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Abstract Benthic diatoms are relevant indicators of
the ecological status of the littoral zone of lakes. Their
use as bio-indicators is based on their morphological
identification at species level using microscopy which
is time consuming, requires taxonomic expertise, and
is consequently expensive. To overcome these limi-
tations, a molecular approach for diatom identification
has been tested with success in rivers. DNA metabar-
coding enables species identification from a standard-
ized DNA barcode and high-throughput sequencing
(HTS), using DNA reference library. The suitability of
the morphological and molecular approaches to assess
the diatom community structure and the ecological

Electronic supplementary material The online version of
this article (doi:10.1007/s10750-017-3381-2) contains supple-
mentary material, which is available to authorized users.

Handling editor: Judit Padisak

S. F. Rivera (IX)

Institute for Environmental Sciences, University of
Geneva, 66 Boulevard Carl-Vogt, 1205 Geneva,
Switzerland

e-mail: sinzianaflorina@gmail.com

V. Vasselon - S. Jacquet - A. Bouchez - F. Rimet
CARRTEL, INRA, Université de Savoie Mont Blanc, 75
Av. de Corzent, 74200 Thonon les bains Cedex, France

D. Ariztegui

Section of Earth & Environmental Sciences, University of
Geneva, Rue des Maraichers 13, 1205 Geneva,
Switzerland

Published online: 10 October 2017

status of the littoral zone of the largest deep lake in
France (Lake Bourget) was compared. 66 sites were
sampled in August 2015 along the shoreline, all
around the lake. The composition of diatom assem-
blages was similar with both morphological and
molecular approaches, and diatom assemblages were
structured by the same environmental factors. How-
ever, the ecological status of Lake Bourget differed
significantly among approaches since floristic inven-
tories to species level also differed significantly. The
main source of this difference was the incompleteness
of the DNA reference library. Nevertheless, in a near
future, when this constraint will be solved, the use of
DNA metabarcoding for biomonitoring purposes
seems promising.

Keywords Algae - Benthic biomonitoring -
Eutrophication - High-throughput sequencing - Lake
Bourget - Pollution

Introduction

Among the biological indicators required for moni-
toring the ecological status of lakes, phytoplankton has
been used for decades as a proxy of the trophic state
(Vadeboncoeur et al., 2002; Brucet et al., 2013). It has
already been proved that pelagic phytoplankton pro-
vides a representative measure of the ecological status
of lakes and adequate information for authorities
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concerning their preservation and management (Birk
et al., 2012; Jacquet et al., 2014). However, at present
there is an increasing interest in the use of benthic
algae as ecological indicators (Cantonati & Lowe,
2014) since they constitute important components of
the littoral zone of lakes (Dokulil, 2003) and are able
to provide an early warning system of the anthro-
pogenic pressures along their shorelines which cannot
be detected through pelagic indicators (Bielczynska,
2015; Rimet et al., 2016a, b). Among benthic algae,
diatoms—siliceous, unicellular algae of the phylum
Bacillariophyta—are the major constituents of phyto-
benthos in terms of biomass (Stevenson, 1998) and
specific diversity (Mann & Vanormelingen, 2013).
Diatoms are widespread distributed in almost all
aquatic habitats (Potapova & Charles, 2003) and are
good indicators of the ecological status of aquatic
ecosystems because of their short generation time
(Round et al., 1990) and their sensitivity to nutrient
content and other physical and chemical parameters
(pH, conductivity, temperature, dissolved oxygen,
etc.) (Stevenson & Pan, 1999; Bere & Tundisi,
2010). The use of benthic diatoms as river quality
indicators really started in the 1950s (Rimet, 2012)
and several biological indices based on the ecology of
benthic diatoms and their abundance have been
developed for this purpose (Rimet et al., 2005). Prior
to 2007, the assessment of lake pollution through
benthic diatoms was mainly carried out with diatom
indices originally developed for rivers (Blanco et al.,
2004; Bolla et al., 2010; Cellamare et al., 2012; Rimet
etal., 20164, b). From that year, several diatom indices
were specifically developed for lakes (Hofmann,
1994; Acs, 2007; Sgro et al., 2007; Stenger-Kovacs
et al., 2007; Marchetto et al., 2013; Stevenson et al.,
2013; Bennion et al., 2014) as well as a special
protocol for sampling (King et al., 2006). Since 2000,
benthic diatoms are required by legislation (typical the
Water Frame European Directive) to assess lake water
quality.

Although diatoms are reliable indicators of water
quality, their use in monitoring programs requires
unambiguous identification at species level which
relies on the morphological characteristics of their
silica cell walls. This is time consuming and requires
specialized taxonomic knowledge, especially when
dealing with closely related taxa (Kahlert et al., 2009;
Kermarrec et al., 2014). To overcome these problems,
an alternative approach has been developed in recent
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years for the study of environmental samples.
Metabarcoding (Taberlet et al., 2012) uses molecular
techniques at community level by combining DNA
barcoding (Hebert et al., 2003) with high-throughput
sequencing (HTS). DNA barcoding allows an accurate
identification of diatom taxa to species level from a
short standardized DNA fragment while HTS allows
the sequencing of millions of DNA fragments from
many samples simultaneously. Sequencing data is
then used to obtain an accurate identification of diatom
taxa to species level by comparison to a DNA
reference library at a higher throughput than with the
morphological approach. Several studies have already
shown the potential of metabarcoding for the assess-
ment of the ecological status of rivers using benthic
diatom communities (Kermarrec et al., 2014; Visco
et al., 2015; Zimmermann et al., 2015; Pawlowski
et al., 2016), but to the best of our knowledge, no
studies have been carried out for this purpose in lakes
yet.

The aim of this study was to test the hypothesis that
morphological and molecular approaches using lit-
toral benthic diatoms can provide comparable results
in the assessment of the ecological status of lakes. In
that goal, 66 samples were collected in August 2015
along the entire shoreline of Lake Bourget (France) to
determine the ecological status along its littoral zone
based on benthic diatoms. Samples were analyzed
using both morphological and molecular approaches
and results were compared to answer the following
questions: (i) Do molecular and morphological meth-
ods provide comparable results regarding the structure
and composition of benthic diatom assemblages? (ii)
Do the environmental factors affecting the structure of
diatom assemblages are the same for both approaches?
(iii) Do diatom indices calculated on the basis of
morphological and molecular data provide the same
ecological evaluation of Lake Bourget shoreline? (iv)
If the assessment results are different, which reasons
can explain these differences?

Materials and methods
Study area
Lake Bourget is located in the eastern part of France

(45°44'N, 05°51’W), on the edge of the Alps (Fig. 1).
Situated at an altitude of 231 m a.s.1., it has a surface of
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Fig. 1 Location of Lake Bourget in France. Black dots in lake outline depict sampling stations

45 km?, a mean depth of 80 m and it is the largest
natural (deep) lake in France. The littoral area of the
lake is characterized by a marked spatial variability.
The south eastern coast is highly urbanized in contrast
to the western coast which is scarcely urbanized,
rugged and forested (Balvay et al., 2012). The main
tributaries of the lake, i.e., Leysse and Sierroz rivers,
cross the cities of Chambéry (south, 58,000 inhabi-
tants) and Aix-les-Bains (east, 30,000 inhabitants), and
are responsible for about 80% of the water inflow being
an important source of nutrients to the lake (Bryhn
et al., 2010; Meunier & Jacquet, 2015; Jacquet et al.,
2016).

Lake Bourget suffered eutrophication during the
last century until restoration programs launched in the
1970s allowed its recovery (Jacquet et al,
2012, 2014). It is now considered as oligo-

mesotrophic and is in a good ecological status.
However, its ecological status is solely based on
pluriannual bi-monthly sampling of a single station
located at the deepest point of the lake, 1.5 km away
from each bank, and therefore restricted to its pelagic
zone. Information about the quality of its shoreline is
scarce.

Sampling

66 samples of benthic littoral biofilms were collected
along the entire shoreline of Lake Bourget in August
2015 (Fig. 1). Sampling stations were located accord-
ing to their accessibility at a distance of approximately
800 m between each other. At each station, five stones
situated at 60—70 cm depth were collected randomly
following the recommendations of King et al. (2000).
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The epilithon of the upper surface of the stones was
then scrapped off and removed using a tooth brush
following the European standard EN 13946 (Afnor,
2003). The brushed area of the stones (at least
100 cm?) and the toothbrush were cleaned on a plastic
tray containing 90% ethanol. Finally, the suspension
was collected in a tube and fixed with a minimum of
70% ethanol to ensure a good fixation of the samples
(CEN, 2015) compatible with DNA extraction. Fixed
samples were then taken to the laboratory for
morphological analysis and DNA extraction. At each
sampling station, three environmental factors were
evaluated: land use, typology of the coast and
underwater slope.

Morphological analysis

Samples were cleaned with 40% H,0O, and HCI
according to the European standard EN 13946 (Afnor,
2003). After repeated rinsing and decantation with
distilled water, air-dried aliquots were mounted on
permanent glass slides using Naphrax®. At least 400
valves were identified and counted under the light
microscope at a magnification of 1000X using a Zeiss
Axio Imager Al ® microscope. Identification to
species level was done based on European floras such
as Krammer & Lange-Bertalot (1986, 1988, 1991),
Reichardt (1997), Lange-Bertalot (2001), and Hof-
mann et al. (2011) and according to the European
standard EN 14407 (Afnor, 2004). A list of the taxa
and their relative abundances was produced for each of
the samples.

Molecular analysis

DNA contained in the samples was isolated using the
GenElute™-LPA (Si gma-Aldrich) method according
to Chonova et al. (2016). The gene marker rbcL (312
base pairs fragment) was amplified by PCR using an
equimolar mix of the three diatom-specific primers
Diat_rbcL._708F_1 (5-AGGTGAAG-
TAAAAGGTTCWTACTTAAA-3')  (Bruder &
Medlin, 2007), Diat_rbcL_708F_2 (5'-AGGT-
GAAGTTAAAGGTTCWTAYTTAAA-3') and
Diat_rbcL_708F_3 (5'-AGGTGAAAC-
TAAAGGTTCWTACTTAAA-3") as forward pri-
mers, combined with an equimolar mix of the two
primers Diat_rbcL_R3_1 (5-CCTTCTAATTTACC-
WACWACTG-3') (Stoof-Leichsenring et al., 2012),
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and Diat_rbcL_R3_2 (5-CCTTCTAATTTACCWA-
CAACAG-3') as reverse primers. PCR reaction was
performed in a thermal cycler with a 25 pL reaction
mixture containing 1 pL of extracted DNA, 0.75 U of
TaKaRa LA Taq® polymerase (TaKaRa Bio, Sugatsu,
Japan), 2.5 pL of 10X Buffer, 1.25 pL of 10 pM of
each primer, 1.25 uL of 10 g L™' bovine serum
albumin (BSA), 2 pL of 2.5 mM deoxynucleotide
(ANTP) and 15.6 pL. of H,O (molecular biology
grade). PCR conditions were: initial denaturation of
DNA at 95°C for 15 min followed by 30 cycles of
denaturation at 95°C for 45 s, annealing at 55°C for
45 s and extension at 72°C for 45 s. After PCR, the
amplification of the rbcL barcode was confirmed by
agarose gel electrophoresis stained with ethidium
bromide and visualized with ultraviolet light (Lee
et al.,, 2012).

For all environmental samples, amplicons were first
purified with Agencourt AMPure beads (Beckman—
Coulter, Brea, California) following the manufac-
turer’s instructions except for the beads/DNA ratio,
which was adjusted to 1.5:1. The quality and quantity
of purified amplicons was then assessed using a 2200
TapeStation (Agilent Technologies, Santa Clara, Cal-
ifornia) with D1000 screen tape and reagents. 66
amplicons corresponding at each sampling station
were used to prepare 66 DNA libraries for HTS with
the PGM Ion Torrent technology using the NEBNext®
Fast DNA Library Prep set for Ion Torrent™
(BioLabs, Ipswich, Massachusetts). Libraries were
prepared following the manufacturer protocol for end
repair, PCR amplification of adapter ligated DNA (7
cycles), and cleaning steps.

Ligation of library adapters to purified amplicons
was conducted with 2 pL of P1 adapter (NEB kit) and
2 uL of A-X tag adapter provided in Ion Express ™
Barcode adapters (Life Technologies) using one
different tag per amplicon. Quality, size and concen-
tration of the libraries were verified using the 2200
TapeStation (Agilent Technologies, Santa Clara, Cal-
ifornia) with D1000 High Sensitivity screen tape and
reagents. After that, each library was diluted to
100 pM and combined into a single mix which was
subsequently sequenced by the Plateforme Genome
Transcriptome of Bordeaux (PGTB). Sequencing was
performed using 1 Ton 318™Chip Kit V2 (Life
Technologies) on a PGM Ion Torrent machine.

Sequence data processing was performed starting
from 66 unique fastq files resulting from the
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sequencing process and provided by the PGTB
according to Vasselon et al. (2017a, b). For each fastq
file, DNA reads were filtered by length and quality
using Mothur software (Schloss et al., 2009), accord-
ing to the following criteriaz minimum
length = 250 bp, Phred quality score > 23 over a
moving window of 25 bp, maximum 1 mismatch in
forward primer sequence, homopolymers < 8 bp. In
addition, any sequences containing ambiguous base
calls were removed, as well as any reads that did not
perfectly match with the rbcL barcode. The 66
resulting files were then combined and analyzed as a
whole. Denoising of the sequencing error was per-
formed by creating read clusters allowing one
nucleotide difference between DNA reads using the
pre.cluster command. After that, the Uchime algo-
rithm was used to detect and remove chimeric DNA
sequences. Then, taxonomic assignment of DNA
sequences was performed using the naive Bayesian
method (Wang et al., 2007) with a confidence score
threshold of 85% and the Rsyst::diatom database
(Rimet et al., 20164, b) as a reference library (version
updated in January 2015). Only DNA sequences
belonging to diatoms (Bacillariophyta) were kept for
further analysis.

Subsequently, a similarity distance matrix was
generated using the align.seqs command. Using this
distance matrix, sequences belonging to closely
related groups were clustered in operational taxonom-
ical units (OTUs) using the farthest neighbor algo-
rithm at a 95% similarity level. OTUs containing one-
single sequence (singletons) were removed and all
samples were normalized to the smallest read abun-
dance obtained among the 66 libraries for further
analysis (this normalization was done to obtain
comparable samples in terms of numbers of OTUs).
A list of the OTUs and their relative abundances,
based on read abundances per OTU, was produced for
each of the samples. Molecular taxa lists were then
created by assigning taxonomy to the OTUs using the
classify.otu command with a stringent consensus
confidence threshold (> 80%) (Schloss et al., 2009).
A list of taxa and their relative abundances, based on
read abundances, was produced for each of the
samples.

Statistical analyses

The structure of diatom assemblages derived from
both morphological and molecular approaches was
compared using a Mantel test. The test was performed
between the morphological and the molecular OTU
data in the statistical software PC-ORD v. 5.

For both, morphological and molecular data, the
influence of each environmental factor on the structure
of diatom assemblages was explored using non
parametric ANOVA, Multi-response Permutation
Procedure (MRPP) (McCune et al., 2002). MRPP
was performed with 9999 random permutations using
Sorensen distance and rank transformation in the
statistical software PC-ORD v. 5. To determine if the
selected environmental factors affect diatom assem-
blages in the same way, the MRPP statistics derived
from both methods were compared: Test statistic T,
indicating the separation between groups established
whiting factors, and the agreement statistic A, indi-
cating within-group homogeneity.

Three diatom-based indices were calculated from
both morphological and molecular inventories to
assess the ecological status of Lake Bourget. The first
one is the “Indice de Polluosensibilité Spécifique’”—
IPS—(Cemagref, 1982), which is an index widely
used in Europe for river quality assessment. Despite
this index was not developed to characterize the
ecological status of lakes, it was applied to the case of
Lake Bourget due to the availability of ecological
preferenda for a large number of diatom taxa (2595
taxa). (Cemagref, 1997; Besse-Lototskaya et al., 2011;
Schmidt-Kloiber & Hering, 2015). The second one is
the “Indice per valutazione della qualita delle acque
lacustri italiane a partire dalle diatomee epifitiche ed
epilitiche”—EPI-L—(Marchetto et al., 2013), devel-
oped in Italy for lake water quality assessment, in
particular, for the assessment of peri-alpine lakes; it
has already been applied in Lake Geneva with success
(Rimet et al., 2016a, b). This index provides trophic
and indicator values for 109 diatom taxa (Marchetto
et al., 2013). The third one is the “Diatom quality
index “—S—(Sgro et al., 2007), developed in the
United States for the assessment of the ecological
status of the Great lakes, and provides optimal and
tolerance values for 402 diatom taxa. For the molec-
ular inventories, prior to the indices calculation, the
numbers of reads obtained for each species were
converted into relative abundances of OTUs per
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sample (as well as it was done for the microscopic
counts). The IPS index was calculated in the software
OMNIDIA and the EPI-L index was calculated in an
Excel spreadsheet proposed by the author (http:/
www.ise.cnr.it/wfd). For the S index, optimal and
tolerance values of diatom species were recovered
from Sgro et al. (2007) and the index was calculated
manually in Excel. For each index, a correlation test
between the morphological and molecular indices
scores was performed.

Morphological versus molecular inventories

The morphological and molecular inventories were
compared at family, genus and species levels through
Venn diagrams using the interactive tool Venny v. 2.1
(Oliveros, 2007). We checked the availability of the
species detected in the morphological inventories in
the R-Syst::diatom reference library (Rimet et al.,
20164, b). In addition, a comparative table of the five
dominant species detected with both approaches was
elaborated.

Results
Morphological results

A total of 120 diatom species belonging to 40 genera
were identified by light microscopy (LM) among all
samples. The number of species per sample ranged
between 22 and 46, with an average of 30 species per
sample. The dominant taxa were Encyonopsis sub-
minuta Krammer & Reichardt (average abundance in
all the samples: 29.6%), Achnanthidium minutissimum
(Kiitzing) Czarnecki (7.7%), Cyclotella costei Druart
& Straub (7.5%), Navicula cryptotenelloides Lange-
Bertalot (7.2%) and Amphora pediculus (Kiitzing)
Grunow ex A.Schmidt (6.4%). All these taxa have
been reported in the literature as indicators of good
ecological conditions (Lecointe et al., 1993; Van Dam
et al., 1994; Hofmann et al., 2011).

Molecular results
Clustering of sequences at 95% level resulted in 2174
OTUs. The number of OTUs per sample ranged

between 164 and 542, with an average of 335 OTUs
per sample. Taxonomical assignation of the OTUs
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using R-Syst::diatom database resulted in 35 diatom
genera containing 61 species. From the 2174 OTUs,
only 1531 could be assigned to family level, of which
1270 were identified to genus level. From these 1270
OTUs, only 514 were identified to species level. 498
OTUs could not be assigned to any diatom family,
genus nor species according to R-Syst::diatom data-
base and remained “unclassified”. The number of
species per sample ranged between 9 and 47, with an
average of 24 species per sample.

The comparison of the structure of diatom assem-
blages by means of a Mantel test revealed a highly
significant relationship between the morphological
and the molecular OTU data (r = 045;
P value < 0.0001) (Fig. 2).

The comparison between the MRPP statistics (T
and A statistics) obtained for each environmental
factor with both approaches indicated that the struc-
ture of diatom assemblages in both cases was struc-
tured primarily by the underwater slope, second by the
land use and finally by the typology of the coast
(Fig. 3).

The ecological status of Lake Bourget was assessed
through three diatom indices. Diatom indices scores
obtained on the basis of morphological and molecular
inventories indicated differences in the ecological
status of the littoral zone of Lake Bourget between
indices and between approaches (detailed results are
given in Supplementary data 1). The results of the
correlation test performed between the indices scores

12 1

0.8 1
0.6 T

0.4 1

Distances between OTUs list

0.2t

0 0.2 0.4 0.6 0.8 1

Distances between morphological inventories

Fig. 2 Plot of the results of the Mantel test comparing the
morphological and the molecular OTU data. Pairwise species
distance for the 66 samples is plotted on the X-axis. Pairwise
OTU distance for the 66 samples is plotted on the Y-axis.
r = 0.45; P value < 0.0001
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Fig. 3 Plot of MRRP statistics elaborated with the morpholog-
ical (Light Microscopy) and the molecular OTU (Metabarcod-
ing) diatom communities. Y-axis: Agreement statistic
A describing within-group homogeneity. The closer A is to 1,
the identity of the items inside that group is higher. X-axis: Test
statistic describing the separation between groups. The more
negative is T, the differences between the groups are higher.
Triangle: Underwater slope; P value: < 0.0001, square: Typol-
ogy of the coast; P value < 0.0001, diamond: Land use;
P value < 0.0001

derived from both morphological and molecular
inventories are presented in Table 1. No significant
correlation was observed in the case of the IPS
(R2 = 0.0042; P wvalue > 0.05) and the EPI-L
(R2 = 0.0278; P value > 0.05) indices. S index, for

Table 1 Characteristics of the three diatom indices applied to
assess the ecological quality of the littoral zone of Lake
Bourget including the results of the correlation test performed

its part, showed significant correlation
(P value < 0.010). However, Pearson correlation
coefficient is very low.

Sources of divergence between the morphological
and molecular data

The qualitative comparison between morphological
and molecular inventories through Venn diagrams
revealed important differences between lists at family,
genus and particularly at species level (Fig. 4). A total
of 25 taxa were detected at family level from which
only 16 taxa (representing 64%) were shared by both
methods. At genus level, from a total 55 taxa, only 29
(52.7%) were shared by both methods. At species
level, from a total of 166 taxa only 26 (15.7%) were
shared by both methods (the detailed comparison is
given in Supplementary data 2).

The comparison of the morphological taxa list with
the R-Syst::diatom database showed that from the 120
species identified with LM, only 39 species were
present in the database (Fig. 5). From the 81 species
that were not present in the R-syst:: diatom database,
ten corresponded to species with average abundances
higher than 1% (Encyonopsis subminuta 29.6%,
Amphora indistincta 5.3%, Gomphonema bavaricum
3.2%, Achnanthidium straubianum 2.8%, Fragilaria
tenera 2.4%, Cymbella neoleptoceros 2%, Gom-
phonema elegans 1.7%, Cymbella lange-bertalotii
1.3%, Navicula uthermoehlii 1.2%, and Denticula
tenuis 1.1%).

In addition, the focus on the five most abundant
species detected with both methods presented in
Table 2, revealed that the most abundant species

between each index scores inferred from both morphological
and molecular inventories

Diatom  Ecosystem Number of % of species detected by LM % of species detected by R? P value
index species used by  and used for the index metabarcoding and used for the

the index calculation index calculation
IPS River 2595 100 100 0.0042 NS
EPI-L Lake 109 38 24 0.0278 NS
S Lake 409 49 33 0.1342 0.0024

NS: P value > 0.5
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Family

64 % 24%

Genus

Species

Fig. 4 Venn diagrams showing the percentage of similarity
between morphological (A) and molecular (B) taxa lists at
family, genus and species level

detected by LM are different from those detected
through the molecular approach.

Discussion

Diatom assemblages structure obtained with both
methods are comparable and they are structured by the
same environmental factors.

It was already shown that the structure of benthic
macrofauna communities based on microscopic
counts or on OTUs relative abundances were similar
(Lejzerowicz et al. 2015). Until now, comparisons
between molecular and morphological approaches for
diatom communities were only carried out at species
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level (Kermarrec et al., 2014; Zimmermann et al.,
2015; Visco et al., 2015), but not directly at molecular
OTU level. In our study, we demonstrate a high
similarity in the structure of diatom assemblages
between morphological and molecular approaches.
This is true only when molecular assemblages are
expressed in terms of OTUs abundances, but not when
molecular assemblages are expressed in terms of
species after taxonomic assignation of OTUs with the
reference library, given its incompleteness (see “In-
completeness of R-Syst::diatom reference library” of
this section).

The composition and structure of diatom assem-
blages can be affected by several factors such as water
chemistry, geology as well as topological and geo-
morphological characteristics of the aquatic system
studied (Stevenson & Pan, 1999; Tornés et al., 2007;
Smol & Stoermer, 2010). In addition, Cantonati &
Lowe (2014) pointed out that distribution of benthic
diatom assemblages in lakes is determined by sub-
stratum (i.e., rocks, macrophytes, sediments, etc.),
depth distribution gradient, physical disturbances (i.e.,
wave action), irradiance, nutrient content as well as
biotic interactions (i.e., grazing). In our study, we
could only assess the impact of the three measured
parameters: underwater slope, land use and coast
typology. The lack of physical and chemical mea-
surements of water at the sampling sites is a limit in
our study since these parameters may be determining
in understanding changes in diatom assemblages.

Nevertheless, our results show that benthic diatom
assemblages in Lake Bourget are affected by the same
kind of environmental parameters, whether diatom
assemblages are obtained with microscopy or with
metabarcoding. They are affected primarily by under-
water slope, then by land use and finally by coast
typology. The effect of the underwater slope on the
structure and composition of diatom assemblages has
already been observed by Maruyama et al. (2015) who
reported significant differences in littoral diatoms
assemblages from Lake Malawi (Africa) among the
slopes of the rocks where biofilms were collected. The
influence of the land use on benthic diatom assem-
blages has also been documented in the literature in
rivers, but not yet in lakes. These studies show evident
differences in community structure and composition
between relatively undisturbed and disturbed sites
(Potapova & Charles, 2003; DeNicola et al., 2004; Pan
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Fig. 5 Average percentages of the 30 most abundant taxa
detected by LM in the samples. The bottom table indicates if the
taxa were taken into account in the indices calculation (EPI-L, S,
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Table 2 Comparison of the five most common taxa detected with the morphological (left) and the molecular (right) approach

Taxon (microscopy)

Abundance (%)

Taxon (metabarcoding) Abundance (%)

Encyonopsis subminuta Krammer & Reichardt 29.6
Achnanthidium minutissimum (Kiitzing) Czarnecki 7.7
Cyclotella costei Druart & Straub 7.5
Navicula cryptotenelloides Lange-Bertalot 7.2
Amphora pediculus (Kiitzing) Grunow 6.4

Amphora unclassified 30.3
Unclassified 24.2
Cymbella unclassified 9.4
Navicula cryptotenella Lange-Bertalot 7.7
Cymbella excisa Kiitzing 4.0

et al., 2004; Vilmi et al., 2016) as we observed in Lake
Bourget.

Concerning coast typology, we identified signifi-
cant changes in the composition of littoral diatom
assemblages with respect to their proximity to rivers
inlets; this was already pointed out by Rimet et al.
(2016a, b) since water chemistry in such sites is
directly influenced by high nutrient and organic matter
concentrations coming from rivers. Spitale et al.
(2014) also observed an impact of shoreline urban-
ization on phytobenthos at different scales; in partic-
ular, they show that artificial shores show a different
composition than natural ones. This corroborates our
observations in Lake Bourget since sites with artificial
ripraps show significantly different molecular and
morphological diatom compositions than sites with
marshes and beaches.

The ecological status of Lake Bourget was assessed
with three diatom indices based on morphological and
molecular approaches. Results of the ecological
assessments, however, differed between these differ-
ent diatom indices and between these two approaches.
These differences can be explained by five main
reasons: (a) use of non-adapted diatom indices,
(b) incompleteness of the reference library, (c) the
presence of dead frustules and of eDNA (extracellular
DNA) in the samples, (d) differences in the estimation
of species abundances between approaches (e) system
inherent biasing factors of the HTS procedure (e.g.,
extraction methods, choice of HTS technology,
sequencing errors, etc.).

Our discussion will be focused on the first four
points (a—d). For the last point (e), our data do not
enable an in-depth discussion regarding such bias.
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Hereafter, we present important references concerning
the major points related to this issue (e). The impact of
the choice of the DNA extraction method (Deiner
et al., 2015, Vasselon et al., 2017a, b), the importance
of the choice of a targeted gene for DNA barcode
(Kermarrec et al., 2013; Valentini et al., 2016), the
choice of the set of primers for DNA metabarcoding
(Elbrecht & Leese 2015), the choice of the PCR
amplification protocol (Kebschull & Zador, 2015), the
choice of the sequencing technology (Quail et al.,
2012), the choice of the bioinformatics data processing
(Schmidt et al., 2015), and the importance of the
variation of cell biomass among taxa (Thomas et al.,
2016).

a) Use of non-adapted diatom indices

The observed discrepancy between indices is related
to the fact that the indices used differed in the
ecosystems for which they were developed for and in
the number of taxa they take into account for their
calculation. IPS index was specifically developed for
the assessment of rivers; its application to lakes is
limited since ecological preferenda of benthic diatom
taxa can change from lotic to lentic systems (Bennion
et al., 2014). Moreover, IPS index was developed
taking into account a large range of chemical param-
eters (conductivity, nutrients, organic matter, pH) so
its determination provides an overall assessment of
aquatic system quality (Prygiel & Coste, 1993) which
is adapted to river quality assessment, but not to lake
quality assessment. In contrast, the other two indices
(EPI-L and S indices) were developed for lakes and are
based only on total phosphorus concentrations, thus
providing an assessment based only on the nutrient
content.

Concerning the EPI-L index, even though this index
was specifically developed for the ecological assess-
ment of Italian lakes, it includes indicator values for
only 109 benthic diatom taxa among which we
detected only 45 by LM and 24 by metabarcording
in Lake Bourget. This is clearly not enough to have a
robust assessment. In the case of the S index,
ecological preferenda are available for a much higher
number of diatom taxa (402) so there was a better
correspondence between the morphological and
molecular inventories (59 and 39 taxa, respectively)
than with the EPI-L index.

@ Springer

In short, IPS has the advantage to take into account
a large number of species (all diatom taxa detected to
genus or species level were used for the index
calculation for both approaches) but its disadvantage
is not to be adapted to lakes, while the EPI-L has
exactly the opposite advantage/disadvantage. The S
index is more suitable than the EPI-L in our case study.

b) Incompleteness of the reference library

The discrepancy observed between each diatom index
inferred with both morphological and molecular
approaches can be largely explained by the incom-
pleteness of the R-Syst::diatom reference library
(Rimet et al., 2016a, b). Indeed, a large number of
diatom species identified in LM could not be detected
through metabarcoding because their sequences were
not present in the database. Hence, morphological and
molecular inventories differed significantly. Differ-
ences between inventories were more evident for
dominant taxa such as Encyonopsis subminuta which
was not present in the database and was yet the
prevailing species detected in microscopy. E. submin-
uta is an indicator of good ecological quality (Van
Dam et al., 1994) and this explains the higher indices
scores obtained with the morphological approach
compared to the molecular one since predominant
taxa and their ecological preferences are the drivers of
diatom indices scores (Bigler et al., 2010).

The incompleteness of the reference library and its
subsequent impact in the differences observed
between approaches was also reflected by the presence
of dominant related taxa such as Navicula cryp-
totenella and Navicula cryptotenelloides. While N.
cryptotenelloides was a dominant species in the
morphological inventory, N. cryptotenella was
detected in abundance with metabarcording. Since
these taxa are closely related, it is possible that
sequences identified as N. cryptotenella in the
R-Syst::diatom database correspond to the micro-
scopic identifications of N. cryptotenelloides.
Misidentifications of closely related taxa under the
microscope have been observed frequently (e.g.,
Kahlert et al., 2009) and decrease the accuracy of
diatom indexes (Besse-Lototskaya et al., 2006). This
situation also highlights the need of curation with help
of experts in taxonomy to verify the identity of the
organisms before entering their sequences in the
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reference library, as proposed by Rimet et al.
(20164, b).

The presence of a large number of sequences that
could not be assigned to a taxonomy level (24%) is
another important source of divergence between
morphological and molecular indices scores since
unclassified taxa were not included in the indices
calculation. On the other hand, it is possible that
dominant species from the morphological inventory,
and not present in the R-Syst::diatom database, are
among these unclassified taxa. This is the case of
Encyonopsis subminuta, Amphora indistincta, Gom-
phonema bavaricum and other abundant species
detected only by microscopy (see Fig. 5; Supplemen-
tary data 2).

Another situation underlying the incompleteness of
the reference library can be observed in the molecular
inventories where the dominant species is a taxon from
the genus Amphora which could not be detected at the
species level: Amphora unclassified (see Table 2). In
contrast, A. indistincta and A. copulata were detected
in microscopy, but their sequences are absent in
R-Syst::diatom database. It is possible that the A.
unclassified detected in metabarcoding corresponds to
these species. The same was observed for Cymbella
unclassified, the third most abundant species detected
by metabarcoding. Since C. neoleptoceros and C.
lange-bertalotii were detected in microscopy but their
sequences are absent from R-Syst::diatom database, it
is possible that C. unclassified corresponds to these
species. However, it could be also possible that the
unclassified OTUs are belonging to other or even new
taxa.

The incompleteness of reference libraries has
already been shown to be one of the main limitation
of metabarcoding in diatom identification for moni-
toring studies (Mann et al., 2010; Kermarrec et al.,
2014; Zimmermann et al., 2015; Pawlowski et al.,
2016; Rimet et al., 2016a, b). In this sense, it is clear
that reference libraries need to be more comprehensive
and curated to detect a larger number of taxa at species
level. Despite the efforts carried out until now to
complete reference libraries, they are still not enough
representing the large biodiversity of diatoms (more
than 100.000 species according to Mann &
Vanormelingen (2013)) and much work still has to
be done.

¢) Presence of dead frustules and eDNA
(extracellular DNA) in the samples

Another source of divergence between morphological
and molecular inventories is related to the presence of
the planktonic species Cyclotella costei, which was
abundant in microscopic inventories (7.5%), but was
not detected with metabarcoding despite that its
sequence is available in R-Syst::diatom database.
Our hypothesis is that some dead planktonic frustules
are present in the sampled biofilms due to sedimen-
tation, and further collected by scrapping the upper
surface of the stones. This may explain why frustules
of C. costei were detected under the microscope but
could not be detected by metabarcoding since no DNA
was present. The persistence of diatom frustules from
dead cells as a source of divergence between mor-
phological and molecular inventories has also been
observed by Kermarrec et al. (2014) while studying
river samples. These authors recommended avoiding
the use of planktonic species for river biomonitoring
purposes.

Nevertheless, we can also offer a vice versa
hypothesis. There is probably persisting free-floating
eDNA (extracellular DNA) which could also influence
the results of the metabarcoding approach. eDNA is a
promising area often used to detect rare, endangered or
invasive species in aquatic ecosystems (e.g., Valentini
et al., 2016). In our case, this point is difficult to
demonstrate but it certainly has an impact on the
comparability of both methods.

d) Differences in the estimation of species
abundances

Another factor responsible of the differences observed
between the scores of diatom indices inferred with
both methods could be the divergence between species
abundances estimated with morphological (number of
valves) and molecular (number of DNA reads)
methodologies. Since rbcL gene is contained in the
chloroplasts, the number and the size of plastids per
cell may influence the number of genomes, and
therefore the number of reads. The number of plastids
per cell varies in diatoms (Round et al., 1990)
depending on the genus. Vasselon et al. (2017a, b)
recently suggested that bigger diatom cells had higher
number of rbcL copies and this influences the number
of reads for a given species in metabarcoding analyses.
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Since small-sized species have smaller plastids than
bigger species, numbers of reads are lower for smallest
species regardless of their cell abundance in the
sample. This was the situation for Achnanthidium
minutissimum and Amphora pediculus in the samples
of Lake Bourget. These small-sized species were often
dominant in morphological inventories (abundances
of 7.7 and 6.4%, respectively) but they were less
abundant in molecular inventories (0.5 and 0.8%,
respectively). These two species, indicators of good
water quality, were underestimated in molecular
inventories, explaining why morphological indices
scores were higher than the molecular ones. At last,
Vasselon et al. (submitted) suggest the development of
a correction factor based on the variation of the
number of plastids of diatoms cells according to their
species to adjust these differences.

Conclusions and prospects for the future

Our results showed that morphological and molecular
(OTU) inventories provided similar structure of
littoral benthic diatom assemblages and that the
selected environmental factors structuring morpho-
logical and molecular inventories were the same. This
suggests that molecular inventories can be used to
obtain an unambiguous characterization of diatom
communities for ecological studies, as well as micro-
scopic inventories.

Nevertheless, for monitoring purposes, the differ-
ences obtained between morphological and molecular
approaches in the assessment of the ecological status
of the littoral zone of Lake Bourget indicate that
metabarcording seems promising insofar as the refer-
ence library will be more complete. Other constraints
such as the presence of dead frustules and differences
in the abundance estimation of species also need to be
solved. There is also a need for a specific diatom index
for lakes to take into account a larger number of lake
benthic diatom species and their appropriate
autecology.

Since molecular (OTU) data provide unambiguous
characterization of the structure of diatom assem-
blages, the development of a biotic diatom index based
on molecular OTU data is likely to be another
convenient option. Apothéloz-Perret-Gentil et al.
(2017) have recently showed the potential of a
taxonomy-free diatom index to assess the ecological
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status of Swiss rivers. Nevertheless, it should be kept
in mind that working only with OTU data will lead to a
loss of all long-lasting and valuable information that is
currently linked to taxonomy such as species autecol-
ogy, life forms, cell-sizes and ecological guilds of
diatoms taxa. In these sense, an integrated approach
that combines morphological, molecular and ecolog-
ical aspects should be considered for monitoring
purposes.
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