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Abstract

Microbial communities are major players in the biogeochemical processes and eco-
system functioning of river networks. Despite their importance in the ecosystem,
biomonitoring tools relying on prokaryotes are still lacking. Only a few studies have
employed both metabarcoding and quantitative techniques such as catalysed re-
ported deposition fluorescence in situ hybridization (CARD-FISH) to analyse prokary-
otic communities of epilithic biofilms in river ecosystems. We intended to investigate
the efficacy of both techniques in detecting changes in microbial community struc-
ture associated with environmental drivers. We report a significant correlation be-
tween the prokaryotic community composition and pH in rivers from two different
geographical areas in Norway. Both CARD-FISH and metabarcoding data were fol-
lowing the pattern of the environmental variables, but the main feature distinguish-
ing the community composition was the regional difference itself. Beta-dispersion
analyses on both CARD-FISH abundance and metabarcoding data revealed higher ac-
curacy of metabarcoding to differentiate regions and river systems. The CARD-FISH
results showed high variability, even for samples within the same river, probably due
to some unmeasured microscale ecological variability which we could not resolve. We
also present a statistical method, which uses variation coefficient and overall preva-
lence of taxonomic groups, to detect possible biological indicators among prokaryotes
using metabarcoding data. The development of new prokaryotic bioindicators would
benefit from both techniques used in this study, but metabarcoding seems to be faster

and more reliable than CARD-FISH for large scale bio-assessment.
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1 | INTRODUCTION

River systems are extremely dynamic ecosystems, providing a va-
riety of services to humans (Arthington et al., 2018). Since ancient
times rivers have been exploited in several ways: drinking water
sources, water for agriculture, hydropower, cooling systems for in-
dustries, recreation, etc. (Poff, 2018; Vorésmarty et al., 2005). These
activities have impaired natural flow variability, causing changes to
habitats and the biodiversity of adjacent areas (Davies et al., 2014;
Poff et al., 1997).

Biodiversity loss is one of the biggest concerns for river eco-
systems, as most rivers are being exploited and increasingly losing
species (Bunn & Arthington, 2002; Das Gupta, 2008; Merritt et al.,
2010). Biodiversity loss and reduced abundance are becoming evi-
dent for several biological groups, such as insects, for which recent
studies have shown global changes in freshwater (Baranov et al.,
2020; Hallmann et al., 2017, 2020; Sanchez-Bayo & Wyckhuys,
2019).

In contrast, very little is known about how microbial diversity
is influenced by anthropogenic stress. Microbial communities play a
fundamental part in driving ecosystem processes and play a vital role
at the base of riverine food webs (Demars et al., 2020; Robbins et al.,
2017). Despite their small physical dimensions, microbes are key
drivers of organic matter decomposition in fluvial ecosystems and
mineralization of nutrients, making them available for higher levels
of the riverine food web (Demars et al., 2020). This functional role
is particularly true for the microbial communities living in epilithic
biofilms with a high sediment to water phase ratio, producing a large
extent of reactive surfaces in streams (Battin et al., 2008).

The role of microbial communities is today often only inferred in
studies on ecosystem functioning, for example by using fine mesh
bags in leaf litter decomposition studies (Gessner & Chauvet, 2002;
Tiegs et al., 2019; Woodward et al., 2012). Mapping microbial diver-
sity, and the functional traits related to key ecosystem processes,
has huge potential in increasing our understanding of drivers of eco-
system functioning in the years to come (Besemer, 2015). Moreover,
due to their high sensitivity to pollution and fast response to en-
vironmental changes, bacterial assemblages could complement
the information provided by benthic metazoan communities as in-
dicators of human-induced impacts, but this biological component
has not yet been well explored in this regard (Caruso et al., 2016;
Szabo et al., 2007). Jackson et al. (2016) strongly argued for use of
sequencing of microbial communities as part of next-generation
biomonitoring tools. In Europe there is currently a significant lack
of prokaryotic indicators in the EU Water Framework Directive
(2000/60/EC) and national and international legislations (Heiskanen
et al.,, 2016), although all other relevant biological groups, includ-
ing microalgae, are included in the assessment of freshwater status
(Birk et al., 2012). Obvious reasons for the absence of prokaryotic
communities in bioassessment have been the cost of taxonomic
analyses and a lack of knowledge of their indicator value in terms of
natural variability and human impacts. However, the easy access to
high-throughput sequencing (HTS) technologies, allowing the quick
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taxonomic identification of bacterial assemblages, has led to several
attempts to find prokaryotic indicators. Some of the most relevant
studies focused on sediments of coastal areas and estuaries (Aylagas
et al., 2017; Borja, 2018).

In freshwaters, a first attempt to use prokaryotes as bioindica-
tors focused on quantitative techniques such as real-time qPCR se-
lecting a few prokaryotic strains associated with specific chemicals
and water quality parameters (Nzewi et al., 2009). Others have tried
to address the lack of prokaryotic bioindicators for freshwater eco-
systems, mainly using qPCR to quantitatively analyse specific func-
tional genes (Thompson et al., 2016) and 16S amplicon sequencing
to point out changes in the community structure of freshwater pro-
karyotes impacted by human activities (Salis et al., 2017; Simonin
et al., 2019). Martinez-Santos et al. (2018) used both qPCR and 16S
amplicon sequencing to analyse the effects of wastewater effluents,
on structure and function of the prokaryotic communities dwelling
in Deba river sediments. In our study, we focused on epilithic bio-
film communities which, in addition to being of key importance for
ecosystem functioning in rivers, have been shown to be more sen-
sitive to water quality features compared to those dwelling on high
organic matter (OM)-loaded substrates (leaves, roots, wood) (Fazi
et al., 2005). Hence, they could provide reliable information regard-
ing human and natural pressures on the environment. We explored
the potential of two very different techniques as biodiversity indi-
cators for prokaryotes in epilithic biofilms: a quantitative method,
catalysed reported deposition fluorescence in situ.

Hybridization (CARD-FISH; Pernthaler et al., 2002); and a more
qualitative method, metabarcoding of 16S rRNA amplicons (Johnson
et al., 2019). The two techniques were used to characterize the mi-
crobial community structure of rivers in Norway, ranging from river
systems affected by natural disturbances, to rivers affected by var-
ious types of human impacts, such as dams, hydropower develop-
ments and wastewater outlets. Two different geographical regions
were selected, characterized by distinct geological and chemical
features (Steinnes et al., 1993), probably influencing the prokaryotic
community structure of epilithic biofilms.

We hypothesized that: (i) CARD-FISH and metabarcoding will
provide similar patterns regarding the overall microbial community
structure, but they will give different insights at different spatial
scales (regional vs. microscale); (ii) that the community structure of
epilithic biofilms would be influenced by both human perturbation
and natural conditions such as the geological setting.

The advantage of metabarcoding to CARD-FISH is lower op-
erating costs, which might make it better suited for use in modern
biomonitoring networks if the methods yield comparable results in
terms of describing prokaryotic communities. There is already ev-
idence for the effectiveness of metabarcoding as a biomonitoring
tool, for both eukaryotes and prokaryotes, with results comparable
to the traditional methods based on species morphology (Cordier
et al., 2019). Metabarcoding of prokaryotic communities would be
complementary to the traditionally used bioindicators such as ben-
thic macroinvertebrates, diatoms and fish, which today are the most
commonly used group in impact assessment (e.g Birk et al., 2012;
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Friberg, 2014). It would provide valuable insights into the black box
of biodiversity in riverine ecosystems, namely the microbial commu-
nities which may be pivotal as early warning indicators of human and
natural pressures (Besemer, 2015; Widder et al., 2014).

2 | MATERIALS AND METHODS

2.1 | Study design and samplings

Two different geographical regions in Norway were selected for
the present study, characterized by distinct geological and chemi-
cal features, in particular in terms of acid neutralizing capacity
(Steinnes et al., 1993) (Figure 1). A total of 16 sites was sampled,
embracing an array of environmental gradients (acidity of water, ge-
ology, human impacts). In one area (in the Oslo region in southeast
Norway), bedrock of the rivers is dominated by lower Palaeozoic
sedimentary rocks (limestone and shales) (Calner, 2013). In the
other area (Vest and Aust-Agder, southwest Norway) the bedrock
mainly comprises magmatic and metamorphic rocks (Slagstad et al.,
2018). The 16 sampling sites were situated in four catchments, two
in each region: Lysakerelva and Sandvikselva in the Oslo region; and
Arendalvassdraget and Mandalselva in the Agder region. Within
these four catchments we selected four rivers impacted by hydro-
power and dams (Lysaker, Lomma, Nidelva and Mandal) and four
free-flowing rivers (Iselva, Finnsdna, Haugedgl and Stigvasselva)
which were our control sites (Table S1). For each control site, we
selected only one sampling site, while for the impacted rivers we
selected three sampling sites, one upstream from the dam or hydro-
power plant, so that this site could be comparable to our control sites
as being virtually unimpacted. The second site was always set im-
mediately below the dam, where we expected impact to be highest.
The third site was further downstream, where the water was mixed,
and the effect of the dam was not evident.

When establishing a sampling site, it was georeferenced using a
global positioning system application (GPS Status version 2.0.4 (36),
Maplewave Studio).

The sampling campaign was carried out in September 2018.
Water samples were collected at each site approximately at 10 cm
below the surface. A 500-ml water sample was taken at each site
for chemical analysis by using polyethylene bottles. Contextually
another 60-ml water sample was taken for the analysis of metals
by using polyethylene bottles pretreated with a 1% HNO;, solution.
The samples were immediately placed at 4°C in the field and brought
back to the laboratory for analysis.

Biofilm samples were collected at each site after taking the water
sample. Five rocks (average individual surface 118 + 22.4 cm?) were
randomly taken within a 50-m? area and brushed in the field with a
sterile toothbrush to collect the epilithic biofilm. The biofilm brushed
from the five rocks was pooled together to give a single sample for
each site (16 biofilm samples in total). The pooled biofilm samples
were suspended in 65 ml of ultrapure MilliQ water. An aliquot of
each sample (50 ml), to be used for hybridization in situ (CARD-FISH),

was added to 50 ml of pure ethanol to prevent ice formation and
consequent cell lysis; the remaining 15 ml, to be used for DNA ex-
traction, was placed in a 15-ml Falcon tube. We had 16 subsamples
for CARD-FISH in total and 16 subsamples for sequencing in total.
Both biofilm samples were kept cool at 4°C until arrival ae the lab-
oratory where they were stored at -20°C until further processing.

2.2 | Physicochemical water parameters

Water temperature, pH and electrical conductivity (EC) were meas-
ured in situ with a multiparameter portable meter (WTW ProfiLine
Multi 3320).

Water samples were analysed by NIVA (Norwegian Institute for
Water Research, Oslo) for the following parameters: ammonium
(NH,), calcium (Ca®"), magnesium (Mg?"), sulphate (5042’) (NS-EN
1ISO 10304-1 [anions], NS -EN ISO 14911 [cations] [C4-4]), phos-
phate (PO43‘) (Mod. NS 4724 [D1-3]), Fe-tot, Fe (lI), Fe (lll) (intern
method [EKSTERN_ALS]), dissolved organic carbon (DOC), total or-
ganic carbon (TOC) (NS-EN 1484:1997 [G4-2]), NO, + NO,” (Mod.
NS 4745:1991 [D3-3]), total nitrogen (TN) (NIVA intern method),
total phosphorus (TP) (Mod. NS 4725 [D2-1]). The quantification
limits were: (NH,") 2 pg L' (Ca*, Mg?) 0.002 mg L'%; (SO,%)
0.005 mg L'%; (PO,%) 1 ug L'™; (Fe-tot) 0.0020 mg L™; (Fe (1), Fe (I11))
0.01 mg L'%; (TOC, DOC) 0.10 mg L'™%; (NO, + NO,) 1 pg L'} (TN)
50 pg L% (TP) 1 pg LS

2.3 | Biofilm biomass quantification

For biomass quantification, we used the ash free dry mass (AFDW)
content of the biofilm samples. Two replicates subaliquots (~1 g wet
weight) were taken from each sample and preserved for hybridiza-
tion in situ. The subaliquots were dried at 60°C in a thermostatic
oven for 72 hr to obtain the dry weights. Subsequently the dried
aliquots were pooled together and burned in a muffle oven at 550°C
for 3 hr to obtain the ash weights. Subtracting the ash weights from
the pooled dry weights we were able to measure the biomass con-

tent of our samples.

2.4 | Total prokaryotic abundance and single cell
hybridization (CARD-FISH)

The total abundance was
4'-6-diamidino-2-phenylindole (DAPI, Vector Laboratories) stain-

prokaryotic cell assessed by
ing, following extraction and detection procedures described in
Amalfitano and Fazi (2008). Briefly, 1 g of biofilm (collected from
the pellet of the 50-ml samples preserved in ethanol after being
centrifuged [2795 G force for 10 min]) was fixed in formaldehyde
solution (final concentration 2.0%), and amended with Tween 20
(final concentration 0.5%) and sodium pyrophosphate (1 g L final
concentration), resulting in 10 ml of solution containing biofilm. The
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FIGURE 1 Map of Norway and location of the sampling sites in the two regions. Highlighted in the small pictures are the four catchments

biofilm solution was then vortexed and sonicated (20 W for 1 min;
Microson XL2000 ultrasonic liquid processor with 1.6-mm-diameter
microtip probe, Misonix) to detach the cells from the organic mat-
ter. The resulting slurry was left overnight at 4°C, which allowed
coarse particles to settle. Thereafter, 1 ml of the resulting slurry
was transferred to a 2-ml Eppendorf tube, and 1 ml of the den-
sity gradient medium Nycodenz (Nycomed) was placed underneath
using a syringe needle. High-speed centrifugation was performed in
a swing-out rotor for 90 min at 4°C. Nycodenz-purified subsamples
(375 pl) were filtered on 0.2-um polycarbonate membranes (47 mm
diameter, Nuclepore) by gentle vacuum (< 0.2 bar) and washed with
10-20 ml of sterile ultrapure water. One section of each filter was
stained for 10 min with DAPI (1 pug ml™ final concentration) and
then fixed to a glass slide to be analysed by epifluorescence micros-
copy. The remaining filter was stored at -20°C for further CARD-
FISH analysis.

To quantify the community composition, CARD-FISH was used.
The relative abundances for the domains of Bacteria and Archaea,
four subphyla of the Proteobacteria (Alpha-, Beta-, Gamma- and
Delta-Proteobacteria) and the phylum Firmicutes were obtained.

In situ hybridization was carried out following the protocol of Fazi
et al. (2007), Fazi et al. (2013).

Specific oligonucleotidic probes (Biomers), labelled with rRNA-
target horseradish peroxidase (HRP), were used to target Bacteria

(EUB338 I-1ll), Archaea (ARCH915), Alphaproteobacteria (ALF968),
Betaproteobacteria (BET42a), Gammaproteobacteria (GAMA42a),
Deltaproteobacteria (DEL495 a-b-c) and Firmicutes (LGC 354a).
BET42a and GAM42a served as competitors for each other; for
further details on probes see probeBase (Greuter et al., 2016). In
addition, the abundance of photosynthetic picoplankton cells
(Cyanobacteria) was estimated by their autofluorescence signal as
described in Tassi et al. (2018).

The stained filter sections were observed on a Leica DM LB30
epifluorescence microscope (Leica DM LB 30, at 1,000x magnifica-
tion). At least 300 cells were counted in 10 microscopic fields ran-
domly selected across the filter sections. The relative abundance of
hybridized cells was estimated as the ratio of hybridized cells to total
DAPI-stained cells.

2.5 | DNA extraction, library
preparation and sequencing

For DNA extraction, 15 ml of slurry containing biofilm scraped
from each site was homogenized and a subsample of ~0.4 g on
average was weighed for each of the sites and then extracted by
using the PowerSoil DNA Isolation Kit (Qiagen) by following the
manufacturer's instructions. Quality control of the extracted DNA


www.wileyonlinelibrary.com

1204 @ VIOLECULAR ECOLOGY
WILEY MOLECULAR ECOLOGY

PIN ET AL.

RESOURCES

(1.6 < A, =280 < 1.8and A,,, = 230 > 2) was performed by using
a Nanodrop 3300 (Thermo Scientific). The DNA was stored at
-20°C in small aliquots (~ 50 pl) until it was sent to DNASense ApS
(Denmark) for sequencing.

Sequencing libraries for the V4 region of the 16S rRNA for
Archaea and Bacteria were prepared by a custom protocol based on
an Illumina protocol (lllumina, 2015).

Up to 10 ng of extracted DNA was used as template for PCR
amplification of the Archaea and Bacteria 16S rRNA gene region
V4 amplicons. Each PCR (25 ul) contained dNTPs (100 um of
each), MgSO,, (1.5 mm), Platinum Tag DNA polymerase HF (0.5 U
per reaction), Platinum High Fidelity buffer (1x) (Thermo Fisher
Scientific) and tailed primer mix (400 nm of each forward and re-
verse primer).

PCR was conducted with the following programme: initial dena-
turation at 95°C for 2 min, 30 cycles of amplification (95°C for 15 s,
55°C for 15s, 72°C for 50 s) and a final elongation at 72°C for 5 min.

Duplicate PCRs were performed for each sample and the dupli-
cates were pooled after PCR. The forward and reverse tailed primers
were designed according to Illumina (2015) and contain primers tar-
geting the Archaea and Bacteria 16S rRNA gene region V4: [515FB]
GTGYCAGCMGCCGCGGTAA and [806RB] GGACTACNVGGGTWT
CTAAT (Apprill et al., 2015).

The primer tails enable attachment of lllumina Nextera Indices
necessary for sequencing in a subsequent PCR. The resulting ampli-
con libraries were purified using the standard protocol for Agencourt
Ampure XP Beads (Beckman Coulter) with a bead to sample ratio
of 4:5. DNA was eluted in 25 pl of nuclease-free water (Qiagen).
DNA concentration was measured using a Qubit dsDNA HS Assay
kit (Thermo Fisher Scientific). Gel electrophoresis using Tapestation
2200 and D1000/High sensitivity D1000 screentapes (Agilent) was
used to validate product size and purity of a subset of sequenc-
ing libraries. Sequencing libraries were prepared from the purified
amplicon libraries using a second PCR. Each PCR (25 ul) contained
PCRBIO HiFi buffer (1x), PCRBIO HiFi Polymerase (1 U per reaction)
(PCRBiosystems), adaptor mix (400 nm of each forward and reverse)
and up to 10 ng of amplicon library template. PCR was conducted
with the following programme: initial denaturation at 95°C for 2 min,
eight cycles of amplification (95°C for 20 s, 55°C for 30 s, 72°C for
60 s) and a final elongation at 72°C for 5 min. The resulting sequenc-
ing libraries were purified using the standard protocol for Agencourt
Ampure XP Beads (Beckman Coulter) with a bead to sample ratio of
4:5. DNA was eluted in 25 pl of nuclease-free water (Qiagen).

DNA concentration was measured using aQubit dsDNA HS
Assay kit (Thermo Fisher Scientific). Gel electrophoresis using
Tapestation 2200 and D1000/High sensitivity D1000 screentapes
(Agilent) was used to validate product size and purity of a subset of
sequencing libraries.

The purified sequencing libraries were pooled in equimolar con-
centrations and diluted to 2 nm. The samples were paired-end se-
quenced (2 x 300 bp) on a MiSeq (lllumina) using a MiSeq Reagent kit
version 3 (lllumina) following the standard guidelines for preparing
and loading samples on the MiSeq. A > 10% PhiX control library was

spiked to overcome low complexity issues often observed with am-
plicon samples.

The files received from the sequencing agency had already been
demultiplexed, so the tags (FWD and REV) identifying each sample
were absent from the sequences and did not have to be removed
during the first filtering step. The fastq files (16 R1 and 16 R2)
were checked for quality by using rastqc software (version 0.11.4;
Andrews, 2010) to inspect the overall quality of the sequences and
look for primers, adapters and Ns content.

The inspection revealed no presence of Ns in the sequences, no
presence of adapters and good overall quality of the sequences. By
looking at the overrepresented sequences, we found out that the
FWD primer was in the R2 files, while the REV primer in the R1.

The demultiplexed sequences were processed in r 3.5.1 (R
Development Core Team, 2008) by first using cutapapt 1.14 (Martin,
2011) to trim the primers from the sequences.

The primers were identified by creating two objects, one for the
FWD and one for the REV primer. Subsequently a function was cre-
ated to detect all possible orientations for the primers.

Next, a function was applied to check the number of times the
primers appeared in the forward and reverse read, while consider-
ing all possible primer orientations. Finally, the FWD, REV and their
complements were trimmed off the sequences by using cutabaprt. To
ensure a good outcome of the trimming step, the primer count was
run again on the sequences processed with cutabapT and no primers
were found in all possible sequence orientations. Once the primers
were trimmed, we used paba2 (version 1.10.1) (Callahan et al., 2016)
to construct amplicon sequence variants (ASVs).

Taxonomic assignment to the ASVs was made by using the “as-
signTaxonomy” function, which is based upon the naive Bayesian
classifier method (Wang et al., 2007). The input for this command
is the set of ASVs to be classified and a training set of reference
sequences with known taxonomy; we used the “silva_nr_v132_train_
set.fa” (Callahan, 2018).

After taxonomic assignment, we ran the “assignSpecies” com-
mand to assign species-level taxonomy with more accuracy by using
the “silva_species_assignment_v132.fa” database (Callahan, 2018).
As stated in Edgar (2017), the only proper threshold for species-level
taxonomic assignment to HTS 16S amplicon data is 100% identity
for ASVs.

A total of 884,353 reads were obtained for the 16 sampling sites
from the lllumina sequencing platform after the “pre-filtering” step
where primers and ambiguous bases were removed. Each sample
had on average 55,272 reads, with a minimum of 30,324 at AML4
and a maximum of 66,571 at HAUG. The final number of total se-
quences, after being checked for quality and chimeric sequence
removal, was 617,816. On average, the samples after bioinformatic
processing had 38,613 reads, 11,650 was the minimum number still
at AML4 while the maximum final value of 48,196 reads was for
BOG2 (Table S2).

The final number of reads after taxonomic assignment and after
removal of sequences belonging to Eukaryota and Chloroplast
ranged from 47,458 at SAND to 10,130 at AMLA4.
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Raw sequences are deposited at the European Nucleotide
Archive under accession nos. ERR4650589 to ERR4650605.

2.6 | Statistical analysis
Statistical analyses were performedinr, version 3.5.1 (R Development
Core Team, 2008).

The environmental parameters were tested for normality using
Shapiro-Wilks; only NH, was log-transformed (logNH,,) to meet nor-
mality. We tested for multicollinearity using the correlation matrix
and computed the variance inflation factor (VIF) and the tolerance
statistic. The analysis led us to select a few noncollinear parameters:
TOC, TN, TP, pH, logNH,. To visualize the principal environmental
gradients, a principal component analysis (PCA) was performed. The
environmental variables were standardized before analysis. To test
the difference between the two regions analysed we performed t
tests for the selected environmental parameters.

To analyse the prokaryotic community structure three tables
were created, one with ASV abundances and, from the CARD-FISH
results, one with absolute abundances and one with relative abun-
dances. To achieve equal sampling depth, we rarefied (randomly
subsampling) the ASVs to the same library size number (n = 10,130,
minimum number of total sequences found).

From the rarefied and standardized (by using the “decostand”
function and Hellinger method) ASV abundances a Bray-Curtis
dissimilarity matrix was created using the “vegdist” function. For
visualization of the prokaryotic community distribution, nonmet-
ric multidimensional scaling ordination (NMDS) was performed
using the Bray-Curtis dissimilarity matrix. Starting from an initial
configuration we produced 100 configurations, using the “global”
model (Liu et al., 2008), and 200 as the maximum number of iter-
ations. Unreliable distances (B-C > 0.9) were replaced by geodesic
distances using a step-across method to calculate the shortest dis-
tance on any kind of “underlying nonlinear structure” (Williamson,
1978).

We extracted the two best solutions, those with the lowest
stress value, and then scaled the axes of both the solutions to half
change units and varimax rotation by using the “postmds” function.
To assess the fit between the two best NMDS found, we used the
Procrustes comparison analysis and the “protest” function. The pro-
test statistics (Sums of Square Difference [SSD] =1.144e-11; r = 1;
permutation test [999] =0.001) confirmed the fit between the two
best NMDS found. We then used the “envfit” function to fit the
environmental parameters, used to produce the PCA, to see which
variable was driving the community composition of microbes most.
The ordination diagram was then built with the best solution overall,
with the fitted values for the water physicochemical parameters. To
test for differences in the microbial community structure, we per-
formed an analysis of similarities (ANOSIM) using the catchments as
the factorial variable. This type of analysis provides statistical infor-
mation on the difference between microbial communities according

to the grouping variable.
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We also performed a Beta dispersion analysis to test if the pro-
karyotic abundances from CARD-FISH and 16S sequencing were
homogeneously dispersed among groups of two different factorial
variables: rivers and regions. By using the “adonis” function from
the vecan package (Oksanen et al., 2013), we also tested the species
compositional difference between the factorial variables.

Mantel tests were run between Bray-Curtis similarity matrices
for ASV abundances, CARD-FISH relative and absolute abundances,
and the Euclidean distance matrix for the standardized environmen-
tal variables to detect similar patterns and thus the driving variables
for the bacterial community composition.

From the ASV abundance tables at class and genus levels, we cal-
culated the prevalence (occurrence for sampling site) and coefficient
of variation (standard deviation of taxon abundance divided by the
mean) to detect taxa which might be suitable as biological indicators.
These two parameters were plotted against each other in a scatter
plot to find taxa with the highest prevalence and highest variation.
Taxa with high prevalence and variance could be used as indicators
of environmental gradients. We performed a redundancy analysis
(RDA) with the ASV abundance matrix at class and genus levels and
the environmental variables used for the PCA to detect any rela-
tionship among the taxa with highest prevalence and variance and
the environmental variables. The class-level ASV abundance matrix
was transformed using the Hellinger method to reduce the effect of

large abundances.

3 | RESULTS

3.1 | Regional vs catchment characteristics

3.1.1 | Water physicochemical characteristics

The water chemistry parameters for the two regions are shown in
Table S3. The two regions showed different patterns (Figure 2), but
the main difference was pH, which in the Oslo region was on average
7.53 £ 0.42, while the mean value for Agder was 5.70 + 0.40.

Mean conductivity, measured in the rivers from the Oslo re-
gion, was 86.86 + 37.77 uS cem™, considerably higher than the mean
values recorded in Agder (19.20 + 9.57 uS cm™?). Another marked
difference between the two regions analysed was the mean value
for sulphate, showing higher concentration in the rivers from Oslo
(5.7 £ 1.73 mg L'! on average). The average value for sulphate in
Agder was 1.32 + 0.70 mg L. Among the parameters showing
variability between the rivers from southeastern and southwest-
ern Norway, one of the most important was TOC, reaching a mean
value of 7.56 + 1.32 mg L'! in the Oslo region (southeast), but only
5.42 + 1.15 mg L' in Agder (southwest).

Measurements for TN and TP showed a similar pattern, with
higher concentrations in the catchments from the Oslo region (on
average 574.3 + 20.7 ug LITN, 9 2.7 ug LY TP). The average con-
centration for TN for Agder was 345.6 + 181.6 ug LY. The average
TP concentration was 5.4 + 3.1 ug I”* for Oslo and 3.6 pg L for
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variable to the principal components. Colours correspond to the sampled rivers

Agder. As confirmed by the t test result (p < .001), pH was the vari-
able demarcating the two regions. Results for t tests were significant
also for TN (p < .05), TP (p < .05) and TOC (p < .05) but not for logNH,,
(p=.3).

3.1.2 | Archaeal and bacterial abundances

Total prokaryotic abundance, as determined by DAPI-stained
cell counts, ranged from a maximum of 3.99 x 10%° + 1.23 x 10°
cells g™* at SAND, to a minimum of 2.71 x 107 £3.86 x 108 cells g™*
at BOG1. Among all DAPI-stained cells we could affiliate on av-
erage 84.9 + 3.76% to Bacteria and 4.7 + 0.86% to Archaea. The
highest abundances for both Bacteria (3.60 x 10'° + 7.36 x 108
cells g) and Archaea (1.76 x 10° * 4.35 x 108 cells g™
were found at SAND, whereas the lowest abundance (re-
spectively 2.38 x 10° + 5.48 x 10 cells g* for Bacteria and
1.39 x 108 + 5.24 x 10 cells g™* for Archaea) were found at BOG1.
Further detail are given in Table S4.

Overall, the highest abundances for Alphaproteobacteria
(1.37 x 10%° + 1.67 x 107 cells g'%), Beta- (1.47 x 101+ 1.62 x 10’
cells g™!) and Gammaproteobacteria (1.58 x 107 + 3.66 x 108
cells g!) followed the same pattern as the total prokary-
otes abundances, being highest at SAND. The lowest values,
for Alphaproteobacteria (6.48 x 10% + 578 x 107 cells g™,
Betaproteobacteria (7.08 x 10% + 1.10 x 10% cells g™) and
for Gammaproteobacteria (2.29 x 108 + 3.26 x 107 cells g™}
were recorded at BOG1. The highest abundances for the
Deltaproteobacteria were found at FINN (3.06 x 107 + 8.36 x 108
cells g™1), while the lowest (3.21 x 108 + 1.49 x 107 cells g%
were recorded at BOG1. Firmicutes showed the highest cell
abundances at LAUD1 (8.77 x 108 + 3.09 x 108) and the lowest
at BOG1 (7.76 x 107 + 1.11 x 107 cells g™%). Autofluorescence
was highest at BOG3 (1.56 x 107 + 2.65 x 108 cells g™%), and
lowest at STIG (2.77 x 10% + 1.14 x 108 cells g™) (Figure 3).
Detailed information on the abundances of the specific bacte-
rial groups analysed is presented in Table S5. By using the data
from only those rivers impacted by hydropower and dams, we
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plotted the abundances for all bacterial groups (Figure 4), and
shows a pattern between the ratios of Alphaproteobacteria and
Gammaprotebacteria. These bacterial classes were dominant
in the rivers from southeast Norway, both having similar cell
abundances. The rivers from southwest Norway showed a dif-
ferent pattern, being mainly dominated by Alphaproteobacteria
in terms of abundance, while the Gammaproteobacteria and the
other classes were considerably less abundant compared to in
rivers from the Oslo region.

3.1.3 | Bacteria diversity

Bacterial community composition showed that sequences were affili-
ated with 25 bacterial phyla and two archaeal phyla (Thaumarcheota
and Euryarcheota). Overall the dominant phylum was the
Proteobacteria, whoch accounted for 62.1% of the sequences on
average. Within the phylum Proteobacteria, Gammaproteobacteria
represented the most abundant class on average (43.6%) with
Alphaproteobacteria representing the second most abundant class
with 17.8% on average. Other abundant bacterial phyla were the
Firmicutes (on average 9.2%), among which the most abundant class

was the Bacilli with 8.5% on average, Cyanobacteria (7.4%) and
Bacteroidetes (5.6%).

The most abundant genera belonged to the «class
Gammaproteobacteria: Pseudomonas (9.4% on average), Acinetobacter
(8.3%), Yersinia (6.7%) and Lactococcus (6%).

The NMDS plot shows a clear clustering of the sampling sites ac-
cording to geographical distribution, dividing the samples from the
region around Oslo from those from Agder (Figure 5). This is consis-
tent with the cluster analysis and the PCA conducted on the envi-
ronmental variables. The Mantel test (Table 1) showed a significantly
positive correlation between dissimilarity matrices of the ASV com-
munity composition (HTS) and environmental parameters (r = .687,
p <.001). Among the single environmental parameters, the one show-
ing the highest significant correlation was TN (r = .755, p < .001). A
positive correlation was derived between the dissimilarity matrices
of community composition obtained from ASVs and the relative
abundances of CARD-FISH (CARD PERCENTAGES)-targeted groups
(r=.4, p <.05) while the correlation with the absolute abundances of
FISH (CARD BAB)-targeted groups was weak (r =.184, p <.05).

To visualize the underlying trends in our ASV abundances, we
performed an “envfit” analysis to fit the environmental features,

highlighted in the PCA for water chemistry, to the NMDS created
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from the sequencing data. The correlation results confirmed that
community composition and pH were closely associated (r =.9,
p <.001) (Table Sé).

3.14 | Comparison among methods and
bacterial indicators

The results of the ANOSIM performed on the Bray-Curts matrix
obtained from ASVs showed a significant association with specific
catchment (r =.8, p <.001). This was confirmed by Beta Dispersion
Analysis where we detected variation in the species composition at
both, regional (PERMANOVA, r? =.274, p <.001) and catchment scale
(PERMANOVA, r? =.461; p <.001). In comparison, the CARD-FISH
results showed very high variability, and thus no significant associa-
tion with specific regions or catchments could be observed.
Analysis of prevalence and the coefficient of variation at the class
level showed that some taxa (at class and genus level) were distributed

across all sampling sites (Figure 6a,b; Figure S1a,b), showing large vari-
ability in their abundances. The highly variable taxa with wide prev-
alence across the catchments and two geographical regions showed
distinct patterns as revealed by RDA (Figure 6c). For example, Bacilli
was positively associated with TP and Bacteroidia with ammonium, as
well as Alphaproteobacteria with low pH and Gammaproteobacteria
with high values for TN and TOC. Similarly, using abundance data at
the the genus level revealed associations of Janthiniobacterium with
TP and Sphingomonas with low values of TN and TP (Figure Sic). As
such these taxa may provide biological indicators for the status of the

river system with regard to nutrients and acidification.

4 | DISCUSSION

This study casts new light into the prokaryotic community struc-
ture of epilithic biofilms dwelling in rivers affected by natural
and anthropogenic impacts. The combination of two techniques,
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16S rRNA sequencing and CARD-FISH, allowed us to gain insight
into the community composition of epilithic prokaryotes, which
are still poorly understood in the context of riverine ecosystems.
Quantitative results such as those obtained by CARD-FISH allow
us to detect variations in actual cells numbers and activity of spe-
cific taxa, which would be otherwise lost by analysing only the
number of gene copies provided by sequencing (Fazi et al., 2020).
The CARD-FISH results obtained in our study revealed a great
variation at small spatial scales, such as in biofilms belonging to
the same river, and thus seems to detect in-system variability in
the microbial community composition to a greater extent than me-
tabarcoding. However, this extreme microscale variability might
mask the overall effects of the main drivers for the whole microbial
community composition. With regard to analysing communities oc-
curring across large spatial scales, the sequencing methods used
in our study have proven their validity. Metabarcoding provides a
huge amount of data with high taxonomic resolution, which can
be related to the physicochemical parameters of the environment
(Ligi et al., 2014). It enables the exploration of large-scale patterns
in relation to environmental conditions and a finer taxonomic reso-
lution than hybridization methods (Bouvier & del Giorgio, 2003;
Corte et al., 2013).

Both techniques revealed a dominance of Proteobacteria
across all the samples corroborating most previous studies on

freshwater epilithic bacterial communities (Battin et al., 2016;
Besemer et al., 2012; Wilhelm et al.,, 2013). Overall, the total
prokaryotic cell abundances obtained by DAPI staining were an
order of magnitude lower than those found by Fazi et al. (2005),
but comparable to those found by Zoppini et al. (2010) in similar
freshwater systems. Beta- and Alphaproteobacteria were the most
abundant classes according to the CARD-FISH results, in line with
the results of studies on microbial communities in urban streams
(Araya et al., 2003) and freshwater mesocosms (Lupini et al., 2011).
Gamma- and Deltaproteobacteria were less abundant, similar to
the findings of Webster et al. (2004), where biofilms at different
stages of development were analysed by FISH (fluorescence in situ
hybridization). From the absolute abundances of bacterial groups
obtained by CARD-FISH, we were also able to detect peaks of bac-
terial cell numbers, which may be related to pollution sources and
impacts that would not have been identified by using sequencing
alone (Freixa et al., 2016; Bakenhus et al., 2019). Nevertheless, the
variability between sampling sites, within the same river, was too
large to identify any associated variables providing potential ex-
planations. We speculate that cell numbers might be affected by
microscale ecological features that we did not measure, such as
interactions with other biological or physicochemical components
varying at the microscale. Variability might also be caused by ran-
dom events such technical or sampling biases.
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TABLE 1 Mantel test covariance coefficients based on
Spearman rank correlation between the Bray-Curtis matrix for
ASV abundances and Euclidean matrices for the environmental
variables. Correlation between the Bray-Curtis similarity matrices
for CARD-FISH percentages and abundances (CARD BAB) with
metabarcoding and environmental parameters

Mantel test
Permutations =9,999

Mantel statistic based on Spearman's
rank correlation rho

Metabarcoding vs. single Mantel test r p

environmental variable

N 755 1e-04""
ph 723 1e-04""
TP .332 0064
TOC .321 .0076™"
LogNH, 138 .0745
Metabarcoding vs. standardized .687 1e-04""
environmental variables matrix
CARD percentage vs. standardized 407 001"
environmental variables matrix
CARD BAB vs. standardized .2887 015"
environmental variables matrix
Biological matrices
Metabarcoding vs. card 0.389 002"
percentages
Metabarcoding vs. card bab 0.184 038"

***p <.001, **p <.05.

The metabarcoding analysis revealed that among the
Proteobacteria, the most well-represented group was the class
Gammaproteobacteria based on abundances. This result might
seem to contradict the results from in situ hybridization, but ac-
cording to the taxonomic database “silva_nr_v132_train_set.
fa” (Callahan, 2018), the class Betaproteobacteria, formerly
part of the class Gammaproteobacteria, is now an order. This
new classification might explain the discrepancy with regard
to Gammaproteobacteria between the two methods and rea-
son why we joint the abundances of Betaproteobacteria and
Gammaproteobacteria for the visualization of the CARD-FISH
results. The most well-represented genera belonging to the class
Gammaproteobacteria in the epilithic biofilms were Pseudomonas,
Acinetobacter and Yersinia. Pseudomonas and Acinetobacter are
well-known members in the early stages of biofilm successions in
marine environments (Lee at al., 2008), and the latter is also com-
mon in soils and freshwaters (Williams et al., 1996). In terms of
read numbers, the second most important bacterial class was the
Alphaproteobacteria with Sphingomonas being the most common

genus. Sphingomonas has been previously found to be an import-
ant player in biofilm structural composition because of the high
production of expolysaccharides, a major constituent of microbial
biofilms (Johnsen et al., 2000).

Betaproteobacteria were the third proteobacterial group to
be highly represented in the sequencing data, with Massilia and
Janthiniobacterium being the most common genera for this class.
Betaproteobacteria are the group most associated with freshwa-
ter ecosystems, including important functional groups of bacteria
such as ammonia oxidizers, which are vital in the global nitrogen
cycle (Barberan & Casamayor, 2010; Sekar et al., 2004; Zhang
et al., 2012). Massilia and Janthiniobacterium, both belonging to
the order Burkholderiales, are typical of freshwater environments
(Gotebiewski et al., 2017). Massilia is a ubiquitous genus, often
present in soils and in biofilms and exhibiting unique properties in-
cluding expolysaccharide production, incredible adhesive force and
hydrophobicity, making biofilms more resistant (Liu et al., 2012).

According to our findings, the microbial community structure
is profoundly dependent on the physicochemical features of the
region, confirming previous results on microbial communities from
sediments in coastal areas, estuaries and rivers (Freixa et al., 2016;
Aylagas et al., 2017; Borja, 2018; Fazi et al., 2020). While several
environmental characteristics were associated with the epilithic
community dynamics, the driving environmental parameter ap-
pears to be the acidity of water (as confirmed by the pH results of
the envfit analysis, r?=0.9, p <.001), which is considerably lower in
the southwestern region of Norway. It is well known that pH can
influence microbial communities favouring certain strains such as
members of the Alphaproteobacteria (Bragina et al., 2012; Dedysh,
2009; Goffredi et al., 2011), which were dominant in the region
of Agder, where rivers had on average lower pH. In addition to
the more acidic environment, the nutrient load in the rivers from
Agder was generally much lower compared to the rivers flowing
through the Oslo area. This is due to different anthropogenic
pressures in the two regions (Peder Flaten, 1991; Nordeidet et al.,
2004; Reimann et al., 2009; Johannessen et al., 2015). This char-
acteristic might also have affected the ratio between Alpha- and
Gammaproteobacteria, which in the Oslo region displayed similar
cell numbers, whereas in Agder the ratio was consistently differ-
ent. Overall, study regions confounded the relationships between
microbial community structure and environmental variables be-
cause of their distinct differences in water chemistry. So, while our
study was able to show a strong response to a number of environ-
mental variables, we are not able to disentangle this from regional
effects which would need inclusion of more regions and more sam-
pling sites.

Our study had some limitations, and true replicates are needed
to get indicator taxa. However, the comparison between the two

FIGURE 6 (a)Bestrepresented prokaryotic classes among all the sampling sites. (b) Prokaryotic classes with highest prevalence among
the sampling sites and highest variance; the 15 coloured dots are the taxa most suitable as biological indicators (highlighted in the ellipses)
given their broad presence and wide variance across different environments. (c) RDA showing the distribution patterns for the 15 identified

taxa and the environmental parameters
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techniques, besides showing corresponding patterns, provide dif-
ferent insights into the complexity of the prokaryotic community
structure of riverine epilithic biofilms. Sequencing allowed us to
detect the deep diversity among the microbial taxa dwelling in dif-
ferent river systems, with higher taxonomic resolution than with
CARD-FISH. CARD-FISH provided absolute cell numbers for spe-
cific prokaryotic groups, which is the only quantitative way, based
on absolute cell numbers, to assess the composition of microbial
communities (Bakenhus et al., 2019; Corte et al., 2013). CARD-FISH
showed high variability at the microscale, highlighting patterns be-
tween the bacterial groups analysed that were not evident from the
metabarcoding results.

Overall, our results suggest that sequencing is better suited
than CARD-FISH to assess overall community dynamics. On the
other hand, hybridization in situ is extremely valuable in later stage
studies, aiming to analyse target taxa (i.e., indicators for pollution,
diseases, eutrophication, etc.). Consequently, the use of a specific
technique parallels the experiences gained from other biological
groups, such as macroinvertebrates, where methods, including taxo-
nomic resolution and enumeration, differ depending on the type of

bio-assessment or scientific aims (Friberg, 2014).

4.1 | Future perspectives

Here, we show how new microbial indicators can be provided by
looking at the ratios between coefficients of variation and preva-
lence of prokaryotic taxa detected by 16S rRNA sequencing and
by using absolute abundances from CARD-FISH as a conversion
factor to correct for the relative read abundances (Figure S2). By
associating ASVs at specific taxonomic levels with environmental
properties we might also be able to detect prokaryotic biological
indicators to be used in setting environmental quality thresholds
in aquatic and terrestrial environments. Our results also indicated
that communities could differ substantially between geologically
distinct regions, emphasizing the need to use a reference conditions
approach (sensu Water Framework Directive [WFD]) in future bio-
monitoring with microbial indicators. While the scope of our study
was too limited to establish generalized relationships between en-
vironmental variables and microbial indicators, it strongly implied
that such relationships indeed exist and could be the backbone of
powerful bioindicator tools for the future, filling in the black box
that currently exists with regard to large parts of the microbial com-

munities in rivers.
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