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Benthic diatoms are the main primary producers and are sensitive to environmental
changes in the estuarine ecosystem. Therefore, it is critical to evaluate the impact of
environmental stress on the benthic diatom community in the estuarine ecosystem. In
this study, the sediment samples from the five sampling sites were collected from the
Yellow River Delta in the four seasons, and the abundance of benthic diatoms were
determined using the high-throughput sequencing of 18S rBNA genes. The results
showed that the motile guild taxa, such as Navicula, Nitzschia, and Amphora, was
dominated in the benthic diatom the community throughout the sampling period. The
structure of the benthic diatom community was significantly different among seasons
(ANOSIM P < 0.01), especially between summer and winter. Redundancy analysis
showed that water temperature and the concentrations of silicate, nitrate, ammonium,
and pH value are the main driving factors shaping the seasonal assembly of the
benthic diatom community. The results will improve knowledge about the benthic diatom
community in the estuarine ecosystem and provide a theoretical foundation for estuary
environmental management.

Keywords: the Yellow River Delta, high-throughput sequencing, benthic diatom community structure,
environment factors, redundancy analysis

INTRODUCTION

The estuary is the key transition zone between rivers and seas which is subject to strong continental-
oceanic interactions (Sun et al, 2020; Deng et al.,, 2021). Estuarine zones are a complex and
important ecosystem with a high biodiversity value, providing diversified ecological services, such
as ecological habitat for many organisms, and maintaining ecological security in the coastal areas
(Barbier et al., 2011; Frankenbach et al., 2020; Chi et al., 2021). Meanwhile, the estuary is a sensitive
and vulnerable ecosystem and is affected easily by anthropogenic activity (e.g., ocean acidification,
climate change, eutrophication) and natural stresses (e.g., temperature, salinity, nutrient loadings)
which have been reported to influence the community structure and diversity of the coastal
ecosystem (Hollister et al., 2010; Osland et al., 2014, 2016; Gabler et al., 2017; Kafouris et al., 2019).
Accordingly, the analysis of the community structure and environmental drivers could not only
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FIGURE 1 | The geographical location of the sampling sites. A total of five sites were set up around the Yellow River Delta. The Yellow River flows in Shandong
Province, China, and the red circle represents the study area (version ArcGIS 10.2).

improve the understanding of the estuary ecosystem but also
provide for theoretical support about the ecological protection
and restoration of the coastal ecosystem.

The diatom is photosynthetic, unicellular, eukaryotic
microalgae that distributes in almost all aquatic environments
(Maher et al., 2018; Merz et al., 2021). The benthic diatom is an
important component of the estuarine ecosystem which plays
indispensable roles in driving the biological pump, shaping
the carbon cycle of the coastal environments, and providing
energy to herbivores (Amin et al., 2012; Marques da Silva
et al,, 2017; Wang et al,, 2019; Virta et al., 2020). The diatom
responds quickly to environmental changes as a result of its
short life cycle and has been widely regarded as the good
bio-indicator tool (Potapova and Charles, 2007; Clark et al.,
2020).

The Yellow River Delta is the youngest estuarine wetland in
the warm temperate zone of China (Yang et al., 2016; Ma et al.,
2019). Sediments have been depositing and oscillating because
of the combined action of marine dynamics and the Yellow
River runoff in the Yellow River Delta. Further, the intensive
anthropogenic activities (e.g., aquaculture development, oil

TABLE 1 | Sediments and pore water physical and chemical properties.

Seasons Spring Summer Fall Winter
Water temperature (°C) 10.3 26.03 11.0 3.1
Salinity 22.8 16.4 22.6 17.0
pH 8.36 8.16 7.91 7.95
NH4+(mg/L) 0.002 0.421 0.313 0.404
NO,~(mg/L) 0.031 0.030 0.016 0.010
NOz~(mg/L) 0.697 0.457 0.409 0.324
SiOz2~ (mg/L) 0.121 2.003 0.755 0.437
PO,43~(mg/L) 0.003 0.025 0.052 0.013
Water content (%) 24.00 25.60 27.05 25.54
Grain size (um) 32.98 34.172 35.35 35.43
Chl-a (Lg/g) 1.472 2.566 1.963 1.137

Mean of the measured environmental factors for different seasons.

field mining) in this region have brought damage to the
local organisms and destroyed their habitat (Xu et al,
2017; Zhao et al, 2017). Previous studies focused on the
response of bacteria (He et al, 2020; Zou et al, 2020; Chi
et al., 2021; Lee et al, 2021), archaea (Li et al., 2018)
communities to environmental factors in the Yellow River
Delta. In spite of the importance of benthic diatoms in
the functioning of coastal ecosystems, little is known on
environmental factors driving their structure and composition
in the Yellow River Delta. Therefore, in this study, the
concentrations of 11 environmental variables, and the seasonal
benthic diatom abundance data were obtained using the
high-throughput sequencing of 18S rRNA genes from five
sampling sites in the Yellow River Delta. This study aimed
to (1) investigate the structure of the seasonal benthic diatom
community in the Yellow River Delta and (2) identify the main
environmental variables driving the structure of the seasonal
benthic diatom community. Our results provide insights for
understanding the seasonal succession of benthic diatom in the
Yellow River Delta.

MATERIALS AND METHODS

Sample Collection

The Yellow River Delta (N37°40’ -38°10/, E118°41" -119°16') is
located in Dongying City, Shandong Province, China. The sample
collections were taken from five sites along a 2.5 km transect in
the Yellow River Delta (Figure 1). The sample collections were
taken on 25 August 2019 (summer), 19 November 2019 (fall), 11
January 2020 (winter), and 10 April 2021 (spring, site B was not
collected). At each site, surface sediment samples (upper 2 mm)
were collected using the disposable sterilization plastic syringes
with a diameter of 3.5 cm and were placed in sterile polyethylene
bags. The collected samples were then put in a portable cooler,
and immediately transported to the laboratory. Sediment samples
were stored at —80°C until analysis. Pore water was filtered in a
0.22 pm filter membrane and then kept at —20°C until analysis.
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FIGURE 2 | The Alpha diversity index of the Yellow River Delta benthic diatoms communities at different sampling seasons. (A) Chao1 richness. (B) Shannon
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Measurement of Sediment and Pore

Water Physicochemical Parameters

A total of 11 environmental variables were obtained for
each sampling site. Water temperature was acquired from
the Dongying municipal bureau of marine development and
fisheries. Salinity, and pH were in situ measured. The
concentrations of nitrate, nitrite, ammonium, orthophosphate,
silicate were measured with the standard colorimetric methods
using a continuous flow analyzer (Auto-Analyzer 3, Seal
Analytical Ltd., United Kingdom). The water content of sediment
was measured as a percentage of weight loss by drying the
sediment at 60°C for 48 h. The sediment grain size was
performed using a Laser Diffraction Particle Size Analyzer
(Cilas 940L). Chlorophyll a (Chl-a) was extracted from freeze-
dried sediment samples in 15 ml of 90% acetone for 24 h.
Acetone extracts were quantified using a Trilogy Fluorometer
(Turner Designs, United States) to give Chl-a concentration in
microgram per gram.

DNA Extraction and Sequencing

DNA from sediment samples was extracted using the E.Z.N.A.®
Soil DNA Kit (D4015, Omega, Inc., United States) according
to the manufacturer’s instructions. V8-V9 variable region of the
18S rRNA genes was amplified using the primer sets of V8f (5'-
ATAACAGGTCTGTGATGCCCT-3") (Bradley et al., 2016) and
1510r (5-CCTTCYGCAGGTTCACCTAC-3') (Amaral-Zettler
et al., 2009). Nuclear-free water was used for blank. PCR
amplification was performed in a total volume of 25 |LL reaction
mixture containing 25 ng of template DNA, 12.5 L PCR Premix,
2.5 pL of each primer, and PCR-grade water to adjust the
volume. PCR amplification was performed as follows: initial
denaturation at 98°C for 30 s; 32 cycles of denaturation at
98°C for 10 s, annealing at 54°Cfor 30 s, and extension at 72°C
for 45 s, and then final extension at 72°C for 10 min. The
PCR products were purified by AMPure XT beads (Beckman

1.0 4
0.5
<
& spring
8/ (@ summer
S 007 fall
8 winter
-0.5
Analysis of similarity:
Season:p-value < 0.01

00 0.3 0.6

PC1(39.21%)

FIGURE 3 | Principal co-ordinates analysis diagram of the Bray-Curtis
distance between benthic the diatom community for all samples.

Coulter Genomics, Danvers, MA, United States) and quantified
by Qubit (Invitrogen, United States), and then sequencing was
conducted using on an Illumina NovaSeq 6000 platform at LC-
Bio Technologies (Hangzhou, P. R. China) Co., Ltd.

Sequences Analysis

Paired-end reads were assigned to samples based on their
unique barcode and truncated by cutting off the barcode and
primer sequence. Paired-end reads were merged using the
FLASH program. Chimeric sequences were filtered using Vsearch
software (v2.3.4) (Rognes et al., 2016). After dereplication using
DADA2 (Divisive Amplicon Denoising Algorithm) (Callahan
et al., 2016), the sequences of 18S rRNA genes were assigned
to the same amplicon sequence variants (ASVs). To identify
taxonomically ASVs, the representative ASV was annotated
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by database SILVA (release 132). All sequence analyses were
conducted in QIIME2 (Bolyen et al, 2019) and its plugins
(Caporaso et al., 2010).

Statistical Analysis

All statistical analyses and graphics were conducted with R 3.4.2.
Alpha diversity index (Chaol richness, Shannon diversity index)
was calculated with the vegan package. Seasonal difference in
Alpha diversity index was compared by the stats package using
Kruskal-Wallis test. Principal co-ordinates analysis (PCoA) was
performed to visualize the dissimilarity of the benthic diatom
community based on the Bray-Curtis distance matrix among
seasons. Analysis of similarity (ANOSIM) was conducted to
test whether the benthic diatom community dissimilarities are
significant among different seasons and sampling sites, with the
Bray-Curtis distance. Linear discriminant analysis (LDA) effect
size (LEfSe) (Segata et al., 2011) was conducted to identify
high-dimensional biomarkers and explain benthic diatom taxa
differences in the four seasons. The LEfSe biomarker detection
was performed using the logarithmic LDA threshold >4 and
the statistical parameters of P < 0.05. Spearman correlation
coefficients method were used to identify the correlation
between the seasonal difference of the benthic diatom genera
(obtained by the LEfSe) as well as Alpha diversity index with
the environmental factors. Redundancy discriminant analysis
(RDA) was performed to determine the environmental variables
associated with changes in the benthic diatom community
structure using the vegan package.

RESULTS

Seasonal Variations of Environmental
Factors

The seasonal variations of environmental factors are shown in
Table 1. The pore water salinity ranged from 16.4 to 22.8 in the
four seasons and had the highest value in spring. The sediment
was alkaline throughout the sampling period, and pH value was
the highest in spring. The nitrate and nitrite concentrations
were the highest in spring and the lowest in winter. Sediment
grain size remained similar among seasons. Silicate and Chl-a
concentrations were the highest in summer.

Seasonal Variations in the Benthic

Diatom Community

A total of 3,078,045 V8-V9 18S rRNA reads were obtained in
our study. All sequencing reads were classified into 1,040 ASVs.
Rarefaction curves ranged from 0.9854 to 0.9987 can represent
the benthic diatom community reasonably. Across all samples,
the classification of the benthic diatom ASVs results showed 4
classes, 18 orders, 31 families, 143 diatoms genera.

The richness and diversity of the benthic diatom community
were compared among seasons (Figure 2). The Chaol richness
was higher significantly in spring (735 £ 130) and winter
(536 &£ 52) than in summer (239 + 112), and fall (166 + 27),
indicating that fewer diatom species were observed in summer
and fall than in spring and winter. Similarly, the Shannon
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diversity index was higher significantly in spring (4.86 £ 0.34)
and winter (4.83 £ 0.25) than in summer (4.14 £ 0.47), and
fall (3.80 £ 0.21), suggesting that a lower diatom diversity was
observed in summer and fall.

PCoA analysis was employed to study the dissimilarities of
the benthic diatom community in the Yellow River Delta among
seasons (Figure 3). Samples from summer and winter separated
from each other, which indicated that the structure of the benthic
diatom community had changed greatly among seasons. Then,
the ANOSIM results demonstrated that the structure of the
benthic diatom community was significantly different among
seasons (R = 0.54, P = 0.001) (Supplementary Figure 1A).
However, there are no significant spatial variations in the benthic
diatom community structure among different sites (R = -0.21,
P =0.999) (Supplementary Figure 1B).

The composition of the benthic diatom community at the
top 10 genera level in different sampling sites is shown in
Figure 4. The top 10 genera accounted for 75.35~84.90%
throughout the sampling period. Benthic diatoms were classified
into guilds (Passy, 2007; Rimet and Bouchez, 2012), and
motile guild taxa (e.g., Navicula, Nitzschia, and Amphora)
dominated all communities among seasons. Then the linear
discriminant analysis effect size (LEfSe) was conducted to

identify the significant difference of the benthic diatom taxa
among seasons (Figure 5 and Supplementary Table 1). For
example, the Navicula and Seminavis abundances are higher
significantly in spring than in other seasons; six genera,
namely, the Cylindrotheca, Nitzschia, Pseudogomphonema,
Gyrosigm, Pleurosiga, and Cyclotella abundances were higher in
summer; the Entomoneis, Halamphora, Craticula, and Surirella
abundances are higher significantly in winter.

Relationships Between Benthic Diatom
Taxa as Well as Diversity and

Environmental Factors

The relationship between the benthic diatom diversity and
environmental factors was evaluated in the Yellow River Delta
among seasons (Figure 6). The Shannon diversity and Chaol
richness of the benthic diatom community were negatively
correlated with the water temperature, the orthophosphate,
silicate concentrations. The water temperature and silicate
concentration were the main environmental factors affecting the
dominant benthic diatom taxa (Figure 6). Water temperature
and silicate concentration were positively correlated with
Cyclotella, Cylindrotheca, Gyrosigima, Pleurosigima abundances,
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while were negatively correlated with Entomoneis, Halamphora,
Surirella abundances. The Navicula and Pleurosigma were most
closely correlated with the environmental factors. The Navicula
abundance was positively correlated with salinity, nitrate
concentration, pH value, but was negatively correlated with
the water content of sediments and ammonium concentration.
The Pleurosigima abundance was positively correlated with the
orthophosphate, silicate concentrations, water temperature, and
the water content of sediments. Additionally, the Pleurosigma
abundance had a stronger positive correlation with silicate
concentration (Figure 7).

Redundancy analysis was used to analyze the change of
the benthic diatom community structure associated with the
environmental variables (Figure 8), which the first two axes
explained up to 36.22% of RDA 1 and 19.70% of RDA 2 of
the total variation in the benthic diatom community, indicating
that environmental factors drove the difference of the benthic
diatom community. Water temperature (R* = 0.78, p = 0.001)
apparently had the most significant effect on the benthic diatom
community, and the most variances can be explained by the
silicate concentration (R? = 0.61, p = 0.001), pH value (R? = 0.50,
p = 0.005), the nitrate concentration (R? = 0.44, p =0.009), and
the ammonium concentration (R? = 0.43, p=0.012).

DISCUSSION

Our observations obtained by a high-coverage taxonomic
survey have provided the first description of the seasonal
assembly of the benthic diatom community in the Yellow River
Delta, then the response of the benthic diatom community to
environmental factors was analyzed. Our results provide insights
for further understanding the seasonal succession of biota in the
Yellow River Delta.

The local benthic diatom taxa are the result of natural
adaptation and are associated closely with the change of the
local environment. First, the motile-guild taxa (e.g., Navicula,
Nitzschia, and Amphora) were dominant in the Yellow River
Delta (Figure 4), and the result is similar to other studies of
the benthic diatom compositions in the estuary (Admiraal et al.,
1984; Oh and Koh, 1995; Cibic et al., 2012; Yamamoto et al., 2017;
An et al,, 2020). Some researchers reported that the motile guild
taxa can respond quickly to environmental change and choose
suitable habitat (Berthon et al., 2011). Different from the Oregon
and Washington estuaries, United States and the Westerschelde
estuary, Netherlands, the Pleurosigma, Entomoneis are dominant
genera in the Yellow River Delta (Forster et al., 2006; Sawai et al.,
2016).
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Second, the structure of the seasonal benthic diatom
community was significantly different, especially in summer
and winter (Figure 3). Previous studies showed that the
nutrient supply carried by rivers was important for affecting
diatom growth and distribution (Passy and Larson, 2011).
Redundancy analysis revealed that water temperature
and silicate concentration were the main factors that
affected the structure of the benthic diatom community
(Figure 8), and the main source of silicon in the delta was
the weathering and transport of the Yellow River (Gong
et al., 2015). Therefore, the seasonal fluctuations in nutrients
input to the Yellow River Delta maybe play an important
role in influencing the seasonal patterns of the benthic
diatom assemblage.

Finally, the heterogeneity of the local environment,
which was caused by the freshwater and seawater erosion
in the different seasons, makes common species different
remarkably in the local sites. The Cyclotella abundance
was significantly higher in summer than in other seasons,
but the abundance of Cyclotella at site E was 22.75% and
at site A 0.39% in summer (Figure 4). The variations
of the distribution of the most common taxa have been

reported previously (Zong and Horton, 1999; Roe et al,
2009; Watcham et al, 2013). It was observed that the
seasonal environment heterogeneity had a stronger effect
on the benthic diatom assemblages in the Yellow River Delta,
especially in summer.

The salinity is one of the most likely drivers of the
benthic diatom community (Oppenheim, 1991; Underwood
et al., 1998; Ulanova et al., 2009; Yamamoto et al., 2017),
but it did not affect significantly the benthic diatom
community in our study (Figure 8). For one thing, the
salinity remained similar throughout the sampling seasons
due to the mixing of seawater intrusion and the Yellow
River fresh runoff in the Yellow River Delta. For another,
we used the genera level (DNA barcoding can give more
accurate information at the genera level) to analyze the
relationship  between the benthic diatom community
and environment variables. The high taxa may cover up
the sensitive species, in other words, the same diatom
genera may have ecological niche differentiation for better
environmental adaptation.

The molecular method used in this paper can establish a
better correspondence with the morphological (unpublished)
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FIGURE 7 | The relationship between the relative abundance of the Pleurosigma and silicate concentration. Values of Pearson correlation coefficient () and
probability (P) are provided. Blue lines indicate ordinary least squares linear regression across all samples.
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identification at the genus level. Nistal-Garcia et al. (2021)
found that molecular and morphological methods provided
similar information when it comes to the underlying
processes determining variation in diatom assemblages.
This is also one of the reasons why the analysis in this paper
was based on genus level. Further, molecular markers are
good methods to identify several semi-cryptic or cryptic
species which make it difficult to understand how diatom
assemblages vary in response to environmental variables (Créach
et al, 2006). DNA metabarcoding using high-throughput
sequencing platforms, have been developed drastically in
recent years, overcoming the biases related to morphological
identification (Zimmermann et al., 2015; Apothéloz-Perret-
Gentil et al., 2021). However, the completeness of the reference
database is a key factor that strongly limits the taxonomy
assignment of OTUs (Malviya et al, 2016; Weigand et al,
2019; Nistal-Garcia et al., 2021). At present, various DNA
barcoding studies have been successfully conducted, based
on different maker genes, including rbcL (An et al, 2020),
COI (Evans et al, 2007), ITS (Moniz and Kaczmarska,
2010), and 18S rDNA (Visco et al., 2015). Therefore, there
is no unified standard primer and analysis process (such
as sequencing depth, a threshold for assign taxonomy), so
it is difficult to compare different research results. In the
future, unified standard primer and analysis process will

need. Meanwhile, we suggest that combining molecular
and morphological approaches provide complementary
information on each other, especially when completeness
of the reference databases improves and bioinformatics
biases are overcome.

CONCLUSION

In summary, this study used 18S rRNA gene-based high-
throughput sequencing technology to analyze the structure of
the benthic diatom community in the Yellow River Delta for
the first time. The results show that the diversity of the benthic
diatom community is higher significantly in spring and winter
than in summer and fall. The dominant benthic diatom groups
at the genera level are Navicula, Nitzschia, and Amphora. The
structure of the benthic diatom community was significantly
different among seasons. Redundancy analysis showed that
water temperature and the concentrations of silicate, nitrate,
ammonium, and pH value are the main factors driving the
seasonal assembly of the benthic diatom community. Overall, this
study reveals the composition of the benthic diatom community
and its relationship with environmental factors, providing a
certain theoretical sight for understanding microbial ecology and
environmental protection in the Yellow River Delta.
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