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Abstract: Skeletonema dohrnii is a common red tide microalgae occurring in the coastal waters and
throughout the world. The associated heterotrophic or autotrophic bacteria play vital roles in
regulating algal growth, production, and physiology. In this study, we investigated the detailed
bacterial community structure associated with the growth of S. dohrnii’s using high-throughput
sequencing-based on 16S rDNA. Our results demonstrated that Bacteroidetes (48.04%) and Pro-
teobacteria (40.66%) in all samples accounted for the majority of bacterial populations. There was a
significant linear regression relationship between the abundance of bacterial phyla and culture time.
Notable shifts in bacterial community composition were observed during algal growth: Flavobac-
teriales accounted for the vast majority of sequences at the order level. Furthermore, the relative
abundance of Rhodobacterales was gradually reduced during the whole growth process of S. dohrnii
(0-12 days). However, beyond that, the relative abundance of Marinobacter was slowly increasing. It
is noteworthy that five fluorophores (Peaks T1, Tp, I, M, and A) were detected during the growth
stage of S. dohrnii. The characteristic indexes (fluorescence index, humification index, and biological
index) of chromophoric dissolved organic matter (CDOM) also varied with the culture time. In
addition, the taxa of bacteria had certain effects on CDOM and they were inextricably linked to
each other.
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1. Introduction

Diatoms are ubiquitous autotrophic eukaryotes in aquatic ecosystems, and they con-
tribute about 20% of the total photosynthesis of the earth [1]. Skeletonema is a genus
of diatoms belonging to the family Skeletonemaceae (Bacillariophyta, Centricae, Disci-
nales, Discoideae). Skeletonema spp. are commonly found in marine and coastal waters
throughout the world and known as a causative species of red tide [2-5]. Among diatom:s,
Skeletonema dohrnii is a cosmopolitan species widely distributed in the temperate regions
of the northern and southern hemispheres [4]. In the coastal waters of China, S. dohrnii
is a common red tide algae that forms long chains with a shell surface diameter up to
4-12 microns [5]. It is a cold-water species that mainly occurs in winter and spring. In
summer and fall, S. dohrnii disappears and accumulates in bottom water and shallow
sediments [3,6,7]. Their occurrence and distribution may be influenced by environmental
gradients such as temperature and interactions with other living organisms [2,3,5,8].

Microalgae and bacteria have coexisted in aquatic habitats for more than 200 million
years [9], which means that the interactions between diatoms and bacteria have undergone
a long evolutionary time scale. Bacterial communities constitute sophisticated interactions
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with microalgae [10], including mutualism, commensalism, antagonism, competition, and
parasitism. Microalgae can provide organic matter to promote bacterial growth, or an-
timicrobial substances to inhibit bacterial reproduction [11-13]. Bacteria can also produce
vitamins, nutrients, and other substances that promote microalgal growth [14,15], and
produce substances that inhibit the growth of microalgae [16,17]. Around algal cells, there
usually exists a special micro-environment called “phycosphere’, which is inhabited by the
specific microbial communities. The phycosphere is the main place for the interactions
between algae and bacteria [18]. Some phycosphere bacteria are common to certain mi-
croalgae, while unique to other microalgae, and have the interspecies specificity between
microalgae and bacteria. For example, bacteria in the phycosphere of Skeletonema costatum
mainly include Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes [19,20].
Studies have shown that bacterial community composition in phycosphere differs from the
attached bacteria in the water. Furthermore, bacterial density and community structure
will also change with different periods of microalgal growth stage and changes in the phy-
toplankton community [20]. Basically, regardless of the interactions between microalgae
and bacteria, changes in bacterial community are related to the physiological state of algae
in different periods [20,21] and the relationship between microalgae and bacteria plays
an important role in the biogeochemical cycles and algal bloom processes [22]. Therefore,
bacterial communities are important for an in-depth understanding of biogeochemical
cycles [22].

Currently, most of the research has mainly focused on the population distribution,
morphology, and biodiversity of Skeletonema [23-27]. Meanwhile, the phycosphere bacteria
of some Skeletonema have been studied as well [28,29]. However, the bacterial community
composition and chromophoric dissolved organic matter of S. dohrnii has not been reported.
Therefore, we established a batch culture system to explore the relationship between
eukaryotic diatoms and bacteria using the 165 rDNA amplicon sequencing-based on next-
generation sequencing platforms. Primarily, we chose a symbiotic system to obtain a linear
relationship between the microalgae and bacteria in this study.

2. Materials and Methods
2.1. Microalgae Collection, Pre-Culture Conditions and Experimental Set-Up

Skeletonema dohrnii was isolated from the central Yellow Sea in China, where it
is the predominant species occurring in spring blooms and generally found all year
round [5]. During the experiments, S. dohrnii was cultured in the artificial seawater (ASW)
medium [30] in transparent conical flasks at 18 °C. The light intensity and photoperiod
were 55.50 umol photons m~2 s~! and 14 h:10 h (light: dark) cycles under cool white
fluorescent light, respectively. Microalgal cultures were shaken manually at 12 am every
day to prevent sedimentation.

S. dohrnii was harvested during the logarithmic growth phase. The microalgae cells
were collected by centrifugation at 2000x g for 5 min. The harvested microalgal cells
were washed with sterilized deionized water and centrifuged at 2000x g for 5 min again.
Then S. dohrnii’s cells were inoculated to 2000 mL transparent conical flasks containing
1800 mL of artificial seawater, and the initial microalgal biomass concentration was about
4.25 x 10° cells L1

In this study, S. dohrnii in artificial seawater was represented by Z1-Z30. The samples
were taken daily until the 6th day. Also, the other three samples were collected on days §, 10,
and 12 (G8, G9, and G10). All the materials and media were sterilized before experiments.
All experiments were performed in triplicates.

2.2. Determination of Microalgal Growth and Collection of Bacteria

When shaking the culture solution every day, 100 uL of microalgae solution was
collected into the blood cell counting chamber and microalgal cells were immediately
counted using an inverted microscope (Olympus BX51, Olympus, Tokyo, Japan). Bacterial
counts were determined via plate count [31].
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At the beginning of the experiment, 150 mL of microalgal solution was taken daily
from the samples. The microalgal culture solutions were filtered through a 3.0 um sterile
mixed cellulose ester membrane (47 mm, Millipore, MA, USA) to collect the attached
bacteria. The filtered samples (the membranes with S. dohrnii and attached bacteria) were
then stored in the cryogenic vial (2 mL, Corning Incorporated, New York, USA) and kept
at —80 °C in the freezer until DNA extraction.

2.3. DNA Extraction, PCR Amplification, and Sequencing

Total genomic DNA was extracted using the DNeasy PowerWater (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. DNA quantity and quality were
analyzed by a Nanodrop spectrophotometer ND-2000. The extracted genomic DNA
was stored at —80 °C for further analyses. Bacterial community structure was char-
acterized by amplifying V3 and V4 regions of 16S rRNA genes using the prokaryotic-
specific forward primer 343F 5'-TACGGRAGGCAGCAG-3' and reverse primer 798R5'-
AGGGTATCTAATCCT-3'. We used a 50 uL system for polymerase chain reactions (PCR):
343F (10 uM) and 798R (10 uM) each 1.5 uL, dNTPs 1.5 uL, 10 x PCR buffer 5 uL, KOD
FX Neo polymerase 0.2 uL, DNA template 10-100 ng and ddH,O to 50 pL. The thermal
cycle steps of PCR were as follows: pre-denaturation at 95 °C for 5 min, denaturation at
95 °C for 0.5 min, annealing at 50 °C for 0.5 min, 25 cycles of extension 72 °C for 0.5 min,
and final extension 72 °C for 10 min. All PCR products were purified using the Universal
DNA Purification Reagent Kit (Qiagen, Hilden, Germany). The recovered product was
sequenced on the Illumina Hiseq 2500 platform by Shanghai Oebiotech Technology Co.,
Ltd., Shanghai, China.

2.4. Sequence Processing and Analysis

The original double-ended sequences were de-interleaved using Trimmomatic (v. 0.33)
(http:/ /usadellab.org/cms/?page=trimmomatic (accessed on 7 January 2021)) [32], and
the de-duplexed double-ended sequences were spliced using FLASH software (v. 1.2.7)
(http:/ /ccb.jhu.edu/software/FLASH/ (accessed on 7 January 2021)) [33]. The splicing
parameters were: the minimum overlap was 10 bp, the maximum overlap was 200 bp, and
the maximum mismatch rate was 20%. During the denoising and chimera detection stage,
removing low quality sequences (quality scores < 25, sequences lengths < 200 bp), ambigu-
ous reads (ambiguous base > 0) and chimeras (vsearch uchime-denovo function default
parameters) were all removed using QIIME 2 software (https://qiime2.org (accessed on 7
January 2021)) [34]. Specifically, the chimera sequences were detected and removed using
the vsearch uchime-denovo function with default parameters. Clean reads were subjected
to the primer sequences removal and clustering to generate operational taxonomic units
(OTUs) using VSEARCH software (https:/ /github.com/torognes/vsearch (accessed on 7
January 2021)) [35] with a similarity cutoff value of 97%. The ribosomal database project
(RDP) was applied to carry out taxonomic assignments by setting a confidence threshold of
80%. The rarefaction analyses were executed by Mothur software (v. 1.38). LEfSe (LDA Ef-
fect Size) software (v. 1.0) was used to test statistical differences among the samples (LEfSe,
logarithmic LDA score > 2 and p < 0.05 for Kruskal-Wallis test) [36]. Moreover, 165 rDNA
data were analyzed with R (v. 3.5.1), STAMP, and Origin 8.5 software, respectively [37].

2.5. Fluorescence Measurements

The artificial seawater samples for CDOM were analyzed from 10 mL samples filtered
through a 0.7 um combusted GF/F filter onto pre-combusted (450 °C for 5 h) glass vials.
Then, the fluorescence spectra of CDOM were measured with an F-7100 fluorescence
spectrophotometer (Tokyo, Japan). The voltage of the photomultiplier tube (PMT) was set
to 700 V. Fluorescence spectra detected subsequent scanning of excitation (Ex) from 200
to 400 nm and emission (Em) from 250 to 500 nm. Ex and Em slits were maintained at
5 nm and the scanning speed was set at 12,000 nm/min. The software Origin 8.5 (Origin
Corp., Hampton, MA, USA) was employed for handling fluorescence data. In addition,
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fluorescence index (FI) [38], biological index (BIX) [39], and humification index (HIX) [40]
indices were calculated from fluorescence data.

2.6. Statistical Analysis

Statistical analysis of all the data was performed with one-way ANOVA analysis and
unpaired t-test analysis using SPSS software (version 19.0). Results were expressed as the
mean of measurements + standard deviation (SD). A 95% confidence level was chosen to
determine the significance between groups, with p < 0.05 indicating a significant difference.

3. Results
3.1. The Growth of Skeletonema dohrnii and Bacteria

The initial inoculation density of algal cells was about 4.25 x 108 cells L~! (Figure 1).
There was no obvious lag in the growth of microalgae. The algal cell density reached the
maximum value (9.88 x 108 cells L 1) on the 4th day. From the 5th day, the density of algal
cells rapidly decreased until the 6th day of the experiment. Subsequently, starting from
the 6th day, the cell density slowly declined, and ultimately reached 5.47 x 108 cells L~!
on the 12th day. The initial density of bacteria was 0.08 x 10* cfu mL~!. After 12 days of
cultivation, the bacterial density significantly increased to 2.65 x 10* cfu mL~!.
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Figure 1. The growth curves of Skeletonema dohrnii and bacteria.

3.2. Analysis of Bacterial Diversity and Community Structure

Based on the analysis of species annotation in the Ribosomal Database Project (RDP)
database, 7 phyla, 10 classes, 21 orders, 29 families, and 36 genera were identified in this
study. The unidentified species of the 165 rDNA sequence were labeled as “others’ in our
study. The proportions of Bacteroidetes and Proteobacteria were higher in the initial stage,
accounting for 46.39% and 44.89% of all samples, respectively (Figure 2a,b). The proportion
of Cyanobacteria, Firmicutes, and Planctomycetes contributed relatively low (6.03%, 2.20%,
and 0.34%, respectively). Among the Proteobacteria, Alphaproteobacteria, and Gammapro-
teobacteria accounted for 43.68% and 1.01% of the total number of sequences, respectively.
However, the Bacteroidetes were composed of only Flavobacteriia. At the genus level,
Fluviicola accounted for 35.73% of the total abundance (Figure 2¢c). Aquibacter increased
from 4.07% to 20.04% with the extension of microalgae culture duration (Figure 2c). During
the whole process, the relative abundance of Marinobacter and Erythrobacter did not change
much and remained in a relatively stable state. However, the relative abundance of uniden-
tified genera gradually decreased (from 44.80% to 9.56%) with the experiment duration
(Figures 2c and 3d). Sphingomonadales at the order level maintained a steady increase
(Figure 3a). Meanwhile, Rhodobacterales showed the opposite trend to Sphingomonadales
(Figure 3b).
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Figure 2. The bacterial community composition at the phyla (a), class (b), and genus (c) level in all samples. G1-G7, G8, G9,
and G10 were described as the results of the samples of S. dohrnii on days 0 to 6, and days 8, 10, and 12, respectively (a,b).
(c), shows the top 15 categories of relative abundance.
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Figure 3. Changes in the relative abundance of individual major bacterial taxa in all samples. Order: (a,b); Genus: (c,d).

The histogram with linear discriminant analysis (LDA) scores and cladogram are
shown in Figure 4. The abundance of G3 (Z27-Z9) (day 2), G4 (210-Z12) (day 3), and G6 (Z16-
Z17) (day 5) were less than the specified values, so these groups were not shown. G1 (Z21-Z3)
(day 0) mainly included Firmicutes, Planctomycetes, Proteobacteria, and Bacteroidetes.
Fluviicola and Cryomorphaceae made up the vast majority of the bacterial population in
the G1 (LDA > 5) (Figure 4a). On the 6th day (G7: Z19-Z21), Actinobacteria were detected
(Figure 4b). G8 (Z22-Z24) and G9 (Z225-Z27) were mainly composed of Flavobacteriaceae
and Agquibacter. Both the G1 and G10 bacterial communities contained Proteobacteria;
however, the G10 contained the vast majority of Proteobacteria.

3.3. Fluorescence Characteristics

In this study;, five fluorophores (peak Tq, peak Ty, peak I, peak M, and peak A) were
detected during the culture time of S. dohrnii (Figure 5, Table 1). Peaks Ty, T,, and I were
detected every day. Apart from that, the maximum fluorescence intensity of T, appeared
on the 6th day. Meanwhile, Peak A appeared on the 6th and 8th day. Peak M appeared on
days 8, 10, and 12.

To further explore the characteristics of CDOM under the joint action of S. dohrnii and
bacteria, the fluorescence index (FI), biological index (BIX), and humification index (HIX)
were used to express changes in CDOM (Figure 6). During the whole cultivation time of
microalgae, the change of FI (2.20-2.58) was insignificant, and BIX gradually decreased, but
the trend was not obvious. The lowest value of BIX appeared on the 12th day, with a value
of 0.75. Conversely, the value of HIX (0.04-0.57) gradually increased with the extension of
culture time.
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Fluorescence intensity
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Figure 5. The excitation—emission matrix spectroscopy of dissolved organic matter fluorescence for S. dohrnii during the
culture time.

Table 1. Central regions of fluorescence attributed to different sources of organic matter.

Peaks Excitation Wavelength (nm) Emission Wavelength (nm) Description References
A 260 380-460 Humic-like substances (Terrestrial) [41-43]
M 290-310 370-420 Humic-like substances (Marine) [44]

Protein-like substances (amino
Ty 275 340-350 acid tryptophan) [41,42]
T, 205-230 340-350 Protem—ll}(e substances (amino [41,42]
acid tryptophan)

I 200-230 280-330 Protein-like substances (tyrosine) [45]
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4. Discussions

As described by previous reports, the construction of algal microbial communities
has species and genus specificity [46—48]. The bacterial communities associated with
Thalassiosira rotula and Skeletonema costatum mainly included «-Proteobacteria, and y-
Proteobacteria [49]. In addition, Proteobacteria and Bacteroidetes were the most abundant
in the phycosphere [50-52]. Moreover, some typical bacteria (e.g., Roseobacter, Alteromonas,
and Flavobacterium) have maintained significant interactions with diatoms [53]. In this
study, we found that Bacteroidetes, Proteobacteria, and Firmicutes were the most abundant
phyla throughout the culture time of Skeletonema dohrnii (Figure 2a). Moreover, Rhodobac-
terales had a relatively high abundance in all samples (Figure 3b), and they frequently
appeared in different environments, especially in the phycosphere of diatoms [54,55].
Furthermore, many studies have referred to members of the Roseobacter group, which
can degrade aromatic compounds released by microalgae [54,56]. The bacterial commu-
nity structure changed significantly in the co-culture system of microalgae and bacteria
(Figure 2), which may be due to the changes in microalgal abundance and organic matter. It
was known that the ASW medium did not contain any organic matter. Several studies have
shown that phytoplankton released large amounts of organic matter to provide bacteria
with carbon, nitrogen, and other sources of energy [57,58]. The bacterial communities
in different microalgae had their specific characteristics. Therefore, the changes in com-
munity composition could be related to the composition of organic matter released by
phytoplankton at different growth phases.

This study found that Proteobacteria accounted for the vast majority during the entire
culture process. Among them, Alphaproteobacteria, Betaproteobacteria, and Gammapro-
teobacteria mainly appeared in the initial (G1 and G2) and degradation (G8, G9, and G10)
phases. Moreover, Cyanobacteria were present throughout the experiment. Miao et al. [59]
showed that Cyanobacteria were detected in association with five microalgae (Fragilariopsis
sp., Micromonas sp., Thalassiasira sp., Attheya septentrionalis, and Chlorella sp.). Cyanobacte-
ria not only dominate in photoautotrophic microorganisms but also constitute the biomass
of microbial ecosystems. However, the relatively high bacterial diversity of G1 and G10
may be due to the low density of algal cells during this period. It is reasonable to conclude
that microalgae cells died and various organic molecules were released allowing for greater
bacterial growth. However, the relative abundance of Flavobacteriales and Alteromon-
adales was higher than other orders. The microbial diversity of Alexandrium tamarense
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showed that the bacterial diversity at the exponential phase was much lower than that in
the lag and stationary stage [60]. Moreover, it was evident that the organic matter released
by microalgae changes during the transition from the initial to degradation stage [61],
thereby changing the bacterial community structure of the phycosphere. Since the diatom
genus Skeletonema was known as a red tide algae [5,27], when the number of microalgal
cells was the highest (G5), it can be considered as the outbreak of red tide. During this
period, Flavobacteriales and Bacteroidetes possessed the highest relative abundance among
the bacterial community (Figure 4a). In addition, the Marinobacter is one of the most diverse
genera of Gammaproteobacteria and is widely distributed in the world’s oceans [62,63]. In
the present study, Marinobacter had the highest relative abundance on day 4 (Figure 2c),
when the number of algae cells was also the highest.

The organic matter will be released during the growth of S. dohrnii. The released
organic substances were mainly the active protein-like fluorescent components. The organic
matter was further degraded and utilized by bacteria. At the same time, the fluorescence
intensity of protein-like substances was weakened and gradually transformed into more
stable humus-like substances.

As the microalgae decayed, there were some variations in the detection of fluorophores.
Peaks A and M began to appear on days 6 and 8, respectively. Since our samples did
not include terrestrial material, the humic-like fluorescence must be a direct product of
autochthonous production and microbial transformation. Given biomass of S. dohrnii at this
time was in a rapidly decreasing state (Figure 1), indicating the algal cells died and released
large amounts of organic matter. Bacteria took the organic matter released by S. dohrnii and
processed it into humus-like substances. Nevertheless, Proteobacteria and Bacteroidetes
were still the main bacterial taxa. However, Acidimicrobiia and Flavobacteriaceae had
relatively large LDA scores on days 6 and 8, respectively (Figure 4a). We speculated that
the humus-like substances of Peaks A and M might have a certain relationship with both
of them.

As described by previous reports, the fluorescence components of DOM were mainly
produced by water bodies and microorganisms when the FI was > 1.9 [64]. In our study, S.
dohrnii was cultured with ASW medium (without organic matter), meanwhile, FI ranged
from 2.20 to 2.58, indicating the fluorophores were produced by algal-bacterial interactions.
When HIX < 1.5, the organic matter was derived from biology or aquatic bacteria [65]. The
HIX values in this study were all less than 1.5 and decreased gradually with the extension
of culture time. Therefore, the humification of organic matter in the water environment
was low, and all of which come from algal-bacterial interactions. BIX could be used as
an indicator of DOM traceability [66]. The values of BIX in this study were 0.75-1.96,
which indicated the higher degradation and lower levels of humification in the samples
(Figures 5 and 6).

5. Conclusions

This study explored the bacterial community associated with Skeletonema dohrnii and
chromophoric dissolved organic matter under the 165 rDNA high-throughput sequencing
and excitation—emission matrix. Based on the above results, we can draw the following
conclusions: the diversity of bacteria changed during different growth phases of S. dohrnii.
The activity of S. dohrnii also affected the bacterial community composition of bacteria. It
was noteworthy that bacteria played an important role in the dissolved organic matter
released by S. dohrnii at different culture times. In addition, different bacterial taxa also
had a certain impact on the dissolved organic matter, which were inextricably linked.
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