational Taxonomic
Units (OTU). Water samples were taken from the RV Polastern ballast tank in five different days between
the second and the twentieth navigation day. Pronounced decrease of oxygen concentration and increase
of temperature occurred in the BW during this time, coincident with a progressively higher proportion of
unassigned OTU and short reads indicating DNA degradation. Discrepancy between platforms for species
catalogues was consistent with previously published bias in AT-rich sequences for Ion Torrent platform.
Some putative species detected from the two platforms increased in frequency during the Polarstern
travel, which suggests they were alive and therefore tolerant to adverse conditions. OTU assigned to the
highly invasive red alga Polysiphonia have been detected at low but increasing frequency from the two
platforms. Although in this moment NGST could not replace current methods of sampling, sorting and
individual taxonomic identification of BW biota, it has potential as an exploratory methodology espe-
cially for detecting scarce species.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Genetics is increasingly useful for studying marine bioinvasions.
Amongst the utilities of DNA, species identification (e.g. Bott et al.,
2010; Bucklin et al., 2011), and determination of the origin and time
of initial incursion of non-indigenous species (NIS) (e.g. Rius et al.,
2014; Teske et al., 2014) are probably themost common. The advent
of Next Generation Sequencing Technologies (NGST) and the pos-
sibility of analyzing DNA directly from water and sediments
(environmental DNA, eDNA) has opened new perspectives for early
detection of NIS in marine ecosystems, where invasions might
.

remain unnoticed for extended periods (Freire et al., 2014; Zaiko
et al., 2014). Detecting short species-specific eDNA fragments
from aquatic environments has theoretically a greater sensitivity
over traditional survey methods which can be time-consuming and
costly (Ardura et al., 2010; Pochon et al., 2013). Therefore, eDNA
analysis is increasingly employed for detection of rare or invasive
species (e.g. Ficetola et al., 2008; Rees et al., 2014).

Briefly, NGST coupled with eDNA are based on massive PCR
amplification of short DNA sequences from environmental samples
(water, sediments, soil, gut contents etc.; Kelly et al., 2014). There
are three main different NGST (Shokralla et al., 2012). Illumina has
adopted a sequencing-by-synthesis approach, utilizing fluo-
rescently labeled reversible-terminator nucleotides on clonally
amplified DNA templates immobilized on the surface of a flow cell.
For Ion Torrent and 454 Roche, DNA fragments are clonally ampli-
fied by emulsion PCR on the surface of microbeads. Nucleotide
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incorporation is detected in Ion Torrent by variation in Hþ con-
centration, since Hþ is released when a nucleotide is incorporated
into a strand of DNA by the polymerase action (PGM). In 454 there
is light emission: a nucleotide release generates a pyrophosphate
molecule that initiates a series of downstream reactions to produce
light by the action of the enzyme luciferase. The sequences ob-
tained are quality filtered and compared with reference databases
using generally BLAST methodology. These methodologies produce
many thousands of sequences that can be putatively assigned to a
species in a relatively short time.

However, these emergent NGST methods are not fully mature
for application in environmental surveys yet. Usually there is a
delay between the introduction of a new technology and its
implementation for practical real-life research. There are very few
examples of NGST application in routine monitoring surveys, such
as eDNA-based monitoring for detecting the endangered fish ven-
dace in the UK (Winfield et al., 2008). Important drawbacks of these
technologies are: high costs (e.g. Bott et al., 2010); lack or ambiguity
of reference sequences in databases that hampers species identi-
fication, especially for less studied taxa (e.g. Bucklin et al., 2011;
Ardura et al., 2013); lack of truly universal primers (Wilcox et al.,
2013). There is a trade-off between primers' specificity and the
diversity that can be detected, since taxon-specific primers robustly
detect target species, but the rest of biodiversity may be over-
looked. Another major drawback is that discovering DNA from a
species in an environmental sample does not implicate the in-
dividuals are alive. Based on mesocosmos experiments it has been
proved that DNA molecules can persist in water for a time after the
organism is dead and/or has been removed from the experimental
setting (Dejean et al., 2011; Thomsen et al., 2012; Piaggio et al.,
2013; Pilliod et al., 2014). Partially degraded DNA from cells or re-
mains of metazoans can yield positive PCR amplification of Barcode
genes (e.g. Hajibabaei et al., 2006; Valentini et al., 2009). This im-
plies certain pitfalls for NGST application in biosecurity surveys
since only living organisms can become invaders and pose risks to
the ecosystem. Sequences obtained from dead organisms could be
considered as false positives.

Other false positives associated with DNA detection from dead
or decaying material are related to nucleotide degradation. The
DNA detectability decreases with time after the removal of the
species source of DNA (Dejean et al., 2011), and DNA degradation is
proportional to biological oxygen demand (or directly to oxygen
concentrations), chlorophyll, pH (Barnes et al., 2014) and temper-
ature (Burger et al., 1999; Ficetola et al., 2008). Degraded DNA may
cause incorrect species assignment, particularly for phylogeneti-
cally related species, when slightly shorter or modified amplicons
provide significant hits with related species.

Taken together, false positives and other aforementioned
problems could be a serious shortcoming for NGST application in
environmental research and monitoring, for instance in ballast
water (BW) surveillance. Although the transport of organisms in
BW is recognized as one of the main threats to marine biodiversity
worldwide (Gollasch et al., 2002; Elliott, 2003), NGST technologies
are not applied currently to BW monitoring (Gollasch et al., 2007).
Laborious and costly methods based on visual recognition of spe-
cies are employed instead (King and Tamburri, 2010). Pilot analyses
of BW using NGST suggest that the technique, although promising,
is still immature because some organisms observed de visu are not
found in NGST data and vice versa (Zaiko et al., 2015). Experiments
are needed on accuracy, robustness and cross-platform validity of
NGST results in order to boost application of these novel DNA-based
technologies and benefit from their cost-efficiency for BW surveys.

The goal of the present study was to assess the performance of
NGST for species detection in BW; the consistency of the eDNA
analysis results across NGST platforms; identify possible biases due
to DNA decay and/or degradation in BW; and suggest strategies for
decreasing the false positive rate. The study was conducted on-
board RV Polarstern, as a part of the BW experimental survey.

2. Material and methods

2.1. Ballast water sampling

For the BW experiment, the aft ballast tank (70 m3) of RV
Polarsternwas filled with ambient water (13.1 �C and 34 PSU) out of
Bremenhaven port on October 28 2012. Five samples for NGS
analysis were collected on the 2nd, 4th, 12th, 16th and 21st days of
the cruise. For each sample, 100 L of ballast water were pumped
through a plankton net (30 cm diameter, 55 mm mesh size). The
concentrated material (ca. 50 mL) was then vacuum-filtered
through 0.12 mm Nuclepore™ membrane, which was thereafter
preserved with 96% ethanol until eDNA extraction.

Simultaneously with the sample collection, environmental
conditions in the BW were recorded. Temperature, pH and dis-
solved oxygen concentration were measured with Ysi Professional
Plus Multimeter.

2.2. DNA extraction and NGS

The precipitates from membrane filters were removed with
sterile blades. DNA was then extracted from the filters using
QIAamp DNA Mini Kit (Qiagen) following the manufacturer
extraction protocol. The eDNA was quantified by a fluorescence-
based method (Picogreen, Invitrogen). The eDNA obtained from
each water sample was divided in two aliquots for separate NGS in
two different platforms.

A barcode coding region of the cytochrome oxydase sub-unit I
gene (COI) was PCR-amplified employing the universal primers
miniCOI described by Meusnier et al. (2008). The expected ampli-
con size of the target region was approximately 145 nucleotides.

The 454 platform was employed for analyzing the five BW
samples. PCR amplification and DNA sequencing were carried out
by Macrogen (Korea) using a Genome Sequencer FLX (Roche). The
GS FLX data processing was performed using the Roche GS FLX
software (v2.9). The software uses tag (barcode) sequences to
segregate the reads from each sample, by matching the initial and
final bases of the reads to the known tag sequences used in the
preparation of the libraries.

For cross-platform verification of NGS results, aliquots of Days 2,
12 and 21 samples were sequenced using the platform Ion Personal
Genome Machine System (PGM. Lifetechnologies) at the
Sequencing Unit of the Oviedo University. Libraries were con-
structed using the kit Ion Plus Fragment Library Kit (Life-
technologies) and templates were obtained using the Ion PGM™
Template OT2 200 Kit for AB Library Builder™ System (Life-
technologies). The templates were loaded on a 314 chip and
sequenced using the Ion PGM™ 200 Sequencing Kit v2 (Life-
technologies). Data processing was performed using the Ion Torrent
software (Lifetechnologies)

2.3. Bioinformatics and indicators of DNA degradation

Raw 454 data were processed using PRINSEQ v0.20.4
(Schmieder and Edwards, 2011) for filtering too short or/and too
long reads (mode ± 2SD) and also low quality reads (mean � 20).
BLAST softwarewas usedwith e¼ 0.01 searching for the best hits in
the nucleotides database of the NCBI. Assignment of taxonomic
classification (best hit) was done using in-house software (Macro-
gen) obtaining at the end the OTU tables.

Two parameters were considered as indicators of DNA
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degradation based on raw reads obtained from 454 NGS: average
read length and proportion of unassigned reads. The rationale is
that during the degradation process DNA molecules are progres-
sively shorter (read length), and consequently impossible to assign
to a known species by BLAST methodology. Therefore, the average
read (sequence) length and the proportion of unassigned OTUs are
expected to be, respectively, inversely and directly proportional to
DNA degradation.

For comparison of taxonomic catalogues retrieved from the two
platforms, the two datasets of raw sequences were analyzed
employing identical bioinformatics. Sequences were filtered in
length (between 130 and 200 bp) and in quality (þ20), then BLAST
was done (maximum E-value ¼ 0.001, minimum percent
identity ¼ 90.0) against NCBI COI sequences using QIIME (Caporaso
et al., 2010).
2.4. Expert taxonomic assessment

The presence of DNA from species that cannot survive inside the
ballast tank was expected. Initial eDNA diversity of the BW would
reflect the biota existing in the ambient waters of the uptake area,
including ‘external sources’ e species inhabiting rivers and estu-
aries nearby, discharges of the urban and rural sewages, humans,
pets, insects, terrestrial and marine birds, aquaculture species, ce-
taceans and many others. As commented above, it is not necessary
that the organisms are present in the water for leaving their DNA
traces therein. In order to distinguish true BW organisms from
those of external sources, the assigned taxawere revised by experts
and only those that have been cited inmarine temperatewaters are
considered as true BW organisms.

All sequences except singletons, that could be taxonomic arti-
facts from BLAST or mutations, were considered in the expert
taxonomic assessment. For conservative approach, we chose genus
level assignments for the downstream analysis. The following data
were considered for platform comparison: number of assigned BW
OTUs (Operational Taxonomic Units, genera level), number of BW
OTU counts (number of sequences), proportion of BW OTU counts
over total reads (BW OTU counts þ external sources þ matches
with GenBank entries generically identified as “environmental
DNA”þmatches at higher taxonomic level than genus). In addition,
we have counted the number of species and sequence counts
matching with recognized invasive species appearing in the ISSG
IUCN list and/or described as such in relevant scientific literature.
2.5. Statistical analysis

To verify the differences in taxonomic diversity reported from
NGS (454 and Ion Torrent platforms) over the observation period,
Principal Component Analysis (PCA) was applied with two-
dimensional visualization (ordination of samples and variables
against two principal axes). For the PCA, the NGS data (number of
sequences per OTU) were pooled to superior taxonomic ranks
(Phyla) and standardized by total number per sample.

The composition of taxa shared in two datasets (presence-
absence data) was compared across assayed NGS platforms and
sampling days using nonmetric multidimensional scaling (NMDS)
based on Jaccard similarity matrix. NMDSwas undertakenwith 100
random restarts and visualized in a two-dimensional plot.

The Wilcoxon signed-rank test for paired samples was applied
to compare the summarized results of taxonomic assignments
(phylum level) between the two platforms.

The analyses were implemented on PRIMER 6 software package
(PRIMER-E, Ltd., UK), STATGRAPHICS Plus and R v3 statistical
computing environment (R-project 2014).
2.6. Taxon-specific primers for Salmonids and sponges

Taxon-specific primers were designed for PCR amplification of
mitochondrial DNA sequences from BW eDNA samples. The target
taxa were those providing larger discrepancies between the OTU
catalogues obtained from the two platforms: Salmonids and
sponges (see Results).

A fragment of the 16S rRNA gene was amplified by PCR,
employing the following Salmonidae family specific primers
designed in the laboratory:

16S-F-Salm (50-AAGACCTGTATGAATGGCATC-30) and 16S-R-
Salm (50-TCGATAGGGACTCTGGGAGA-30).

They amplify a DNA region of approximately 377 nucleotides
located between the sites 2125 and 2502, position sites relative to
Salmo salar mitochondrion complete genome (GenBank:
KF792729.1).

The amplification reaction was performed in a total volume of
20 ml, including Green GoTaq® Buffer 1�, 2 mM MgCl2, 0.25 mM
dNTPS,1 mMof each primer, 2 ml of template DNA and 0.65 U of DNA
Taq polymerase (Promega). The PCR conditions were the following:
an initial denaturation step at 95 �C for 5 min, 35 cycles at 94 �C for
30 s, annealing at 68 �C for 30 s and elongation at 72 �C for 30 s. And
a final step of elongation at 72 �C for 10 min.

For sponges of the class Demospongiae, a fragment of the COI
gene was PCR-amplified employing the following family-specific
primers designed in the laboratory:

espLO (50-GGRGCYGGWACKGGKTGRCSGG-30) and dgHO (50-
TAAACTTCAGGGTGACCAAARAAYCA-30).

They amplify a DNA region of approximately 370 nucleotides
between the positions 349 and 719 of the COI gene sequence of
Ianthella basta with GenBank accession number JF915543.

The amplification reaction was performed in a total volume of
20 ml, including Green GoTaq® Buffer 1�, 2.5 mM MgCl2, 0.25 mM
dNTPS,1 mMof each primer, 2 ml of template DNA and 0.65 U of DNA
Taq polymerase (Promega). The PCR conditions were the following:
an initial denaturation step at 95 �C for 5 min, 35 cycles at 95 �C for
1 min, annealing at 48 �C for 1 min and elongation at 72 �C for
1 min. And a final step of elongation at 72 �C for 5 min.

PCR products of the two taxon-specific markers were visualized
in 2% agarose gels with 2.5 ml of SimplySafe™. We used DNA
extracted from Atlantic salmon (S. salar), and from Hymeniacidon
perlevis and Haliclona xena (Demospongiae, orders Suberitida and
Haplosclerida respectively) as positive controls for the primers 16S-
Salm and esp-LO respectively.

3. Results

3.1. DNA degradation inferred for BW samples

The environmental conditions drastically changed in Polarstern
BW between the first and the last sampling days (Fig. 1 top). The
main change occurred in oxygen concentration that dropped down
to nearly zero. Temperature oscillated, first increasing with a
maximum around the Equator (day 14th) then declining further
south. A slight pH decrease from 7.8 to 7.2 was also observed.

A total of 122 672 reads were obtained after the relaxed initial
quality filter applied to raw NGS 454 data. The quality of these
initial NGS reads was measured as: 1) the reduction of average read
length over the expected amplicon size (145 nucleotides), and 2)
the percent of unassigned OTUs (Fig. 1 bottom). DNA read quality
was reduced nearly tenfold for the two parameters. The average
amplicon size decreased from 138.3 down to 75.8 nucleotides in the
2nd and 21st days respectively. The percent of unassigned counts
increased from 7.05% to 68.07% respectively for the same days.
Reduction in molecular data quality was apparently more intense



Fig. 1. Physicalechemical parameters of BW in the five sampling days (upper panel) and 454 NGST sequence quality as indicator of DNA degradation (lower panel).
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between the 12th and the 21st voyage days, concurrent with the
peaks of temperature and anoxia in BW.

3.2. Consistency of taxonomic assignment across NGS platforms

After the bioinformatics treatment with the same stringent fil-
ters, the total number of reads yielded from NGS was not very
different between the two platforms: 90 955 and 85 913 for the Ion
Torrent and 454 platforms respectively (Table 1, Supplementary
Table 1
Summary of OTU identification at genus level for the two NGS platforms assessed (see t

Ion Torrent platform

Day2 Day12 Day21 Overa

Total BW counts 43768 21923 25264 90955
External sources 16274 7619 17979 41872
Unassigned counts 10505 11272 1705 23482
% Unassigned counts 24.00 51.42 6.75 25.82
BW OTUs (genus level) 42 9 36 71
BW OTUs counts 16989 3032 5580 25601
% BW OTUs counts 33.8 13.83 22.09 28.15
% dominant OTU counts 15.22 8.64 10.02 26.55
Dominant OTU Cleisthenes

(Fish)
Ianthella
(Porifera)

Achlya
(Oomycota)

Cleisth
(Fish)
Table 1). The number of OTU identified from 454 dataset was
lower than after the generalized and more relaxed initial quality
filter, as expected (122 672 in the relaxed treatment).

External OTUs were assigned to varied genera (data not shown)
that cannot live within BW in any developmental stage. These DNA
sequences were putatively from humans, dog, cats, amphibians,
freshwater algae, insects, arachnidae, marine and terrestrial birds,
freshwater and terrestrial molluscs, terrestrial nematodes, land
plants and one Cetacean sequences (Globicephala, pilot whale). All
ext for the further details).

454 platform

ll Day2 Day4 Day12 Day16 Day21 Overall

26950 24175 16116 12730 5942 85913
815 1834 718 1194 8 4569
0 99 0 11 0 110
0 0.41 0 0.01 0 0.13
9 27 2 15 6 31
26135 22242 15398 11525 5934 81234
96.97 92 95.54 90.53 99.87 94.55
98.65 59.57 95.22 52.22 99.09 39.42

enes Salmo
(Fish)

Salmo
(Fish)

Salmo
(Fish)

Salmo
(Fish)

Salmo
(Fish)

Salmo
(Fish)



Fig. 2. PCA biplot for NGS data (phylum level, standardized by the total number of
sequences per sample) for two NGS platforms. Ion Torrent samples are indicated with
label IT, 454 data e with label 454.
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of them could be explained by river and land-based discharges near
Bremerhaven, and/or by the presence of some individuals eor
biological remains-near the area where the Polarstern tank was
filled in.

In addition to those sequences from putative external sources,
some sequences could not be assigned down to genus level and
were generically grouped as “unassigned counts” (Table 1). The
number of unassigned sequences was generally higher in Ion
Torrent dataset (on average 47% of all yielded sequences) while in
454 data these did not reach 1% in any of the analyzed samples. The
rest of sequences were assigned to genera with species living in
marine and/or brackish temperate waters that could potentially
survive in BW at least for some hours (true BW OTUs). Those were
used for calculating the proportion of sequences corresponding to
the dominant species (% dominant OTU counts). In the 454 dataset,
the BW sequences obtained on the days 12 and 21 were assigned
only to fish species (Supplementary Table 1).

With a similar number of total OTU counts in the two platforms,
in the 454 dataset the Salmo genus was clearly dominant in the five
BW samples analyzed (Table 2), whereas in the Ion Torrent dataset
the dominant genus varied from fish on Day 2 to Porifera on Day 12
and Oomycota on Day 21. In this dataset the taxonomic dominance
was much less pronounced than in the sequences obtained from
454.

As indicated by the PCA, the 454 samples demonstrated more
consistency in terms of biodiversity assigned over the observation
period (Fig. 2). However, some taxa (e.g. echinoderms, sponges,
rotifers, diatoms) were highly underrepresented in this dataset.

The number of genera identified as true BW (marine, reported
from temperate waters) was greater for Ion Torrent than for 454
platform: 71 versus 31 respectively (Table 2). For the Ion Torrent
dataset, 39 genera decreased and 31 increased in both % and
sequence counts from the first to the 21st day; opposite to this, for
the 454 dataset 25 genera decreased and only 3 increased. Genera
containing species reported as NIS elsewhere and detected in the
454 dataset were: the copepod Acartia, the fish Ctenogobius, the
fungus Aphanomyces and the red algae Chartransia and Polysiphonia
(Supplementary Table 1). In the Ion Torrent dataset the barnacles
Chthamalus and Chelonibia, the fish Rhinogobius, the fungus Sap-
rolegnia and the red algae Dasya, Polysiphonia and Euchema were
found.

When considering the total number of OTU counts at a higher
taxonomic level (phylum), the two platforms yielded a clear ma-
jority of counts (sequences) of fish and relatively high proportion of
oomycetes (Table 2). Main differences between platforms were a
Table 2
Summary of the taxonomic assignments based on NGS analysis of the ballast water
from the Ion Torrent and 454 platforms, in % over the total number of genera and
counts for each phylum. N, total number of genera or OTU counts.

Phylum Ion Torrent 454

% Genera % Counts % Genera % Counts

Annelida 1.41 0.01 0 0
Arthropoda 4.23 0.04 6.06 0.12
Chordata (fish) 43.66 59.28 21.21 84.29
Cnidaria 4.23 0.02 6.06 0.01
Echinoderma 2.82 0.02 0 0
Mollusca 4.23 4.31 6.06 1.36
Porifera 1.41 14.52 3.03 <0.01
Rotifera 2.82 1.51 6.06 0,01
Bacillariophyta 4.23 0.49 0 0
Oomycota 12.68 17.77 15.15 4.72
Rhodophyta 12.68 0.2 30.30 9.34
Amoebozoa 5.63 1.83 3.03 0.15
N 71 25598 33 81234
much higher percentage of fish (in % counts) and red algae se-
quences amplified from the 454 platform, while from the Ion
Torrent platform Porifera sequences were more abundant. How-
ever Wilcoxon signed-rank test showed no statistical significance
for the differences of counts yielded per phyla from the two plat-
forms (P ¼ 0.29).

The proportions of genera assigned per phylum did not match
exactly between platforms, although the difference was not sta-
tistically significant (Wilcoxon signed-rank test, P ¼ 0.96). In the
Ion Torrent platform dataset, Chordata contained more genera than
the rest of phyla, while in 454 Rhodophyta was the most diverse
phylum (Table 2). The two platforms exhibited, in general, higher
diversity within Chordata (fish), Oomycota and Rhodophyta than
for the rest of phyla.
3.3. Evolution of putative genera shared from the two platforms

The two platforms employed for NGS analysis provided 20
genera in common (Table 3). One of them, the red alga Polysiphonia,
contains one of the most aggressive invasive algae, Polysiphonia
brodei. More fish genera occurred at the beginning of the cruise,
while rotifers, red algae and oomycetes genera were more persis-
tent over the observation period. The comparison of shared biodi-
versity between the two platforms (in terms of presence of
assigned genera) showed no discernible pattern, except for a clear
match of the Day 2 datasets of the two platforms that were very
similar (Fig. 3).

Quantitatively, most of the shared taxa have demonstrated a
steady decrease in samples across platforms (Table 3). However
some exceptions can be observed. For example, Tetragonurus counts
fluctuated in the 454 dataset. In the Ion Torrent platform an
outbreak of Peringia occurred on Day 12, and of Hyalosphenia and
Halophytophthora on Day 21. The number of counts of several
oomycetes and the red alga Polysiphonia increased in the two
platforms over time.

The two most discrepant genera, in number of counts and



Table 3
Genera appearing in the datasets from the two NGS platforms assayed, number of yielded sequences respectively.

Kingdom Phylum Class Family Genus Ion Torrent 454

Day2 Day12 Day21 Day2 Day4 Day12 Day16 Day21

Animalia Chordata Actinopterygii Myctophidae Hygophum 4451 0 44 184 226 0 15 4
Tetragonuridae Tetragonurus 285 0 0 237 170 52 293 29
Bothidae Bothus 71 0 0 0 1 0 0 0
Salmonidae Salmo 295 0 0 24924 14401 15346 6647 5888
Scorpaenidae Scorpaenodes 121 0 0 0 1 0 0 0

Cnidaria Hydrozoa Hydridae Hydra 1 0 1 9 0 0 0 0
Scyphozoa Ulmaridae Aurelia 0 0 1 0 2 0 0 0

Mollusca Gastropoda Hydrobiidae Peringia 0 1100 0 0 748 0 353 0
Porifera Demospongiae Ianthellidae Ianthella 1518 1895 304 1 0 0 0 0
Rotifera Monogononta Brachionidae Brachionus 1 0 384 0 1 0 2 0

Keratella 0 0 2 0 1 0 0 0
Chromista Oomycota Peronospea Peronosporaceae Halophytophthora 12 2 1546 457 322 0 251 0

Phytiaceae Lagenidium 1 0 8 2 0 0 0 0
Pythium 298 15 42 225 1109 0 1008 0

Saprolegniaceae Achlya 0 2 2532 0 75 0 0 0
Plantae Rhodophyta Florideophyceae Rhodomelaceae Polysiphonia 0 0 16 0 24 0 48 0

Cystocloniaceae Rhodophyllis 0 0 5 0 1 0 0 0
Phyllophoraceae Schottera 0 0 1 0 7 0 0 0
Plocamiaceae Plocamium 0 0 6 0 3 0 0 0

Protozoa Amoebozoa Tubulinea Hyalospheniidae Hyalosphenia 0 0 450 0 78 0 44 0
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number of BW samples where they occurred, were the sponge
Ianthella (Demospongiae) and the fish Salmo (Salmonidae) in the
Ion Torrent and 454 datasets respectively (Table 3). The sequences
obtained for these two OTUs (Supplementary Fig. 1) were clearly
different in nucleotide composition (Table 4), with 67.9% and 52.1%
AT for Ianthella and Salmo OTU respectively. In the 5’ region the
difference was even more accentuated with, respectively, 100% and
73% AT in upstream nucleotides.

PCR amplification using the Salmonidae-specific primers 16S-
Sal described above yielded weak but clearly visible bands corre-
sponding to the expected amplicon size from BW DNA of the first,
intermediate and last days (Fig. 4A). These results are consistent
with Salmo OTUs occurring the three days in the 454 platform.
Opposite to this, with the Demospongiae-specific primers only the
positive controls give a visible signal of positive PCR amplification
(Fig. 4B), suggesting that sponge DNA, if present, was scarce. Again
this is coincident with 454 platform results.

4. Discussion

The results found here suggest that NGST can have a value for
detection of invasive species from ballast water, but in its current
stage of development it is still premature to use Metabarcoding for
Fig. 3. NMDS plot of the shared genera (from Ion Torrent (IT) and 454 (454) datasets),
based on presence/absence transformed data, Jaccard index similarity matrix.
verification of compliance of BW regulations (King and Tamburri,
2010). Instead it could be considered a complement of the
methods of visual taxonomic identification, which on the other
hand can be much enhanced if they are coupled with individual
Barcoding for taxonomic confirmation (e.g. Valentini et al., 2009).
Even a taxonomic quality check of NGS results by an expert seems
to be necessary, and automated estimates of biodiversity are not
recommended so far if based solely on NGST. A substantial portion
of DNA sequences from external sources is expected in BW,
particularly during the short voyages or on the first days of obser-
vations. Supporting Rees et al. (2014), NGST should not be used to
replace or disregard the knowledge and expertise of experienced
taxonomists.

As it is apparent from the current results the NGS datasets are
not consistent across platforms and a full systematic taxonomic
survey using only this novel methodology could not be considered
reliable. There are possible biases in Metabarcoding related to pe-
culiarities of the NGS platform and biostatistics pipelines applied,
and current trends are to increasingly refine pipelines on a more
restricted taxonomic basis (e.g. Balint et al., 2014, for fungi; Liu
et al., 2013, for arthropods). Only Day 2 samples from both plat-
forms coincided in terms of taxonomical composition with further
increasing discrepancy (higher for Ion Torrent platform). Discrep-
ancy between platforms cannot be explained by different samples
analyzed in the present study, since DNA aliquots from the same
extraction were taken for analysis in the two different platforms.

A technical issue with the primers cannot be discarded for
explaining very high proportion of sequences from dominant taxa
in some samples (Table 2). For Deagle et al. (2014) one of the main
problems of Metabarcoding based on COI sequences is that COI
gene does not contain sufficiently conserved regions for obtaining
Table 4
Average nucleotide composition of Ianthella and Salmo OTUs, in %. Results are given
for whole sequences and for the 5’ region (15 first nucleotides). N: number of
nucleotides.

N A C G T

Ianthella Whole sequence 146 28.8 17.3 14.7 39.1
50 region 15 33.3 0 0 66.7

Salmo Whole sequence 156 23.3 26 21.9 28.8
50 region 15 20 20 6.7 53.3



Fig. 4. Agarose gel (2.5%) showing PCR amplification products obtained from ballast water eDNA of different travel days (marked as D2, D12 and D21) with the primers 16S-Salm (A)
and espLO (B), specific of Salmonidae and Demospongiae respectively. Positive controls: for Salmonidae primers, Cþ ¼ Salmo salar; for Demospongiae primers, Cþ1, Cþ2 and Cþ3
are two samples of H. perlevis and one of H. xena respectively. In (A) PCR products from eDNA extracted from water samples where presence of salmonids was suspected are also
included (#1e7); positive amplification with 16S-Sal primers occurred in all cases except #5.
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high-quality amplicons from all taxa. Clarke et al. (2014) found that
metabarcodes targeting COI introduce taxonomic PCR-
amplification bias, amplifying a greater percentage of some spe-
cies while failing to amplify others. In agreement with Deagle et al.
(2014) our results strongly support the need of broadening the
catalogue of available markers, and the corresponding reference
databases taxonomically verified, for efficient and fully replicable
NGST-based BWmonitoring and other Metabarcoding applications.
Another possibility could be to use PCR-free approaches, such as
multiplex sequencing and assembly pipeline (Tang et al., 2014), for
avoiding biases due to the different efficiency of primer binding
across lineages of organisms.

On the other hand, the bias found here in the composition of the
discrepant taxa for AT-rich sequences in the Ion Torrent platform is
consistent with data found by other authors in studies of compar-
ison between platforms. In a cross-platform comparison of detec-
tion of bacterial pathogens, Frey et al. (2014) found that some
sequences were inherently favored in the Ion Torrent platform,
whose reads had a higher number of A / T transversions than
other platforms. In our study, the dominant Ianthella OTUs found
from this platform contain a very high proportion of T (double than
that of A in the 5’ region), suggesting that they were likely over-
estimated eas also suggested from species-specific primers. High
biases in AT-rich sequences from Ion Torrent were also described by
Quail et al. (2012) studying the AT-rich genome of Plasmodium
falciparum. Another artifact described for this platform is early
truncation of reads in some specific organisms, attributed also to
local sequence characteristics such as homopolymer tracts, local GC
content, or local nucleotide composition (Salipante et al., 2014). The
results found in our study using taxon-specific primers were more
consistent with 454 data than with the Ion Torrent OTU catalogue
(Fig. 4), supporting the idea of some biases in the latter benchtop
platform. Indeed not finding positive amplification from BW eDNA
with the sponge-specific primers does not preclude from sponge
DNA being actually present in BW. It may be present in low con-
centration, as it appears in 454 data (very low proportion of Ian-
thella OTUs detected in the first sample), that would be not
consistent with Ion Torrent results. All together, the results suggest
that some technical improvements are still necessary, especially in
the Ion Torrent platform.

From the OTUs shared in the two platforms, it is clear that BW
biota changed significantly towards the end of the travel. This may
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reflect higher degradation of DNA fromdead individuals that avoids
primers from annealing or increase of inhibiting compounds due to
the decay processes in the BW. DNA degradation is indicated by
increase of unassigned OTUs and shorter NGS reads in 454 dataset,
while the total number of yielded sequences decreased. This might
imply additional source of error, particularly when employing
comparatively short fragment of barcode gene for the analysis (like
miniCOI in the current study). Targeting longer DNA fragments
(longer amplicons), although might decrease the total number of
reads if degraded fragments are excluded for not producing
amplicons, could diminish this source of error.

Although we cannot be sure without other type of analysis (see
below) the taxa whose proportion increased over time were
probably alive; for example outbreaks or sustained increases of a
species after several days of navigation could be indicators of living
individuals (e.g. Ardura et al., 2015). All the taxa with frequency
increments found here have been reported earlier in BW surveys
made by conventional methodology (e.g. Carlton and Geller, 1993;
Carlton, 1996; Gollasch et al., 2000; Olenin et al., 2000; Briski
et al., 2012), therefore NGST can be considered a potential tool to
be adjusted in a near future. Of interest is the presence of OTUs
assigned to the red alga Polysiphonia in the two platforms at
increasing frequency over time. This genus contains one of themost
aggressive invasive alga species, Polysiphonia brodiei, which is
included in the ISSG database (http://www.issg.org/database/
species/ecology.asp?si¼1092&fr¼1&sts¼tss&lang¼EN, accessed
November 2014). Native from European and North African waters,
it has colonized New Zealand, North America, Japan and Australia,
where it is considered one of the 10 most dangerous invaders
(Hayes et al., 2005). It has been reported attached on ship hulls and
gear (Hewitt et al., 2007; Mineur et al., 2008). Another potentially
invasive species of this genus transferred by maritime traffic are
Polysiphonia harveyi (Hewitt et al., 2007) and Polysiphonia morrowii,
which is invading South American waters (Raffo et al., 2014). In a
review about transfer pathways of seaweeds, Hewitt et al. (2007)
reported hull, equipment and gear fouling as preferential path-
ways for the transfer of Polysiphonia. Our results strongly support
ballast water as a vector as well. Although increasing in frequency,
this genus was not one of the most abundant OTUs found in this
study, representing as a maximum 0.28% and 0.42% of counts in
Day#21 and #16 samples for Ion Torrent and 454 datasets respec-
tively (Supplementary Table 1). Perhaps just a few cysts were giving
the signal. At such a low frequency, they could easily be overlooked
in visual counts. Not only because a high taxonomical expertise is
needed for identifying small cysts, but also due to the low proba-
bility of visually detecting scarce and small cysts under the mi-
croscope, and differentiate them from many other more abundant
organisms, debris and remains. Their DNA sequences, however, can
be detected even when their proportion is small. This could be an
example of the utility of NGST for detecting scarce species in BW.

Barcoding from RNA samples (Pawlowski et al., 2014) could
serve for solving, at least partially, the problem of differentiating
between dead and living individuals. RNA is a fragile molecule of
short mean life before degradation, therefore the RNA obtained
from a cell eor extracellular-is a recent product of gene expression,
a process that happens only in living cells. RNA will thus reflect
better the composition of living biodiversity. However this will not
solve the problem of discrepant results between different plat-
forms. Contribution from taxonomic experts seems therefore be
necessary, although NGST could help as a tool to detect scarce
species, and to recommend a more focused examination of other-
wise overlooked taxa. In addition, NGST could be improved in
different ways for more reliable results that avoid the current dis-
crepancies between platforms. For example, the bias in AT-rich
genomes found by Quail et al. (2012) with Ion Torrent was
interpreted by the authors as an artifact introduced during ampli-
fication; avoidance of library amplification and/or emPCR, or use of
more faithful enzymes during emPCR was recommended for
eliminating the bias (Quail et al., 2012). Using bidirectional ampli-
con sequencing and an optimized flow order has also been sug-
gested to minimize sequencing artifacts on this platform (Salipante
et al., 2014). Finally, another suggestion is the use of increased
throughput chips and library diversity; changes in both keymetrics
would improve the detection of species present at low levels in a
sample (Frey et al., 2014).

5. Conclusions

Discrepancy between platforms for OTU catalogues from ali-
quots of the same eDNA sample suggests that it is premature to rely
solely on NGST for biological BW examination. The proportion of
unassigned OTUs as an indicator of DNA degradation could be
useful for en route BW monitoring. The increase of an OTU with
time in BW could be taken as an indicator of being alive, thus be
used as an alert of potential invaders. In its present stage, NGST
seem to have a value as a complementary tool for BW monitoring,
especially for detecting scarce species.
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