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ARTICLE INFO ABSTRACT

Keywords: Ocean acidification (OA) is known to influence biological and ecological processes, mainly focusing on its im-
Community structure pacts on single species, but little has been documented on how OA may alter plankton community interactions.
Food web Here, we conducted a mesocosm experiment with ambient (~410 ppmv) and high (1000 ppmv) CO, concen-
Global change . . . . . . . . .

Mesocosm trations in a subtropical eutrophic region of the East China Sea and examined the community dynamics of

microeukaryotes, bacterioplankton and microeukaryote-attached bacteria in the enclosed coastal seawater. The
OA treatment with elevated CO, affected taxa as the phytoplankton bloom stages progressed, with a 72.89%
decrease in relative abundance of the protist Cercozoa on day 10 and a 322% increase in relative abundance of
Stramenopile dominated by diatoms, accompanied by a 29.54% decrease in relative abundance of attached
Alphaproteobacteria on day 28. Our study revealed that protozoans with different prey preferences had differing
sensitivity to high CO,, and attached bacteria were more significantly affected by high CO, compared to bac-
terioplankton. Our findings indicate that high CO; changed the co-occurrence network complexity and stability
of microeukaryotes more than those of bacteria. Furthermore, high CO, was found to alter the proportions of
potential interactions between phytoplankton and their predators, as well as microeukaryotes and their attached
bacteria in the networks. The changes in the relative abundances and interactions of microeukaryotes between
their predators in response to high CO, revealed in our study suggest that high CO, may have profound impacts
on marine food webs.

Molecular ecological network

and organismal physiology, differ widely within and between species
(Doney et al., 2020; Gao et al., 2019; Mostofa et al., 2016). Marine
microeukaryotes and bacteria have important global roles in food webs

1. Introduction

Atmospheric CO; concentrations are higher today than at any point

in at least the past 800,000 years (Liithi et al., 2008) and the ocean has
absorbed about one-third of the anthropogenic CO2 emitted since the
Industrial Revolution (Gruber et al., 2019). Uptake of anthropogenic
CO4 has caused a decrease in surface seawater pH and has altered ma-
rine carbonate chemistry, in a process known as ocean acidification.
Under the IPCC ‘business as usual’ scenario average surface seawater pH
is projected to drop by a further 0.3 units during this century, with an
even greater fall in pH in eutrophic waters (Portner et al., 2021). The
effects of high COs, explored using such methods as cellular metabolism

and nutrient cycling. Phytoplankton convert CO, into organic com-
pounds, contributing ~50% of the total global primary production and
providing the base of the ocean food web (Field et al., 1998). Between
5% and 95% of the organic carbon fixed by phytoplankton is released
into seawater as dissolved organic matter, which can then be used by
bacteria (Thornton, 2014) which are in turn consumed by zooplankton
and flagellates, forming an important part of the ‘microbial loop’ (Fen-
chel, 2008).

Mesocosm experiments allow studies of marine communities and so
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can be used to assess both the direct and indirect influences of high CO5
on ecosystem function (Baltar et al., 2015; Doney et al., 2020; H P
Grossart et al., 2006; Riebesell et al., 2017; Spisla et al., 2021). The ef-
fects of high CO5 on phytoplankton species can be positive, negative or
neutral (Gao et al.,, 2019; Hutchins and Sanudo-Wilhelmy, 2022;
O’Brien et al., 2016). Pronounced beneficial effects of high CO3 levels
have been observed on some phytoplankton with small sizes but not
others (Hyun et al., 2020; Schulz et al., 2017). Within bacterial com-
munities, high CO2 has been found to influence the relative abundance
of certain taxa (Bach et al., 2019; Baltar et al., 2015; Maugendre et al.,
2017a; Meakin and Wyman, 2011; Riebesell et al., 2017; A. S. Roy et al.,
2013; Spisla et al., 2021; Zhang et al., 2013).

Marine species exchange materials, energy and information-carrying
chemicals in a range of interactions including competition, mutualism,
predation and commensalism (Lima-Mendez et al., 2015). The in-
teractions between species and their environment are altered by ocean
acidification (Nagelkerken et al., 2016; Sswat et al., 2018), but
comprehensive studies of the potential effects of ocean acidification on
these interactions are lacking. Molecular ecological network analysis
can elucidate network interaction in microbial communities and their
responses to environmental changes (Djurhuus et al., 2020; Fuhrman
et al., 2015; Lentendu and Dunthorn, 2021). In soil studies, warming
(Yuan et al., 2021) and elevated CO5 (Tu et al., 2015; Zhou et al., 2011)
altered biological communities, interaction network structures and
ecosystem function. Prior to our study, very little was known about the
potential effects of high CO3 on ecological networks in the plankton
although an Arctic mesocosm experiment indicated that bacter-
ioplankton interaction networks were not significantly affected by high
CO, (Wang et al., 2016). However, in subtropical eutrophic coastal
waters high CO, was found to cause extensive changes in bacter-
ioplankton community networks (Lin et al., 2018). Until now, network
analysis of marine eukaryote-prokaryote community interactions has
been lacking in the context of global human impacts on marine
ecosystems.

Most high CO, mesocosm experiments have used a starting oligo-
trophic seawater with or without the experimental addition of nutrients
(Gazeau et al., 2017; Kim et al., 2006; Maugendre et al., 2017a; Spisla
etal., 2021; Zhang et al., 2013). Here we examined a coastal area that is
strongly influenced by eutrophication, as it is known that high nutrient
availability can interact with the effects of ocean acidification (Cai et al.,
2011; Wallace et al., 2014). Coastal waters are projected to be 0.13 pH
units more acidic than the open ocean by the end of this century, due to
eutrophication (Cai et al., 2011). In mesocosm experiments conducted in
oligotrophic seawater with nutrient addition, nitrate, phosphate and Si
or Fe were added before or during the experiment to stimulate phyto-
plankton growth (Alvarez-Fernandez et al., 2018). In those experiments
the concentrations of nutrients, elements and dissolved organic matter
were different to those found in eutrophic coastal waters. The Facility
for the Study of Ocean Acidification Impacts of Xiamen University
(FOANICXMU) mesocosm platform, located in a subtropical eutrophic
coastal region (Chen et al., 2021) of the East China Sea, provided an
opportunity to study the effects of ocean acidification in the context of
eutrophication. This is pertinent to the real-world conditions presently
found around coastlines worldwide. Therefore, the simulated ocean
acidification mesocosm experiments conducted in eutrophic seawater in
our study should better reflect the potential effects of ocean acidification
in real-world eutrophic conditions. During the five-week experiment
that simulated ocean acidification by manipulating seawater pCO,, the
18S ribosomal DNA (V9 region) was used for determining micro-
eukaryotic communities, and the 16S ribosomal DNA (V4-V5 region)
was used for determining the communities of bacterioplankton and
microeukaryote-attached bacteria under ambient CO3 and high CO,. We
then used these data to investigate changes in community composition
and interaction network structures due to high CO,. This study is the
first to use co-occurrence network analysis to fully explore how in-
teractions between various microeukaryotes and bacteria in the marine
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environment are impacted by elevated CO, based on the mesocosm
experiment. Our study highlights the potential changes in interactions
between marine microbes in the context of global change and their
implications for the marine ecosystem.

2. Materials and methods
2.1. Mesocosm setup

Our mesocosm experiment ran from April 9th to May 15th’ 2018,
using the FOANICXMU mesocosm platform in Wuyuan Bay, Xiamen,
Fujian Province, East China Sea (24°31'48" N, 118°10'47" E). Each
transparent thermoplastic polyurethane cylindrical mesocosm bag was
3 mdeep and 1.5 m wide (4000 L total volume). Seawater from Wuyuan
Bay was filtered through a 0.01 pm water purifying system (MU801-4T,
Midea, China) and used to simultaneously fill 9 bags within 36 h. Bags 2,
4, 6, and 8 were controls, aerated with ambient air pCO». Bags 1, 3, 5, 7,
and 9 were acidified with approximately 11 L of CO4 saturated seawater
to attain 1000 patm CO,. Subsequently, Ambient and high CO2 meso-
cosm bags were aerated (5L min~!) with ambient air of 410 ppmv pCO»
and premixed air-CO; of 1000 ppmv pCO», respectively, till the end of
the experiment. Subsequently, 720 L of in situ seawater filtered by 180
pm mesh was added simultaneously into 9 mesocosm bags after about
2-3 h of aeration for carbonate system homogenization. Therefore, each
bag was inoculated with 80 L of in situ seawater containing a natural
community of microeukaryotes and microbes. Every 1-3 days, the
mesocosm samples were collected from 0.5 m depth in each bag at 10:00
a.m. for physical, chemical and biological analysis, as described in
Huang et al. (2021) and supplementary information. The initial con-
centrations of NO3, NO3, NHZ, PO3~ and Si(OH), in all mesocosm bags
were 6.73-10.65, 0.49-0.79, 6.07-8.71, 0.18-0.47, and 5.42-9.50 pmol
kg~ ! respectively (Supplementary Fig. 1), and matched the eutrophic
conditions of the surrounding coastal seawater. The large variation in
nutrient concentration among these mesocosm bags was caused by dif-
ficulties in seawater filtration in eutrophic coastal regions with high
concentrations of organisms and particles.

2.2. Sample filtration, DNA extraction, amplification and sequencing

A total of 500 mL to 2 L of seawater, depending on biomass con-
centration, was sampled from each mesocosm bag. Samples from days 3,
6, 8, 10, 16, 20, and 28, which could represent different stages of
phytoplankton blooms according to temporal variations in Chl a, were
collected and used for DNA extraction and sequencing in this study.
Sequential size fractionated filtration (2-ym and 0.2-pm polycarbonate
filters) by a peristaltic pump was used to filter seawater collected from
the mesocosm bags. DNA from samples was extracted as follows. 1 mL of
70 °C preheated lysis buffer (100 mM Tris, 40 mM EDTA, 100 mM NaCl,
1% SDS) was added to the centrifuge tube with the filter. After 3 times of
30s vortex and 5 min water bath at 70 °C, NaCl 0.7 M and 1% CTAB
(finial concentrations) were added. The filter was then water-bathed at
70 °C for 10 min. Phenol-chloroform extraction and ethanol precipita-
tion was then used for DNA extraction. The DNA from samples collected
by 0.2-pm and 2-pm filters was used for 16S V4-V5 region PCR ampli-
fication representing the community of bacterioplankton and
microeukaryote-attached bacteria, respectively. DNA from samples
collected by 2-pm filters were also used for 18S V9 region PCR ampli-
fication for the microeukaryotic community. 515AF (GTGY-
CAGCMGCCGCGGTAA), and 926R (CCGYCAATTYMTTTRAGTTT)
targeting the 16S rDNA V4-V5 region of prokaryotes were used. 1389F
(TTGTACACACCGCCC) and 1510R (CCTTCYGCAGGTTCACCTAC) tar-
geting the 18S rDNA V9 region of eukaryotes were used. The amplifi-
cation conditions were as follows: initial denaturation at 95 °C for 3 min,
29 cycles for 16S V4-V5 region and 30 cycles for 18S V9 region of
denaturation at 95 °C for 30s, annealing at 53 °C for 30s extension at
72 °C for 45s, and then final extension at 72 °C for 10 min. PCR products
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were purified using an AxyPrepDNA gel extraction kit (Axygen, Union
City, CA, United States) from 2% agarose gel after electrophoresis. DNA
library was constructed following the MiSeq Reagent Kit preparation
guide (Illumina, San Diego, CA, United States). The sequencing was
conducted using an [llumina MiSeq PE300 platform (Shanghai Majorbio
Bio-pharm Technology Co. Ltd., Shanghai, China) after the purification
and quantification of PCR products.

2.3. Sequence assignment and data analysis

Raw fastq sequences were quality filtered by fastp (v0.19.6) and
merged by FLASH (v1.2.7) before analysis. The filtered reads were im-
ported to QIIME 2, and DADA2 was used to de-noise the sequences,
resulting in high-resolution amplicon sequence variants (ASVs). For
taxonomic classification, we used the SILVA databasel38 with 97%
identity for 16S V4-V5 region gene sequencing and the TARA 18S V9
database with 97% identity for 18S V9 region gene sequencing data
(http://taraoceans.sb-roscoff.fr/EukDiv/index.html). To minimize the
effects of sequencing depth on subsequent analyses, the number of se-
quences from each sample was rarefied to the smallest number of se-
quences in all samples. Alpha diversity was estimated by Shannon index
and Simpson index using Mothur 1.30. Beta diversity was calculated by
non-metric multidimensional scaling (NMDS) and analysis of similar-
ities (ANOSIM) using Bray distance matrices. We also used canonical
correlation analysis (CCA) to identify and measure the associations be-
tween environmental variables and the bacterial and microeukaryotic
communities. The species with significant differences in relative abun-
dance between ambient and high CO, treatments were identified using
Wilcoxon sum-rank test. To eliminate the effects of phytoplankton
bloom stages on the community structure, LEfSe analysis were carried
out regardless of different stages. The linear discriminant analysis (LDA)
effect size (LEfSe) is used to estimate the impact strength of the abun-
dance with differences between ambient and high CO, treatments, with
the setting of LDA score >2.0, based on the results of Wilcoxon sum-rank
test at the level of P < 0.05 (Segata et al., 2011).

2.4. Network construction

Co-occurrence networks of microeukaryotes, microeukaryote-
attached bacteria and bacterioplankton were constructed under high
CO2 and ambient CO, treatments respectively and throughout the
experiment, in the R environment. The package ‘Hmisc’ was used to
calculate the Spearman rank coefficient (r) between rarefied ASVs. The
package “igraph” was used to construct network, based on the correla-
tions that were robust (|r| > 0.6) and significant (pagj < 0.01). The
supplemental material contains a description of the network’s parame-
ters. To determine how high CO, affected network complexity, network
topological characteristics were analyzed using the package ‘igraph’,
and the differences in 500 bootstrapped node attributes between
different CO, treatments were performed by the Kolmogorov-Smirnov
test. To evaluate how high CO, influenced network stability, robust-
ness and vulnerability which can reflect the sensitivity of networks to-
ward node removal, were compared under different CO, concentrations
(Yuan et al., 2021). Robustness was expressed by the proportion of
nodes remained by randomly removing 50% nodes for 1000 times, and
then compared between ambient and high CO2 using Wilcoxon test.
Vulnerability was represented by the maximum decrease in network
efficiency when a single node is deleted from the network, for running
times which were equal with number of nodes. The proportions of in-
teractions of phytoplankton and their predators, were extracted from
microeukaryote networks and cross domain networks respectively, and
then compared under high CO, and ambient CO,. To obtain the in-
teractions of microeukaryotes and their attached bacteria, we also
constructed cross domain networks using 18S V9 and 16S V4-5
sequencing results of samples with diameter larger than 2 pm.
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3. Results
3.1. Experimental timeline and dynamic of biotic and abiotic parameters

The differences in carbonate system parameters pHygs and pCO,
between high CO, and ambient CO, treatments maintained relatively
stable with the values of 0.22 + 0.05 units and 455 + 100 patm
respectively (Fig. 1 a, b). The Chl a concentration peaked on day 12 with
6.35 pg/L under high CO3 and 7.91 pg/L under ambient CO, and then
decreased gradually (Fig. 1 c). The bacterioplankton cell abundance
peaked on day two and then decreased, reacheding another peak on day
eight under both high CO5 and ambient CO; treatments (Fig. 1 d). The
rapid growth of the bacterioplankton in the initial days may be due to
the initial filtered seawater with a low concentration of bacteria
predators.

3.2. The biodiversity of microeukaryotes, bacterioplankton and attached
bacteria

By removing bacterial sequence from 18S V9 region raw data and
rarefaction, we obtained 629 amplicon sequence variants (ASVs), 250
genera, 169 families, 109 orders, 67 classes and 24 phyla for micro-
eukaryotes community (Supplementary Table 1). The most abundant
microeukaryotic phyla were Stramenopiles (42.0%), Dinophyta
(16.9%), Cercozoa (15.7%), Metazoa (5.9%), Ciliophora (5.9%) and
Choanoflagellida (3.7%) (Supplementary Fig. 1). By removing chloro-
plast sequence elimination from 16S V4-V5 region raw data and rare-
faction, we obtained 2891 ASVs, 532 genera, 224 families, 135 orders,
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Fig. 1. Temporal variations of pHygps (a), pCO5 (b), Chl a concentration (c), and
the absolute abundance of bacterioplankton (d) under high CO, (HC, 1000
ppmv) and ambient CO; (AC, 410 ppmv) mesocosm treatments in Wuyuan Bay,
East China Sea from April 9th to May 15th’ 2018. The pCO, was estimated from
the measured pH and DIC concentration using CO2SYS program. Data are
means + SD of replicates for HC treatments and for AC treatments (Huang
et al., 2021).
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52 classes and 24 phyla for bacterial community (Supplementary
Table 1). Proteobacteria and Bacteroidota were the most abundant
phyla, with the proportion of 48.8% and 46.8% in bacterioplankton
community and 63.0% and 28.6% in microeukaryote-attached bacteria
community, respectively (Supplementary Fig. 2).

3.3. The time series dynamics of community composition

Evident in the NMDS results, significant differences in beta diversity
were observed among different sampling time points, representing
different stages of phytoplankton bloom (ANOSIM: R = 0.53 and P =
0.001 for microeukaryotes, R = 0.7246 and P = 0.001 for bacter-
ioplankton, and R = 0.5253 and P = 0.001 for attached bacteria, Fig. 2).
The results of CCA were consistent with those of NMDS, in which
community compositions were significantly correlated with different
sampling time points (R? = 0.375 and P = 0.001, R?> = 0.892 and P =
0.001, and R? = 0.333 and P = 0.001 for microeukaryotes, bacter-
ioplankton and attached bacteria, respectively, Supplementary Fig. 3).
Both NMDS and CCA results indicate that the community composition of
microeukaryotes, bacterioplankton and attached bacteria varied along
with the development of phytoplankton bloom.

The relative abundance of Stramenopiles, mainly composed by
Bacillariophyta, decreased from 66.4 + 31.1% on day three to the lowest
levels 10.3 + 9.5% on day 16, then reached a peak of 59.2 + 31.3% on
day 20 and decreased to 17.7 + 18.3% on day 28 (Fig. 3 a). The relative
abundance of Dinophyta maintained stable and low with average of
11.5% during day 3-20, and increased to 48.7 + 27.8% since then
(Fig. 3 b). The relative abundance of Cercozoa, dominated by Filosa-
Sarcomonadea, increased from the average value of 6.5% on day
three, peaked on day 10 under ambient CO5 (62.7 + 20.2%) and on day
16 under high CO5 (34.1 + 41.0%), and decreased to a low level till the
end of the experiment (Fig. 3 c). The relative abundances of Metazoa
maintained nearly 0 through the whole processes under ambient CO»,
and appeared a peak with the value of 0.6 + 1.0% during day 8-20
under high CO, (Fig. 3 d).

In both bacterioplankton community and attached bacteria com-
munity, the relative abundance of Proteobacteria showed a general in-
crease throughout the experiment, while the relative abundance of
Bacteroidota had an opposite trend (Fig. 4). In bacterioplankton com-
munity, the relative abundance of Proteobacteria, with 56.3 + 12.2% on
day three, appeared a small peak of 70.0 + 12.7% on day eight, and
decreased to 36.5 + 11.2% since then (Fig. 4 a). Correspondingly, the
relative abundance of planktonic Bacteroidota, reached a vale with an
average of 24.8% on day eight, and then increased to 56.6 + 12.3%
(Fig. 4 b). The time series changes in the relative abundance were more

Environmental Research 257 (2024) 119084

5 1007 . )
8 751 T
5 | Bls NG *
5 254 L [ A $ 4 ()
(2]

0 ; — { . L

p 1001
o 751 I

-~z

€5

8 a

c v |

©

©

c T T T

=2

g c

[

> ©

= O

sy

© O

¥ o
©

. — .

d Treat
g 751 - - AC
N
£ %07 -©- HC
=

251 T

. ®
Lado b N, 4
0 4 8 12 16 20 24 28 32
Time (day)

Fig. 3. Relative abundance of the most abundant microeukaryotic phyla under
high CO, (HC) and ambient CO, (AC) throughout the experiment: Strameno-
piles (a), Dinophyta (b), Cercozoa (c) and Metazoa (d). Data are means + SD of
replicates for HC treatments and for AC treatments. *Indicates significant dif-
ference between HC and AC at that time point (P < 0.05).

pronounced in attached bacteria community, with a decrease from 93.8
+ 5.6% to 40.5 + 8.8% for Proteobacteria, and an increase from 5.9 +
5.6% to 35.7 + 8.3% for Bacteroidota (Fig. 4 c-d).
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3.4. The effects of different CO2 concentrations on microeukaryote

We found that high CO, had significant effects on some micro-
eukaryotic taxa at some phytolankton bloom stages based on the Wil-
coxon sum-rank analysis although non significant correlation between
CO, treatments and the whole community composition. High CO,
significantly influenced Cercozoa at the developing stage of phyto-
plankton bloom, and Stramenopiles at the decline stage. Compared to
AC, the relative abundance of Cercozoa under HC was 73% lower on day
10 (P = 0.016), and peaked more tardily during the experiment (Fig. 3
c). The differences in the relative abundance of Cercozoa were mainly
attributed to the dominant species, Cercomonas volcana (belonging to
Filosa-sarcomonadea) accounting for 70.8-100% (Supplementary Fig. 4
a-b). At the decline stage of phytoplankton bloom represented by day 28,
the relative abundance of Stramenopiles was 3.2 times higher under HC
compared to AC (P = 0.036, Fig. 3 a), in which the second dominant
species diatom Cylindrotheca closterium showed higher relative abun-
dance under HC (P = 0.036, Supplementary Fig. 4 c-d).

High CO5 had significant effects on some microeukaryotic taxa, as
evidenced by the LEfSe analysis regardless of phytoplankton bloom
stages. In microeukaryotes community, Genus Cirripedia and Class
Annelida which were the dominant taxa of Metazoa, as well as Family
Tintinnidae belonging to Cilliphora, significantly benefited under p¢
(Fig. 5). While Order Choanoflagellatea_X considered to be the closest
living relative of animals and Genus Minorisa belonging to Cercozoa
were more common in AC (Fig. 5). In addition, several primary pro-
ducers were enriched under HC, for example Genus Oltmannsiellopsis
belonging to Class Ulvophyceae, Genus Chrysolepidomonas which are

Environmental Research 257 (2024) 119084

single-celled flagellate ‘golden algae’ and Genus Cymbella which is a
genus of pennate diatom (Fig. 5).

3.5. The effects of different CO2 concentrations on the attached bacteria
and bacterioplankton

Using Wilcoxon sum-rank analysis, we discovered that HC had a
substantial effect on some attached bacterial taxa at the decline stage of
phytoplankton bloom. On day 28, the relative abundance of attached
Proteobacteria dominated by Alphaproteobacteria was 29% lower under
HC compared to AC (P = 0.029, Fig. 4 ¢, Supplementary Fig. 5 a-b).
However, attached Desulfobacterota dominated by Desulfuromonadia,
and Phaeodaylibacter xiamenensis had a higher relative abundance under
HC (2.3 £ 1.4%) compared to AC (0.2 £ 0.1%) (P = 0.029, Supple-
mentary Fig. 5 c-e) on day 28.

In bacterioplanktonic community, HC significantly influenced 20
species, 15 genera, 6 families and 3 orders (Supplementary Table 2).
Attached bacteria community were more significantly influenced by
CO», indicated by the number of biomarkers were 1.2 times larger than
that in bacterioplankton community (Supplementary Table 2). For
attached bacteria, high CO5 had negative effects on Alphaproteobacteria
and Bacteroidales, and BD7-11 belonging to Planctomycetota, but pos-
itive effects on Bdellovibrionota, Actinobacteriota and PB19 belonging
to Desulfobacterota (Supplementary Table 2).

3.6. The effects of different COz on co-occurrence networks

Each network exhibited ‘small world’ characteristics, indicated by
the average path length between two nodes ranging between 3.4 and 6.6
(Table 1). The dominant compositions of networks were similar under
different CO, concentrations (Supplementary Fig. 5). Positive in-
teractions were dominant in all co-occurrence networks, especially in
microeukaryote networks with more than 99% positive correlations
(Table 1). Compared to bacterioplankton networks, attached bacteria
networks possessed similar node numbers and more edge numbers,
indicating more interactions existed in attached bacteria networks
(Table 1).

Both topological properties and the Kolmogorov-Smirnov test illus-
trated that HC influenced network complexity, with the largest degrees
for microeukaryotes networks, followed by bacterioplankton networks
(Tables 1 and 2). HC expanded the scale of microeukaryotes network, as
evidenced by the larger numbers of nodes and edge (Table 1). The
average clustering coefficient and network density were lower in HCy
than in AC, indicating that HC decreased the compaction of micro-
eukaryotes network (Table 1). However, HC increased module
compaction in microeukaryotes network, evidenced by lower network
diameter, modularity and average path length (Table 1). For the bac-
terioplankton network, increases in the number of nodes and edges,
average degree, modularity, average clustering coefficient and average
path length were detected under HC (Table 1), demonstrating that HC
may increase the complexity of bacterioplankton networks.

Under HC, robustness was significantly higher (P < 0.0001, Fig. 6)
and vulnerability was lower for microeukaryote networks (Supplemen-
tary Table 3) indicating that high CO, enhanced the stability of micro-
eukaryote networks. HC significantly induced higher robustness for
bacterioplankton networks but lower robustness for attached bacteria
networks (P < 0.0001 and P < 0.05 respectively, Fig. 6). However,
higher vulnerability for bacterioplankton network but lower vulnera-
bility for attached bacteria network were detected under HC (Supple-
mentary Table 3).

In addition, we analyzed the effects of different CO5 concentrations
on the interactions between phytoplankton and their predators by
extracting and analyzing the changes of co-occurrence between phyto-
plankton and their predators from microeukaryote networks. We found
that HC increased the proportion of Metazoa and Bacillariophyta/
Dinophyta links by 58% and Cercozoa and Bacillariophyta/Dinophyta
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Fig. 5. Biomarker taxa under high CO, (HC, 1000 ppmv, red) and ambient CO, (AC, 410 ppmv, blue) identified by LEfSe analysis (LDA >2, P < 0.05) from different

taxonomic levels in microeukaryotes.

Table 1

Topological properties of networks of microeukaryotes (18S_2 pm), attached bacteria (16S_2 pm) and bacterioplankton (16S_0.2 pm) under high CO, (HC) and ambient

CO,, (AC) conditions.

Network Nodes  Edges negative  positive =~ Modularity =~ Average clustering Average path Network Average Network
coefficient length diameter degree density

1852 ym HC 485 3604 5 3599 0.696 0.678 4.972 12 14.862 0.031

18S_2 pm_AC 361 2596 4 2592 0.775 0.826 6.607 18 14.382 0.040

16S2 pm HC 1563 54541 1347 53194 0.570 0.653 3.540 8 69.790 0.045

1652 pm_ AC 1493 58051 1239 56812 0.576 0.676 3.372 8 77.764 0.052

16S_0.2 1500 32843 595 32248 0.661 0.727 3.813 9 43.791 0.029
pm_HC

16S_0.2 1211 24011 325 23686 0.652 0.693 3.790 9 39.655 0.049
pm_AC

Table 2

Results of the Kolmogorov-Smirnov test comparing bootstrapped node attributes in networks of microeukaryotes (185_2 pm), attached bacteria (16S_2 pm) and
bacterioplankton (16S_0.2 pm) under high CO, (HC) and ambient CO, (AC) conditions. Node attributes were bootstrapped with 500 iterations.

Degree Betweenness Closeness Transitivity

D. p.value D. p.value D. p.value D. p.value
18S_2 pm_HC vs 18S_2 pm_AC 0.138 1.46e-4 0.222 3.97e-11 1 0 0.244 2.36e-13
16S_2 pm_HC vs 16S_2 pm_AC 0.112 3.78e-3 0.178 2.64e-7 1 0 0.072 1.50e-1
16S_0.2 pm_HC vs 165_0.2 pm_AC 0.164 2.89%e-6 0.216 1.48e-10 0.178 2.64e-7 0.156 1.04e-5

links by 4%. High COs, on the other hand, reduced the proportion of
Ciliophora and Bacillariophyta/Dinophyta links by 5% and Choano-
flagellida and Bacillariophyta/Dinophyta links by 47% (Fig. 7 a). The
interactions between microeukaryotes and their attached bacteria were
extracted from the cross networks including microeukaryotes and
attached bacteria. We found that the proportions of Metazoa and bac-
teria links increased by 10%, while the proportions of Choanoflagellida
and bacteria links increased by 12%, under HC. In contrast, HC
decreased the proportions of Ciliophora and bacteria links by 17%, as
well as the proportions of Cercozoa and bacteria links by 22% (Fig. 7 b).

4. Discussion
4.1. The effects of elevated CO2 on the microeukaryotic community

We found that high CO, had significant effects on Cercozoa and di-
atoms at the developing stage and the decline stage respectively. Cer-
cozoa, a biflagellate heterotroph found globally, increased on day 10
and advanced the peak by ambient CO5. Cercozoa were less resistant to
acidic environments in our study, which is consistent with that fact that
most of Cercozoa prefer basic or neutral soil environments (Dupont
et al., 2016; Xu et al., 2022). Genus Cirripedia belonging to Class



R. Huang et al.
0.55 1
Treat ‘ AC HC
0.50 - * k%% * * k%%
prkm
. |l e
8 0.454
[
@
>3
S 040
go
0.35 1
0.30 . . ;
o ¢ o o
e \o=~ NZs

Fig. 6. Robustness of microeukaryotes (18S_2 pm), attached bacteria (16S_2
pm) and bacterioplankton (16S_0.2 pm) networks under high CO, (HC) and
ambient CO, (AC) conditions, indicated by the proportion of remaining species

after 50% nodes randomly removal. * and **** indicate P < 0.05 and P <
0.0001 respectively.

Arthopoda and Class Annelida were more abundant under HC based on
LEfSe analysis. Crustaceans are generally less vulnerable to elevated
pCOy/low pH although they are calcifying organisms, because they have
evolved a relatively good control of their extracellular pH through active
ion transport (Whiteley, 2011). Annelida was considered the most
resilient taxa to elevated pCOs/low pH (Kroeker et al., 2011; Widdi-
combe and Needham, 2007), which may be a by-product of an increase

a Co-occurrence interactions between phytoplankton and their predators
AC HC

Phytoplankton

Predators Phytoplankton
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in ‘ecological space’ (Hale et al., 2011). In addition, the in-situ organ-
isms experience fluctuating conditions with 0.11-0.18 units of daily
/A\pH, due to the high flux of day-time photosynthetic CO, removal and
night-time respiratory CO5 release. The preference of Arthopoda and
Annelida to elevated CO; in this study may be influenced by both local
conditions and organism physiology.

At the decline stages of phytoplankton bloom, elevated CO»
increased the relative abundance of Stramnopiles mainly composed of
Bacilliriophyta, which was in agreement with microscope observations
(Huang et al., 2021). The effects of high CO3 on diatoms are likely to
vary regionally (Bach et al., 2019). In our study, nutrient conditions,
prevailing diatom species with higher CO, affinity for carboxylation
(Raven et al., 2011), lack of CCMs plasticity (Van de Waal et al., 2019)
and lower mortality rates (Wang et al, 2022) compared to di-
noflagellates may result in higher relative abundance of diatoms under
elevated CO,.

4.2. The effects of elevated CO2 on the prokaryotic community

Our previous study revealed a higher cell abundance of bacter-
ioplankton under high CO, throughout the experiment based on GAMM
analysis (Huang et al., 2021). However, the overall community struc-
tures of both bacterioplankton and attached bacteria were not strongly
affected by high CO,. However, we found that more attached bacteria
taxa than bacterioplankton taxa were recognized as biomarker taxa
under two CO» treatments. These findings are consistent with previous
studies that the effects of elevated CO, on attached bacteria were much
more pronounced than on bacterioplankton in terms of cell-specific
production rate (Grossart et al., 2006). Compared to bacterioplankton,
attached bacteria have bigger genome sizes, and contain more trans-
porters that may be linked to the successive decomposition of phyto-
plankton blooms (Smith et al., 2013; Teeling et al., 2012). This may

Link prop.
e
e 20

10

Predators

b Co-occurrence interactions between microeukaryotes and their attached bacteria

Microeukaryotes

[l Dinophyta [ Cercozoa

[ Alphaproteobacteria

| Stramenopiles

- Ciliophora

Attached bacteria Microeukaryotes

M Bacteroidia

HC Link prop.
(%)

o NN OO0
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Metazoa [ Lobosa Choanoflagellida
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Fig. 7. Co-occurrence interactions between phytoplankton and their predators, and microeukaryotes and their attached bacteria under high CO, (HC) and ambient
CO» (AC) conditions. The colors of columns correspond to different phyla for microeukaryotes and classes for attached bacteria, the colors of ribbons correspond to
the proportions of interactions. In the panels of Co-occurrence nteractions between phytoplankton and their predators, Stramenopiles represents the dominant Class

Bacillariophyta.



R. Huang et al.

allow for quick and flexible acclimation of attached bacteria to changes
in various environmental conditions, such as high CO,. In attached
bacterial community, Proteobacteria, especially Alphaproteobacteria,
had significantly lower relative abundance under high CO, on day 28 at
late stage of phytoplankton bloom. Meanwhile, the relative abundance
of attached Desulfobacterota dominated by Desulfuromonadia had a
higher relative abundance under high COj. The implication of the
changes in the relative abundance of Alphaproteobacteria and Desul-
furomonadia under elevated CO, on biogeochemical cycles is worth
further exploration.

In this study, we did not filter out zooplankton from the samples
collected on 2 pm filters. Therefore, ‘attached bacteria’ in our study
could include bacteria not only attached to microeukaryotes surfaces but
also internal zooplankton-associated bacteria. Previous studies have
shown that both environmental fluctuation and zooplankton host ge-
notype can induce variations in gut microbiota structure (Grossart et al.,
2009; Li et al., 2021; MacKe et al., 2017). If zooplankton species with a
specific microbiome become more abundant in high CO, environments,
this may have an indirect effect on the zooplankton-associated bacteria
community we discovered, even though the zooplankton-associated
bacteria are not sensitive to changes in seawater pH (De Corte et al.,
2018).

4.3. The effects of elevated CO2 on the interaction networks

Both direct and indirect effects of elevated CO, on marine ecosys-
tems at the ecological levels should be evaluated (Cripps et al., 2014,
2016; Ellis et al., 2017; Hammill et al., 2018). Co-occurrence ecological
networks can assess the potential indirect effects under different treat-
ments. In our study, elevated CO changed network complexity and
stability, to a greater extent than bacteria (Fig. 6). These results are in
line with previous studies at marine CO» seeps (Kerfahi et al., 2022) and
differs from work on macro organisms that form more stable but less
complex networks with low biodiversity under elevated CO2 ( Harvey
etal., 2019). These results may be due to the higher resilience of bacteria
and the cascading effects of food webs in microeukaryotes (Bach et al.,
2017; Boxhammer et al., 2018; Teixido et al., 2018).

Changes in the proportions of co-occurrences in networks imply that
high CO3 may alter the potential interactions between phytoplankton,
zooplankton and bacteria. A higher proportion of Metazoa and attached
bacteria co-occurrence under high CO5 implies that the trophic webs
formed by Metazoa and bacteria, as microbivores and decomposers
(Jeong and Kim, 2021), may be enhanced under elevated CO,. The
proportion of Metazoa and attached phytoplankton was also higher
under high COj, implying that high CO; may enhance their
predator-prey relationship (Fig. 5). In contrast with Metazoa, high CO»
may be unfavorable to Ciliphora, a phenomenon was also observed in
acidic soils (Xu et al., 2022). These may result from the decreased pro-
portions of Ciliphora’s co-occurrence with both phytoplankton and
bacteria, which could constitute Ciliphora’s food resources (Fig. 5).
Cercozoa also feeds on phytoplankton as well as bacteria (Pescador
et al.,, 2022). The decreased proportion of Cercozoa and bacteria
co-occurrence but increased proportion of Cercozoa and phytoplankton
occurrence under high CO. The results demonstrated that the decrease
in the relative abundance of Cercozoa was mainly attributed to the
changes in proportion of Cercozoa and bacteria rather than Cercozoa
and phytoplankton. Choanoflagellida is a microeukaryote that feeds on
bacteria and detritus (King, 2005). The increase in the proportion of
Choanoflagellida and attached bacteria co-occurrence, indicates that
elevated CO5 may enhance the potential interactions between Choano-
flagellida and attached bacteria, but could not explain the decrease in
the relative abundance of Choanoflagellatea.

In our experimental system, zooplankton larger than 180 pm were
removed from the original community, resulting in a reduction of top-
down control in the system, such as the prey of large zooplankton on
phytoplankton was not well presented in the networks (MacKe et al.,
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2017). In summary, high CO, may have an influence on potential in-
teractions between bacteria, phytoplankton and zooplankton in eutro-
phic coastal conditions based on the network analysis approach (Fig. 8).
This approach could be usefully applied to assess the ecological effects
and advantages of reducing multiple stressors (e.g. eutrophication,
warming, bottom-towed fishing gear, ocean acidification and deoxy-
genation) in coastal regions worldwide. It should be noted that in-
teractions revealed by co-occurrence network analysis should be
combined with empirical experiments to comprehensively understand
the effects of stressors on the interactions between marine organisms
(Vincent and Bowler, 2020).

Altered food web structures and interactions between different spe-
cies found in our mesocosm experiment may influence the effects of high
CO3 on the entire community (Doney et al., 2020; Hammill et al., 2018;
Williams et al., 2012), which may have profound implications for the
marine ecosystem. However, our mesocosm experiment has its limita-
tions. Our mesocosm experiment excluded large organisms and thus we
do not know how increases in micro-zooplankton populations would
then affect large zooplankton or fish, but increased secondary produc-
tivity is likely to be fed on through the eutrophic food webs of the East
China Sea as CO;, levels continue to rise. Furthermore, the short duration
of the experiment in this study did not allow for any potential adaptation
of planktonic communities that might take place over extended periods
of time.

To conclude, we found that in eutrophic subtropical coastal waters,
which are common worldwide, ocean acidification has potential effects
on food web interactions and the network structure of microeukaryotic
and bacterial communities, based on a mesocosm experiment. Our
study’s findings regarding the responses of microeukaryotes to elevated
CO5, in terms of their relative abundances and interactions with their
predators imply that elevated CO; levels could have significant effects
on marine food webs and marine ecosystem.
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