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ARTICLE INFO ABSTRACT

Keywords: DNA metabarcoding is rapidly expanding as a new approach to biodiversity assessments and biomonitoring and
Amplicon sequencing is especially valuable for characterizing microbial communities in aquatic habitats. When applied to eukaryotic
B‘?mhos organisms, metabarcoding is usually targeting specific taxonomic groups, such as macroinvertebrates, fungi,
Bioassessment diatoms, or other protists. The goal of this study was to explore the potential use of metabarcoding of entire
DNA metabarcoding biofil K . bl for th 13 bi I 1 . .

Eukarvotes iofilm eukaryotic assemblages for the purpose of stream biomonitoring. We sampled 14 stream sites in New
Strearzs Jersey, USA along an impairment gradient and characterized rock biofilm assemblages using Illumina Mi-Seq

sequencing of the V9 hypervariable region of 18S rDNA following the Earth Microbiome Project (EMP) protocol.
We also enumerated diatoms from the same samples to compare DNA metabarcoding results with morphological
assessments. Among the 5866 unique rDNA sequence variants, the fungal and holozoan sequences were the most
diverse, while diatom sequences were the most abundant in most sites. Among-site variability of assemblage
composition was significantly higher than within-site variability of field and lab replicates, which indicates an
acceptable level of reproducibility of the method. Different taxonomic groups of eukaryotes exhibited similar,
but not identical patterns of assemblage variation in response to underlying environmental gradients. Both
morphological and metabarcoding approaches recovered strong relationships between diatom assemblage
composition and water quality impairment. Several other groups of eukaryotes, such as fungi, peronospor-
omycetes, green algae, and holozoans had only slightly weaker response to water quality impairment than
diatoms. These findings suggest that molecular characterization of biofilm eukaryotic assemblages can be an
effective tool for monitoring stream biota and its responses to disturbance even if the taxonomic assignments of
sequences are only partially resolved.

1. Introduction Vanormelingen et al., 2013), morphological plasticity, and an unknown

degree of geographic variability in species morphology. Ultimately, this

Biological monitoring of rivers and streams in the United States
most frequently involves assessment of fish, benthic macroinvertebrate
and algal assemblages (Barbour et al., 1999). Traditional methods of
stream bioassessment are based on morphological identification of or-
ganisms, which is often costly and time-consuming. Many small soft-
bodied organisms, especially protists, are difficult to preserve or have
few morphological characters that are observable using conventional
microscopy and, therefore, are not used in biomonitoring. Even iden-
tification of relatively character-rich protistan groups, such as diatoms,
is hampered by the presence of cryptic and pseudocryptic species (e.g.,
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leads to considerable uncertainties in environmental inferences and
lower confidence of these biological indicators.

DNA metabarcoding allows for automated identification of organ-
isms from environmental samples and is thus less affected by human
bias and is potentially more cost-effective than conventional methods of
bioassessment (Ji et al., 2013; Pawlowski et al., 2018; Taberlet et al.,
2012). This approach employs high-throughput next-generation se-
quencing (NGS) of short DNA fragments from mixed-species samples.
The obtained sequences are then matched to reference sequences with
known taxonomic assignments in genetic databases (Keck et al., 2017),
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although taxonomy-blind approaches have also been explored
(Apothéloz-Perret-Gentil et al., 2017; Cowart et al., 2015). In the last
few years, DNA metabarcoding has been successfully used to evaluate
microbial communities, including eukaryotes, in various environments
including oceanic and lacustrine plankton (de Vargas et al., 2015;
Grattepanche et al., 2016; Lindeque et al., 2013; Rachik et al., 2018; Xu
et al., 2017; Filker et al., 2016), and marine and freshwater benthos
(Bik et al., 2012; Chariton et al., 2010; Volant et al., 2016). Several
research groups have been developing methods for metabarcoding of
freshwater diatoms (Kermarrec et al., 2013, 2014; Kelly et al., 2018;
Rivera et al., 2018; Rimet et al., 2018; Visco et al., 2015; Zimmermann
etal., 2011, 2015) and benthic macroinvertebrates (Gibson et al., 2015;
Stein et al., 2014; Elbrecht et al., 2017) for the purposes of routine
biomonitoring of inland waters. Metabarcoding is known for its high
sensitivity and ability to detect the presence of rare or low-abundance
species (Zhan et al., 2013), while increased taxonomic resolution of
metabarcoding-based assessments has been shown to improve the
ability to detect shifts in assemblages caused by environmental per-
turbations (Stein et al., 2014).

A variety of marker genes and gene fragments have been explored
for metabarcoding of specific eukaryotic taxonomic groups. The mi-
tochondrial COI gene was initially promoted as a universal barcoding
marker (Meusnier et al., 2008) and is used now for metabarcoding of
metazoans (Elbrecht et al., 2017; Hajibabaei et al., 2011). The nuclear
ribosomal ITS region is used for fungi (Schoch et al., 2012; Blaalid et al.,
2013), and plants (Wang et al., 2014). Several potential markers have
been explored for metabarcoding diatoms, with the V4 hypervariable
region of the 18S rDNA gene and partial plastid rbcL gene identified as
the most efficient for discriminating diatom taxa at a level similar to
that achieved by morphological methods, and has been recommended
for routine biomonitoring in European fresh waters (Zimmermann
et al., 2011; Kermarrec et al., 2013; Kelly et al., 2018).

The V9 region of the 18S rDNA gene can be amplified with a single
set of primers in a wide range of eukaryotes (Amaral-Zettler et al.,
2009) and has been applied to metabarcoding studies of oceanic and
estuarine plankton (Abad et al., 2016; de Vargas et al., 2015; Malviya
et al.,, 2016). It has been successfully used in tracking seasonal dy-
namics and studying spatial variability of marine plankton (Brannock
et al., 2016) and therefore is potentially useful for biomonitoring. One
of the advantages of 18S-V9 metabarcoding is the availability of a re-
latively simple one-step-PCR amplicon library preparation method
(Earth Microbiome Project, Thompson et al., 2017; Gilbert et al., 2010;
Caporaso et al., 2012), which greatly reduces the cost of sequencing
when carried out on a large scale. On the other hand, this marker was
found to have insufficient taxonomic resolution to discriminate among
species or even genera and therefore has been dismissed as a potential
biomonitoring tool (Tang et al., 2012).

The need to find genetic markers able to identify organisms at the
species level arises from the idea of using biotic metrics and indices
developed based on the knowledge of ecological attributes of mor-
photaxa (Hering et al., 2018). This approach has been promoted be-
cause of the need to maintain continuity of ambient monitoring pro-
grams and, therefore, apply the same metrics that were developed prior
to metabarcoding era. For example, Kelly et al. (2018) modified the
Trophic Diatom Index (TDI) routinely used in the UK to be used with a
subset of diatom taxa that can be identified to species level using me-
tabarcoding with the rbcL gene fragment. Visco et al. (2015) applied
metabarcoding with 18S-V4 region to identify diatoms for calculating a
version of the DI-CH diatom index adopted in Switzerland, while
Vasselon et al. (2017), Bailet et al (2019) and Mortagua et al (2019)
employed rbcL or 18S-V4 diatom metabarcoding for calculating the
Specific Pollution-sensitivity index (SPI or IPS) commonly used in
France and several other European countries. Using metabarcoding for
species-level identification requires a well-curated reference database,
which ideally would contain sequences of all species that could be
found in the geographic area of interest. Although several reference
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databases for specific taxonomic groups of organisms already exist, they
vary in their completeness and taxonomic extent. For instance, diatom
reference databases that require considerable resources and time for
their development only represent a portion of the taxa most common to
European freshwaters (Rimet et al., 2015, 2019; Zimmermann et al.,
2014; Kelly et al., 2018).

If we assume, however, that new metrics can be developed by as-
sociating DNA sequences with specific environmental conditions, me-
tabarcoding may be used directly to generate bioassessment data
without the need to identify to species level (Hering et al., 2018;
Apothéloz-Perret-Gentil et al., 2017). Although such a ‘taxonomy-free’
approach would not be appropriate for estimating species richness, it
may represent a cost-effective biomonitoring tool suitable for large-
scale assessments (Cordier et al., 2019; Pawlowski et al., 2016, 2018).
The goal of this study was to test the hypothesis that 18S-V9 molecular
signatures of eukaryotic assemblages in stream biofilms are sufficiently
informative for detecting the effects of water quality impairment on
these assemblages. If biological assemblages characterized by this
marker show response to impairment, we expect it to be a good can-
didate for use in a large-scale biomonitoring.

2. Methods
2.1. Field sampling

Fourteen stream sites throughout northern New Jersey, USA, were
sampled in this study (Fig. 1).

Sites were selected based on historical water quality data available
from the Water Quality Portal (https://www.waterqualitydata.us/), US
Geological Survey Surface-Water Data for New Jersey (https://
waterdata.usgs.gov/nj/nwis/sw) and the Delaware River Watershed
Initiative (DRWI) (https://4stateslsource.org/), representing a gradient
of “Good” to “Poor” water quality in terms of nutrients, conductivity,
and in-stream and riparian habitat conditions (Ponader et al., 2007)
(Table 1).

Samples of epilithic biofilms were collected between June and
August 2017 (Table 1). At each site, three field replicates were collected
using the ‘top-rock’ scraping method (Moulton et al., 2002) and sus-
pended in ambient stream water in 250 mL bottles. Rocks were selected
to represent in-stream habitat variability, where present (e.g. shallow
vs. deep water; fast- vs. slow-moving water; less vs. greater canopy
cover). Water temperature, pH, and conductivity were measured in the
field with an ExStick II meter. Nutrient concentration data reported in
Table 1 were retrieved from the Water Quality Portal (https://www.
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Fig. 1. Map of sampling locations in New Jersey, USA.
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Table 1
Locations and water quality characteristics of sampling sites.
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Site name Code Latitude Longitude Date sampled EC, pS/cm pH TN, mg/L TP, mg/L Impairment category
Dunnfield Creek D 40.97106 —75.12669 3-Jun-17 39 6.8 0.1 0.01 Good
Flat Brook F 41.10888 —74.95195 3-Jun-17 238 7.2 0.2 0.01 Good
Neldons Brook N 41.08489 —74.82656 3-Jun-17 209 7.2 0.3 0.01 Good
Musconetcong River, Lower M2 40.70397 —74.98880 21-Jun-17 610 8.4 2.7 0.02 Fair
Musconetcong River at Point Mountain M3 40.76749 —74.91166 21-Jun-17 640 8.4 1.9 0.03 Fair
Mulhockaway Creek Mh 40.64750 —74.96888 21-Jun-17 336 8.3 1.0 0.03 Fair
Pequest River P4 40.83719 —74.95371 21-Jun-17 645 8.9 1.4 0.04 Fair
Musconetcong River at Stephens State Park M5 40.87370 —74.80565 21-Jun-17 708 8.8 1.0 0.03 Poor
Assunpink Creek A 40.21722 —74.76861 1-Aug-17 494 7.2 5.0 0.5 Poor
Passaic River P9 40.88472 —74.22611 1-Aug-17 595 8.1 2.9 0.2 Poor
Rahway River near Springfield R7 40.68750 —74.31167 1-Aug-17 913 7.6 1.3 0.12 Poor
Rahway River at Rahway R8 40.61889 —74.28333 1-Aug-17 746 7.9 1.3 0.1 Poor
Ramapo River Ra 41.09806 —74.16278 1-Aug-17 845 7.6 1.7 0.1 Poor
Saddle River S 40.89028 —74.08056 1-Aug-17 1169 8.2 5.1 0.9 Poor

waterqualitydata.us/) using approximate sampling dates.

2.2. Laboratory procedures

The molecular library was prepared using a modified version of the
Earth Microbiome Project (EMP) 18S Illumina Amplicon Protocol
(Amaral-Zettler et al., 2009; Caporaso et al., 2012; Stoeck et al., 2010).
Fifty-milliliter aliquots of each of the 42 field samples were transferred
to 50 mL conical-bottom tubes, centrifuged for 5 min, and supernatant
stream water was aspirated using a vacuum pump until all stream water
was removed. Genomic DNA was extracted from each field sample, in
duplicate, for a total of 84 lab samples, using the Qiagen /MoBio
PowerSoil DNA Isolation Kit following manufacturer’s instructions.
Pellets were frozen at —20 °C following DNA extraction. DNA con-
centration was quantified using a QuBit 2.0 fluorometer prior to am-
plification with a QuBit dsDNA high sensitivity assay kit (Life Tech-
nologies, Thermo Fisher Scientific, Carlsbad, CA, USA). PCR reaction
mixtures for DNA amplification were prepared using the Illumi-
na_Euk_1391f forward primer and a unique barcoded Illumina_Euk_br
reverse primer for each of the 84 lab samples. The mammal blocking
primer was not used in this study. DNA extraction aliquots were not
amplified in triplicate as recommended by the EMP protocol to reduce
the risk of contamination during either the amplification or pooling
steps. PCR products were purified using a Qiagen QIAquick Purification
kit following manufacturer’s instructions and quantified using a QuBit
2.0 fluorometer. Equal masses of each sample were pooled and sub-
mitted along with the forward, reverse, and index sequencing primers
for paired-end (2 X 300 bp) sequencing on the Illumina MiSeq platform
at the QB3 Vincent J. Coates Genomics Sequencing Lab, UC Berkley.
The sequence data are available at the NCBI short read repository under
the accession number PRJINA603149.

For morphological identification of diatoms, 0.2-0.5 g biomass
subsamples from each of the 42 field samples were re-suspended in
deionized water and digested in 30% H,0, to remove organic material.
Digested samples were centrifuged at 4000 RPM for 10 min, super-
natant was decanted, and pellets were re-suspended in deionized water
for five rinsing cycles. Cleaned material was dried on 22 mm? cover
slips and affixed as permanent microscope slides using Naphrax
mounting medium (Brunel Microscopes, UK). Slides were examined
with a Zeiss Axiolmager Al light microscope (LM) equipped with an
AxioScopeMRm digital camera using DIC under oil immersion at 1000-
1600x total magnification. At least 400 valves were identified and en-
umerated to the lowest taxonomic level using standard floras (Hofmann
et al., 2013; Krammer & Lange-Bertalot 1986, 1988, 1991a,b; Spaulding
et al., 2018).

2.3. Data analysis

Amplicon sequence variants were detected in R (R Core Team,
2018) using the tutorial ‘A DADA2 workflow for Big Data: Paired-end’
(Callahan et al., 2016a; 2016b). Primers and adapters were trimmed
from the demultiplexed paired-end sequences (2x300 bp reads) using
Cutadapt v. 1.18 (Martin, 2011). The resulting 18S-V9 fragments were
on average 127 bp long. Reads were then checked for quality, denoised,
truncated and merged using the DADA2 workflow. Sequence truncation
was based on the visual inspection of forward and reverse read quality
plots. Forward reads were truncated at 82 bp and reverse reads at
98 bp. Chimeras were identified and removed, and the resulting am-
plicon sequences were used in the downstream analyses, without bin-
ning them into OTUs based on similarity at certain threshold. The use of
exact sequence variants (ESV) instead of traditional OTUs that re-
present clusters of similar sequences has been recently advocated by
Callahan et al. (2017) as this approach better captures biological var-
iation in the data and allows direct comparisons among data sets. Exact
sequence variants have been shown to successfully reveal ecological
patterns of the communities while increasing taxonomic resolution of
the data (Glassman and Martiny, 2018). Exact sequence variants are
called “OTUs” here for convenience as this term is more commonly used
in metabarcoding literature. Taxonomic assignment of exact sequence
variants (“OTUs”) was done using the RDP Naive Bayes Classifier al-
gorithm (Wang et al., 2007) and aligned to the SILVA reference data-
base v. 128 (Pruesse et al., 2007), using subsets of OTUs clustered at
97% identity with consensus taxonomy at =80% bootstrap support.
OTUs were identified to genus or lowest possible taxonomic level and
confirmed by subsequent GenBank BLAST searches, using less stringent
thresholds of =80% identity and e-values <1e~>. For OTUs identified
at ‘Phylum’ level, GenBank BLAST searches were carried out to further
verify their taxonomic identities, using the same threshold for percent
identity and e-value (Zhang et al., 2000).

For downstream analysis of eukaryotic OTUs, we used the R
package ‘phyloseq’ (McMurdie and Holmes, 2013) to combine the re-
sulting taxonomy table with the respective matrix of OTUs by sample
and associated field data. To estimate recovered OTU richness, we
constructed rarefaction curves showing unique OTU accumulation with
sampling size for each sampling site using the ‘vegan’ R package
(Oksanen et al., 2018).

We assigned OTUs to major taxonomic groups and constructed
barplots to explore diversity and abundance within and among sites
using the ‘graphics’ R package (R Core Team, 2018). We then subsetted
our OTU matrix by each eukaryote group. To investigate distributional
patterns of various biotic components of the biofilm assemblage along
environmental gradients, we constructed non-constrained Nonmetric
Multidimensional Scaling (NMDS) ordinations of each Hellinger-trans-
formed OTU and diatom morphological data set with fitted
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environmental variables using the R package ‘vegan’ (Oksanen et al.,
2018) and visualized sample-environment relationships for all data sets
using ‘ggplot2’ (Wickham, 2016). Environmental variables, such as
conductivity and nutrient concentrations were log-transformed prior to
the analyses. The NMDS plots of diatom OTUs and morphospecies
(Fig. 4b, 4d) were constructed by using the ‘plot’ function in the ‘gra-
phics’ package (R Core Team, 2018). We used the ‘ordiselect’ function
from the ‘goeveg’ R package (Goral and Schellenberg, 2018) to display
only those with the best species-environment correlation. The OTUs
displayed represented the 15% best environmental fit; the morphos-
pecies displayed represented the 25% best environmental fit. We car-
ried out Procrustes analyses between each pair of ordinations using
symmetric rotation using ‘vegan’ (Oksanen et al., 2018) to estimate
similarity of response to environment among groups of organisms and
between molecularly and morphologically characterized diatom as-
semblages.

For all OTU groups and diatom morphological data, we conducted
Permutational Multivariate Analyses of Variance (PERMANOVA) using
the R package ‘vegan’ (Oksanen et al., 2018) to compare within- and
among-site variability in assemblage composition and thus to evaluate
reproducibility of the 18S-V9 metabarcoding. To test the response of
each taxonomic group and molecularly and morphologically char-
acterized diatom assemblages to impairment, we evaluated the CCA
model performance constrained by an impairment vector (Table 4)
using the R package ‘vegan’ (Oksanen et al., 2018). Finally, we iden-
tified which OTUs were associated with good and poor water-quality
sites using an Indicator Species Analysis (Dufrene and Legendre 1997)
with R package ‘indicspecies’ (De Caceres and Legendre, 2009).

3. Results
3.1. Assemblage composition

DNA metabarcoding of 18S-V9 revealed highly diverse and variable
taxonomic composition of eukaryotes in each of our study sites. For the
84 samples, a total of 8,049,665 raw reads were obtained from the
sequencing facility. A total of 6,995,104 reads passed the quality con-
trol and bioinformatic pipeline and were subsequently assigned mem-
bership to one of the 5,866 OTUs (Supplementary Material 1). 3831 of
the 5866 OTUs (representing approximately 37% of total abundance)
could only be assigned to the level of “Eukaryota” using the SILVA
reference database. A subsequent BLAST search of all OTUs revealed
that 837 did not meet the e-value and/or percent identity thresholds
and were removed from further analysis. These unassigned OTUs re-
presented 16% of total abundance and 14.2% of OTU richness. From
the remaining 5,029 OTUs (those possessing an assigned taxonomy),
972 were matched to GenBank sequences at 100% identity. The total
number of sequences per sample ranged from 21,832 to 126,036, with
an average of 76,117 reads per sample. The total number of OTUs per
sample ranged from 98 to 856 with an average of 380 sequence variants
per sample. Rarefaction curves of OTUs for individual sites (Fig. 2)
show that eukaryotic diversity was well-sampled as plateaus were
reached for all sites and that OTU richness varied considerably among
sites.

The lowest richness was observed at a shaded Good-quality site,
Neldons Brook, where the curve plateaued at about 400 OTUs and the
highest at two heavily impacted sites, Assunpink Creek and
Musconetcong River at Stephens State Park where the estimated
number of OTUs was about 1400 OTUs at each site.

In 10 out of the 14 sites, diatoms were determined to be the most
abundant phylum (Fig. 3), although they were represented by only 343
unique OTUs (Supplementary material 1).

Among diatoms, the OTUs present at all 14 sites corresponded to
Gomphonema spp. (OTU_0055, _0165) and Mayamaea (OTU_0131). The
most abundant diatom OTUs among all sites were identified as
Rhoicosphenia cf. abbreviata and various Navicula species. Another group
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of abundant diatom OTUs were identified as Paralia sol, a marine
planktonic species and therefore definitely not the actual diatom cor-
responding to these sequence variants. These “Paralia” sequences were
found only in the Musconetcong River. Microscopy revealed a total of
234 diatom taxa (Supplementary material 2). Diatoms with the highest
number of occurrences were Cocconeis placentula (41 out of 42 sam-
ples), Achnanthdium minutissimum (40 samples), Amphora pediculus (36
samples), Sellaphora atomus (36 samples), Rhoicosphenia abbreviata (32),
Achnanthidium rivulare (31 samples), Navicula gregaria (30 samples) and
Nitzschia amphibia (30 samples). A large-celled diatom present only in
Musconetcong River at low abundance was Ellerbeckia arenaria; there-
fore, it is possible that sequences of “Paralia sol” belonged to this spe-
cies.

The two other abundant groups of 18S-V9 OTUs belonged to
Holozoans (animals) and Chlorophyta (green algae). Although
Holozoans were quite diverse within the samples (693 unique OTUs),
they were dominant at only two sites (Fig. 3). The most abundant and
common among Holozoan sequence variants were those of various ro-
tifers, nematodes and arthropods. The holozoan OTUs found in all 14
sites belonged to nematodes (OTU_1319, _2060), rotifers (OTU_1402)
and parasitic flatworms (OTU_2593, _3684).

Among green algae, a Chlamydomonas (OTU_0555) and a
Scenedesmus (OTU_0599) were found in all 14 sites. The most abundant
green algal OTUs included filamentous Chaetophora (OTU_0488, found
in two good water-quality sites only), Rhizoclonium (OTU_0465) and
Cladophora (OTU_0468). Fungi were very diverse (924 unique OTUs),
but not abundant among sites (Fig. 3). Another major group was Per-
onosporomycetes (water molds), represented by 159 OTUs.

Besides diatoms and water molds, several groups of organisms that
belonged to the Stramenopiles-Alveolates-Rhizaria (SAR) clade were
very diverse and common in studied samples. Among these 1370 OTUs,
which are grouped here in a category called “SAR_other” (Fig. 3), the
most common (present in all 14 sites) were OTU_1600 assigned to
Rhogostoma, a Rhizarian fish parasite, OTU_2088 Holosticha, a ciliate,
and OTU_4724, a representative of parasitic coccidians Eimeriidae. The
most abundant “SAR _other” sequences were OTU_1954, _1955 assigned
to the genus of Xanthophytes (yellow-green algae) Characiopsis and
OTU_2012 assigned to the Pseudoellipsoidon, a genus of Eu-
stigmatophyte algae.

3.2. Among- and within site variation

There was a fair amount of variation in the proportions and absolute
numbers of reads from major clades among field and laboratory re-
plicate samples (Fig. 3). In some sites, such as Dunnfield Creek, where
benthic assemblages were visibly heterogeneous in the field with visible
patches of filamentous green algae and chrysophyte alga Hydrurus, the
variation among replicates was particularly pronounced. At the same
time, PERMANOVA results indicated that among-site variability of the
entire eukaryotic assemblage and of its components significantly ex-
ceeded within-site variability (Table 2).

The highest R? values for diatoms, characterized both molecularly
and morphologically, showed that they were distributed more evenly
among sample replicates within sites compared to green algae, ho-
lozoans, fungi and water molds.

This pattern is also clearly seen in the NMDS ordinations
(Figs. 4 and 5A, C) that visualize among and within-site variation in
various subsets of data. In both molecular (Fig. 5A) and morphological
(Fig. 5C) diatom datasets, there is tighter clustering of replicate samples
within sites than in the other datasets (Fig. 4B-D). However, samples
from Neldons Brook, where holozoans were the dominant group
(Fig. 3B), were distinctly more tightly clustered relative to all other sites
(Fig. 4C).
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Fig. 2. Rarefaction curves of OTUs for individual
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3.3. Distributional patterns of different groups of organisms

Nonmetric Multidimensional Scaling (NMDS) sample plots in-
dicated that various components of benthic assemblages had somewhat
similar, but far from identical, responses to underlying environmental
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Table 2

Results of the PERMANOVA test for the significance of differences of biological
assemblage composition among sites. Individual datasets represent relative
abundance of 185-V9 OTUs or diatom valves in the diatom count dataset. R*
values show percent variation in distances explained by grouping samples by
site.

Df Sums Of Mean F R? p-value
Squares Square

Dataset

All eukaryotes 13 20.34 1.56 10.31 0.66
Bacillariophyta 13 21.87 1.68 18.85 0.78
Chlorophyta 13 20.56 1.58 13.38 0.71
Fungi 13 21.96 1.69 8.85 0.62
Holozoa 13 15.99 1.23 5.29 0.50
Peronosporomycota 13 18.68 1.44 6.04 0.53
Diatom count data 13  7.39 0.57 8.11 0.79

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

gradients. Both algal groups included in the ordinations, green algae
and diatoms, demonstrated much better separation of good water-
quality sites from impaired sites (Fig. 4B, 5A, C), while holozoan
(Fig. 4C) and water mold (Fig. 4D) assemblages were not as distinct
among the high-quality sites. Long vectors for conductivity in all or-
dination plots indicated that ionic strength was strongly associated with
the variability of all tested biofilm assemblages, while pH was appar-
ently more strongly related to variation in green algae (Fig. 4B) than in
other biofilm components. Procrustes symmetric rotations among or-
dinations (Table 3) showed that distributional patterns of fungi and
water molds were the most similar and that there was also a strong
correlation between diatom assemblage variation using molecular and
morphological approaches. Since all correlations were significant
(P < 0.05), there was a considerable similarity in the response to the
environment among all assemblage components.

3.4. Response to impairment

Nonmetric Multidimensional Scaling sample plots revealed a clear
response of all molecular and diatom morphospecies assemblages to
water quality impairment. The separation of “Good” sites from the rest
was especially clear in diatom (Fig. 5A, C) and green algal (Fig. 4B)
datasets. Diatoms also strongly separated “Poor” from “Fair” sites
(Fig. 5A, C). The holozoans demonstrated a good separation of “Poor”
sites from the rest, while “Good” and “Fair” categories were not well
separated from each other (Fig. 4C).

Most diatom OTUs with the highest fit to measured environmental
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variables shown in the NMDS plot (Fig. 5B) could not be assigned with
certainty to specific morphotaxa. The NMDS species plot of morpho-
logically identified diatoms (Fig. 5D) shows that taxa with the best fit to
measured water-quality parameters included indicators of high (Ha-
lamphora coffeaformis, Surirella brebissonii var. kuetzingii) and low
(Psammothidium subatomoides, Diatoma mesodon, Eunotia implicata, E.
rhomboidea) nutrient content. As expected, these indicators of low and
high nutrients occupied opposite ends of the ordination space along the
water-quality impairment gradient.

Canonical Correspondence Analysis (CCA) confirmed that the re-
lationship between impairment and OTU assemblage was significant for
all tested subsets of data and for the whole eukaryotic dataset (Table 4).

The F-values (Table 4) demonstrate that the top performing as-
semblages were diatoms (characterized by both metabarcoding and by
morphology) and green algae, and, to a lesser extent, all eukaryotes
together.

Indicator species analysis identified several 185-V9 OTUs associated
with good or poor groups of sites. The OTUs with the highest indicator
values (IV > 0.98, P-value < 0.005) for the highly impaired sites
belonged to diatoms: Rhoicosphenia (OTU_0026), Surirella (OTU_0303),
Cocconeis (OTU_0081) and Eolimna (OTU_0176). As there were fewer
high-quality sites, there were fewer OTUs with very high indicator
values for those sites. Those with IV > 0.90 (P-value < 0.05) were a
chironomid (possibly Cricotopus, OTU_2050), a nematode (possibly
Tridentulus, OTU_2040), a green alga (OTU_0695) and two diatoms:
Achnanthidium (OTU_0099) and Sellaphora (OTU_0128).

4. Discussion

4.1. What information on biotic diversity can be obtained from 18S-V9
metabarcoding data?

We found a considerable number of unique eukaryotic sequence
variants (5866), but a direct comparison of the total number of OTUs
with other metabarcoding surveys is difficult because of the differences
in sequencing platforms, markers, laboratory and bioinformatics pro-
cedures. However, despite our relatively small sample size, the eu-
karyotic diversity we found is comparable to similar recent studies that
used metabarcoding as a biomonitoring tool, particularly in sites im-
paired by anthropogenic pollution. Bricheux et al. (2013) found dia-
toms predominant in terms of abundance, and holozoans, diatoms, and
chlorophytes accounted for the majority of eukaryotic diversity in
biofilms from a single river site by using 454 pyrosequencing tech-
nology. The number of OTUs in their study was 4264, but it was based
on multiple 18S and 16S markers and clustering sequences into OTUs at
97% similarity, while the current study used only one marker, the II-
lumina MiSeq sequencing platform, and retained ESVs rather than
clustering sequences into OTUs. Another study that included sampling
at four sites on a French river found 456 eukaryotic OTUs, obtained by
clustering 18S V1-V2 sequences at 95% identity, using 454 pyr-
osequencing (Zancarini et al., 2017). Volant et al. (2016) detected a
total of 323 eukaryotic OTUs in a creek affected by acid mine drainage
using a single 18S V2-V3 marker, 454 pyrosequencing and clustering
unique sequence variation at 97% similarity. Even though binning ESVs
into traditional OTUs in these studies decreased the apparent alpha-
diversity, it still appears as Illumina MiSeq sequencing is revealing
higher eukaryotic diversity in stream biofilms compared to 454 pyr-
osequencing. Directly comparing cluster-based OTU counts, such as
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those found in previous investigations, with the ESV counts determined
in the current study is difficult due to the nature of how the OTU and
ESV sequences are identified and how read sequences are assigned
membership (Callahan et al., 2017). Most similarity-based methods rely
on sequence identity, i.e. the base-pair to base-pair correspondence
between two or more read and/or reference sequences while the exact
sequence variant approach used by ‘dada2’ incorporates read quality
into its statistical model to determine the most likely parent (biological)
read for each sequenced (observed) read (Callahan et al., 2016a). This
improved approach is effective and sensitive enough that it can detect
biological sequence variants that differ by only a single nucleotide
(Callahan et al., 2016a, 2017, 2019). In addition to properly re-
presenting the true (biological) community structure within samples,
refining the detail within OTU tables by using ESVs may improve our
ability to detect the sources of fine scale variation, identify more spe-
cific or accurate indicator species or groups of taxa, better reproduci-
bility of results, and allow investigators to simply combine the results

Table 3

Table 4

The effect of impairment on the composition of biological assemblages tested by
the Canonical Correspondence Analysis (CCA). The “impairment” factor was
used as a single constraining variable. PVE1 (%) = percent variance explained
by the first canonical axis. Assemblage composition is expressed as relative
abundance of 185-V9 OTUs in the molecular datasets of specific taxonomic
groups or diatom valves in the diatom count dataset.

Dataset PVE1 (%) F-ratio p-value
All eukaryotes 5.64 4.91 0.01
Bacillariophyta 9.84 8.94 0.01
Chlorophyta 8.04 7.17 0.01
Fungi 4.09 3.49 0.01
Holozoa 4.35 3.73 0.01
Peronosporomycota 3.41 2.89 0.01
Diatom count data 11.81 5.35 0.01

Procrustes correlations among two-dimensional NMDS ordinations of 185-V9 OTU datasets of major taxonomic groups and between diatom 18S-V9 OTUs and
morphological count datasets. All correlations were significantly similar (p-value < 0.001), indicating similarity of responses of various biological assemblages to

underlying environmental gradients.

Bacillario-phyta Chloro-phyta Fungi Holozoa Peronosporo-mycota Diatom count data
All eukaryotes 0.78 0.91 0.69 0.62 0.58
Bacillariophyta 0.64 0.59 0.55 0.52 0.71
Chlorophyta 0.65 0.61 0.46
Fungi 0.61 0.76
Holozoa 0.53
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from different studies, provided that the same primer pairs are used
(Callahan et al., 2017).

Like findings of most metabarcoding surveys of river biofilms,
diatom OTUs were the most abundant eukaryotic OTUs in most of our
sites. We found 343 unique diatom OTUs, ranging from 4 to 110 unique
OTUs per sample, with an average of 52 unique OTUs per sample. In
contrast, we identified a total of 234 morphospecies, with 13-65 unique
morphospecies per sample with an average of 41 unique morphospecies
per sample. In recent studies focused solely on investigating diatom
communities, rbcL is largely preferred over 18S markers, as it was
found to detect higher diversity (e.g. Keck et al., 2017; Mortdgua et al.,
2019; Rimet et al., 2018). However, these studies found similar ratios of
morphologically versus molecularly characterized diatom diversity to
the ratio that we found with 18S-V9. This may be partially due to
clustering rbcL exact sequence variants into OTUs, while we did not do
this because of the lower taxonomic resolution power of 185-V9 marker
compared to rbcL and other markers (Tang et al., 2012).

As in many other metabarcoding studies involving assemblages of
protists (e.g. de Vargas et al., 2015), a large portion of sequences in our
dataset could only be ascribed with certainty to higher-level taxa, while
14.2% of OTUs could only be identified as eukaryotes; this is not a
limitation of molecular approaches themselves, but of the taxonomic
extent and completeness of the taxonomic reference databases that are
available for use. Less than one-sixth of the OTUs (972) had a perfect
100% match to GenBank sequences. It is difficult to tell with certainty
whether even these perfect matches correspond to the assigned low-
level taxa (species or genera) as other closely related taxa may have
identical 18S-V9 sequences, therefore all taxonomic assignments to
lower taxonomic levels listed in Supplementary Material 1 should be
considered provisional. Some of the OTUs with 100% identity matched
to sequences of organisms with ecological or geographical ranges of
distribution clearly incompatible with New Jersey rivers. The examples
include marine organisms, such as diatoms Tursiocola and Licmosphenia,
dinoflagellate Scrippsiella and ciliates Cyclidium and Parallelos-
trombidium. The low proportion of sequences with assigned taxonomy is
by no means a limitation of 18S-V9 marker, but rather reflects the
current lack of coverage of many eukaryotic lineages in the existing
reference databases. A number of reference libraries are being specifi-
cally developed for the purposes of barcoding as it becomes a common
tool for biodiversity research and biomonitoring (e.g., Carew et al.,
2017; Guillou et al., 2013; Nilsson et al., 2019; Rimet et al., 2015, 2019;
Zhou et al., 2013). Unlike NCBI GenBank, such databases are typically
well-curated, but often either cover limited number of taxa or markers
other than 18S gene or are focused on particular habitats or geographic
areas. Here, we used SILVA and GenBank for the sake of fair compar-
ison between lineages, but further exploration of our data is certainly
possible with better curated reference databases targeting specific
taxonomic or ecophysiological groups of organisms.

4.2. Reproducibility

In this study, metabarcoding was determined to be a reliable
method of detecting a unique molecular fingerprint for each of our
study sites, as evidenced by significant among-site variability of OTU
assemblages among lab and field replicates using PERMANOVA
(Table 2). Among individual sites, all tested assemblages (all eukaryotes
together, diatoms, holozoans, water molds, green algae and fungi) were
significantly different from one another. This indicated adequate
quantitative assessment of the abundance and diversity of taxa, as well
as an appropriate level of reproducibility using the sampling scheme
employed in this study (three field and two lab replicates per site). A
considerable amount of random variation in the detection of OTUs, or
in the estimates of their abundance, has been reported in several me-
tabarcoding studies (Leray and Knowlton, 2017; Zhan et al., 2014; Zhou
et al.,, 2011; Wolf, 2018). Likewise, our results demonstrate large var-
iation among field and lab replicates (Fig. 2), but among-site differences
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still strongly responded to effects of water-quality impairment. The
importance of multiple replicates obtained at different stages of meta-
barcoding has been previously emphasized (Leray and Knowlton, 2017)
and a thorough assessment of reproducibility and the number of re-
quired replicates should be a necessary step in the development of
standard biomonitoring procedures involving metabarcoding.

The results of our PERMANOVA analysis (Table 2) indicate that
diatoms and green algae were more equally distributed among re-
plicates than other eukaryotes, while holozoans had the highest varia-
bility. This was expected as holozoans are larger multicellular organ-
isms and sampling three rocks per site is, of course, insufficient to
thoroughly characterize their assemblages. Many larger holozoans are
not functional members of biofilms, so excluding their sequences from
the assessment of biofilm assemblages may be an option in the future
biomonitoring efforts as was done, for example, by Volant et al. (2016).

4.3. Detecting impairment

The results of this study indicate that water-quality impairment had
a significant effect on the structure of eukaryotic biofilm assemblages
characterized by 18S-V9 DNA metabarcoding. All tested components of
the assemblages (diatoms, green algae, holozoans, fungi and water
molds) showed statistically significant association with impairment, but
their specific responses to the environmental variation differed in
strength and direction. Diatom and green algae OTUs showed a stronger
relationship to impairment than other tested groups of eukaryotes
(Table 4). Diatoms were especially effective in detecting impairment
with both molecularly and morphologically characterized assemblages,
clearly separating clusters of minimally, moderately and heavily im-
pacted sites (Fig. 5A, C). This strong relationship may be at least par-
tially attributed to the way the impairment was characterized in this
study. Freshwater algae are known to be especially sensitive to water-
quality characteristics, such as conductivity, pH and nutrients
(Stevenson, 2014) that we used to quantify impairment, while other
organisms are likely more sensitive to other factors. For example, fungi
and fungi-like protists such as water molds may better respond to the
amount and quality of dissolved and particulate organic carbon (Bai
et al., 2018), while macroinvertebrates are primarily influenced by
water oxygen content, temperature, and physical characteristics of their
habitat (De Pauw et al., 2006; Resh, 2008). If we characterized im-
pairment using another suite of environmental characteristics, we could
probably observe a stronger response from non-algal groups to other
stressors.

The relative strength of the response of various taxonomic groups of
organisms to human impacts also depends on the environmental con-
text. Diatoms are extremely sensitive to variations in the ionic com-
position of fresh water (Potapova and Charles, 2003) and therefore
respond especially strongly to an impairment that increases water mi-
neral content as is the case with New Jersey streams. In other types of
environment different groups may be the most strongly associated with
impairment. For example, a similar comparison of the distribution of
various protestant groups characterized by 18S-V9 metabarcoding in
marine sediments revealed ciliates as the most powerful indicators of
the impairment (Stoeck et al., 2018), while diatoms and chrysophytes
had a weaker response.

4.4. Potential use of 18S-V9 DNA metabarcoding for biomonitoring

An obvious advantage of 18S-V9 metabarcoding is its potential use
for simultaneously characterizing multiple groups of eukaryotic or-
ganisms in a cost-effective way (Hadziavdic et al., 2014). Combining
this ability of sampling and analyzing assemblage structure of various
groups of organisms with knowledge of their responses to specific
stressors may greatly enhance bioassessments. A larger-scale study
covering sites impaired in different ways and a standardization of the
field and laboratory procedures would be necessary to develop
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metabarcoding-based metrics and indices for practical use. However,
even our pilot project was sufficient to demonstrate the power of this
approach to detect the effects of impairment on biota.

Although chloroplast genes are often suggested as metabarcoding
markers for riverine benthos, their use is limited to the photosynthetic
portion of the overall assemblage. For example, Kelly et al. (2018)
advocated for using a fragment of rbcL gene for amplicon sequencing of
benthic diatoms, arguing that a protein-coding gene is free from in-
traspecific variability and its species-discriminating ability closely
matches that of a microscopist identifying diatoms. Several studies
found higher diversity of diatoms recovered by rbcL markers as com-
pared to markers using other gene fragments (Evans et al., 2007;
Hamsher et al., 2011; Kermarrec et al., 2013). Another marker, the
Universal Plastid Amplicon (UPA), targeting a fragment of the 23S
chloroplast gene, was developed by Sherwood and Presting (2007) and
used for metabarcoding of airborne algae in Hawaii (Sherwood et al.,
2017) and assessing the effects of acid mine drainage on stream algae in
Ohio (Wolf, 2018).

Ribosomal DNA markers can be used for amplifying multiple groups
of organisms. They have been extensively used for profiling prokaryotic
communities and can also be used to investigate eukaryotes (e.g.
Pawlowski et al., 2012; de Vargas et al., 2015; Volant et al., 2016).
However, in the majority of metabarcoding studies of eukaryotic as-
semblages, 18S markers targeting individual phylogenetic lineages have
been employed. For example, fungal-specific ITS primers (Blaalid et al.,
2013) and diatom specific 18S-V4 primers (Zimmermann et al., 2011,
2015) are widely used, and reference libraries were constructed to
support their application to metabarcoding (Zimmermann et al., 2014).
Several studies compared the effectiveness of various hypervariable
regions of the 18S gene to characterize biotic diversity and community
patterns. For example, comparisons of the V4 and V9 regions revealed
an approximately similar performance in characterizing marine proti-
stan assemblages (Piredda et al., 2017; Tragin et al., 2018), while other
authors recommended either longer V4 region as a preferred marker for
detecting eukaryotic diversity (Pawlowski et al., 2012) or the V9 region
for its ability to better capture diversity and community structure of
photosynthetic eukaryotes (Bradley et al., 2016).

Although the taxonomic resolution of the 18S-V9 marker is lower
than that of the longer markers, we still obtained more diatom mole-
cular OTUs (343) than morphologically identified morphospecies
(234). Even assuming that some of these OTUs may represent the same
biological species, this taxonomic resolution does not seem to be much
reduced in comparison to morphology. Moreover, there is no guarantee
that morphologically defined entities correspond to biological species.
Both molecular and morphological approaches provide unique, but not
ideal representation of the structure of biological assemblages and may
be considered complementary measures. Taxonomic assignments are
still provisional in most metabarcoding studies, including ours, as se-
quence reference databases are sparsely populated (Cowart et al.,
2015). Despite the rigorous quality assurance used to create reference
databases such as R-syst::diatom/Diat.barcode (Rimet et al., 2015,
2019), they are ultimately based on a morphological species concept. It
is unclear, for example, as to whether rDNA reference databases address
the issues of cryptic and pseudocryptic species and infraspecfic or in-
tragenomic variation. We did not intend to find congruency between
molecular and morphological methods, but rather explore meta-
barcoding as a complementary approach to water quality monitoring.
We suggest further investigating a “taxonomy-free” approach in order
to incorporate more OTUs in an index calculation (Apothéloz-Perret-
Gentil et al., 2017), using OTU assemblages as “fingerprints” to char-
acterize and detect changes in water quality. Some of the diatom OTUs
that were identified in this study as indicative of highly impaired sites
belonged to genera mostly associated with poor water quality (Rhoi-
cosphenia, Surirella, Eolimna), while others, such as species of the genus
Cocconeis have very wide tolerance to water quality characteristics.
Morphologically defined taxa with wide ecological niches may
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represent cryptic or semi-cryptic species complexes and therefore it
could be advantageous use molecular OTUs rather than morphotaxa for
constructing water-quality metrics.

One problem with matching 18S-V9 sequences to GenBank entries
often seems to be due to missing approximately 20-30 nucleotides at
the 3’ end of accessioned 18S sequences. Obtaining sequences of even
the most common microbial organisms in each geographic region is a
daunting task and will take an indefinitely long time unless there is
considerable funding available. But, if the primary data (raw un-
processed reads or processed exact sequence variants) are deposited in
public data repositories, they can be matched to biological taxa
whenever correspondence between taxa and sequences is established in
the future. The results of our study agree with conclusions of Pawlowski
et al. (2016, 2018) in that precise taxonomic assignments are not ab-
solutely necessary for studying patterns of biotic assemblages and for
using metabarcoding-based biomonitoring.

The most important aspect of biomonitoring is observing a strong
response of indicators to impairment using a comparatively cost-effec-
tive method. The EMP one-step PCR protocol provides molecular sig-
natures of eukaryotic assemblages at a fraction of the cost of two-step
PCR methods commonly used with other genetic markers. The per-
sample cost of metabarcoding progressively decreases as the number of
samples pooled in a single library increases (Stein et al., 2014). Using
the EMP one-step library preparation method opens opportunities for
dramatically increasing the number of samples collected in the field and
scaling up of the monitoring programs in a standardized fashion. Tax-
onomists’ efforts could be redirected from routine processing of a large
number of samples to high-quality morphological identification of se-
lected organisms or enumeration of small fraction of samples for es-
tablishing correspondence between molecular signatures of the assem-
blages and morphotaxa.

One shortcoming of using metabarcoding for biomonitoring is the
gross lack of correspondence between numbers of organisms and the
number of reads in the metabarcoding data. This is usually a con-
sequence of larger organisms having more gene copies compared to
smaller ones (Elbrecht et al., 2017) or variation in copy numbers among
phylogenetic lineages (Angly et al., 2014). A number of standardization
methods have been suggested to overcome this problem. For example,
Vasselon et al. (2017) related gene copy numbers to diatom cell bio-
volume using qPCR and applied the resulting correction factor to bio-
film metabarcoding data to improve estimation of cell numbers. Several
tools have been developed based on genome sequencing to correct for
variation in 16S gene copy number in prokaryotes (Louca et al., 2018).
However, the correspondence between gene copy numbers is only im-
portant in biomonitoring if metabarcoding data are identified and used
in metric and index calculations in the same way as morphological data.
If metabarcoding data are related to environmental gradients without
reference to taxonomy as in this study, and the response to impairment
is obvious without any standardization by cell/organism size or gene
copy numbers, this step is not essential for monitoring purposes. One
way the PCR bias may negatively influence the accuracy of meta-
barcoding-based assessment is the probability of missing small-sized
organisms. The drawback of morphology-based assessments is however
an opposite tendency to overlook larger but sparsely species, which
emphasizes complementarity of the two approaches.

In conclusion, this study found a strong response of the eukaryotic
assemblages of stream biofilms characterized by 18S-V9 DNA meta-
barcoding to water-quality impairment. Given the efficiency of the EMP
metabarcoding protocol, this approach may be recommended for
monitoring stream eukaryotic biota. While we are not suggesting a
complete replacement of morphology-based biomonitoring with DNA
metabarcoding, it should be possible to integrate two approaches to
produce cost-effective and informative assessments.
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