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Abstract. Diatom identification is a key step in using these microorganisms as water quality bioindi-
cators. Morphological diagnosis is a difficult task due to the enormous number of species and their
microscopic size. This can be overcome using molecular tools to complement the diagnosis. The main
goal of this work was to obtain the DNA barcode of Ecuadorian epilithic diatoms with a wide geograph-
ical distribution, a well-defined ecological range and characteristics that allow them to be reliable indi-
cator species. Unialgal diatom cultures were obtained from environmental samples of Ecuadorian An-
dean streams. Morphological characterization of cultures was carried out under SEM microscopy. For
molecular characterization, 18SV4 and rbcL barcodes were sequenced from each strain and blasted
against a GenBank database. A phylogenetic tree for each barcode was constructed using the ML
method including sequences of strains of the studied species from different geographical locations.
The results showed the following five species to be suitable as bioindicators and these were isolated.
Sellaphora seminulum (strain JA01b, c), Nitzschia fonticola (strain SP02a) and N. palea (strain CA01a)
are tolerant to eutrophication; Eolimna minima (strain CH02a) is a mesotrophic water bioindicator,
and Achnanthidium minutissimum (strain JA01a) is an oligotrophic water bioindicator. The compari-
son with the GenBank database of the barcoding regions supported the morphological identification.
The barcoding sequences of the strains showed a high percentage of identity with the sequences re-
ported in INSDC databases for the same species. The topology of the phylogenetic trees demonstrates
that epilithic diatoms from Ecuador are closely related to those of same species isolated from other ge-
ographical regions. This study is a first attempt to establish a morphological and molecular taxonomic
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reference library for neotropical diatoms. This study demonstrates that it would be feasible to use
the existing barcoding data for diatoms to develop molecular tools for the bioassessment of aquatic
ecosystems in the Ecuadorian Andean region.

Résumé. L’identification des diatomées est une étape clé dans l’utilisation de ces microorganismes
comme bioindicateurs de la qualité de l’eau. Le diagnostic morphologique est une tâche difficile
en raison du nombre considérable d’espèces et de leur dimension microscopique. Il est possible
de surmonter cette difficulté en utilisant des techniques moléculaires pour compléter le diagnostic.
L’objectif principal de ce travail était d’obtenir le code-barre de l’ADN des diatomées épilithiques
équatoriennes ayant une large distribution géographique, une niche écologique bien définie et des
caractéristiques leur permettant d’être des espèces indicatrices fiables. Des cultures de diatomées
unialgales ont été obtenues à partir d’échantillons environnementaux de cours d’eau des Andes équa-
toriennes. La caractérisation morphologique des cultures a été réalisée sous microscopie MEB. Pour
la caractérisation moléculaire, les codes-barres 18SV4 et rbcL ont été séquencés à partir de chaque
souche et comparés à la base de données GenBank. Pour chaque code-barres, un arbre phylogéné-
tique a été construit à partir de la méthode ML comprenant des séquences de souches des espèces
étudiées, provenant de différents lieux géographiques. Les résultats ayant montré que les cinq es-
pèces suivantes étaient appropriées comme bioindicateurs, elles ont été isolées. Sellaphora seminu-
lum (souche JA01b, c), Nitzschia fonticola (souche SP02a) et N. palea (souche CA01a) sont tolérantes
à l’eutrophisation ; Eolimna minima (souche CH02a) est un bioindicateur d’eau mésotrophe, et
Achnanthidium minutissimum (souche JA01a) est un bioindicateur d’eau oligotrophe. La comparai-
son avec la base de données GenBank des régions de code-barres a supporté leurs identifications mor-
phologiques. Les séquences de code-barres des souches ont montré un pourcentage élevé d’identité
génétique avec les séquences signalées dans les bases de données de l’INSDC pour la même espèce.
La topologie des arbres phylogénétiques démontre que les diatomées épilithiques de l’Équateur sont
étroitement liées à celles des mêmes espèces isolées d’autres régions géographiques. Cette étude
est une première tentative d’établir une bibliothèque de référence morphologique et taxonomique
moléculaire pour les diatomées néotropicales. Cette étude démontre qu’il serait possible d’utiliser les
données de code-barres existantes pour les diatomées afin de développer des instruments molécu-
laires pour la bioévaluation des écosystèmes aquatiques dans la région andine équatorienne.

Keywords. Bacillariophytae, 18SV4 rRNA gene, rbcL gene, Barcode reference libraries, Biomonitoring,
Ecuador, Diatoms.

Mots-clés. Bacillariophytae, Gène de l’ARNr 18SV4, Gène rbcL, Bibliothèques de référence de codes-
barres, Biosurveillance, Équateur, Diatomées.
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1. Introduction

Diatoms are an enormous group of microalgae con-
taining more than 100,000 living species [1, 2]. A lot
of work has been done to document diversity and
relationships within the group. As a result, species-
level taxonomy has become adequate to support the
extensive and successful use of diatoms in biomon-
itoring based on their species-specific response to
their environmental changes, especially organic pol-
lution and eutrophication, with a broad spectrum
of tolerance, from oligotrophic to eutrophic condi-
tions [3–5].

Diatom taxonomy is based almost exclusively on
the morphological features of the silica frustules [6]
and, even after training and long experience, di-
atomists often find it difficult to agree about iden-

tifications. Moreover, morphological treatment is
a time-consuming process and costly. In contrast,
DNA-based identification has been proposed as an
alternative method to complement or even replace
traditional identification methods of species [7]. DNA
barcoding is based on DNA sequences that are linked
to morphologically identified specimens. It is con-
sidered a faster and universally applicable approach
and also has the potential for refined analyses [8, 9].
Consequently, DNA barcoding deserves careful con-
sideration as a means of improving the reliability of
identifications and discovering species and also of
increasing the quality and quantity of other taxo-
nomic information. DNA-based methods are being
used for assessing biodiversity in environmental
samples, the so-called DNA metabarcoding [10],
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which allows one to determine a species’ presence
and abundance from bulk samples of soil, water,
or air [11]. Several studies have demonstrated that
metabarcoding may be an applicable tool for ecolog-
ical monitoring based on epilithic diatoms [12–16].
The preferred barcoding markers in these studies
were 18S rRNA and rbcL (Ribulose-1,5-bisphosphate
carboxylase/oxygenase).

The basis for a reliable identification with molec-
ular methods is a comprehensive reference library
where molecular and morphological data are tied to-
gether with a taxonomic name. However, the taxo-
nomic consistency of the sequence information in
these databases is very low for diatoms [17]. Rimet
et al. [18] developed the R-syst::diatom barcoding li-
brary in open-access (http://www.rsyst.inra.fr/) that
includes barcodes for microalgae strains of the cul-
ture collection maintained in INRA (Institut National
de la Recherche Agronomique, France). Another lim-
itation to DNA-based identification approaches is
the natural intraspecific divergence of the barcod-
ing marker in specimens from different geographic
origins. To date, no information on barcoding se-
quences has been reported for diatom species from
Ecuador. This is a constraint on the application of
these methods in freshwater diversity studies and in
biomonitoring.

In this context, this research aimed at obtaining
the barcodes of Ecuadorian epilithic diatoms with a
wide geographical distribution, a well-defined eco-
logical range and characteristics that allow them to
be reliable indicator species [19–21]. This study is
a humble first step towards coupling the morpho-
logical and molecular data of benthic diatoms in
Ecuador. We have therefore studied morphology as
a diagnostic feature of each unialgal diatom strain
via light and scanning electron microscopies and also
determined the DNA barcode 18SV4 rRNA [9, 22] as
well as rbcL [23, 24] in order to establish the foun-
dation of a reference library. The original strains
are kept alive in the Universidad de las Américas’
epilithic diatoms collection. By publishing these data
online, we are contributing to a morphological and
molecular taxonomic reference library for neotrop-
ical diatoms, making them available for compara-
tive studies. Thus, we expect this to be a key step
in developing a trophic water quality index based
on a molecular biology analysis of epilithic diatoms
in Ecuador.

Figure 1. Location of sampling sites along
Ecuadorian Andes. JA: Jambeli River at Pich-
incha province. SP: San Pedro River at Illiniza
Ecological Reserve. CH: stream at Chimborazo
Ecological Reserve. CA: stream at Cajas Na-
tional Park.

2. Materials and methods

2.1. Sample collection

Samples were collected under the MAE-DNB-CM-
2018-093 authorization conceded by the Environ-
ment Ministry of Ecuador. Epilithic diatom samples
were collected from four freshwater streams within
the Andean region of Ecuador (Figure 1; Table 1).
Three of them characterized as páramo (highland
wilderness) landscapes at the Iliniza Volcano (SP),
Chimborazo volcano (CH) and Cajas national park
(CA). The fourth one is located at the Jambelí stream,
in the parish of Machachi, surrounded by agricultural
livestock mosaics (Table 1). Location data were taken
with a GPS navigator (WGS 84 UTM Zone 17 with 5
meters of precision). The sampling design aimed to
capture indicator species from pristine streams (SP,
CH and CA) and a eutrophic stream (JA) from the
Ecuadorian Andean region (Figure 1).

The physical and chemical variables analyzed
were water temperature, pH, turbidity, dissolved oxy-
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Table 1. Location of the sampled streams in the central Ecuadorian Andean Region with geographical
coordinates, altitude (masl) and the code assigned to samples collected in each stream

Code Province Description Latitude Longitude Altitude

SP Pichincha Illiniza Ecological Reserve −0.58661 −78.67343 3601 masl

JA Pichincha Quito −0.57296 −78.59418 3162 masl

CH Chimborazo Chimborazo Ecological Reserve −1.41337 −78.86458 3978 masl

CA Azuay Cajas National Park −2.84271 −79.14182 3165 masl

gen (DO) and conductivity, measured in the field with
a multiparameter analyzer, and nitrate and phos-
phate, measured in the laboratory. Diatom samples
were scrubbed off the upper surface of three to five
submerged stones, 10 to 20 cm in diameter, using
a toothbrush [25]. Diatom and water samples were
kept cold until they were transferred to the labora-
tory.

2.2. Isolation and culturing

The environmental samples were cultured on BBM
agar plates [26] supplemented with sodium silicate
(10 mM) at 15–18 ◦C, light intensity of 50 µEm−2 s−1

and 12/12 hr light/dark regime. Individualized
macroscopic colonies on agar plates were inocu-
lated into liquid media and grown until they turned
brown. This process was repeated until unialgal cul-
tures were obtained. The achievement of unialgal
cultures was checked by light microscopy using an
Olympus BX51 microscope. Diatom strains were
maintained on agar plates and liquid medium.

2.3. Morphology-based analysis

One fraction of each unialgal culture was used
for morphological analysis. Living cells as well as
cleaned frustules were examined and photographed
by light microscopy. To remove organic material,
the cells were oxidized with 50% nitric acid at 80 ◦C
for an hour and rinsed several times with H2O [27].
Permanent slides were mounted with the high re-
fraction index mounting medium Naphrax®. For
scanning with the electron microscope, a few drops
were dried on stubs and sputter-coated with gold
using a Quorum Tech Q150RES. SEM images were
taken using an ultra-high-resolution analytical field
emission (FE) scanning electron microscope Tescan
MIRA3, operated at 10 kV.

Species identification was performed using a mi-
croscope Olympus BX-40 according to the following
taxonomic references [4, 28–30].

2.4. Molecular-based analysis

A second fraction of each unialgal culture was used
to extract total genomic DNA. Cells were pelleted
by centrifugation of 1 mL culture medium at 8000 g
for 2 min and disrupted using ceramic beads by
vortexing. The extraction method was then per-
formed according to Edwards et al. [31]. The rbcL
and 18SV4 rRNA regions were submitted to PCR
amplification using GoTaq® Green Master Mix by
Promega with 0.2 µM of each primer. The V4 re-
gion of the 18S rRNA was amplified with the primer
pair DIV4for/DIV4rev3 [13, 32]. Primer used for the
rbcL fragment were Diat_rbcL_708F [33] and reverse
primer R3 [34]. The selected primer pairs amplify a
fragment around 300 pb and have been used pre-
viously for DNA metabarcoding analysis [12, 14, 24].
PCR regime included an initial denaturation at 95 ◦C
for 2 min, then 35 cycles of denaturation at 95 ◦C for
45 s, annealing at 50 ◦C for 45 s, elongation at 72 ◦C
for 30 s, and a final elongation at 72 ◦C for 2 min.
Sequence reactions were performed with an Applied
Biosystems® 3130 Genetic Analyzer. Sequences were
edited with MEGA 7 software [35] and blasted against
the GenBank database at NCBI (National Center for
Biotechnology Information). Sequences of strains of
the studied species from different geographical loca-
tions were downloaded from GenBank (Supplemen-
tary Tables S1 and S2) and aligned with barcoding
sequences from Ecuadorian strains using the Mus-
cle Algorithm [36]. Bolidomonas pacifica was used as
an outgroup taxon, due to its genetic proximity to di-
atoms [37]. The ends of the alignments were trimmed
to minimize missing characters. Tree topologies and
branch lengths were computed separately for the
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Table 2. Sequence identity of the closest relative of each isolated strain found in GenBank using BLASTn

Strain 18SV4 %
identity

N
hits

Closest
match

rbcL %
identity

N
hits

Closest
match

CA01a Nitzschia
palea

99–100% 37 KU341755.1 Nitzschia
palea

98–100% 104 HF675122

CH02a Eolimna
minima

95–100% 7 KM084877.1 Eolimna
minima

95–97% 3 KM084939.1

JA01a Achnanthidium
minutissimum

93–100% 24 KY863464 Achnanthidium
minutissimum

97–100% 15 KY863482.1

JA01b Sellaphora
seminulum

93–100% 6 KR150677.1 Sellaphora
seminulum

95–100% 4 KM084937.1

JA01c Sellaphora
seminulum

93–100% 5 KR150677.1 Sellaphora
seminulum

95–100% 4 KM084937.1

SP02a Nitzschia
fonticola

90–98% 3 AJ867022.1 Nitzschia
fonticola

99–100% 4 HF675068.1

two markers with the maximum-likelihood method
(ML) using Tamura-Nei distance [38] with gamma
distributed rates among sites followed by a statistical
test of the tree topologies with 500 bootstrap replica-
tions.

3. Results

Five suitable bioindicator species were sampled from
the Ecuadorian Andean Region (Table 1): Sellaphora
seminulum (Grunow) D. G. Mann (strain JA01b,
c), Nitzschia fonticola (Grunow) Grunow (strain
SP02a) and N. palea (Kützing) W. Smith (strain
CA01a) are tolerant to eutrophication; Eolimna min-
ima (Grunow) Lange-Bertalot (strain CH02a) is a
mesotrophic water bioindicator and Achnanthidium
minutissimum (Kützing) Czarnecki (strain JA01a)
is an oligotrophic water bioindicator. The compar-
ison with the GenBank database of the barcoding
regions obtained supported the morphological iden-
tification. Blasting results against NCBI are shown
in Table 2. N. palea had the most hits (37 sequences
for 18SV4; 104 for rbcL) followed by A. minutissi-
mum (24 sequences for 18SV4; 15 for rbcL). Gen-
Bank accession numbers for 18SV4 rRNA and rbcL
sequences from this study are MN589666-MN589670
and MN603956-MN603960 respectively.

JA01b strain presents linear valves with rounded
apices. The axial area is narrow, linear. The cen-
tral area is wide, rectangular. The raphe is filiform
with the terminal fissures curved to the same side
of the valve with distinct central pores. Striae are
radiate, multiseriate, and more distant and curved
near the central area, with 2 or 3 shorter striae. The
areolas are rounded. Valve dimensions: Length: 9–
12 µm; Width: 3–3.5 m, 20–22 striae in 10 µm (Fig-
ure 2i–l). This result is consistent with S. seminu-
lum description [39]. Morphological description of
JA01c strain also matches S. seminulum although its
length ranges from 6 to 10 µm and width reaches
up to 4.5 µm (Figure 2m–p). Thus, JA01c strain
presents elliptical valve shape while JA01b has linear
valves. Despite the morphological differences, both
strains have 100% identity for 18SV4 and rbcL se-
quences. The number of 18S and rbcL sequences
for Sellaphora seminulum in the GenBank data-
base is scarce. There are strains from the Geneva
basin [32] Seoul and Reunion Island [40] with a ho-
mology of 98% with 18SV4 and rbcL. Evans et al. [41]
and Kermarrec et al. [24] described two strains of
S. seminulum from United Kingdom and Mayotte Is-
land at the Komora Archipelago, with a homology be-
low 95%. There is a third case in the GenBank for a
strain from Berlin that presents 100% of identity with
rbcl, but less than 95% with 18SV4 [17].

C. R. Biologies, 2020, 343, n 1, 41-52
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Figure 2. Isolated diatoms under SEM: a–d: strain CA01a (N. palea (Kützing) W. Smith); e–h: strain SP02
(Nitzschia fonticola (Grunow) Grunow); a, i–l: strain JA01b (Sellaphora seminulum (Grunow) D. G. Mann);
m–p: JA01c (Sellaphora seminulum (Grunow) D. G. Mann); q–t, u: JA01a (Sellaphora seminulum (Grunow)
D. G. Mann); v–y: CH02a (Eolimna minima (Grunow) Lange-Bertalot). Scale bar = 1 µm.

The morphological traits of strain SP02 match
the species Nitzschia fonticola [42]: linear-lanceolate
valves, acutely rounded apices, eccentric, marginal
raphe, uniseriate striae on the valvar face and bis-
eriate in the canal of the raphe, practically equidis-
tant fibulae, except in the central area that presents
two fibulae more distant from the others. Valve di-
mensions: Lenght: 15–18 µm; width: 2.5–3 µm; 10–
14 fibulae in 10 µm (Figure 2e–h). The sequences ob-
tained from this strain have higher identity with rbcL
sequences (99–100%) than with 18SV4 sequences
(90–98%) uploaded to the GenBank. There is no
strain described as N. fonticola with both rbcL an

18SV4 barcodes reported. The sequences matching
rbcL belong to strains collected from the United
Kingdom, Spain, and Reunion Island [17, 40] while
18SV4 matches only one sequence (from France,
data not published) with over 98% similarity. There
are two other sequences for 18SV4 with less than
90% similarity from microorganisms isolated from
karstic-stream biofilms in Germany (data unpub-
lished).

CA01a strain, described as Nitzschia palea [43],
presents linear-lanceolate valves, rostral apices, ec-
centric raphe, marginal, very thin uniseriate striae,
equidistant fibulae including the central pair. Valve
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dimensions: Lenght: 25–27 µm; width: 2.8–3 µm; 16
fibulae in 10 µm (Figure 2a–d). There are plenty of se-
quences for N. palea [32, 37, 44] in the GenBank from
all around the world, most of them with over 99%
identity with CA01a strain for both rbcL and 18SV4
barcodes.

CH02a strain shows elliptical valves with rounded
apices. The axial area is narrow, linear. The central
area is little expanded, slightly rectangular, limited by
the irregular size of the median striae. The raphe is
filiform, straight, with proximal ends slightly flexed.
The central pores are small. Striae are radiate, unise-
riate, with irregular sizes near the central area, com-
posed of rounded areolas (Figure 2v–y). Valve di-
mensions: Length: 6–10 µm; Width: 3–4 µm; 25–26
stretch marks in 10 µm. This is consistent with the
morphological description of E. minima [45]. The
closest match with both barcodings belongs to the
Eolimna genera, but it is not identified at a species
level [17]. There are other strains reported with a 99%
identity match for 18SV4 described as Eolimna, Sell-
aphora and Navicula minima, which are homotypic
synonyms. The rbcL sequence obtained showed 96%
similarity with a strain identified as E. minima from
Germany [17].

JA01a morphological traits are consistent with
Achnantidium minutissimum [46]. It shows linear-
lanceolate valves, rounded and rostrate ends, nar-
row axial area, linear, widening towards the center,
straight raphe, filiform, curved terminal fissures, ra-
diate striae, more widely spaced in the central area of
the valve. Valve dimensions: Length: 6–7 m; Width: 2–
3 m; 30–32 striae in 10 m. (Figure 2q–u). Blast results
for both barcodes show from 98 to 100% identity with
A. minutissimum from Europe, Asia and North Amer-
ica [9, 32, 37, 40]. There are a few strains from Japan
and Île de Reunion that have less than 96% identity
for 18SV4 (Data unpublished).

Phylogenetic trees were constructed based on
18SV4 and rbcL regions separately due to the lack
of strains with both barcode sequences deposited in
INSDC databases. The phylogenetic analyses include
sequence representatives of each species from dif-
ferent geographical locations reported previously. In
the phylogeny, both barcode sequences of the same
species clustered into one clade (Figures 3 and 4).
Species level clades are well supported statistically.
Short branches in species clades mean low diver-
gence between the Ecuadorian strains and their ho-

mologous strains. In the phylogenetic tree based on
the 18SV4 region (Figure 3), N. fonticola sequences
are in the same clade as E. minima and S. seminulum
but separated from N. palea. However bifurcations
representing the relationship between the species are
not well supported by bootstrap values. Neverthe-
less, in the phylogeny of rbcL (Figure 4), sequences
belonging to Nitzschia genera clustered together. E.
minima and S. seminulum are grouped in the same
clade in both phylogenetic analyses.

4. Discussion

To the best of our knowledge, this study is the first
attempt to establish a barcode reference library for
epilithic diatoms from Andean streams of Ecuador.
Five strains considered as water quality bioindica-
tors have been cultured and sequenced for rbcL and
18SV4 barcodes. N. palea, N. fonticola and S. seminu-
lum are tolerant to organic pollution and eutroph-
ication. N. palea regularly occurs downstream of
sewage treatment plants [47]. E. minima is abundant
in mesotrophic water. A. seminulum is a small mono-
raphid diatoms of oligo/mesosaprobic rivers [47].
These species are very important from an ecological
point of view, since they are often among the most
abundant benthic species in freshwater systems. Fur-
thermore, N. palea, A. minutissimum and E. min-
ima have been used to assess sensitivity to herbi-
cides [37, 48] and metals [49].

The occurrence and/or abundance of epilithic di-
atoms to define ecological status through morpho-
logical characteristics has some limitations [7]. The
use of DNA sequences could potentially alleviate
these limitations [50]. The barcoding sequences of
the strains presented here have a high percentage
of identity with the sequences reported in INSDC
databases for the same species. Hence, DNA barcod-
ing, based on 18SV4 and rbcL, emerges as a use-
ful tool for diatom species identification in Andean
streams. Nonetheless, we found that there are re-
ported sequences for the same species with a diver-
gence of at least 5%. This could be due to an inaccu-
rate identification, since there are poor circumscrip-
tions and a lack of reliable information about the ep-
ithets ‘minima’, and ‘seminulum’ even though they
are apparently well–established and often referred
to in ecological and taxonomic literature [51–53].
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Figure 3. Phylogram constructed using 18SV4 rRNA sequences. The phylogram was constructed using
the maximum-likelihood method with Tamura-Nei protocol. Numerical values at the nodes of the
branches indicate bootstrap values above 50%. Accession number and geographical origin is indicated
for each sequence (Supplementary Table S1).

For instance, E. minima can barely be identified us-
ing light microscopy (LM) and the lack of illustra-

tions from a scanning electron microscope (SEM) is
a major impediment [7]. Moreover, there are iden-
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Figure 4. Phylogram constructed using rbcL sequences. The phylogram was constructed using the
maximum-likelihood method with Tamura-Nei protocol. Numerical values at the nodes of the branches
indicate bootstrap values above 50%. Accession number and geographical origin is indicated for each
sequence (Supplementary Table S2).

tification problems derived from isolation and cul-
turing, which are needed to obtain barcodes, given
that some species experience cell size reduction in
culture [54]. That could be the case for S. seminu-
lum strains, JA01b and c, which are different in size
but identical for rbcL and 18SV4 sequences. This sup-
ports the necessity of barcode reference libraries that
couple morphological and molecular data for com-
parative analyses [12, 17].

The usefulness of 18SV4 and rbcL barcodes to
assess phylogenetic relationships in diatoms has
been proven extensively [6, 17, 18, 55, 56]. The topol-
ogy of the phylogenetic trees demonstrates that
epilithic diatoms from Ecuador show close related-
ness to those of same species isolated from other
geographical regions. This could mean low phylo-
geographic variability in diatoms. However, the E.
minima clade presents the highest divergences, but
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this could be due to identification problems related
with this species. The genera clades are congruent
with previous analysis where Sellaphora falls into
one group with Eolimna [17] and these are separate
from Nitzschia and Achnantidium [18].

This research highlights the complementary as-
pects of classical taxonomy and DNA barcoding. All
reference sequences presented here are linked to
morphological detailed images in order to initiate a
complete barcode reference library for diatoms in the
neotropical region. In addition, this study demon-
strates that it would be feasible to use the exist-
ing barcoding data for diatoms to develop molecular
tools for bioassessment of aquatic ecosystems in the
Ecuadorian Andean region.
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