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Summary

Diatoms are highly diverse and widely spread aquatic photosynthetic protists. Studies
of regional patterns of diatom diversity are substantial for understanding taxonomy and
biogeography of diatoms, as well as for ecological perspectives and applied purposes.
DNA barcoding is a modern approach, which can resolve many problems of diatoms
identification and can provide valuable information about their diversity in different
ecosystems. However, only few studies focused on diatom assemblages of brackish
rivers and none of them applied the genetic tools. Herein, we analyzed taxonomic
composition and abundance of diatom assemblages in the brackish mixohaline
Bolshaya Samoroda River flowing into the Elton Lake (Volgograd region, Russia)
using light microscopy and high-throughput sequencing of the V4 region of the 18S
rDNA gene amplicons. In total, light microscopy of the samples taken in 2011-2014
and 2018 allowed to distinguish 39 diatom genera, represented by 76 species and
infraspecies taxa. Twenty three species of diatoms were recorded in the river for the
first time. Next-generation sequencing revealed a larger number of diatom taxa (26
genera and 47 OTUs in two samples vs. 20 genera and 37 species estimated by light
microscopy). As a result, sequences of Haslea, Fistulifera, Gedaniella were recorded in
the river for the first time. Significant differences in the data obtained with molecular
and light microscopy approaches are discussed. Some V4 18S rDNA sequences were
characterized by a low similarity with homologues from the reference database. We
revealed high spatial-temporal heterogeneity of the diatom assemblages, occurrence
of freshwater species together with brackish and marine ones, and predominance of
benthic and plankto-benthic species. Thus, investigations of diatoms in brackish rivers
based on both morphological and molecular approaches provide a good chance of
improving an understanding of diversity, ecology and biogeography of Bacillariophyta.
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Introduction

Diatoms (Bacillariophyta) are numerous, highly
diverse and ubiquitous photosynthetic protists. The
number of diatom species varies from 20,000 to
200,000 (Yi et al., 2017). Bacillariophyta inhabit
fresh, brackish and saline inland water bodies,
seas and oceans, soils, and wet substrates (Guo et
al., 2015). They serve as the base of food webs in
the water ecosystems and are responsible for most
part of primary production in reservoirs of various
types (Siqueiros-Beltrones et al., 2017; An et al.,
2018). In addition, diatoms are considered to be
environmentally and economically significant
microorganisms (Pniewski et al., 2010).

Species diversity of Bacillariophyta is greatly
influenced by environmental conditions. For this
reason, diatoms are used as suitable bioindicatorsin
ecological studies and water monitoring assessments
(Barinova et al., 2006; Zimmermann et al., 2011,
2015; Pinseel et al., 2019). Diatoms are widely
used in paleoecological reconstruction, forensic
science, as well as oil and gas exploration, due to
long-term preservation of their siliceous frustules
in marine, lake and peat sediments (Bertrand,
2010; Kulikovskiy, 2016; Pinseel et al., 2019).
Many diatom species produce carotenoids and
polyunsaturated fatty acids, therefore, they are
promising objects for biotechnology (Bertrand,
2010; Shishlyannikov et al., 2014; Petrushkina et
al., 2017; Yietal., 2017).

Diatoms attract an increased interest of resear-
chers (Krivosheia and Vlasiuk, 2016; Siqueiros-Bel-
trones et al., 2017; An et al., 2018; Komulaynen,
2018). A large number of new species and genera
of diatoms have been described during the last 30
years (Kulikovskiy, 2016). Diatoms distribution
studied with molecular-based methods in different
regions of the world demonstrates that many dia-
tom genera and species, which were considered ubi-
quitous previously, consist of a number of cryptic
or pseudo-cryptic species (Stepanek and Kociolek,
2014; Pinseel et al., 2019). There is a need for studies
of regional diatom diversity and compilation of
species lists including rare and endemic taxa, to
develop a better understanding of taxonomy and
biogeography of diatoms and to ensure the use
of this knowledge for applied purposes including
environmental management. Nevertheless, diversity
of diatoms has not yet been studied in many regions
of Russia and only few reports on the floristic di-
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versity and distribution of Bacillariophyta contain
microphotographs and genetic data (Kulikovskiy,
2016).

The hypersaline lake Elton with the inflowing
saline rivers is one of the most unique natural aquatic
systems of Russia (Kalyuzhnaya, 2007; Kalyuzh-
nayaetal., 2011). The Elton Nature Park including
the Elton Lake with saline rivers was created in 2001
to preserve the unique saline ecosystems. In 2019,
the Elton Nature Park was added to the World Net-
work of Biosphere Reserves by UNESCO’s Man
and the Biosphere (MAB) programme. Unlike other
brackish and saline habitats, rivers with elevated
salinity are scarce on the Earth. Some of them
are characterized by a wide salinity gradient and
a variable hydrological regime both serving as the
structure-forming factors for communities of the
saline rivers (Zinchenko et al., 2017). Since 2006,
researchers have been studying the ecological status
and biological diversity of the saline rivers in the
Elton region (Zinchenko et al., 2010; Kalyuzhnaya
et al., 2011; Nomokonova et al., 2013; Zinchenko
and Golovatyuk, 2013; Yatsenko-Stepanova et al.,
2015; Burkova, 2016; Gorokhova and Zinchenko,
2016; Gusakov, 2019). One of the longest Elton
rivers, the brackish Bolshaya Samoroda River,
contains rich and unique biota, and plays a crucial
role in stabilizing the natural environment and
forming a biodiversity hotspot (Shubin et al., 2000).
All previous studies of algal diversity in the Elton
region have been carried out using only morphology-
based approaches without genetic tools (Yatsenko-
Stepanova et al., 2015; Burkova, 2016; Gorokhova
and Zinchenko, 2016). Besides, identifications of
diatoms in the previous studies of the Elton rivers
have not been supported by microphotographs.
DNA barcoding is a modern approach, which can
resolve many problems of diatoms’ identification
(Mann et al., 2010; Guo et al., 2015; Rivera et al.,
2018). Molecular-based methods that use the tech-
niques of next-generation sequencing (NGS) pro-
vide a much more comprehensive insight into the
taxonomic diversity of diatoms in the environmental
samples (Zimmermann et al., 2015). Therefore, in
this study we aimed to characterize the taxonomic
composition and abundance of diatom assemblages
in the brackish mixohaline Bolshaya Samoroda
River flowing into the Elton Lake, using light
microscopy (LM) and high-throughput sequencing
of the 18S rRNA gene amplicons.
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Fig. 1. A — Scheme of Elton region with sampling sites marked with red dots. B, C — Photos of the Bolshaya
Samoroda River (B — middle course, C — mouth).

Material and methods
WATER SAMPLING

The Bolshaya Samoroda River is located in the
Elton Nature Park (Fig. 1). The river flows through
awide valley with gentle slopes. It hasa meandering
channel and slow current (less than 0.2 m/s). The
total length of the river is 21-24 km; the catchment
area is 130 km2. The channel is 6—35 m wide, and
the depth is 0.1-0.7 m (Gusakov, 2019). The river
is fed mainly by groundwater and precipitation
(Brylev and Pryakhin, 2011; Burkova, 2015). The
Bolshaya Samoroda River is mixohaline according
to the Venice system (1958), with salinity ranging
from 6.5 g/L in the middle course to 19 g/L in the
mouth. A single observation of 118.8 g/L salinity in
the mouth of this river as a result of a brine influx
from the Elton Lake was recorded in May 2012.
A wide range of salinity is formed due to salt and
carbonates sedimentary rocks, salt marshes, and
mineral springs in the floodplain terrace, including
the Smorogdinsky mineral spring with sulfate-
chloride-sodium water.

Water samples were taken in the middle course
(49.208889°N, 46.941111°E) and in the river mo-

uth (49.283333°N, 47.036944°E) during vegeta-
tive seasons of 2011-2014 and 2018. Salinity was
measured using a Master S-28a portable refrac-
tometer (Atago, Japan).

LIGHT MICROSCOPY OBSERVATION

Water samples of 0.5 L were fixed with 4%
formaldehyde immediately after sampling. Algae
were concentrated by sedimentation method. Algal
cells were counted in a Nageotte Counting Chamber
(Assistent, Germany) at 400x magnification.
Organic content of diatom cells was destroyed by
the method of cold burning (Balonov, 1975). Then
empty diatom frustules were embedded in the
Canada balsam. Permanent slides were examined
by phase contrast microscopy under an «Axioskop»
microscope, equipped with 60x objective, 100x oil
objective, and an «Axiocam» digital camera (Carl
Zeiss, Germany). For diatom species identification
the qualifiers Siifwasserflora von Mitteleuropa were
used (Krammer and Lange-Bertalot, 1986, 1988,
1991a, 1991b). Taxonomy and nomenclature of
Bacillariophyta is given according to the on-line
AlgaeBase database https://www.algaebase.org/
(Guiry and Guiry, 2019).
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EcOLOGICAL ANALYSIS

Salinity and habitat preferences of the revealed
diatom species were assessed according to Barinova
et al. (2006). Thus, all species were referred to one
of four salinity indicator groups: oligohalobes (0—5
g/L), mesohalobes (5—20 g/L), euhalobes (20—40
g/L), and polyhalobes (40—300 g/L). Oligohalobes
included oligohalobes-halophobes (typically fresh-
water avoiding brackish waters), oligohalobes-indif-
ferent (typically freshwater, sometimes found in
slightly brackish waters), oligohalobes-halophiles
(mostly freshwater, also common in brackish wa-
ters). Comparison of the species composition was
performed using Sorensen similarity coefficient
(Sorensen, 1948). The similarity coefficient is 1 when
the compared species sets are completely identical;
it decreases when their differences increase; it is
0 when the species sets are completely different.
In terms of their occurrence, diatom species were
referred to constant (more than 70%), additional
(20—70%) and rare (less than 20%), according to
Kosolapova, 2005.

DNA EXTRACTION

Water samples of 500 mL were taken and filte-
red through membranes with 0.45 um pore size.
Total genomic DNA was isolated from the filters
by a combined method, including mechanical
homogenization and chemical extraction (Liu et al.,
2009) in modification of Bel’kova et al. (2008). A
lysing matrix E (MP Biomedicals, USA) and 400 uLL
of Tris-salt buffer (20 mM EDTA, 750 mM NacCl,
100 mM Tris-HCI, pH 8.0) were added in every
sample. The samples were homogenized in Tissue
Lyser LT (QIAGEN, Germany) for 1 min at 50 Hz.
Then 50 puL of a sterile lysis buffer with lysozyme (50
pug/mL) were added and the samples were incubated
for 60 min at 37 °C, followed by addition of 10 pL
proteinase K (10 mg/mL) and 10% sodium dodecyl
sulfate up to 1% in a final volume. The mixtures
were incubated for 60 min at 60 °C. After extraction
with phenol—chloroform—isoamyl alcohol (25:24:1)
and chloroform—isoamyl alcohol (24:1), DNA in
the aqueous phase was precipitated overnight at
-20 °C with threefold volume of anhydrous ethanol
and 10 M ammonium acetate added up to 10%
of a final volume. After centrifuging and double
washing with 80% ethanol, DNA was dried on air
and dissolved in autoclaved MQ water. To assess
contamination during DNA extracting, a negative
control containing 100 pL of autoclaved MQ water
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was subjected to the same procedure. The quality of
extracted DNA was checked with electrophoresis
in 1.5% agarose gel. The DNA concentration
was quantified using Qubit 2.0 Fluorometer (Life
Technologies, USA) with dsSDNA High Sensitivity
Assay (Life Technologies, USA).

PREPARING OF DNA LIBRARIES AND NGS

DNA libraries were prepared according to the
Illumina workflow (Illumina protocol, part no.
15044223, Rev. B) (https://support.illumina.com/
documents/documentation/chemistry_documen-
tation/16s/16s-metagenomic-library-prep-guide-
15044223-b.pdf). DNA amplification was performed
using primers targeting the hypervariable V4 region
of the 18S rRNA gene: forward TAReuk454FWD1
and reverse TAReukRev3 (Stoeck et al., 2010),
producing amplicon with length about 500 bp.
The polymerase chain reaction (PCR) mixture of
volume 30 pL contained 0.25 mM of each primer,
0.125 mM of dNTP, PCR buffer and 0.15 U of Q5
DNA polymerase (New England Biolabs, Ipswich,
MA, USA). Amplification was performed according
to a PCR protocol applied by Stoeck et al. (2010).
Size of the obtained amplicons was verified using
electrophoresisin 1% agarose gel. Neither procedures
to reduce artificial dominance of some PCR products
nor mock communities were used. The following
steps of the DNA-library preparation were carried
out in full accordance with the Illumina workflow
(Illumina protocol, part no. 15044223, Rev. B) and
included clean-up of the amplicons obtained, index
PCR, clean-up of the DNA libraries obtained, their
quantification, normalization and pooling. Clean-
up of amplicons and indexed DNA-libraries was
performed with Agencourt AMPure XP magnetic
beads (Beckman Coulter, USA). Index PCR with
amplicons was carried out according to the Illumina
protocol (part no. 15044223, Rev. B, p. 10-12) using
dual indices from Nextera XT Index kit (Illumina,
USA) and Q5 DNA polymerase (New England Bio-
labs, Ipswich, MA, USA). DNA libraries were quan-
tified using Qubit 2.0 Fluorometer (Life Technolo-
gies, USA) with dsSDNA High Sensitivity Assay (Life
Technologies, USA). The DNA libraries were norma-
lized by dilution up to 10 nM and pooled. The con-
centrated pooled library was diluted finally to 4 nM.

Sequencing was performed on a MiSeq sequen-
cer (Illumina, USA) using MiSeq Reagent Kit v3 (600
cycle) (Illumina, USA) for paired-end sequencing
2x300 bp in the Center of Shared Scientific Equip-
ment “Persistence of Microorganisms” of the
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Fig. 2. Absolute and relative abundances of Bacillariophyta in the Bolshaya Samoroda River. A — middle

course, B — mouth.

Institute for Cellular and Intracellular Symbiosis
of the Ural Branch of the Russian Academy of Sci-
ences.

BIOINFORMATIC ANALYSIS

Bioinformatic analyses were conducted using
several tools. Paired-end reads were merged with
PEAR v.0.9.10 (Zhang et al., 2014). Evaluation of
the filtering quality was carried out with FastQC
v.0.11.3. Quality filtering and amplicon size selec-
tion (350 bp minimal size) were conducted using
USEARCH 10.0.240_i86linux32 (Edgar, 2013).
During the filtering reads with Ns or an overall
mean, Q-score <15 were discarded. As a result
of dereplication and clustering with USEARCH,
operational taxonomic units (OTUs) were formed
at 97% level of similarity, while singletons were
removed. The most common sequence was selected
as representative in each OTU. Each OTU was
formed by 2 to 18,295 reads. The similarity of reads
with the most common sequence was in the range
of 97-100%, but more than 90% of sequences had
similarity of 99.5—100%. Chimera detection and
removal was conducted via UCHIME (Edgar et
al., 2011) using USEARCH 10.0.240_i86linux32.

For taxonomic classification all OTUs that
belonged to diatoms were aligned using the BLAST
algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
against the nr/nt database of nucleotide sequences of
the National Center for Biotechnology Information
(NCBI). The OTUs obtained in this study were

deposited to the GenBank (NCBI) under accession
numbers MK626723 — MK626753 and MK656291
— MK656308.

Results and discussion
LIGHT MICROSCOPY DATA

The phytoplankton of the Bolshaya Samoroda
River is composed of the phyla Bacillariophyta,
Chlorophyta, Euglenophyta, Cryptohpyta, Dino-
phyta, and Chrysophyta. Diatoms were present in all
samples unlike other algal phyla. Relative abundances
of Bacillariophyta in the algal communities ranged
greatly from 0.1 to 99.8%, and their absolute
abundances varied from 8x103 to 3.7x107 cells/L
(Fig. 2). Richness of diatom species and infraspecies
taxa ranged from 4 to 30 per sample which drastically
exceeded richness of other algal phyla. Similar
high levels of diatoms relative abundance and
diversity in the phytoplankton have been previously
reported in many other inland brackish and saline
lakes (Naumenko, 2001; Ovchinnikov et al., 2015;
Makeeva and Naumenko, 2016), as well as lagoons
(Siqueiros-Beltrones et al., 2017), bays (An et al.,
2018), and estuaries (Begyn, 2017).

In this study, a total of 76 diatom species and
infraspecies taxa belonging to 39 genera, 26 fami-
lies, 14 orders, 4 subclasses, and 2 classes, were
revealed by light microscopy in the middle course
and in the mouth of the Bolshaya Samoroda River



220 - Elena A. Selivanova, Marina E. Ignatenko, et al.

yw

uima "o°r
R uueway (biaquaiyl) wnua3sod eI8YI0IpUlAD

LT

yw

uoss.e ‘L (49110 4°0) esayixed euejjoeg

91

aeaoee||Ideg ‘sajelie||peg

jo|euag
-abue (ypieby D) eyeinaiqqge ejuaydsooioyy

ST

aeaoejuaydsodioyy ‘saje|lequiA)

buizany (buizany) wninased ewsuoydwon

1

xuuel ‘9 (yosia|g) wnoeisajis ewauoAoug

€T

aeaoejewauoydwon ‘sajejjpqui)

“ds ejjaquiAd

[y

aeaoe|jlaqwAi) ‘sajejjlaqui)

431N
0 (Baaquauy3) eadjnos e esoydoseyds “y

1T

3w

J19z3ud (biaaquaay3) esoydosseyds sipuoaowouy

ot

Qeadeplauodowouy ‘saje|lequi)d

BJaquaiy3 ejesuls s/euoI20)

Biaqualy3 ejnjusdeld s/u03200)

2e92EPIBU0D20) ‘S3|EPIBU0DD0)

enoleAnyyng
3 punoy (Buizany) wnjniesyap wnipiyaoueld

QeadeIpIyIUBUYDY ‘S|EPI2U0220)

yw

jojepag-abue] (mounuas) wnieules essaleld

3w

C]

xbuizany ejnased 'y

yw

an3D (buizany) eipawiiajul en sadinaiq 'y

4

sadinaiq eA ypleby ‘D sadinalq vy

L]

Adno (431N '4°0) sKejjiule sayaueuydy

N[ | < || O

seadeyjueuydy ‘sajelojboisepn

*dA3[D (mounu9) ejjwind ejojboisep

aeaoejojbojsely ‘sajelo|boisely

aeppAydouie|peg ‘aeasAydorie|jioeg

‘a9

S

4

08

6T

0T

9T

€T

€T S'TT 61T '8 6'8

9’6

6T

S'9

1/6 “Ajuijes

8T

8T

1

4

€T

€T

[ [ 4 [ Tt

It

TT

It

BEEVN

IIIA

IIIA

IIIA

IIIA

IIIA

IIIA

IIIA IIIA A A IIIA

IIIA

YIuoW

ot

orw

otw

ot

oTw

(3s4n02 3|ppIW — 2'W ‘ynow - ‘w) S

‘AdoosoJuoiw ybi|

BIA JOAIY BpoJowes eAeys|og ayj ul punoj exey sajdadseljul pue sapads

ekydouie|jpeg Jo 3si7 *T 3|qeL




221

Protistolosy -

- + *ds sjpuoune3s 1572
3 ! + Biaquaiyg sdaoue sipuoinels | oy
Qeadeplauodne)s ‘aeaul|ndiAeN ‘saje|ndiAeN
- + ‘ds ewbisoinald | 6€
w yuw + + + + + «UNWS "M wnjebuoje ewbisoinald | 8¢
aeadejewhisoinajd ‘eeaul|ndIAeN ‘Saje|ndIAeN
- + + + + + + + ‘ds ejnojren | L€
q Iy + + + Buizany eyausn ‘N | 9€
3 | + IpaISnH ejeydaosoyouyiqns N (=1
J | + + + + Buizany esolpes ‘N | b€
J/w - + buizany ejeydso03dAio N ¢
q 1 + + ulewJan) ejejpe.lojezided ejndiren 43
SMOXIIM B UNISZIDW
3 ! + + + "Jojepsag-abue (b1aqualy3) eyeyded equopoddiy | €
- + *ds ewbisolAo (o]
3 | + Jsioyuaqey (buizany) wnjeuiwnoe ewbisolfo 6¢C
3 Iy + *9N3]D (A1og) euseqsiydwe sipuojed 8¢
9Ee3DE|NDIABN ‘DE3Ul|NDIABN ‘S3|e|ndIAeN
w | + xMmounuo euejyoszauey ‘| Yird
q yw + + + + + + 1j19n6us.y (mounio) eopebuny <y | 9z
w yuw + + + ulnod (As|leg) essa.dwoo ' | Sz
w yuw + + + + + A10ba.9 W ejzenoide ejjauolqAiL | bz
q yw + *YHWS M (buizany) ewbis ‘N | €2
q Iy + xMmounuo sjwojijadieds ‘N | zz
) 1y + *UUWS "M estndl N | 1T
w yw + + *«YIWS ‘M esmqo "N (014
3 ! + + + + + + + isloyuaqey sjunwiwios "N 6T
J/w | + + + ypnws ‘M (buizany) suenope eryosziiN | 8T
v ot 6T 0T 9T €T €PT S'TT 61T '8 6'8 9'6 6T S'9 1/6 ‘Ayuijes
'9'9 'S 8T 8T v1 v €T €T [ [ [ [ It It TT It EEDN
IIIA ITIA IIIA IIIN IIIA IIIA IIIA IIIA A N ITIA IIIN N N YIUoW
‘w orw ‘w 0w ‘w orw ‘w orw ‘w 0w ‘w orw ‘w orw (3S4n02 3|ppIW — "W {ynow - ‘w) s

‘uopenuiuo) " 9|qeL




222 - Elena A. Selivanova, Marina E. Ignatenko, et al.

J/w ! + Buizany (buizany) syeno v
w Iy + + «D1aquaiy3z eoAqy v | LS
q yw + + + + + mounus ezeinwwod ejoydwy | 99
aeade|nuaje) ‘sajesAydoissejey
w yw + + + + + + + + uidint emers 's | G§
J/w yw + + + %u0ssIqalg s/ijero 's | S
q ! + + j0|eMag-abueT pue JaWWeIY /U0SSIqalq ejj41ns | €5
3 1u + x19d0oY X2 YNWS "M SNIe1sodqD |z
Buizany
i/ uw + + * xa Biaaquauy3 (bi1aqualyg) snadAjo snosipojAdwe) 1s
aeaoe||aJ1INg ‘saje||a41ins
w 1 + + (an9]D) euljesqns “aea esopnjed mﬁ%mc&ﬁwuw 0s
aeaodeplauowoljuy ‘saje|241ans
q yw + + x OIINW "0 (Buizny) sninosnw *y | 6%
J/w yuw + *«13|INW "0 (B1aquaay3a) eniaqqib eipojedoyy | 8t
4 - + *NOXBN B ony (ypseby D) exgnosado 3 | Lb
J ! + «uossiqa.ig (buizany) ejeupe ejwayidy | 9
aeaoelpojedoyy ‘sajeipojedoyy
3 _ ! _ _ _ _ + baaqualyg (YosziN) SIpHLIA eleinuuld St
aeadelie|nuuld ‘aeaulioyde||as ‘sajejndineN
) _ yw n _ ¥ + _ ¥ _ + + + _ uuep ‘9°a B apPNS (Buiziny) esewsbAd epejed | v
aeaoceaoyde||as ‘oeaulioyde||as ‘sajejndineN
q yuw + + AOMAST (3p2ISNH) easesioy "H | €p
ANSMOXYDSaID N
yw + + + + + + + + + + (ypaeby D) siwiojia4400 eloydweleH [44
aeadesna|diydwy ‘aeaulipiaN ‘saje|ndineN
14 o) 6T [0) 91 €71 €y S'TT 61T 7’8 6'8 9'6 61 S'9 7/6 “Aquies
'9'9 1'S 8T 8T 148 s €T €T [ T T [ TT T TT TT ELEEIN
IIIA IIIN IIIA IIIA ITIN IIIA IIIA IIIN A A IIIA IIIA N N Yuow
‘w orw ‘w o'W w orw ‘w orw ‘w 2w w orw ‘w 2w (3s4n02 3|ppIW — 2'W ‘ynow - "w) S

"uonenunuo)d T ajqeL




223

Protistology

4/w Iy + + + + + + + + + + + Buizany eveiuybausw ejj30040 | €L
3 S} + + *IPISNH epuanbunsip ej|a30/24D | L
4 - + + punoy (Ipa1snH) snignp soueydaisojdAD T

aeaodedsipoueydals ‘sajedsipoueydals
aeppAydodisoissejey] ‘aeadAydoipap
- + ¢ 'ds sousa0039YyD oL
- + + 1 *ds sosa0039eD | 69
J/w L] + UURWLIBWWT MLaJ/nW S0192039eYD 89
2e20e]0432039BY) ‘S3|e10490039BYD
aepAydojoiadolaey) ‘aeasrAydoipap
3 1 + xAdog sueb|na 'q /9
3 - + «SWel|lIM "IW'a (Buizany) siuuoyjiuow ewozelq 99
seadelie||aqe] ‘sajelie|jaqel
w 1y + + + + + + + + + + + _— . punoy | - g
3 swell|iM ‘W'a (upleby D) ezeinopsey eienqel
4 1 + + + + (Buizany xa ww_mmvvw\w%wo\,m% _.Mgmo_u%r_mw v9
aeaoeleu|n ‘sajesoydowdi
3 ! + + + Baaqualy3 suanisuod elisones | €9
w - + uewJaAAM B 2qges (mounuD) syigenw esoydado 29
aeadedisolne)s ‘sajele|ibely
- + -ds eejibe.4 19
J/w Iy + UONIY SISUBL0304d "4 | 09
3 ! + x1sloyuaqey eidajosaw eriejibel 65
aeaoelie|ibe.d ‘sajelie|ibely
aeppAydoniejibely ‘aeasAydolie|joeg
v ot 6T 0T 9T €T €PT S'TT 61T '8 6'8 9'6 6T S'9 1/6 ‘Ayuijes
ENO) BRS 8T 8T v1 v €T €T [ [ [ [ It It TT It EEDN
IIIA ITIA IIIA IIIN IIIA IIIA IIIA IIIA A N ITIA IIIN N N YIUoW
w orw w oW w orw w orw w oW w 0w w oW (954n0D BIppIW - 2'W fynow - ‘W) S

‘uonenunuo)d T ajqeL




224 -

Table 1. Continuation.
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Designations: S.t. - salinity tolerance (according to Barinova et al., 2006): mh - mesohalobes; hl - oligohalobes-halophiles, i - oligohalobes-indifferent; G.e. - general environment (according to

Algaebase): m - marine, f - freshwater, b - brackish, u - ubiquitous; (*) - new diatom taxa for the river.

(Table 1). The orders Naviculales (18 species),
Bacillariales (12), and Surirellales (6 species and
infraspecies taxa) were the most diverse. The
most species-rich families were Bacillariaceae (12
species), Naviculaceae (10 species), Surirellaceae
(5 species), Stephanodiscaceae (5 species), Ach-
nanthaceae (5 species and infraspecies taxa), and
Rhopalodiaceae (4 species). These families inclu-
ded 41 species and infraspecies taxa, which corres-
ponded to 53.9% of the total Bacillariophyta
species and infraspecies taxa. Most families com-
prised of 2-3 species only, whereas eight families
were represented by only one species, such as
Mastogloiaceae, Achnanthidiaceae, Cymbellaceae,
Rhoicospheniaceae, Sellaphoraceaea, Pinnula-
riaceaca, Entomoneidaceae, and Thalassiosiraceae.

Compared to the previously reported data
(Yatsenko-Stepanova et al., 2015; Burkova, 2016;
Gorokhova and Zinchenko, 2016) our study reve-
aled 23 new species and infraspecies taxa of Bacil-
lariophyta, which have never been recorded in the
Bolshaya Samoroda River before, such as Surirella
ovalis Brébisson, Mastogloia pumila (Grunow)
Cleve, Epithemia adnata (Kiitzing) Brebisson, Cam-
pylodiscus bicostatus W. Smith, Diatoma moniliformis
Kiitzing, Entomoneis paludosavar. subsalina (Cleve)
Krammer, etc. (Figs 3, 4; Table 1).

The analysis of diatoms occurrence showed
that only three diatom species were estimated to be
permanent in all samples studied, namely Halam-
phora coffeiformis (C. Agardh) Mereschkowsky, Ta-
bularia fasciculata (C. Agardh) D.M. Williams et
Round, Cyclotella meneghiniana Kiitzing. Twenty
four species and infraspecies taxa (31.6%) were re-
ferred to additional, whereas 49 species and infra-
species taxa (64.5%) were revealed to be rare. Such
variability of community composition may be rela-

Fig. 3. Light and phase-contrast microphotographs
of diatom valves recorded in the Bolshaya Samo-
roda River in August 2014. A, B — Achnanthes
brevipes var. intermedia, C — Amphora commutata,
D — Gomphonema parvulum, E — Hippodonta
capitata, F, 1 — Tabularia fasciculata, G — Cteno-
phora pulchella, H — Rhoicosphenia abbreviata,
J — Campylodiscus bicostatus, K — Cocconeis line-
ata, L (a) — Platessa salinarum, L (b) — Cocconeis
placentula, M — Navicula radiosa, N — Halamphora
coffeiformis, O — Rhopalodia gibberula, P — Cyc-
lotella meneghiniana, Q — Surirella ovalis, R —
Epithemia operculata, S — Tryblionella hungarica, T
— Surirella striatula, U — Tryblionella hantzschiana,
V — Tryblionella apiculata.
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Fig. 4. Light and phase-contrast microphotographs of diatom valves newly recorded in the Bolshaya Samoroda
River. A — Diatoma moniliformis, B — Epithemia adnata, C — Mastogloia pumila, D — Entomoneis paludosa var.
subsalina.

ted to salinity fluctuations (Table 1) or instability
of other hydrochemical parameters in the river
(Zinchenko et al., 2017). Significant ecological
plasticity of H. coffeiformis, T. fasciculata, and C.
meneghiniana most likely determines their sur-
vival in a wide range of salinity proved by their
presence in most samples. This observation is in
a good agreement with other reports that noted
these species to have cosmopolitan distribution
at different salinities including both fresh and
marine waters (Krammer and Lange-Bertalot,
1986, 1991a). H. coffeiformis and C. meneghiniana
are considered typical inhabitants of freshwater
bo-dies in the “Roztocze” International Biosphere
Reserve, Ukraine (Krivosheia and Vlasiuk, 2016).
C. meneghiniana was reported in the Lake Baikal
(Genkal et al., 2013). H. coffeiformis and C. mene-
ghiniana were registered in the Ubsu-Nur Lake
(Tyva, Russia) at salinity of 18.7 g/L (Naumenko,
2001) and the Ulugkol Lake (Khakassia, Russia)
at salinity range of 18.7—21.7 g/L (Makeeva and
Naumenko, 2016). Litvinenko et al. (2013) indica-
ted the constant presence of H. coffeiformis in the
algal assemblages of meso- and hypersaline lakes in
the south of Western Siberia, where salinity ranged
from28to 417 g/L. T. fasciculata and H. coffeiformis
dominated in the benthic samples of saline lakes in
the Republic of Kalmykia (Russia), where salinity
varied from 156 to 252 g/L (Ovchinnikov et al.,
2015).

A comparison of the species lists in the middle
course and the mouth of the river showed that 31
species and infraspecies taxa were common for both
sampling points, which corresponded to 40.8% of

total diatom species revealed. Twenty two (28.9%)
species and infraspecies taxa were specific for the
middle course while 23 (30.3%) species were specific
for the mouth of the river. Sérensen coefficients (SC)
were rather low for diatom assemblages revealed in
different sampling sites and periods of time. The SCs
varied between the diatom assemblages sampled in
different years from 0 to 0.63 (mean — 0.23) in the
middle course; and from 0.08 to 0.61 (mean — 0.34)
in the mouth. The SCsbetween the diatoms sampled
at the same time in the middle course and the mouth
were also low ranging from 0.07 to 0.65 (mean —
0.24). Thus, the obtained results demonstrate high
spatial-temporal heterogeneity and specificity of
the diatom assemblages in the Bolshaya Samoroda
River.

The analysis of the taxonomic composition of
the diatom species lists in terms of salinity tolerance
revealed the presence of mesohalobes, oligohalobes-
halophiles, oligohalobe-indifferent taxa, and the
absence of oligohalobes-halophobes (Fig. 5, A). In
terms of general environments from the Algaebase
database (Fig. 5, B) the identified diatom taxa
belonged to brackish, marine, freshwater, and
ubiquitous groups. Interestingly, the proportion of
freshwater taxa in the species lists was rather large
reaching almost 50% in the middle river course
(Fig. 5, B). These findings show high adaptive
ability of many diatom taxa to the conditions
of varying salinity. Unquestionably, in further
studies traditional preferences of many diatom
taxa to salinity should be revised. Proportion of
oligohalobes-halophiles together with mesohalobes
increased from 60% in the middle course to 74%
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Fig. 5. Number of diatom species with different salinity preferences in the species lists according to Barinova

et al., 2006 (A) and Algaebase (B).

in the river mouth vs. proportion of oligohalobe-
indifferent taxa (Fig. 5, A). These data corresponded
to a smaller proportion (1.6 times) of freshwater
species in the mouth compared to the middle course
of the river (Fig. 5, B). The observed shifts in the
diatom species composition are in good agreement
with elevated level of salinity in the river mouth vs.
the middle course.

The analysis of the habitat preferences showed
that most of the diatom species (34) were benthic,
22 species were plankto-benthic, 1 species was soil
and plankto-benthic, and 5 species were planktonic.
Probably, the predominance of benthic and plankto-
benthic diatoms is determined by a shallow depth of
the river. These observations are in good agreement
with the similarity and close linkage of plankton
and bottom communities of invertebrates described
recently in the Elton saline rivers (Zinchenko et al.,
2018).

NGS DATA AND THEIR COMPARISON WITH LM DATA

Samples taken in August 2014 were analyzed
by NGS and LM. A library from the mouth sample
of the Bolshaya Samoroda River contained 1,541
V4 SSU rDNA assembled reads of diatoms that
were equal to 15% of total microalgae reads. A
library from the middle course sample included
22,691 reads (80.3% of total microalgae reads). The
assembled reads had the length of410-446 bp and an
average overlap of 182 bp. The relative abundances
of diatoms estimated by LM were in similar ratio
between the river mouth (0.1%) and the middle
course (96.2%) samples.

The overall genetic diversity of diatoms found
in our study was higher than morphological diver-
sity. In total, 47 different OTUs referred to 26
genera were revealed in two samples in contrast
to 37 species from 20 genera estimated using light
microscopy. The genera Haslea, Fistulifera, and
Gedaniellawere detected in the Bolshaya Samoroda
River by NGS for the first time. In addition, more
OTUs that belonged to the genera Halamphora,
Navicula, Nitzschia, and Cyclotella were found with
NGS compared to the number of morphologically
identified species. For example in the middle
course sample only one representative of the genus
Halamphora, H. coffeiformis, was recorded using
LM (Table 2). In the same sample NGS revealed 3
OTUs that belonged to the Halamphora genus. The
closest homologues of these OTUs in the GenBank
database were the sequences deposited: Halamphora
americana MGO027295, Halamphora coffeifor-
mis (deposited as coffeaeformis) KX257363, and
Halamphora terroris KC222330 (Table 3). Besides,
Nitzschia communis and Navicula radiosa were
detected by LM vs. three Nitzschia and two Navicula
OTUs recorded with NGS (Table 3). The reason of
the observed differences may be a greater sensitivity
of metabarcoding allowing detection of rare and not
numerous species (Groendahl etal., 2017). Perhaps,
our NGS data underestimate genetic diversity
of diatoms, due to a low resolution of the 18S
rDNA gene insufficient for species discrimination
of diatoms (An et al., 2017). In our study many
OTUs were aligned at high similarity level (more
than 99.0%) to several closely related sequences
belonging to different species, e.g. representatives
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Table 2. Heatmap of diatom taxa revealed by LM (number of species) and NGS (number of OTUs)
in plankton samples of the Bolshaya Samoroda River.
‘ Middle course Mouth
Class Order Family Genus
Bacillariales Bacillariaceae Cylindrotheca
Nitzschia
Tryblionella
Cocconeidales Cocconeidaceae Cocconeis
UI Cocconeidaceae
Cymbellales Anomoeoneidaceae Anomoeoneis
UI Anomoeoneidaceae
Gomphonemataceae Encyonema
Gomphonema
Rhoicospheniaceae Rhoicosphenia
Mastogloiales Achnanthaceae Achnanthes
Platessa
Naviculales Naviculaceae Hippodonta
% Navicula
_:; Haslea
E UI Naviculaceae
§ Pleurosigmataceae Pleurosigma
® Stauroneidaceae UI Stauroneidaceae
Amphipleuraceae Halamphora
Stauroneidaceae Fistulifera
Rhopalodiales Rhopalodiaceae Rhopalodia
Surirellales Surirellaceae Campylodiscus
Surirella
UI Bacillariophycidae
Thalassiophysales Catenulaceae Amphora
Fragilariales Fragilariaceae Gedaniella
UI Fragilariophycidae
Licmophorales Ulnariaceae Ctenophora
Tabularia
UI Bacillariophyceae
° Chaetocerotales Chaetocerotaceae Chaetoceros
§ Stephanodiscales Stephanodiscaceae Cyclotella
‘:; Thalassiosirales Thalassiosiraceae Thalassiosira
:06.1 UI Thalassiosirales
= UI Mediophyceae
UI Bacillariophyta

Designation: UI - unidentified member of certain taxon.

of the genera Thalassiosira, Cyclotella, Fistulifera,
Gomphonema, Nitzschia, Tabularia, Surirella, Navi-
cula, Halamphora, Cylindrotheca, Gedaniella, and
Chaetoceros (Table 3). That is why identification of
most diatom OTUs was possible at the genus level
only.

All OTUs of diatoms were represented by 2
classes, 13 orders, 16 families, and 18 genera. Thir-
teen OT Us could not be identified at the genus level.

Cylindrotheca, Nitzschia, Tryblionella, Halamphora,
Surirella, Amphora, Cyclotella, and Thalassiosira
were shared genera for both river mouth and middle
course samples. Nevertheless, major part of diatom
genera was specific for each sampling site (Table
2). In the middle course sample 31 OTUs were
represented by 15 genera while 8 OTUs remained
unidentified at the genus level. At the same time,
in this sample 24 species belonging to 19 genera
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Table 3. Closest homologues of 18S rRNA gene diatom sequences from the NCBI GenBank database.

OTU (accession no.) Identified as Closest homologue (accession no.) Sinzli)l/j)rity Quel?;/Sover
ID-19-1 (MK626723) Thalassiosira sp. Thalassiosira weissflogii (HM991702) 99.76 100
ID-19-7 (MK626724) Cyclotella sp. Cyclotella meneghiniana (KT386323) 99.76 100
ID-19-23 (MK626725) ?;,’;’7;5:7”‘:,’; Halamphora coffeaeformis (KX257363) 99.76 100
ID-19-25 (MK626726) Hippodonta capitata Hippodonta capitata (AM501966) 99.76 100
ID-19-26 (MK626727) Tryblionella apiculata Tryblionella apiculata (HQ912600) 99.57 100
ID-19-31 (MK626728) Bacillariophyceae sp. Mayamaea fossalis var. fossalis (KF959655) 91.41 100
ID-19-36 (MK626729) Surirella striatula Surirella striatula (KX120757) 99.52 100
ID-19-40 (MK626730) Fistulifera sp. Fistulifera saprophila (AB769958) 99.28 100
ID-19-45 (MK626731) Pleurosigma sp. Pleurosigma intermedium (AY485489) 98.34 100
ID-19-48 (MK626732) UI Cocconeidaceae Cocconeis placentula (AM502013) 95.63 100
ID-19-49 (MK626733) Halamphora sp. Halamphora americana (MG027295) 98.78 100
ID-19-57 (MK626734) Gomphonema sp. Gomphonema parvulum ( KF959660) 99.76 100
ID-19-79 (MK626735) Nitzschia sp. Nitzschia microcephala (KC759159) 99.76 100
ID-19-89 (MK626736) Tabularia sp. Tabularia fasciculata (EF423417) 99.76 100
ID-19-98 (MK626737) Nitzschia sp. Nitzschia sp. (F1546709) 99.53 100
ID-19-106 (MK626738) Nitzschia sp. Nitzschia supralitorea (AJ867019) 99.76 100
ID-19-112 (MK626739) UI Mediophyceae Minutocellus polymorphus (KY980146) 82.62 100
ID-19-119 (MK626740) Amphora commutata Amphora commutata (KX120667) 99.52 100
ID-19-138 (MK626741) Rhoicosphenia abbreviata Rhoicosphenia cf. abbreviata (KU965565) 100 100
ID-19-139 (MK626742) Surirella sp. Surirella minuta (KX120726) 99.76 100
ID-19-151 (MK626743) Navicula sp. Navicula perminuta (KY320361) 99.04 100
ID-19-158 (MK626744) Thalassiosira sp. Thalassiosira weissflogii (HM991702) 99.74 100
ID-19-160 (MK626745) Halamphora sp. Amphora terroris (KC222330) 99.04 100
ID-19-210 (MK626746) UI Bacillariophyta Thalassiosira weissflogii (HM991702) 96.71 72
ID-19-214 (MK626747) UI Thalassiosirales Thalassiosira pseudonana (KU900218) 96.92 100
ID-19-248 (MK626748) UI Bacillariophycidae Nitzschia supralitorea (KU341756) 95.04 100
ID-19-254 (MK626749) Cylindrotheca sp. Cylindrotheca closterium (KY045848) 99.52 100
ID-19-262 (MK626750) UI Bacillariophyta Thalassiosira weissflogii (HM991702) 93.38 100
ID-19-317 (MK626751) Navicula sp. Navicula phyllepta (F1624231) 99.05 100
ID-19-320 (MK626752) Cyclotella sp. Cyclotella meneghiniana (KY364696) 97.87 100
ID-19-334 (MK626753) UI Bacillariophycidae Achnanthidium daonense (K1658413) 96.37 100
ID-20-19 (MK656293) Cylindrotheca closterium Cylindrotheca closterium (GQ468535) 99.76 100
ID-20-55 (MK656301) Nitzschia sp. Nitzschia microcephala (KC759159) 100 100
ID-20-95 (MK656305) Tryblionella sp. Tryblionella apiculata (HQ912600) 98.33 100
ID-20-89 (MK656304) UI Anomoeoneidaceae Dickieia ulvacea (AY485462) 97.81 100
ID-20-54 (MK656300) Halamphora sp. Halamphora subtropica (KY054941) 99.76 100
ID-20-137 (MK656307) Halamphora sp. Halamphora aponina (MG027296) 99.51 100
ID-20-27 (MK656294) Haslea spicula Haslea spicula (HM805034) 99.52 100
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Table 3. Continuation.

OTU (accession no.) Identified as Closest homologue (accession no.) Sinzli)l/j)rity Quera/]/[gover
ID-20-136 (MK656306) UI Naviculaceae Navicula sp. (KF791556) 97.60 100
ID-20-49 (MK656299) UI Stauroneidaceae Stauroneis latistauros (KM116114) 97.12 100
ID-20-74 (MK656303) Surirella sp. Surirella striatula (KX120757) 98.52 100
ID-20-138 (MK656308) Amphora sp. Amphora commutata (KX120667) 98.80 100
ID-20-44 (MK656297) Gedaniella sp. Gedaniella boltonii (MFO093083) 99.76 100
ID-20-47 (MK656298) UI Fragilariophycidae Tabularia sp. (KT860991) 97.86 100
ID-20-14 (MK656292) Chaetoceros sp. Chaetoceros muellerii (KX609786) 99.76 100
ID-20-7 (MK656291) Chaetoceros sp. Chaetoceros sp. (EF473734) 99.76 100
ID-20-34 (MK656296) Chaetoceros sp. Chaetoceros sp. (HM106503) 98.57 100
1D-20-59 (MK656302) ;’;C:;;e,i’; iona Cyclotella meneghiniana (KY364696) 99.76 100
ID-20-32 (MK656295) Thalassiosira sp. Thalassiosira weissflogii (HM991702) 99.76 100

Designation: UI - unidentified member of certain taxon.

were revealed by LM (Fig. 4). Among 18 diatom
OTUs from the river mouth sample 14 OTUs were
attributed to 11 genera, whereas 4 OT Us remained
unidentified at the genus level. Only 6 species
belonging to 6 genera were revealed by LM there.
Thus, taxonomic richness of diatoms in the middle
course of the river was higher than in the mouth
based on the results of both NGS and LM methods.

The Venn diagrams were created to compare
common diatom genera identified by LM and NGS
simultaneously, as well as specific genera found by
each method separately. More than a half of all
identified diatom genera were found by both LM
and NGS in the middle course sample, whereas in
the river mouth sample only 30.8% of those were
shared (Fig. 6).

Representatives of only few genera were found
simultaneously under light microscope and with
NGS, such as Nitzschia, Gomphonema, Rhoicosphe-
nia, Hippodonta, Pleurosigma, Surirella, Tabularia,
and Cyclotella. The genera Cylindrotheca, Tryblio-
nella, Halamphora, and Amphora were revealed in
one of two samples by both NGS and LM (Table
2). At the same time their cells were not found with
LM in another sample, whereas their sequences
were distinguished. Furthermore, some other genera
were recognized only with NGS, e.g. Fistulifera,
Gedaniella, Thalassiosira, Chaetoceros, and Haslea.
This fact suggests that NGS approach is more
sensitive than LM. Sometimes light-microscopic
identification of diatoms may be doubtful because
of too small size of a cell or slight morphological

differences between species (Rivera et al., 2018).
Another reason may be detection of free DNA
recovered from dead diatom cells and transported
by the river flow.

The genera Cocconeis, Anomoeoneis, Encyonema,
Achnanthes, Platessa, Rhopalodia, Campylodiscus,
and Ctenophora were not supported by NGS and
were revealed with LM only (Table 2). These genera
might be identified at too low level as unidentified
representatives of the appropriate families, orders,
subclasses and even classes, due to insufficient data
on the mentioned genera or their misidentification
in the GenBank database. Also universal primers
were shown to reveal only half of OTUs due to
insufficient coverage compared to more selective
primer pairs (Lentendu et al., 2014). In addition,
some diatoms found with LM and not confirmed by
the NGS may represent frustules of dead diatoms,
which are able to retain for a long time due to
highly resistant and strong siliceous composition.
At last, erroneous morphological classification,
misclassification of OTUs due to low variability
within the metabarcoding marker could take place
(Groendahl et al., 2017). Therefore, only eight
diatom species identified by morphology were
robustly supported by 18S rDNA metabarcoding, e.g.
Cyclotella meneghiniana Kiitzing, Surirella striatula
Turpin, Cylindrotheca closterium (Ehrenberg) Re-
imann & J.C. Lewin, Amphora commutata Gru-
now, Halamphora coffeiformis, Hippodonta capitata
(Ehrenberg) Lange-Bertalot, Metzeltin & Wit-
kowski, Tryblionella apiculata W. Gregory, and Rho-
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Fig. 6. Venn’s diagrams showing common and specific diatom genera revealed with LM and NGS in the Bolshaya

Samoroda River. A — middle course, B — mouth.

icosphenia abbreviata (C. Agardh) Lange-Bertalot
(Table 3).

Alignment of the OTUs against nr database
of GenBank (NCBI) (Table 3) retrieved some
OTUs closely related to those diatom genera and
species, for which LM identification had not been
confirmed by NGS. These OTUs were identified at
taxonomic levels of family or order. For example,
Cocconeis placentula Ehrenberg was detected in
the middle course sample by LM only, whereas an
OTU of Cocconeidaceae sp. was found with NGS.
The sequence closest to the OTU in GenBank is
assigned to C. placentula (AM502013) with low
similarity (95.63%), which is insufficient for diatom
identification even at the genus level (An et al.,
2017). Then, the sequence of Anomoeoneis was not
found, whereas Anomoeoneidaceae sp. phylotype
was identified. A phylotype of Naviculaceae sp. was
similar at 97.60% or less with sequences of known
Navicula strains. Such morphologically identified
diatoms, which were not supported with respective
18S signatures, may belong to novel species and
genera.

Study of diatom biodiversity in brackish rivers
could provide valuable information about pseu-
docryptic or cryptic species, which are still unde-
scribed, and have slight, or even do not have any
morphological distinctions from the existing diatom
species, respectively. For example, Vanelslander et
al. (2009) revealed three pseudocryptic species of
the widespread benthic diatom Navicula phylleptain
an estuary in the Netherlands, and described their
distinct ecological niches characterized by different
salinity tolerance ranges, preferred sediment types,
and optimal ammonium concentrations. Estimation

of diatom pseudocryptic or cryptic species in bra-
ckish rivers using metabarcoding will be successful,
ifitis supplemented by culture isolation and evalua-
tion of their additional genetic markers, e.g. ITS2
secondary structure, as well as phenotypic properties,
such as sexual compatibility, chemotaxonomic
markers, and ecological features (Amato et al.,
2019).

Conclusions

The Bacillariophyta was revealed to be a perma-
nent, taxonomically diverse, and often the most
abundant component of algal communities in the
brackish mixohaline Bolshaya Samoroda River
located in the Elton Nature Park. In total, light
microscopy of the samples taken in 2011-2014
and 2018 allowed to distinguish 39 diatom genera,
represented by 76 species and infraspecies taxa.
Twenty three species of diatoms were recorded in
the river for the first time.

The diatom assemblages showed high spatial-
temporal heterogeneity in the Bolshaya Samoroda
River, probably due to the influence of dynamically
changing abiotic factors. Thus, differences in salinity
influence the species composition and proportions
of freshwater, marine and brackish species of
diatoms. Detection of species known as freshwater
together with brackish and marine ones suggests
that adaptive capacities of diatoms to high salinity
are underestimated.

Our study demonstrated the absence of a direct
relationship of diatoms species richness and abun-
dance with salinity in the river. We suggest that
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drastic fluctuations in abundance and richness
of diatoms in the river cannot be justified by only
salinity fluctuations. Nevertheless, they may be
determined by the combined influence of envi-
ronmental factors including biotic interactions.

NGS was applied for the first time to characterize
the taxonomic diversity of Bacillariophyta in the
Bolshaya Samoroda River. As a result, sequences
of the genera Haslea, Fistulifera, and Gedaniella
have been recorded in the river for the first time.
The data obtained with NGS and LM demonstrated
pronounced differences. The diatoms taxonomic
richness revealed with NGS was higher compared to
that estimated by LM. Next-generation sequencing
revealed 26 genera and 47 OTUs in two samples
vs. 20 genera and 37 species estimated by light
microscopy. However, DNA barcoding based on the
V4 marker region of 18S rRNA gene did not allow
distinguishing most diatom species reliably. In our
study we discovered high genetic richness of diatoms
and some V4 18S rDNA sequences characterized by
alow similarity with homologues from the reference
database. That is why we can expect that a large
number of novel for science diatom taxa might
be described in further studies of the saline Elton
rivers. For this, future investigations of diatoms will
require isolation of pure cultures and their thorough
study. Results of our investigations of diatoms in
the brackish Bolshaya Samoroda River using both
morphology-based and molecular techniques open
new perspectives for the in-depth understanding of
the diversity patterns, ecology and biogeography of
Bacillariophyta.

Acknowledgments

The authors are grateful to Prof. T.D. Zinchenko
(Institute of Ecology of the Volga River Basin of the
Russian Academy of Sciences) for arrangement of
the field research expedition, as well as to Dr. Sci.
Yu.A. Khlopko for bioinformatics treatment. The
English language check and manuscript proof-
reading was completed by Effective Language Tuto-
ring Services. This work was financially supported by
the Russian Foundation for Basic Research (project
17-04-00135).

References

Amato A., Kooistra W.H.C.F. and Montresor
M. 2019. Cryptic diversity: a long-lasting issue for

Elena A. Selivanova, Marina E. Ignatenko, et al.

diatomologists. Protist. 170, 1-7.

AnS.M., ChoiD.H., Lee H., Lee J.H. and Noh
J.H. 2018. Next-generation sequencing reveals the
diversity of benthic diatoms in tidal flats. Algae 33,
167—180.

An S.M., Choi D.H., Lee J.H., Lee H. and
Noh J.H. 2017. Identification of benthic diatoms
isolated from the eastern tidal flats of the Yellow Sea:
comparison between morphological and molecular
approaches. PLoS ONE. 12 (6), e0179422.

Balonov I.M. 1975. Preparation of diatoms and
chrysophytes for electron microscopy. In: Methods
of study of biogeocenoses of inland waters. Nauka
Press, Moscow, pp. 87—89 (in Russian).

Barinova S.S., Medvedeva L.A. and Anissimova
0.V. 2006. Diversity of algal indicators in environ-
mental assessment. Pilies Studio, Tel-Aviv (in
Russian).

Begyn A.A.2017. Composition and distribution
of planktonic and epiphytic microalgae in the Suk-
hodol estuary (Ussuri Bay, Japan sea). Water:
chemistry and ecology. 1, 44—54 (in Russian with
English summary).

Bel’kova N.L., Dzyuba E.V., Sukhanova E.V.
and Khanaeva T.A. 2008. Adaptation of molecular
genetic methods to study microorganisms associated
with fish. Inland Water Biol. 1, 192—195.

Bertrand M. 2010. Carotenoid biosynthesis in
diatoms. Photosynth. Res. 106, 89—102.

Brylev V.A. and Pryakhin S.I. 2011. Surface
waters of the Volgograd region. In: Volgograd regi-
on: natural conditions, resources, economy, popu-
lation, geoecological state (Ed.: Pryakhin S.I.).
Publisher VSPU «Change», Volgograd, pp. 120—172
(in Russian).

Burkova T.N. 2015. Algaeflora plankton river
Big Smorogda with high-mineral waters (lake
Elton’s plain). Proceedings of the Samara Scientific
Center RAS. 17 (4), 745—748 (in Russian with
English summary).

Burkova T.N. 2016. Taxonomic characteristics
of phytoplankton river Big Smorogda with high-
mineral waters (lake Elton’s plain). Samarskaya
Luka: problems of regional and global ecology. 25
(1), 131—138 (in Russian with English summary).

Edgar R.C. 2013. UPARSE: highly accurate
OTU sequences from microbial amplicon reads.
Nature Methods. 10, 996—998.

EdgarR.C., Haas B.J., Clemente J.C., Quince C.
and Knight R. 2011. UCHIME improves sensitivity
and speed of chimera detection. Bioinformatics. 27,
2194—-2200.

Genkal S.I., Kulikovskiy M.S. and Kuznetsova L. V.



2013. New Data on Centrophyceae (Bacillariophyta)
of Lake Baikal, Russia. Int. J. Algae. 15, 50—64.

Gorokhova O.G. and Zinchenko T.D. 2016. The
diversity and community structure of phytoplankton
of highly mineralized rivers of Elton lake basin.
Water: chemistry and ecology. 11, 58—65 (in Russian
with English summary).

Groendahl S., Kahlert M. and Fink P. 2017.
The best of both worlds: a combined approach for
analyzing microalgal diversity via metabarcoding
and morphology-based methods. PLoS ONE. 12
(2):e0172808.

Guiry M.D. and Guiry G.M. 2019. AlgaeBase.
World-wide electronic publication, National Uni-
versity of Ireland, Galway. http://www.algaebase.
org; searched on 04 September 2019.

Guo L., Sui Z., Zhang S., Ren Y. and Liu Y.
2015. Comparison of potential diatom ‘barcode’
genes (the I8S TRNA gene and ITS, COI, rbcL) and
their effectiveness in discriminating and determining
speciestaxonomy in the Bacillariophyta. Int. J. Syst.
Evol. Micr. 65, 1369—1380.

Gusakov V.A. 2019. Bottom meiofauna of
highly mineralized rivers in the Eltonsky nature park
(Russia). Nature Conserv. Res. 4, 37—63.

Kalyuzhnaya I.Yu. 2007. Ecology-geographical
evaluation of Natural Park “Eltonsky”. Moscow (in
Russian).

Kalyuzhnaya 1.Yu., Kalyuzhnaya N.S. and
Sokhina E.N. 2011. Ecological framework as the
basis of territorial planning of Natural Park “Elton-
sky”. In: Materials of the electronic conference
“Geographical bases of formation of ecological
networks in Russia and Eastern Europe” P. 1. (Eds:
Sobolev N.A. and Belonovskaya E.A.). Association
of scientific publications KMK, Moscow, pp.
105—112 (in Russian).

Komulaynen S.F. 2018. Phytoperiphyton of
water bodies and water courses of the State Nature
Reserve «Kivach» (Republic of Karelia, Russia).
Nature Conserv. Res. 3, 46—60 (in Russian with
English summary).

Kosolapova N.G. 2005. Fauna of planktonic
heterotrophic flagellates of small reservoirs. Inland
Water Biol. 1, 11—17 (in Russian with English
summary).

Krammer K. and Lange-Bertalot H. 1986.
Bacillariophyceae. 1. Teil: Naviculaceae. Siilwas-
serflora von Mitteleuropa 2/1. Gustav Fisher Verlag,
Jena.

Krammer K. and Lange-Bertalot H. 1988.
Bacillariophyceae. 2. Teil: Bacillariaceae, Epithe-

Protistology 233

miaceae, Surirellaceae. Stilwasserflora von Mittel-
europa 2/2. Gustav Fisher Verlag, Jena.

Krammer K. and Lange-Bertalot H. 1991a.
Bacillariophyceae. 3. Teil: Centrales, Fragilaria-
ceae, Eunotiaceae. Siilwasserflora von Mitteleu-
ropa 2/3. Gustav Fischer Verlag, Stuttgart, Jena.

Krammer K. and Lange-Bertalot H. 1991b.
Bacillariophyceae. 4. Teil: Achnanthaceae, kriti-
sche Erginzungen zu Navicula (Lineolatae) und
Gomphonema. Gesamtliteraturverzeichnis. Stiliwas-
serflora von Mitteleuropa 2/4. Gustav Fischer
Verlag, Stuttgart.

Krivosheia O.N. and Vlasiuk M.N. 2016. First
data on Bacillariophyta of international biosphere
reserve “Roztocze” (Ukraine). Algologia. 26, 372—
386 (in Russian with English summary).

Kulikovskiy M.S., Glushchenko A.M., Genkal
S.I. and Kuznetsova 1.V. 2016. Identification book
of diatoms from Russia. Filigran, Yaroslavl (in
Russian).

Lentendu G., Wubet T., Chatzinotas A., Wil-
helm C., Buscot F. and Schlegel M. 2014. Effects
of long-term differential fertilization on eukaryotic
microbial communities in an arable soil: a multiple
barcoding approach. Mol. Ecol. 23, 3341—3355.

Litvinenko L.I., Litvinenko A.I., Boyko E.G. and
Kutsanov K.V. 2013. Effect of environmental factors
on the structure and functioning of biocoenoses of
hyperhaline water reservoirs in the South of Western
Siberia. Contemp. Probl. Ecol. 6, 252—-261.

LiuY.,YaoT.,JiaoN., KangS., XuB., Zeng Y.,
Huang S. and Liu X. 2009. Bacterial diversity in the
snow over Tibetan Plateau Glaciers. Extremophiles.
13,411-423.

Makeeva E.G. and Naumenko Yu.V. 2016.
The algae of the mineralized Ulugkol lake (Russia,
Khakasia). Flora of Asian Russia. 1 (21), 3—10 (in
Russian with English summary).

Mann D.G., Sato S., Trobajo R., Vanormelin-
gen P. and Souffreau C. 2010. DNA barcoding for
species identification and discovery in diatoms.
Cryptogamie, Algologie. 31 (4), 557-577.

Naumenko Yu.V. 2001. The first data of phyto-
plankton of the Ubsy-Nuur Lake (Tuva, Russia).
Krylovia. 3 (2), 82—87 (in Russian with English
summary).

Nomokonova V.1., Zinchenko T.D. and Pop-
chenko T.V. 2013. Trophic state of saline rivers of
the lake Elton basin. Proceedings of the Samara
Scientific Center RAS. 15 (3),476—483 (in Russian
with English summary).

Ovchinnikov A.S., Borodychev V.V., Dedova



234 -

E.B. and Ivanova V.1. 2015. Features of saline water
bodies ecosystems of Kalmykia. News of the lower
Volga agricultural university complex: science and
higher professional education. 4 (40), 10—21 (in
Russian with English summary).

Petrushkina M., Gusev E., Sorokin B., Zotko
N., Mamaeva A., Filimonova A., Kulikovskiy M.,
Maltsev Y., Yampolsky I., Guglya E., Vinokurov V.,
Namsaraev Z. and Kuzmin D. 2017. Fucoxanthin
production by heterokont microalgae. Algal Rese-
arch. 24, 387—393.

Pinseel E., Kulichoval., Scharfen V., Urbankova
P.,de Vijver B.V. and Vyverman W. 2019. Extensive
cryptic diversity in the terrestrial diatom Pinnularia
borealis (Bacillariophyceae). Protist. 170, 121—140.

Pniewski F.F., Friedl T. and Latata A. 2010.
Identification of diatom isolates from the Gulf of
Gdansk: testing of species identifications using
morphology, 18S rDNA sequencing and DNA
barcodes of strains from the Culture Collection of
Baltic Algae (CCBA). Int. J. Oceanol. Hydrobiol.
39, 3-20.

Rivera S.F., Vasselon V., Jacquet S., Bouchez
A., Ariztegui D. and Rimet F. 2018. Metabarcoding
oflake benthic diatoms: from structure assemblages
to ecological assessment. Hydrobiologia. 807, 37—
51.

Shishlyannikov S.M., Klimenkov 1.V., Bedo-
shvili Y.D., Mikhailov I.S. and GorshkovA.G.2014.
Effect of mixotrophic growth on the ultrastructure
and fatty acid composition of the diatom Synedra
acus from Lake Baikal. J. Biol. Res. — Thessaloniki.
21 (1), 15.

Shubin A.O., Chernobay V.F. and Sokhina, E.N.
2000. The Elton Lake. In: Key ornithological terri-
tories of Russia. Key ornithological territories of in-
ternational significance in Russia. RBCU, Moscow,
pp. 486—487 (in Russian).

Siqueiros-Beltrones D.A., Argumedo-Hernan-
dez U. and Lopez-Fuerte F.O. 2017. New records
and combinations of Lyrella (Bacillariophyceae:
Lyrellales) from a protected coastal lagoon of the
northwestern Mexican Pacific. Revista Mexicana
de Biodiversidad. 88, 1-20.

Sorensen T. 1948. A method of establishing
groups of equal amplitude in plant sociology based
on similarity of species content. Kongelige Danske
Videnskabernes Selskab. Biol. krifter. Bd. V (Nr.
4), pp. 1-34.

Stepanek J.G. and Kociolek J.P.2014. Molecular
Phylogeny of Amphora sensu lato (Bacillariophyta):
an investigation into the monophyly and classifica-
tion of the amphoroid diatoms. Protist. 165, 177—
195.

Elena A. Selivanova, Marina E. Ignatenko, et al.

Stoeck T., Bass D., Nebel M., Christen R., Jo-
nes M.D., Breiner H.W. and Richards T.A. 2010.
Multiple marker parallel tag environmental DNA
sequencing reveals a highly complex eukaryotic
community in marine anoxic water. Mol. Ecol. 19
(Suppl. 1), 21-31.

Vanelslander B., Créach V., Vanormelingen
P., Ernst A., Chepurnov V.A., Sahan E., Muyzer
G., Stal L.J., Vyverman W. and Sabbe K. 2009.
Ecological differentiation between sympatric pseu-
docryptic species in the estuarine benthic diatom
Naviculaphyllepta (Bacillariophyceae). J. Phycol.
45,1278—1289.

Yatsenko-Stepanova T.N., Ignatenko M.E.,
Nemtseva N.V. and Gorochova O.G. 2015. Auto-
trophic microorganisms in river outfalls of lake
Elton. Arid Ecosystems. 5 (2), 83—87.

YiZ., XuM., Di X., Brynjolfsson S. and Fu W.
2017. Exploring valuable lipids in Diatoms. Front.
Mar. Sci. 4, 1-10.

Zhang J., Kobert K., Flouri T. and Stamatakis
A.2014. PEAR: a fast and accurate Illumina Paired-
End reAd merger. Bioinformatics. 30, 614—620.

Zimmermann J., Glockner G., Jahn R., Enke
N. and Gemeinholzer B. 2015. Metabarcoding
vs. morphological identification to assess diatom
diversity in environmental studies. Mol. Ecol.Res.
15, 526—542.

Zimmermann J., Jahn R. and Gemeinholzer
B. 2011. Barcoding diatoms: evaluation of the V4
subregion on the 18S rRNA gene, including new
primers and protocols. Org. Divers. Evol. 11, 173—
192.

Zinchenko T.D. and Golovatyuk L.V. 2013.
Salinity tolerance of macroinvertebrates in stream
waters (review). Arid Ecosystems. 3, 113—121.

Zinchenko T.D., Golovatyuk L.V., Abrosimova
E.V., Popchenko T.V. and Nikulenko T.D. 2017.
Transformation of communities of macrozooben-
thos in mineralization gradient in the rivers of hyper-
haline Lake El’ton basin (2006—2013). Proceedings
of the Samara Scientific Center RAS. 19 (5), 140—
156 (in Russian with English summary).

Zinchenko T.D., Golovatuk L.V., Vykhristjuk
L.A. and Shitikov V.K. 2010. Diversity and struc-
ture of macrozoobenthos communities in the highly
mineralized Hara river (near Elton lake). Po-
volzhskiy Journal of Ecology. 1, 14—30 (in Russian
with English summary).

Zinchenko T.D., Shitikov V.K., Golovatyuk
L.V., Gusakov V.A. and Lazareva V.I. 2018. Plank-
ton and Bottom Communities in the Saline Rivers
of Lake Elton Basin: Statistical Analysis of Depen-
dences. Arid Ecosystems. 8, 225—230.



Protistology - 235

Address for correspondence: Elena A. Selivanova. Institute for Cellular and Intracellular Symbiosis of the
Ural Branch of the Russian Academy of Sciences, Pionerskaya St. 11, Orenburg 460000, Russia;
e-mail: selivanova-81@mail.ru.





