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Molecular profiling of 18S rRNA reveals seasonal variation and
diversity of diatoms community in the Han River, South Korea
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Diatoms have been used in examining water quality and environmental change in freshwater systems.
Here, we analyzed molecular profiling of seasonal diatoms in the Han River, Korea, using the hypervariable
region of 18S V1-V3 rRNA and pyrosequencing. Physicochemical data, such as temperature, DO, pH, and
nutrients showed the typical seasonal pattern in a temperate region. In addition, cell counts and chlorophyll-a,
were recorded at high levels in spring compared to other seasons, due to the diatom bloom. Metagenomic
analysis showed a seasonal variation in the phytoplankton community composition, with diatoms as the most
frequently detected in spring (83.8%) and winter (69.7%). Overall, diatom genera such as Stephanodiscus,
Navicula, Cyclotella, and Discostella were the most frequent in the samples. However, a large number of
unknown Thalassiosirales diatoms were found in spring (35.5%) and winter (36.3%). Our molecular profiling
revealed a high number of diatom taxa compared to morphological observation. This is the first study of
diatoms in the Han River using molecular approaches, providing a valuable reference for future study on
diatoms-basis environmental molecular monitoring and ecology.
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INTRODUCTION

Diatoms are groups of eukaryotic unicellular micro-
algae and are some of the most common organic matter
in an aquatic ecosystem. They play an important role as
the primary producers in freshwater and marine environ-
ments, and they contribute significantly to the photosyn-
thesis activity on Earth (Lee et al., 2019). In addition, dia-
toms are used widely across the world for environmental
monitoring because different species of diatom typically
have specific habitat preferences, and they react quickly
to environmental changes (Dixit ez al., 1992; Round et al.,
2007). For example, species like Cyclotella meneghiniana
and Thalassiosira pseudonana (Baek et al., 2011; Adenan
et al.,2013) have distinct ranges of pH and salinity where
they will grow (Spaulding et al., 2019). In addition, they
have ranges and tolerance for other environmental factors,
such as nutrient concentration, suspended sediment, flow
regime, elevation, and for different types of human distur-
bances (Spaulding et al., 2019). Hence, they are consid-
ered susceptible indicators of water quality and environ-
mental change. For these reasons, diatoms have received
considerable attention from past and ongoing research

(Dixit et al., 1992; Adenan et al., 2013; Hilaluddin et al.,
2020).

In general, diatoms have been discriminated morphologi-
cally by using a light microscope (LM) and scanning elec-
tron microscope (SEM). However, some diatoms may have
few discernible structural differences when viewed with
a microscope. In addition, different lineages have often
adapted in similar ways to analogous habitats. As a result,
there are many examples of diatoms species that look very
similar at the microscopic level, but are not closely related
(Graham et al., 2009). Since the early 1980s, molecular
techniques by using carbohydrates, toxins, proteins, and
nucleic acids as markers have been developed to detect
and discriminate phytoplankton (Ebenezer et al., 2012;
Sun et al., 2012). Among DNA based methods such as
terminal restriction fragment length polymorphism, micro-
array, real-time PCR, the high-throughput sequencing
(HTS) of small-subunit rRNA genes from environmental
DNA techniques has already been widely applied for the
assessment of microbial diversity and micro-planktonic
community structure (Eiler ef al., 2012; Ghiglione and
Murray, 2012). These methods allowed high resolution
and rapid analysis of microbial and phytoplankton com-
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munities. In addition, recent next generation sequencing
NGS-based approaches facilitate the precise identification
of nano, pico, rare, and fragile phytoplankton (Faria et al.,
2014; Boopathi et al., 2015).

The Han River is the largest river system in South Korea,
which serves as an important resource for the people
living in Seoul and nearby cities. People living in cities
depend on the river as the primary source of water. Over
the decades, phytoplankton seasonal distribution has
been well studied in the Han River (Jung et al., 2003).
In addition, the diatom Stephanodiscus hantzschii has
been found to be frequently exposed to increased winter
blooms, which is considered an indicator of eutrophica-
tion (Lee and Yoon, 1996; Kim et al., 2001; Hwang et al.,
2003; Jung et al., 2009). However, the molecular data of
diatoms in the Han River is lacking. To date, the results
from most of the studies were based on microscopic obser-
vations and have been inconsistent (Jung et al., 2003;
Hwang et al., 2011; Yun et al., 2014). Therefore, consider-
ing the current status of the river and its importance to the
public, a comprehensive metagenomics study on phyto-
plankton dynamics is imperative.

In view of this, we aim to institute a detailed study on
the diatom community to explore their molecular diversity
and seasonal variations in the temperate freshwater Han
River. The results from this study are the first diatom studies
in the study site using molecular approaches, and can be
used as a valuable reference for future study on diatoms
for environmental monitoring.

MATERIALS AND METHODS

Environmental factors and water sample collections

The surface water samples were collected from the
Seongsan Bridge of the Han River in March (spring),
June (summer), September (autumn), and December (win-
ter) 2012. Water temperature, pH, dissolved oxygen (DO),
and conductivity from a monitoring site were measured
using a YSI 566 Multi Probe System (Xylem Inc., Yellow
Springs, OH) when environmental sampling was carried
out. In addition, water samples from the sampling site
were collected at the surface by using a 20 L bucket from
March to December 2012. In a brief, three hundred millili-
ters of water samples were fixed with 1% Lugol’s solution
(Sigma-Aldrich) and subsequently used for the identifica-
tion and quantification of phytoplankton using a light mi-
croscope (Axioskop, Zeiss, Oberkochen, Germany). Addi-
tionally, samples for environmental DNA extraction were
prepared as follows: Firstly, large size organisms such
as zooplankton were removed using a 200 pm-pore size
mesh. A total of 500 mL of this pre-filtered freshwater was
size-fractionated through a 10 pm (Cat. No. TCTP04700,
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47 mm diameter, Millipore, Billerica, MA), followed
by a 2.0 um (TTTP04700, 47 mm diameter, Millipore)
and 0.22 pm membrane filters (GVWP04700, 47 mm dia-
meter, Millipore) to prevent clogging. The membrane fil-
ters were immersed into 0.8 mL extraction buffer (100 mM
Tris- HCI, 100 mM Na2-EDTA, 100 mM sodium phos-
phate, 1.5 M NaCl, 1% CTAB) and were stored at —80°C
until DNA extraction.

Nutrient data and chlorophyll-a measurement

As for nutrient data, total nitrogen (TN) and total phos-
phorus (TP) were obtained from the Han River Basin Env-
ironmental Office (http://www.me.go kr/hg/web/main.do).
The Chlorophyll-a (Chl-a) concentrations were estimated
according to Parsons et al. (1984). Briefly, a total of 200
mL of water samples were filtered with GF/F filter (Cat.
No. 1825047, 47 mm diameter, Whatman, UK), and those
filters were placed in 90% acetone for overnight under the
dark in order to extract pigments. The supernatants were
used to measure the concentration of Chl-a using a DU730
Life Science UV/Vis spectrophotometer (Beckman Coul-
ter, Inc., Fullerton, CA).

Environmental DNA extraction

Environmental DNA from the filtered samples was ext-
racted using a modified protocol by Harder et al. (2003). A
2 mL microcentrifuge tube containing each membrane fil-
ter (10 pm, 2.0 um, and 0.22 um) was subjected to freeze-
thaw cycles in liquid N> and 65°C maintained water bath.
Subsequently, 8 uL proteinase K (10 mg/mL in TE buffer)
was added and the tube was incubated at 37°C for 30 min.
Following incubation, 80 uL 20% sodium dodecyl sulfate
(SDS) prepared in double-distilled water (ddH,O) was
added and the sample was incubated at 65°C for 2h. After
incubation, the tube was shaken with equal volumes of
chloroform-isoamyl alcohol (24 : 1) and centrifuged at
10,000 X g for 5 min. The aqueous phase of the mixture
was transferred to a new microcentrifuge tube, to which
0.1 volumes of 3 M sodium acetate (pH 5.1, prepared in
ddH,0) and 0.6 volumes of isopropanol (=>99%) were
added. The microcentrifuge tube was centrifuged at
14,000 X g for 20 min, the supernatant was discarded, 1
mL cold 70% ethanol was added to the pellet, and the
sample was centrifuged again at 14,000 X g for 15 min.
The pellet was air-dried and reconstituted with 100 pL TE
buffer (10 mM Tris-HCI, 1 mM EDTA; pH 8).

PCR and pyrosequencing

Based on the study by Ki (2012), the V1-V3 hyper-
variable region of the 18S rRNA was selected for meta-
genomic data analyses. Target rDNA retrieved from the
environmental samples was amplified using polymerase
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chain reaction (PCR). PCR reactions were performed
using two universal primers: 18F23 (5-ACC TGG TTG
ATC CTG CCA GTA G-3') and 3NDf-R (5'-CTG GCA
CCA GAC TTG CC-3'); the latter primer was designed
as the complementary sequence to the universal primer
3NDf (Cavalier-Smith et al. 2009). Each primer was tag-
ged using multiplex identifier (MID) adaptors according
to the manufacturer’s instructions (Roche, Mannheim,
Germany), which allowed for the automatic sorting of the
pyrosequencing derived sequencing reads based on MID
adaptors. In addition, MID-linked 18F23 and 3NDf-R were
linked to pyrosequencing primers, according to manu-
facturer’s instructions (Roche, Mannheim, Germany).

Metagenomic PCR reactions were performed with 20 uLL
reaction mixtures containing 2 pL. of 10 X Ex Taq buffer
(TaKaRa, Kyoto, Japan), 2 uL of a dNTP mixture (4 mM),
1 uL of each primer (10 pM), 0.2 pL of the Ex Taq poly-
merase (2.5U), and 0.1 ug of the environmental DNA tem-
plate. PCR cycling was performed in an iCycler (Bio-Rad,
Hercules, CA) at 94°C for 5 min, followed by 35 cycles
at 94°C for 20s, 52°C for 40 s, and 72°C for 1 min, and a
final extension at 72°C for 10 min. The resulting PCR pro-
ducts were electrophoresed in 1.0% agarose gel, stained
with ethidium bromide, and viewed under ultraviolet trans-
illumination.

PCR products were individually purified using a Dual
PCR Purification Kit (Bionics, Seoul, Korea) and sub-
sequently, equal volumes of each purified PCR product
were mixed together. Pyrosequencing of eight MID-
tagged PCR amplicons was performed with a GS FLX
Titanium system (Roche, Mannheim, Germany) using a
commercial service at Macrogen Inc. (Seoul, Korea).

Data cleaning and BLAST (Basic Local Alignment
Search Tool) searches

Pyrosequencing data were processed using NGS analy-
sis pipeline of the SILVA rRNA gene database project
(SILVAngs 1.0; Quast et al., 2013) to perform systematic
checks to remove sequencing artifacts and low-quality
reads (i.e. reads <300 bp and reads with > 1% ambiguity
or 2% homopolymers). In the initial quality check, low-
quality reads and sequencing artifacts were discarded,
and the remaining sequence data were manually checked,
trimmed and edited using the Sequencher v5.1 (Gene
Codes Corporation, Ann Arbor, MI). Subsequently, iden-
tical reads were identified (dereplication) and clustered at
the operational taxonomic units (OTUs) on 97% similarity
thresholds, using the program Cd-hit-est (http://www.bio
informatics.org/cd-hit; Li and Godzik, 2006). In order to
reduce data size, only single reads with the longest DNA
sequences were selected as a reference read for OTU cla-
ssification. Finally, we constructed a dataset comprised of
different genotypic sequence reads.
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For OTU classification, the individual reads were sub-
jected to BLASTn searches (Basic Local Alignment Search
Tool) against the GenBank database. They were identified
and assigned to their respective taxonomic groups. Seq-
uence similarities of >98% with known species were
considered to represent the identical species. Those ran-
ging from 95.0% to 97.9% similarity were considered to
represent the identical genus, and sequences with less than
95% similarity were regarded as unknown, while less than
93% were assigned to the meta-group ‘No Relative’ (Boo-
pathi and Ki, 2016; Penna et al., 2017; Banerji et al.,
2018). All the reads that were assigned to the respective
OTU were mapped onto classified OTU reference read,
which provides quantitative information about the cla-
ssified OTU. The thresholds stated herein were set based on
18S rRNA sequence comparisons with strains from differ-
ent species and genera. In the present study, we determined
a total of 145 sequences, which were deposited in Gen-
Bank with accession numbers MT361356-MT361500.

Diversity and statistical analyses

For the diatom diversity indices, Good’s coverage was
calculated in the SILVAngs pipeline. The Shannon-Weaver
diversity index (H), Evenness (E), Diversity estimator
Chao-1, Rarefaction curve, and Principal Component
Analyses (PCA) were calculated using Paleontological
Statistics Software Package (PAST) version 3.25 (Hammer
etal.,2001).

REsuLTS

Environmental variables

Environmental variables (Fig. 1) such as water tempera-
ture, dissolved oxygen (DO), pH, conductivity, TN, and
TP were measured to record their influence on the diatom
blooms. Water temperature varied considerably within
these months, ranging from zero to 28°C. The water tem-
perature and DO concentration were found to be inversely
related to each other; increasing the water temperature dec-
reased the DO concentration (Fig. 1A). TN and TP levels
were found vary over the months (Fig. 1B). In addition, the
conductivity of the water was found to be high in March
(250 uS cm™"), and low in September (160 uS cm™). The
pH varied over the months ranging from 6.6 in June to 7.3
in December (Fig. 1C). As for biological factors, Chl-a
concentrations (Fig. 1D) were found to be congruent with
pattern changes of both cell numbers except in September
when there was little variation.

Pyrosequencing characteristics and diversity indices

Pyrosequencing generated a total of 50,594 sequences
reads in March (spring), June (summer), September (aut-
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Fig. 1. Seasonal variation in water temperature and DO (A), pH and conductivity (B) and TN and TP (C), and cell counts and Chl-a (D) at

the Seongsan Bridge of Han River, Korea.

Table 1. Pyrosequencing data (50,594 reads) for micro-eukaryotic community with emphasis on diatoms.

Month Total Classified Rejected Phytoplankton Diatom A No. of % of
reads reads reads reads reads Diatom OTU Diatom

Mar. 14468 13761 707 10677 8943 37 64.9

Jun. 12221 11516 705 4964 804 30 6.9

Sep. 17900 17152 748 6332 1670 48 9.7

Dec. 6005 5701 304 2477 1726 34 30.2

umn), and December (winter), of which raw data were fur-
ther analyzed by the NGS analysis pipeline at the SILVA
rRNA gene database project (SILVAngs 1.0). At the initial
quality filtering step, 2,464 low-quality reads were rejected,
and the remaining 48,130 reads were classified (Table 1).
The number of diatom OTU varied among the samples, and
most neared the plateau while the March sample reached
the plateau (Fig. 2). In March (spring), 64.9% of the total
micro-eukaryotic sequence reads belonged to the diatom.
For assessing the sampling completeness, we used
Good’s coverage estimator and was calculated by randomly
selecting sequence reads from a given sample. Good’s
coverage values ranged between 96.8% and 98.9%. The
Shannon-Weaver diversity index (H') was measured to
characterize community diversity which ranged from 1.57
(autumn) to 2.65 (winter), indicating a high level of overall
biodiversity. In addition, the Chao-1 estimator demonstra-

ted community richness. Chao-1 values ranged between
44 in December and 53 in September samples, indicating
these samples were rich in diversity (Table 2).

Diatoms community structures

Our pyrosequencing results uncovered a considerably
high eukaryotic diversity which was represented by all
known eukaryotic supergroups. Overall, among all the
micro-eukaryotic species, diatoms had the highest number
of OTU reads in March (spring) (64.9%), while in other
months there was a high number of Eukaryota (Fig. 3A).
From the overall phytoplankton reads, upon comparisons
with diatoms, we found out that diatoms were frequently
present in March (83.7%) and December (69.7%), how-
ever, the lowest number of diatom reads were recorded
in June (16%) where Chlorophyceae (66%) were signifi-
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cantly present among the phytoplankton community (Fig.
3B). Among the diatoms, Coscinodiscophycidae were the
most frequent in all four seasons (Fig. 3C).
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Fig. 2. Rarefaction curves representing the numbers of Operational
Taxonomic Units (OTUs) of diatoms vs. the number of tags sampled
from pyrosequencing data.
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A large number of OTU reads that belong to unknown
diatom species (unknown Thalassiosirales 1) were detected
in spring (35.5%) and winter (36%) (Table 3). However,
reads that belong to Stephanodiscus sp. were also detec-
ted frequently in spring (31.8%). In summer there was a
change in the species compositions where unknown reads
of Aulacoseiracea were the most frequently detected
(37.8%). Interestingly in autumn a different diatom species
was detected (Navicula sp., 21.6%) that was not detected
in other seasons. The top ten most frequent species within
the diatom community exhibited seasonal variations and
are listed in Table 3.

Table 2. Diversity indices (Shannon-Weaver diversity index (H'),
Evennnes (E), Chao-1 estimator, and Good’s coverage) obtained
from phylotypes recovered in the present study.

Diversity indices Month
Mar. Jun. Sep Dec
Shannon-Weaver (H') 1.57 2.11 2.65 2.20
Evenness (E) 0.13 0.27 0.30 0.26
Chao-1 48.3 45 53 44
Good’s coverage 97.5 96.8 98.9 96.6
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Fig. 3. (A) Proportion of each eukaryotic taxon (eukaryote, phytoplankton, and diatom), (B) relative abundance of phytoplankton, and (C)
relative abundance of diatom taxa. These data were calculated by using 18S rRNA pyrosequencing reads. Taxonomic identity of “others” rep-

resents taxa with less than 1% composition of total reads.
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Table 3. Relative abundance of the frequent taxa detected from the diatom community of the Han River.

Month (%)
Species GenBank accession number
Mar. Jun. Sep Dec.
Unknown Thalassiosirales 1 355 0.0 0.0 36 MT361386
Stephanodiscus sp. 31.8 12 0.1 0.0 MT361392
Unknown Thalassiosirales 2 215 1.6 0.0 0.0 MT361389
Unknown Aulacoseiraceae 0.0 37.8 0.0 0.0 MT361400
Cyclotella choctawhatcheeana 0.0 21.8 6 0.5 MT361399
Unknown Fragilariales 0.0 122 0.0 0.0 MT361414
Navicula sp. 00 0.0 21.6 0.1 MT361431
Cyclostephanos sp. 0.0 0.0 17 0.0 MT361441
Aulacoseira ambigua 0.0 0.0 159 0.1 MT361457
Discostella woltereckii 00 0.0 0.0 19.5 MT361479
Unknown Coscinodiscophycea 2.1 0.0 1 11 MT361486

Seasonal variations

We constructed a PCA plot with the diatom relative abun-
dance to determine the variation between the seasonal
samples. PC1 and PC2 represented 54.06% and 31.73%,
respectively (Fig. 4A). The biplot analyses revealed that
most of the OTUs were clustered together; however, some
OTUs highly varied especially between March and June.
This showed the seasonal variation among some diatom
species. In addition, PCA analysis based on the most fre-
quently detected OTU reads revealed the seasonal varia-
tions between the diatom species (Fig. 4B).

Microscopic analysis of diatom community

A total of 60 taxa of phytoplankton were identified by
morphological analysis in this study, in which 27 taxa were
identified as diatoms (Table 4). In all the samples, the
diatom community accounted for >70% of the phyto-
plankton. The highest cell counts of the diatoms were in
December (>90%). Among the diatoms, Stephanodiscus
hantzschii f. tenuis was the most abundant taxon in March
(49.2%) and December (88.2%) (Tables 4 and 5). In June
and September Aulacoseira sp. was found to be the most
abundant taxon, however, Fragilaria sp. was dominant in
June (29.9%) (Table 5).

DiscussioN

The occurrence of diatoms is influenced by many env-
ironmental factors, such as temperature, light, pH, and
nutrients (Scott and Marcarelli, 2012). However, the con-
ditions necessary to trigger the blooms remain uncertain
even after more than 60 years of study (Sathyendranath
et al.,2015). In the present study, diatoms were the most

abundant in spring and winter compared to all other micro-
eukaryotic groups. Similar results were reported by several
other phytoplankton diversity studies (Jung et al., 2003;
Faria et al., 2014; Boopathi and Ki, 2016). Typically, the
diatom community remains dominant in winter and spring
blooms in large lowland river systems around the world
(Rumyantseva et al., 1993; Wehr and Descy, 1998; Rey-
nolds, 2006). This may be because diatoms tend to have
significantly high maximum uptake rates of nutrients than
any other group (Malviyaa et al., 2016) and have rela-
tively high maximum growth rates. These characteristics
make diatoms good nutrient competitors (Wolanski and
Elliott, 2016). Due to this, mass occurrence of diatoms in
spring affects the surrounding biodiversity and disrupts
ecosystem functions worldwide (Wehr and Descy, 1998;
Jung et al., 2013), therefore, monitoring of the diatom
community is imperative to control spring blooms.
Stephanodiscus sp. is an important component of phyto-
plankton as it plays significant roles in the freshwater
phytoplankton. During winter, Stephanodiscus species are
well-known, bloom-forming diatoms in Korean rivers (Lee
and Yoon, 1996; Jung et al., 2009), and the bloom density
of this species in Korean rivers is much higher compared
to other rivers worldwide (Ha et al., 1998). In the present
study, we found OTU reads of Stephanodiscus sp. to be
the most frequently detected during spring. Similar cases
have been recorded by previous work of this species being
abundant during spring and winter (Jung et al., 2003;
Boopathi and Ki, 2016). This is probably due to the lower
temperatures in winter and spring, which is favorable for
Stephanodiscus spp. growth. Generally, cold-water dia-
toms dominated phytoplankton spring blooms in temperate
regions (Grigorszky et al., 2017). In addition, Stephano-
discus spp. are normally in high occurrence in eutrophi-
cated water and were reported also in eutrophic freshwater
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Fig. 4. Principal component analysis (PCA) biplot showing the seasonal variation of (A) all the diatom OTU reads, (B) most frequent diatom
OTU detected, sampled in March (spring), June (summer), September (autumn), and December (winter). Calculated based on the number of
OTU reads in each sample. Each dot represents diatom OTU recovered in this study.

of North America and Japan (Kiss et al., 2013).

Cyclotella choctawhatcheeana was the most frequent
taxon detected in summer. The considerable morphological
variation among species of Cyclotella makes their taxo-
nomy hard to unravel (Hakansson and Kling, 1994; Meyer
and Hékansson, 1996). Cytocella choctawhatcheeana can
grow in different seasons with high and low nutrient avail-
ability, which makes them an important contributor to the
depth chlorophyll maximum (DCM) present in the strati-
fication period (Mitrovic et al., 2010). Despite their small
size (5-54 um), Cytocella species are significant compo-
nents of phytoplankton in the saline water (saline system).
However, C. meneghiniana growth increased linearly with
temperature to a growth maximum at 25°C, then at 28°C
the decreased in growth was observed (Mitrovic et al.,
2010). Therefore, in this study, the high occurrence of

Cyclotella sp. seems to be related to increased water tem-
perature and a relative decrease in nutrient level in summer
and autumn. In addition, this seems to be because Cyclo-
tella sp. is an oligotroph (Saros and Anderson, 2015), how-
ever, the observed frequent taxa, Stephanodiscus sp. is a
copiotroph (Jung et al., 2011). On the other hand, Aulaco-
seira sp. is one of the most successful, in terms of distri-
bution in time and space, of all freshwater centric diatoms
(Spaulding and Edlund, 2008), and in the present study,
Aulacoseira sp. and Cyclostephanos sp. were detected in
autumn, but not detected in other seasons. These two spe-
cies may serve as good bioindicators of water eutrophica-
tion level (Wang et al., 2017). Navicula sp. was found to
occur in autumn. Based on the literature review, we could
not find any record of this species in high occurrence in
the Han River. Therefore, this could potentially have a
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Table 4. List and cell counts of diatom taxa present in the Han River from March 2012 to Dec. 2012, identified under microscopy.

Cell counts (cells/mL)

Class Species

Mar. Jun. Sep. Dec.

Bacillariophyceae Cymbella sp. (L) 49 13 0 0
Cymbella sp.(S) 148 0 51 7

Gomphonema sp. 0 0 0 0

Gyrosigma sp. 49 0 0 0

Navicula sp. 542 91 123 19

Nitzschia holsatica 0 0 0 0

Nitzschia sp. 49 0 21 0

Pinnularia sp. 49 0 0 0

Cocconeis placentula 99 13 0 0

Surirella tenera 443 0 0 0

Coscinodiscophyceae Actinoptychus sp. 148 0 93 0
Aulacoseira sp. (L) 0 0 895 0

Aulacoseira sp.(M) 549 784 1512 0

Aulacoseira sp.(S) 0 457 1810 0

Aulacoseira sp.(XL) 0 0 627 19

Cyclotella sp. 2808 26 144 5

Stephanodiscus hantzchii 7637 353 72 77

Stephanodiscus hantzchii f. tenuis 13795 78 0 1560

Fragilariophyceae Asterionella formosa 0 0 0 0
Asterionella gracillima 99 0 82 24

Diatoma sp. 99 0 21 0

Fragilaria sp. (L) 394 823 195 41

Fragilaria sp.(S) 0 0 0 0

Synedra sp. (L) 99 0 41 7

Synedra sp.(S) 739 0 10 2

Table 5. Top 3 diatom phylotypes based on frequency, detected by microscopy and 454 pyrosequencing.

Month Species detected by microscopy (%) Phylotypes detected by pyrosequencing (%)
Stephanodiscus hantzchii f. tenuis 492 Unknown Thalassiosirales 1 355

March Stephanodiscus hantzchii 272 Stephanodiscus sp. 31.8
Cyclotella sp. 10.0 Unknown Thalassiosirales 2 21.5

Fragilaria sp. (L) 299 Unknown Aulacoseiraceae 37.8

June Aulacoseira sp.(M) 28.6 Cyclotella choctawhatcheeana 21.8
Aulacoseira sp.(S) 16.7 Unknown Fragilariales 12.2

Aulacoseira sp.(S) 31.7 Navicula sp. 21.6

September Aulacoseira sp.(M) 26.5 Cyclostephanos sp. 17.0
Aulacoseira sp.(L) 15.7 Aulacoseira ambigua 159

Stephanodiscus hantzchii f. tenuis 88.2 Unknown Thalassiosirales 1 360

December Fragilaria sp. (L) 23 Discostella woltereckii 195

Navicula sp. 10 Unknown Coscinodiscophycea 11.0
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significant ecological impact.

As our pyrosequencing results highlight, a large num-
ber of diatom sequences that greatly affected the phyto-
plankton community in spring and summer belonged to
the unidentified diatoms (unknown Thalassiosirales 1).
This was due to the lack of comparable sequences from
the freshwater environments, since most of the currently
available sequences in the databases contain phytoplankton
sequences of marine origin (Eiler et al., 2013). Expanding
the sequence databases with cultured and characterized
freshwater phytoplankton is imperative for comparing env-
ironmental sequences. Furthermore, improving taxonomic
frameworks would address the discrepancies between
phytoplankton phylogeny and various morphological cla-
ssification systems (Gugger et al., 2002; Zapomélova et al.,
2009).

In the present study, both microscopic observations and
molecular approaches revealed species diversity and sea-
sonal variations in diatom community composition (Table
4). However, results from the two methods were incongru-
ent. Previous studies have shown the incongruous diversity
pattern associated with diatoms and other phytoplankton
identification based on microscopic and molecular methods
(Lopes et al., 2012; Eiler et al., 2013; Xiao et al., 2014).
This may be due to microscopic ambiguities, taxonomic
experience, and identification skill. In addition, different
lineages of algae may be similar at the microscopic level,
but actually not closely related while some are closely rel-
ated (Graham et al., 2009). For example, in the present
microscopic observation, we detected Stephanodiscus
hantzchii £. tenuis to be the predominant species in March
and December; however, the OTU reads data from pyro-
sequencing analysis revealed a large number sequences of
an unknown species of Thalassiosirales, which is closely
related to Stephanodiscus sp., Thalassiosira-like sp., and
Cyclostephanos sp. A similar case was also reported by
Boophati and Ki (2016). However, these centric diatoms
were found to be closely related in phylogenetic analyses
(Kaczmarsk et al., 2006; Alverson et al., 2007). In con-
sequence, many phycologists use molecular characters as
well as structural features and rely on the phylogenetic
species concept for taxonomic descriptions of phytoplank-
ton (Graham et al., 2009). However, both microscopy and
molecular methods can be used to aid in resolving the
issues related with phytoplankton diversity. For example,
in the present study, our molecular profiling of the 18S
rRNA revealed that Unknown Thalassiosirales occurred in
high frequency in March and December samples. However,
in our microscopic analysis and in previous studies (Lee
and Yoon, 1996; Kim et al., 2001; Hwang et al., 2003;
Jung et al., 2009), Stephanodiscus hantzchii was the domi-
nant taxon in winter and spring. In this case, morphological
identification can be used to confirm the result from mole-
cular analysis (Krienitz and Bock, 2012) and therefore the
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unknown sequence from the molecular methods is likely
to be Stepanodiscus hantzchii. Thus, both morphological
and molecular techniques are crucial in monitoring pro-
grams and the study of diatom taxonomy. For an objective
assessment of true diversity, future research should opti-
mize and standardize all steps in microscopic and molecu-
lar methods, and minimize the discrepancies between the
two methods.

The present study provides detailed insight into the di-
versity and seasonal community structure of freshwater
diatoms in the Han River, Korea. We extensively analyzed
the molecular taxonomy of these diatoms and compared
the results to morphological data. The results from micro-
scopy and molecular data were incongruent. The molecular
results revealed that uncultured diatom species belonging
to the order Thalassiosirales contributed significantly to
the overall diatoms community composition in spring and
winter. Stephanodiscus sp. were also detected frequently in
spring, and as the temperature became warmer in summer,
Cyclotella choctawhatcheeana occurrence increased. Inter-
estingly, we found a high number of Navicula sp. OTU
reads in autumn with few or no records in other seasons.
The findings of the present study can be used as a valuable
reference for comparing diatom diversity in future studies.
In addition, we suggest the use of NGS approaches in con-
tinuous monitoring of diatoms, which may lead to better
management of algal blooms and maintaining good water
quality.
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