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Seawater acidification and warming have been found to affect the early life of many
marine organisms, but their effects on the microbial community in the environment
related to the early development stage of aquaculture species have been rarely
investigated. To understand how seawater acidification and warming impact the
microbial community in aquaculture systems, we designed four microcosms to
monitor and characterize the microbial composition on the corrugated plates in the
Apostichopus japonicus culture tanks during its post-settlement stage. High-throughput
16S rRNA sequencing revealed that the bacterial community composition varied
significantly in different periods of incubation. The bacterial diversity and community
composition were obviously changed by seawater acidification and warming in the
early period and then tended to revert to the level of the control group. Acidification
significantly increased the relative abundance of dominant families Rhodobacteraceae
and Flavobacteriaceae in the early period, suggesting that microbiota could increase
the abundance of predominant taxa to adapt to increased CO2 concentration and
reconstruct a stable community structure. No interaction effect of both factors was
observed in the combined group. Results reveal that the microbial communities on
the corrugated plates in A. japonicus culture tank were affected in the early period
of incubation, and could then acclimatize to the increased CO2 and temperature.
This study provides new insights into the variation and adaptation responses of the
microbiota in aquaculture systems to seawater acidification and warming.

Keywords: climate change, microbial community, Apostichopus japonicus, post-settlement, aquaculture system

INTRODUCTION

Increasing levels of atmospheric CO2 are causing changes in global climate (IPCC, 2021), and
the ocean absorbs excessive CO2, resulting in ocean acidification and warming (OAW) (Lenz
et al., 2019). The global average seawater pH was predicted to drop by 0.1 to 0.4 units by 2100
(Currie et al., 2017; Lenz et al., 2019). The global average seawater temperatures were predicted to
increase between 1.5 and 2.0◦C by the end of the 21st century (Rogelj et al., 2019; IPCC, 2021).
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OAW are stressors for numerous marine populations, which may
affect their survival and growth, especially during critical life
stages, such as fertilization and larval development. For instance,
previous studies found that acidification could decrease the post-
fertilization success and affect the growth, development, and
physiological energetics of sea cucumbers (Yuan et al., 2015,
2016). Moreover, seawater acidification changes the seawater
carbonate system, which could affect the marine ecological
environment (Orr et al., 2005; Jian et al., 2019), and thus
affect the marine primary productivity and community structure
(Josiane et al., 2016) and the microbial composition and function
(Lidbury et al., 2012; Kerfahi et al., 2020). Previous studies
indicate that increased temperature is a driving abiotic factor
in reshaping bacterial communities in the marine ecosystem
(Smale et al., 2017; Mensch et al., 2020). Warming reduces
commonly present and health-associated marine bacteria, but
may lead to increased abundance of potential pathogenic bacteria
and favors bacteria that play roles in microfouling processes
(Mensch et al., 2020), which may drive fundamental shifts in
ecosystem structure and function. The epibacterial community
structure on Fucus vesiculosus forma mytili is strongly affected
by increased temperature, and weakly affected by elevated
pCO2, ultimately with potential consequences for host–microbe
interactions (Birte et al., 2016).

In aquaculture systems, microorganisms play important roles
in nutrient fluxes, water quality, and diseases (Blancheton
et al., 2013), which are susceptible to environmental changes
(e.g., seawater acidity and temperature). More importantly, the
microbes in aquatic environment are as potential feed for the
target marine species. For instance, the intestinal microbiota of
the sea cucumber Apostichopus japonicus, which plays important
roles in host health, growth, and immunity, is mainly derived
from the habitat (Gao et al., 2014a). OAW may directly
affect marine microbial abundance, diversity, and community
composition (Currie et al., 2017), thereby indirectly affecting
the growth and health condition of aquatic animals (Krause
et al., 2012; Sunday et al., 2016). Base on the importance of
microbiota in aquaculture systems, few studies have investigated
how seawater temperature or acidification might affect them
(Zhang et al., 2019c; Wang et al., 2021).

A. japonicus is a temperate holothurian and has been exploited
as an economically valuable fishery resource in many Asian
countries, especially in China (Yang et al., 2015). A. japonicus
has an indirect life cycle, and planktonic larvae settle to benthic
juveniles after 13–20 days of fertilization (Zhang and Liu,
1998). The post settlement stage starts with white juvenile (also
named “white dot” in hatchery), followed by black juvenile
(black dot). Post settlement juvenile is a key stage in the life
cycle and shapes the sea cucumber’s morphology and structure,
including the body color change, the ossicle development, and
the tube foot formation (Qiu, 2013). Furthermore, benthic
juveniles involve the digestive tract maturation and formation
of intestinal microbiota (Li et al., 2019). In indoor hatchery
practice, corrugated plates are used as substrates for culturing
benthic juveniles. The microbial community on corrugated
plates can be ingested as a dietary component, and may play
an important role in the development of sea cucumber from

“white dot” to “black dot” in terms of growth against seedling
disease and abscission (Gao et al., 2014b; Zhang et al., 2019b).
Our previous study discovered that seawater pH decreases
growth, delay and slows the pigmentation of post-settlement
juvenile sea cucumber A. japonicus, while seawater temperature
increases the growth acceleration and pigmentation of the
juveniles (Song et al., 2020). However, how increased CO2
and temperature impact the microbiota in the juvenile sea
cucumber A. japonicus culture environment remains unclear.
Understanding the regulatory mechanisms of the microbial
community responses to seawater acidification and warming is an
important objective in establishing effective microbial ecological
strategies, and may help in the development of a theoretical basis
for further understanding the microbiota characteristics in the
aquatic ecosystem.

We set up four microcosms and analyzed the structure
characteristics of the microbial community on the corrugated
plates in the A. japonicus culture tank during the early
developmental stages of animals. The results were used to
address the following questions: How does the microbial
diversity and community response to seawater acidification and
warming? How does the microbial community composition
change in different early developmental stages? This analysis
allows us to pinpoint changes in the microbial composition and
diversity that are likely associated with seawater acidification and
warming. The results will be of great theoretical and practical
significance to the understanding of the microbiota response to
OAW in aquaculture systems and to the healthy aquaculture
of sea cucumbers.

MATERIALS AND METHODS

Experimental Set-Up
The seawater acidification and warming system used in this
study consists of four artificial climate incubators (HP400G-
D, Wuhan Ruihua Instrument and Equipment, Wuhan, China).
Four glass aquariums (32L) were included in each incubator, and
the seawater obtained from the Dalian coast was filtered using
a composite sand filter. We set up four treatments, namely, the
control (labeled as CK, with a seawater temperature similar to
that of Dalian coast and an ambient pCO2 of 400 µatm), warming
treatment (W, with a+ 2◦C temperature from that of the control
and an ambient pCO2 of 400 µatm), acidification treatment (A,
with the same seawater temperature as the control and a pCO2
of 1,000 µatm), and acidification and warming treatment (WA,
with a + 2◦C temperature and a pCO2 of 1,000 µatm), covering
the present-day and end-of-century seawater temperatures and
pH variability (Lenz et al., 2019; Rogelj et al., 2019; IPCC, 2021).
During the experimentation, the daily water temperature of the
Dalian coast was obtained from the Oceanguide website1, and the
seawater temperatures in the incubators were adjusted weekly to
match it (Supplementary Figure 1). Pure CO2 gas (99.9%) was
pumped into the CO2-enrichment incubators and mixed with
air to reach the desired atmospheric concentrations. The CO2

1https://www.oceanguide.org.cn/nearshoreforcast
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concentration was automatically controlled using a CO2 detector
VC1008F with a sensitivity of 10 ppm [Sweden SenseAir (China),
Chengdu, China]. A light/dark cycle of 12/12 h was set at a 342
Lx in the incubators.

Seawater total alkalinity (AT) was measured weekly during
the experiment using a Total Alkalinity Gran Titration System
(AS-ALK2, Appolo SciTech, Bogart, GA, United States). Seawater
pHNBS was monitored daily using a S20P-K pH meter with a 0.001
-unit sensitivity [Mettler Toledo Instrument (China), Shanghai,
China], which was calibrated with NBS buffers. The salinity
and temperature were also monitored daily using a YSI 6600V2
Handheld Multiparameter Instrument (YSI Incorporated, Ohio,
United States). Calcite and aragonite saturation states and the
pCO2 were calculated using the CO2SYS software (Lewis et al.,
1998). One-way ANOVA was used to analyze the seawater carbon
chemistry, and the level applied for significance was 5%.

Experimental Juveniles and Sample
Collection
We obtained mature eggs and sperms by stimulating parent
sea cucumbers A. japonicus with flowing water (Yuan et al.,
2015). Then, the fertilized eggs were developed for 24 days to
“white dot” in seawater in the laboratory (indoor temperature).
Corrugated plates (10 cm × 15 cm) were prepared to shelter the
post-settlement juveniles. Before use, the plates were scrubbed
in freshwater and then immersed in a KMnO4 solution (0.05%)
for 48 h for sterilization, followed by cleaning with recirculating
freshwater for 24 h. Four corrugated plates were placed in each
aquarium as the substrate, and a density of 0.50 ind·L−1 “white
dot” were gently placed. In total, sixty-four corrugated plates
(four treatments × four aquariums × four plates) were used
in this study to evaluate the effect of seawater acidification and
warming on the microbial community in the sea cucumber
A. japonicus culture tank. Post-settlement A. japonicus juveniles
were reared in four treatments for 72 days until they all developed
into “black dot.” During the experimental period, the juveniles
were fed once a day (at 16:00) with a sea cucumber juvenile
diet made with Sargassum thunbergii and spirulina powders (25%
crude protein, 4% crude fat, 6% crude fiber, 55% ash, and 10%
water). The powder diet is insoluble in seawater and fed juveniles
through splashing with excess of feed. Feces and uneaten feed
were gently siphoned every day. Daily water exchange by one-
third or one-half.

Microbial samples were collected from the corrugated plates
at the 20th, 43rd, and 72nd days as follows. The corrugated plates
were gently taken out from each aquarium, and the residual feeds
and feces were gently stripped off. Then, the surface biofilms at
five sites were wiped with sterile cotton swabs on each plate. The
samples from the same plate were placed in a sterile tube and
preserved at−80◦C until DNA extraction.

DNA Extraction and 16S rRNA Gene
Sequencing
Total DNA was extracted from the surface biofilms on
the corrugated plates by using a FastDNA SPIN Kit for

Feces (MP Biomedicals, Santa Ana, CA, United States)
according to the instructions provided by the manufacturer.
The extracted DNA was dissolved in 50 µL of TE buffer,
quantified using a NanoDrop spectrophotometer (NanoDrop,
Thermo Scientific, United States), and stored at −20◦C prior
to analysis. The PCR amplification of the bacterial 16S
rRNA hypervariable regions V4-V5 was conducted using the
universal primer set 515f (GTGCCAGCMGCCGCGGTAA) and
907r (CCGTCAATTCMTTTRAGTTT), with 5-bp barcodes
fused to the forward primer to allow sample multiplexing.
The purified PCR products with different barcodes were
normalized in equimolar amounts and then prepared using
an NEB Next R©UltraTMDNA Library Prep Kit for Illumina
(NEB, United States) following the manufacturer’s protocol and
sequenced on the Illumina HiSeq platform.

Deep Sequencing Data Processing
Raw deep sequencing data were processed using the Quantitative
Insights Into Microbial Ecology software2 (QIIME version
1.9.0; Caporaso et al., 2010) with default parameters unless
otherwise noted. After removing all chimeric and low-quality
reads, the qualified sequences were clustered into operational
taxonomic units (OTUs) at the 97% identity threshold level,
and the most abundant sequence from each OTU was selected
as the representative sequence for that OTU. The taxonomic
classification of each OTU was assigned using the Ribosomal
Database Project classifier. The average relative abundance (%)
of the predominant genus-level taxonomic groups in each
sample was estimated by comparing the number of sequences
assigned to a specific taxon versus the number of total sequences
obtained for that sample. Based on the OTU numbers, principal
coordinates analysis (PCoA, unweighted) was performed using R
version 3.0.2 (package stats) to test the differences in microbial
community structures.

Statistical Analysis
The data were analyzed using the SPSS for Windows (Version
19.0) statistical package. Differences were determined through
the LSD test, with P-values <0.05 having statistical significance.

RESULTS

Seawater Carbonate Chemistry
The seawater carbonate chemistry measured and calculated for all
treatments is shown in Table 1. The average seawater pH values
in the CK and W groups were 8.08± 0.06 and 8.11± 0.05, while
those of the A and WA groups were 7.79± 0.04 and 7.77± 0.04,
respectively. The temperature variations in the CK and A groups
were similar to that of the seawater temperature of Dalian
offshore (Supplementary Figure 1), with the respective average
values of 23.5 and 23.4◦C, and the increased temperatures in the
W and WA groups varied at + 2◦C (Supplementary Figure 1),
with respective averages of 25.5 and 25.4◦C. The elevated

2http://www.qiime.org
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TABLE 1 | Seawater carbonate chemistry in the seawater acidification and warming system during the experiment.

Treatments Measured Calculated

Salinity Temperature (◦C) pH AT (µmol·L−1) pCO2 (µatm) �Ca �ar

CK 36.0 ± 0.6 23.5 ± 6.5 8.08 ± 0.06 2484 ± 74 484 ± 70 3.87 ± 0.66 2.49 ± 0.42

W 35.9 ± 0.7 25.5 ± 6.5 8.11 ± 0.05 2452 ± 69 467 ± 69 3.88 ± 0.58 2.5 ± 0.37

A 36.6 ± 0.4 23.4 ± 6.5 7.79 ± 0.04 2543 ± 26 1090 ± 194 2.12 ± 0.33 1.37 ± 0.21

WA 36.7 ± 0.4 25.4 ± 6.6 7.77 ± 0.04 2496 ± 71 1098 ± 141 2.04 ± 0.3 1.31 ± 0.19

Seawater pH, salinity, temperature (n = 72) in aquariums were daily monitored; total alkalinity (TA) was measured on a weekly basis (all n = 10). pCO2, and calcite and
aragonite saturation states were calculated by using CO2SYS software. Values are expressed as means ± SD.

pCO2 exerted no significant effect on salinity (F3,125 = 6.42,
p = 0.389) and AT (F3,138 = 1.916, p = 0.130) but significantly
affected all the other parameters of the carbonate system: pCO2
(F3,138 = 158.840, p< 0.0001), �Ca (F3,138 = 148.453, p< 0.0001),
�ar (F3,138 = 148.400, p < 0.0001) (Table 1).

16S rRNA Gene Analysis Revealed a
Temporal Pattern of Bacterial Diversity
At 97% sequence identity, a total of 7,511 OTUs were
obtained across all samples. The samples from the CK group
contained 4,195 OTUs (on average), while the W, A, and
WA groups contained 5,044, 5,705, and 5,218 OTUs (on
average), respectively (Table 2). We analyzed both the shared
and unique OTUs in the bacterial communities of the four
treatments in different periods to further identify the variation
in bacterial composition. The samples from different groups
shared 1,155, 1,651, and 1,772 OTUs in the 20-, 43-, and
72-day periods, respectively (Supplementary Figure 2). Low
values for community richness were observed in the early
period (20 days).

The alpha diversity of the bacterial community varied in
different treatments and periods. The Shannon indices ranged

TABLE 2 | Summary of the alpha diversity of bacterial communities in samples
from different periods.

Sample OTU ACE Chao1 Shannon Simspon

CK20 50324 1643 1575 7.454ab 0.979ab

W20 50282 1800 1722 7.925a 0.987a

A20 50329 1417 1343 6.888b 0.969b

WA20 50186 2014 1906 8.008a 0.989a

CK43 50313 2113 2027 8.184a 0.987a

W43 50264 2104 2028 8.382a 0.989a

A43 50239 2010 1933 8.284a 0.991a

WA43 50303 1933 1890 8.381a 0.992a

CK72 50297 2213 2156 8.519a 0.990a

W72 50235 2143 2088 8.283a 0.989a

A72 49960 2557 2530 8.986a 0.990a

WA72 50248 2127 2060 8.435a 0.991a

CK, control; W, warming treatment; A, acidification treatment; WA, acidification and
warming treatment. 20, 43, and 72: samples were collected at 20, 43, and 72 days.
Different letters indicate significant differences (P < 0.05).

from 6.888 to 8.986, and the Chao1 richness varied from 1,343
to 2,530 OTUs in all samples (Table 2). The A20 samples had
the lowest Shannon index and Chao1 richness, with 6.888 and
1,343 OTUs, respectively, while the A72 samples had the highest
Shannon index and Chao1 richness, with 8.986 and 2,530 OTUs,
respectively. The alpha diversity and richness gradually increased
in the later periods in all group samples. In particular, the samples
from A group exhibited significant differences in alpha diversity
between different periods.

Characterization of the Microbial
Composition Responses
The bacterial communities on the A. japonicus culture plates
were classified by breeding periods on the basis of the
principal coordinates analysis (PCoA) of the OTUs, indicating
differences in bacterial community compositions. Figure 1
shows that all the samples from the four treatments in
the same period were grouped together, and the bacterial
community structures in different periods exhibited temporal
patterns that are distinct from one other. The samples
from the middle stage (43 days) are close to the samples
from the other two periods respectively, suggesting that the
composition patterns of bacterial communities are associated
with incubation period.

Similar patterns of bacterial community composition were
observed between the samples obtained from all the groups
at the phylum and class levels (Supplementary Figure 3).
Proteobacteria (51.29–64.66%) and Bacteroidetes (13.19–
33.02%) were the predominant phyla in all the samples. Most of
the Proteobacteria reads were assigned as Gammaproteobacteria
(23.74–36.59%) and Alphaproteobacteria (16.51–33.64%).
The Bacteroidetes phylum was represented mostly by the
Bacteroidia (12.23–32.74%) class. Differences in bacterial
compositions at the order and family levels were observed
between the samples obtained from the different groups
(CK, W, A, and WA).

The impact of elevated CO2 was more marked than increased
temperature, with the relative sequence abundance of several
predominant families showing significant changes at the different
stages. As shown in Figure 2, compared to CK group, the
relative abundance of the 10 most abundant families increased or
decreased in the W, A, and WA groups. The WA group tended
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FIGURE 1 | Principal coordinates analysis (PCoA) based on the relative abundance of 16S rRNA genes from 48 samples (4 treatments × 3 periods × 4 replicates
per period). The scatterplot shows principal coordinate 1 (PC1) vs. principal coordinate 2 (PC2). The percentages of variation in the samples described by the plotted
PCs are shown on the axes. The 4 replicates for each period are represented by a single color. CK, control; W, warming treatment; A, acidification treatment; WA,
acidification and warming treatment. 20, 43, and 72: samples were collected at 20, 43, and 72 days.

FIGURE 2 | Changes in relative abundance of the dominant families compared to the control group in different treatments in all periods (on average,%). W, warming
treatment; A, acidification treatment; WA, acidification and warming treatment. The data were on average from samples in all periods (20, 43, and 72 days).
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to revert to the level of the CK specimens in the middle and later
periods (Supplementary Figure 4).

The analysis of bacterial communities revealed distinct
taxonomic compositions at the genus level between the samples
obtained from different incubation periods (20, 43, and 72 days)
(Figure 3). In the CK samples, the most abundant genera in the
20-day period were Marinicella (average 7.11%), Paraglaciecola
(6.27%), and Rhodopirellula (5.97%), which changed to Woeseia
(5.68%), Vibrio (4.14%), and Unidentified_Rhodobacteraceae

(2.01%) in 43-day period. Woeseia (10.6%), Magnetospira
(3.49%), and Unidentified_Gammaproteobacteria (1.91%) were
the dominant genera in the 72-day period.

In the W20 samples, the most abundant genera were
Novosphingobium (average 3.63%), Woeseia (3.08%),
and Unidentified_Rhodobacteraceae (1.915%). Woeseia
(6.73%), Vibrio (4.34%), Unidentified_Rhodobacteraceae
(2.51%), and Unidentified_ Gammaproteobacteria (2.08%)
were the dominant genera in the W43 samples. In the

FIGURE 3 | Changes in composition of bacterial communities in the Apostichopus japonicus culture tank at the genus level (%). CK, control; W, warming treatment;
A, acidification treatment; WA, acidification and warming treatment. 20, 43, and 72: samples were collected at 20, 43, and 72 days.
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W72 samples, the most abundant genera changed to
Unidentified_Gammaproteobacteria (4.28%), Woeseia (2.92%),
and Paraglaciecola (2.76%).

Compared to the CK samples, a recovery profile was detected
in the A group (A43 and A72) samples (Figure 3). In the
A20 samples, Vibrio (5.53%), Unidentified_Rhodobacteraceae
(3.28%), Paraglaciecola (2.51%), and Woeseia (1.79%) were
the dominant genera. In the A43 and CK43 samples,
the most abundant genera were Woeseia (5.91%), Vibrio
(4.45%), and Unidentified_Rhodobacteraceae (2.23%).
Similar to the CK72 samples, the Woeseia (9.38%),
Unidentified_Gammaproteobacteria (1.29%), and Magnetospira
(0.66%) genera prevailed in the A72 samples.

In the WA20 samples, the Marinicella (5.36%), Paraglaciecola
(4.83%), Rhodopirellula (3.86%), and Woeseia (1.78%) genera
prevailed. In the WA43 samples, the most abundant genera were
Woeseia (5.28%), Unidentified_Gammaproteobacteria (1.77%),
and Vibrio (1.55%). In the WA72 samples, Woeseia (5.76%),
Unidentified_Gammaproteobacteria (5.09%), and Magnetospira
(1.22%) were the dominant genera. The results indicate obvious
differences in bacterial community structures at the genus level
between the samples obtained from different treatments on the
corrugated plates in the A. japonicus culture tank.

Response of the Predominant Taxa to
Seawater Acidification and Warming
In this study, Rhodobacteraceae and Flavobacteriaceae were
the most abundant taxa in the samples obtained from the CK
group. We analyzed the variation in the relative abundance
of Rhodobacteraceae and Flavobacteriaceae in all the samples
during different periods to assess the effects of seawater
acidification and warming on the dominant taxa on the
culturing plate of post-settlement sea cucumbers. The relative
abundance of Rhodobacteraceae and Flavobacteriaceae decreased
obviously in the middle and later periods (43 and 72 days)
compared to the early period (20 days) in the three other
groups (Figure 4). More interestingly, the seawater acidification
(A group) significantly increased the relative abundance of
Rhodobacteraceae and Flavobacteriaceae in the early period.
Meanwhile, the combination of acidification and warming
significantly reduced the relative abundance of Rhodobacteraceae
in the early and middle periods (20 and 43 days).

Seawater acidification or warming obviously affected the
bacterial diversity and composition on the corrugated plates
of post-settlement A. japonicus in the early period. Especially,
acidification significantly changed the abundance of the
predominant taxa in the 20-day period. Then, the bacterial
diversity and community structures reverted to the level of
the control group.

DISCUSSION

Numerous studies on the response of marine microbiota to
seawater acidification and/or warming have been conducted
and have received increased interest because of the vital
role of microbiota in marine ecosystems (Currie et al., 2017;

FIGURE 4 | Relative abundance of the predominant families
Flavobacteriaceae (A) and Rhodobacteraceae (B) in samples from different
groups in different periods. CK, control; W, warming treatment; A, acidification
treatment; WA, acidification and warming treatment. 20, 43, and 72: samples
were collected at 20, 43, and 72 days.

Smale et al., 2017; Mensch et al., 2020). Environmental/Sediment
bacteria could be an important dietary component of sea
cucumbers (Gao et al., 2014b). For instance, the sea cucumber
Holothuria tubulosa has a high assimilation efficiency for
bacteria, averaging approximately 30% (Amon and Herndl,
1991). Thus, microorganisms in the cultured environment can be
ingested by A. japonicus and might contribute to the intestinal
microbial composition and modulation of A. japonicus during
the early developmental stage. Thus, we must assess the effects of
seawater acidification and warming on the bacterial community
on the corrugated plates settled by the larval development of
sea cucumber A. japonicus. The results suggest that the bacterial
diversity and community on the corrugated plates of post-
settlement A. japonicus were affected in the early period and
could then acclimatize to seawater acidification and warming.

The analysis of the bacterial community on the corrugated
plates in all the groups revealed significant differences between
the different periods of incubation. Wang et al. (2021) obtained
similar results in response to high temperature noting the
obvious evolution of the bacterial community in the water
of the A. japonicus cultured pond in summer. The bacterial
community composition on Fucus vesiculosus and in the
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surrounding seawater are affected by warming but vary in time
(Mensch et al., 2020). Our findings and those of a previous
study indicate temporal changes in bacterial communities in
the aquaculture system response to seawater acidification and
warming (Figure 1). The diversity and structure of the bacterial
communities also varied in the W and A groups compared to CK
group in the same period, meaning that seawater acidification
and warming affected the microbial communities on the plates
in the culture tanks.

A previous study indicates that many marine organisms are
likely to be susceptible to ocean acidification and thereby likely
to change their contribution to the ecosystem (Hancock et al.,
2020). In the present study, seawater acidification significantly
reduced the Shannon index and Chao1 richness of bacteria in the
early period (day 20) and then increased them in the later period
(day 72). Conversely, warming treatment increased the bacterial
α-diversity in the early period, whereas the combined treatment
showed a non-additive effect throughout the experiment.

Our data show small but significant differences in bacterial
community composition under increased CO2 or increased
temperature treatments (W and A groups) after 20 days
of incubation, with increases to the relative abundance of
predominant taxa (Rhodobacteraceae, Flavobacteriaceae,
Sphingomonadaceae, and Vibrionaceae) and decreases
to some taxa (such as Woeseiaceae, Alteromonadaceae,
and Unidentified _Gammaproteobacteria) (Figure 2 and
Supplementary Figure 4). Supporting our results, a study shows
the positive effects of elevated temperature on the abundance
of Rhodobacteraceae, Flavobacteriaceae, and Vibrionaceae
(Zhang et al., 2019c). Some previous studies that assessed the
effects of increased CO2 and temperature on marine microbial
community composition show different responses, with some
suggesting no significant differences in community abundance,
structure, or composition (Kerfahi et al., 2014; Oliver et al.,
2015). Other findings show that marine benthic microorganisms
are susceptible to changes in ocean CO2 concentration and
seawater temperature (Currie et al., 2017). A few studies revealed
that the bacterial community composition is strongly influenced
by temperature but not acidification (Bergen et al., 2016;
Mensch et al., 2020). Other incubation experiments with marine
sediments and biofilms resulted either in rapid responses of
microbial community compositions and activities to seawater
acidification (Witt et al., 2011; Braeckman et al., 2014; Tait
et al., 2014) or in minor effects of acidification on microbial
communities and activity (Tait et al., 2013; Gazeau et al., 2014).
Moreover, different microbial groups in marine sediments
have different pH optima, and the impact of elevated CO2 on
their function may be dependent on their relative abundances
(Braeckman et al., 2014; Tait et al., 2014). These findings
suggest that the microbial response to seawater acidification and
warming is species and factor specific.

At the genus level, the bacterial community compositions
varied obviously in the W and A groups in the early period
(day 20), indicating that the marine microorganisms in the
A. japonicus culture tank were susceptible to changes in seawater
acidification and increased temperature in the early period,
which may ultimately have an impact on the gut microbiota

of A. japonicus. Meanwhile, microbes can rapidly acclimatize
to changing environmental conditions (Hicks, 2017). Thus, the
compositions tended to recover in the W and A groups in the
later period. Our results are consistent with previous findings,
which reveal that the microbiota could enhance its resistance
to increased temperature by changing its community structure
and functions, thereby maintaining a microecological balance in
the A. japonicus culture pond ecosystem (Wang et al., 2021).
The benthic microbial communities in sediments are likely well
adapted to low pH (Braeckman et al., 2014). Thus, the microbial
communities in aquaculture systems may be affected in the early
period and could then adapt to increased CO2 and temperature.

Increasing water acidity and seawater temperatures is likely to
impose considerable pressure on microbial communities (Currie
et al., 2017). The combined treatment (WA group) showed a non-
additive effect on bacterial diversity and community structures
throughout the experiment. However, understanding the impacts
on microbial communities is the key to predicting long-term
changes in aquaculture systems.

Another interesting aspect is that this study saw a clear
response in Rhodobacteraceae and Flavobacteriaceae by day
20, that is, their relative abundance in the acidification group
increased significantly and tended to recover in the middle
and later periods (days 43 and 72). The result suggests that
microbiota could increase the abundance of predominant taxa
to adapt to increased CO2 concentration and reconstruct a
stable community structure. Furthermore, a previous study found
that Rhodobacterales retaining polyhydroxybutyrate (PHB)
metabolism genes may promote the growth of A. japonicus
(Yamazaki et al., 2016). In addition, we previously reported
that Rhodobacteraceae and Flavobacteriaceae may function
as keystone taxa in the intestinal microbial community
of A. japonicus during intestine regrowth (Zhang et al.,
2019a). Rhodobacteraceae are related to PHB production
and Flavobacteriaceae to carbohydrate production, which are
beneficial to the regrowth intestine of A. japonicus (Zhang
et al., 2020). Therefore, changes in the abundance of these
microorganisms may impact intestinal microbiota and the
growth of A. japonicus.

Our previous study under the same conditions revealed
the effects of seawater acidification and warming on growth
performance, and body pigmentation in the key stage of post-
settlement A. japonicus (Song et al., 2020). Song et al. (2020)
found that a pH decrease of 0.23 units (1,000 ppm) delays
growth and slows pigmentation from “white dot” to “black dot”
in post-settlement sea cucumber A. japonicus. However, a 2◦C
temperature increase accelerates the growth and pigmentation
of juveniles, potentially neutralizing the negative effects of
pH decrease. In the current study, the effects of seawater
acidification and warming on the microbial community during
the development from “white dot” to “black dot” indicate
that the evolution of microbiota on the corrugated plates in
which juvenile sea cucumbers are sheltered could have an
indirect influence on the juvenile development (e.g., growth and
pigmentation) by micro-environment, but the direct influence
remains unclear. Additional experiments should be conducted
to further assess the intestinal microbiota response to seawater
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acidification and warming and to further study the relationship
between environment and gut microbiota; then, we could infer
their effects on host animals.

The results in this study suggest that microbiota can increase
the abundance of predominant taxa to adapt to increased
CO2 concentration and temperature and reconstruct a stable
community structure on the corrugated plates in the A. japonicus
culture tanks. Furthermore, the adaptation of microbiota in
the aquaculture environment to seawater pH decrease and
temperature increase in our current study could imply a stable
trophic relationship between the sediment microbe community
and sea cucumbers in the natural ecosystem under the end-of-
21st century scenario of OAW. This finding illustrates that OAW
may not influence the food supply to sea cucumber because the
microbe in the sediment plays an important role in the food
chains of the sea-cucumber-dependent ocean (Gao et al., 2014b).

In conclusion, this study highlights a significant effect of
seawater acidification and warming on the bacterial diversity and
community composition in the early period. The diversity and
composition of the microbiota tended to recover in the middle
and later periods, suggesting that their great adaptability to
increased CO2 concentration and temperature in the aquaculture
systems. The results reveal that the response of predominant
taxa to seawater warming was less pronounced, with the
most noticeable response seen in the acidification treatment.
No interaction effect of both factors was observed in the
combined group. There will be considerable independent effects
of seawater acidification and warming on microbial communities
in the aquaculture system. To our knowledge, the information
on adaption and acclimation in microbial communities in
aquaculture systems is very limited, requiring emphasis on long-
term responses.
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