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Long-lasting high temperature and bacterial exposure are two critical environmental factors contributing to the
mass mortality of oysters in summer. In this study, we investigated the effects of high-temperature exposure and
Vibrio alginolyticus infection on the mortality of the Pacific oysters, Crassostrea gigas. The results of survival
experiment demonstrated that the overall survival of Vibrio-infected oysters was significantly reduced at high-
temperature stress. The 16S rRNA amplicon sequencing showed that high temperature significantly disrupted
the structure of the infected oyster's digestive gland microbiota and increased the abundance of potentially
pathogenic bacteria. Transcriptome profiling showed that expression of critical genes associated with inflam-
mation was suppressed in the early phase of infection but was induced in the later phase. In contrast, genes
related to apoptosis and oxidative stress were continuously upregulated, indicating that homeostasis of in-
flammatory response was maintained in the early phase but was eventually destroyed upon continuous high
temperature exposure. This work is of practical significance for deciphering the cause of oyster mortality in
summer and monitoring disease outbreaks in the oyster culture.

1. Introduction

The Pacific oyster (Crassostrea gigas) is an important mollusk species
for aquaculture throughout the world. With superior production traits of
rapid growth and high yield, it plays a more and more important role in
promoting development of coastal economy (Guo, 2009; Troost, 2010).
Opysters naturally inhabit estuaries and intertidal zones and have a wide
range of adaptive abilities to cope with changes in harsh environments
(Zhang et al., 2016). However, with the continuous expansion of
aquaculture, mass mortality events were frequently observed during the
summer season globally (Soletchnik et al., 2005; Yang et al., 2021).

Temperature can significantly affect the physiological processes of
aquatic animals, and is closely associated with disease development in
invertebrates (Chu and La Peyre, 1993; Paillard et al., 2004). High
throughput sequencing-based approach such as RNA-Seq has been
applied to identify differentially expressed genes of the Pacific oyster
under high temperatures, which was closely related to protein structure

stability and apoptosis (Zhang et al., 2019). Studies have also reported
that high temperature exposure and bacterial infection can trigger
oxidative stress in scallops (Wang et al., 2012). Antioxidative enzymes
can prevent oxidative damage to body, but when the production of
reactive oxygen species exceeds its own tolerance, which will cause
adverse effects on the body tissues (Meng et al., 2014; Vinagre et al.,
2012). High temperature can also regulate the host's immunity (Dang
et al., 2012). Apoptosis and inflammation play key roles in immune
mechanisms, and the inflammatory response is crucial for assessing the
immune status of organisms (Lou and Liu, 2011). It has been reported
that when the animal is vulnerable, induction of genes associated with
inflammation can lead to uncontrolled immune response (Tort, 2011). In
addition, environmental stress also affects the energy metabolism of
marine animals to maintain balance. Responses to adverse conditions
such as heat stress, pathogen infection, and ocean acidification result in
increased energy expenditure (Cao et al., 2018; Li et al., 2007).
Assessing the metabolic response in energy expenditure, such as
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proteins, lipids, and carbohydrates, has essential implications for deci-
phering high host mortality in reaction to environmental stress (Zhang
et al., 2019).

The pathogens, such as Ostreid herpesvirus 1 (Segarra et al., 2010) and
some Vibrio species (Ford and Borrero, 2001; Travers et al., 2015), were
involved in the mass mortality of oysters in summer. In the previous
study, we confirmed that the massive summer mortality of oysters in
northern China was associated with V. alginolyticus (Yang et al., 2021).
As the temperature can affect the pathogenicity of pathogenic bacteria,
the high ambient temperature is considered the critical environmental
factor for massive mortality in summer (Garnier et al., 2007; Lee et al.,
2001). The pathogenicity of Vibrio is strongly associated with the
secretion of virulence factors (Rgnneseth et al., 2017), in which activ-
ities of extracellular enzymes such as amylase, lipase, and lecithinase
can be used to assess the virulence level of Vibrio (Bunpa et al., 2016;
Duperthuy et al., 2010; Gu et al., 2016).

Dynamic changes in the intestinal microbial community are strongly
associated with the health status of animals (McFall-Ngai et al., 2013).
The digestive gland tissue of mollusks often contains rich microbial
communities, and the stable microbial community structure can assist
the host in resisting pathogenic infection (Gomez-Gil et al., 2010;
Schmitt et al., 2012). Traditionally, 16S rRNA amplicon sequencing has
been extensively used to determine microbial community dynamics,
including the characterization of gill tissue and hemolymph in oysters
(Lokmer and Mathias Wegner, 2015; Wendling and Wegner, 2013). A
high correlation between temperature and changes in microbial com-
munities has been observed, which was often closely linked to the
development of disease outbreaks in several marine organisms (Simister
et al., 2012; Thurber et al., 2009).

The causes of massive mortality of the Pacific oyster in summer are
complex and usually associated with environmental stress, host physi-
ology or genetics, and pathogen exposure (Genard et al.,, 2012; Sol-
etchnik et al., 2007; Tomaru et al., 2001). It is of great significance to
investigate the effects of high-temperature exposure and V. alginolyticus
infection on the massive mortality of oysters in summer. Therefore, in
this study, we carried out V. alginolyticus infection experiments under
high-temperature stress to study the effect of high-temperature exposure
and V. alginolyticus infection on oyster mortality, and the effect of high
temperature on the process of V. alginolyticus infection. The 16S rRNA
gene sequencing and transcriptome sequencing were used to investigate
the impact of high temperature on the digestive bacterial microbiota and
physiological processes of Vibrio-infected oysters, respectively. These
studies have important practical significance for deciphering the cause
of massive mortality of the oysters in summer and monitoring oyster
disease outbreaks in aquaculture.

2. Materials and methods
2.1. Experiment animals

Healthy oysters (average wet weight 18.1 + 2.9 g) used in this
experiment were obtained from an oyster farm in Rongcheng, the Yellow
Sea (Shandong, China), and acclimated in a 50 L glass tank at 23 +
0.1 °C temperature and salinity of 30 & 0.1%o for two weeks. During the
experiment, the water quality parameters were as follows: dissolved
oxygen is about 8.0-9.0 ppm, pH at 8.1-8.2, and nitrite at 1-3 ppm. The
oysters were provided with continuous aeration and each oyster was fed
with 0.075 g of concentrated algae fluid (~ 3 x 10° algae cells) every
other day. The seawater was changed daily. All experimental protocols
performed were approved by the guidelines of the Animal Experiment
Committee of the Ocean University of China.

2.2. Experiment of high temperature stress and V. alginolyticus infection

Before the pathogen challenge experiment, the randomly sampled
oysters with a Vibrio load of < 50 CFU mL™! in hemolymph were
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considered to be non-infected. The oysters without infection after
diagnosis were randomly allocated to tanks, each with 20 L filtered
normal salinity seawater (30%c). The pathogenic strain of
V. alginolyticus, isolated and cultivated from our previous work (Yang
et al., 2021), was used for the pathogen challenge. The oysters were first
anesthetized using MgCl, (50 g/L) solution, and then each oyster was
injected with 50 pL of the bacterial suspension (5 x 10% CFU mL™1) into
the adductor muscle. After injection, the infected oysters (n = 30/glass
tank, in triplicate) were maintained at 23 °C (referred to as the
“NT_Vibrio” group) and 33 °C (referred to as the “HT_Vibrio” group),
respectively. The negative control (referred to as the “Control” group)
was injected with artificial seawater in equal volume and maintained at
23 °C. During the experiment, three oysters from each tank were
randomly sampled at 0, 12, 24, and 48 h. The tissues of gill and digestive
gland dissected from the three oysters were each pooled with an equal
amount as one biological replicate and stored in —80 °C freezer.

2.3. Effect of high temperature on growth and virulence of V. alginolyticus

The bacteria growth test was performed at 23 °C, 28 °C, and 33 °C,
when the initial optical density (OD) 600 nm value of bacteria solution
reached 0.5. All the tests were triplicated and measured the OD600
value at 12, 24, 48, 72, and 96 h of incubation.

The bacterial extracellular enzyme activity of V. alginolyticus was
directly assessed with the changes in amylase, lecithinase, and lipase
activities as previously described (Li et al., 2022a, 2022b). In brief, the
10 pL bacteria solution (OD600 = 0.5) was applied to the agar plates
containing 0.5% starch, 1% Tween 80, or 1% egg yolk emulsion,
respectively. The agar plates were then placed at different temperatures
(23°C, 28 °C, and 33 °C), each temperature in triplicate. The diameter of
the clean area around the V. alginolyticus colonies after dripping Lugol's
iodine solution was used to represent the activity of amylase. The ac-
tivity of lecithinase and lipase was evaluated according to the zone di-
ameters of the clean area around the colonies after 2-4 days of
incubation.

To evaluate the virulence of V. alginolyticus, the purified strain was
first inoculated into tryptone soy broth media and incubated at different
temperatures (23 °C, 28 °C and 33 °C) for 24 h. Then the bacterial pellets
were harvested by centrifuging at 8000 x g for 5 min at 4 °C and re-
suspended in saline solution. Finally, the concentration of all bacterial
suspension was adjusted to 5 x 10% CFU mL™L. The oysters for infection
challenge were randomly divided into nine groups (three replicate
groups were set up for each temperature gradient), each with ten in-
dividuals. The 50 pL bacterial suspension obtained from each tempera-
ture treatment (23 °C, 28 °C and 33 °C) was injected into the oyster
adductor muscle with three replicates, respectively. The blank control
group was injected with sterile saline solution of an equal amount. Each
group was placed in a 20 L glass tank with temperature of 23 + 1 °C and
observed for one week. The significant differences in mortality among
different groups were determined using the Tukey test for multiple
comparisons.

2.4. Bacterial microbiota analysis of infected oysters

The E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA) was
used to extract the microbial DNA from the digestive gland of oysters
according to the instruction manual. The 1% agarose gel electrophoresis
was used to assess the quality of microbial DNA. The amplification of the
V3-V4 region of the 16S rRNA gene used the universal bacterial primers:
341F (5-GGACTACNNGGGTATCTAAT-3') and 806R (5’-GGAC-
TACNNGGGTATCTAAT-3'). After purification and quantification, 300-
bp paired-end sequencing was performed by using the MiSeq platform
(Illumina, San Diego, USA).

Quality assessment and control of 16S rRNA gene sequencing raw
reads using fastp (version 0.2). Operational taxonomic units (OTUs)
were clustered by using UPARSE (version 7.1) with 97% identity of the
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canonical clustering threshold (Edgar et al., 2011) and taxonomically
classified by using the RDP classifier to compare the similarities of each
sequence to the 16S rRNA database from Silva with a 0.7 confidence
threshold (Wang et al., 2007). Rarefaction curves were obtained using
Mothur (version 1.3). The one-way ANOVA was used to evaluate the
alpha diversity index (Shannon and Chao I) between “NT_Vibrio” and
“HT_Vibrio” groups. The Bray-Curtis distance matrix was used to
perform the principal co-ordinates analysis (PCoA) in beta diversity. The
flora heatmap was obtained by the gplot R package.

2.5. Transcriptome profiling of infected oysters

Total RNA was extracted from gill tissues of two groups (“NT_Vibrio”
and “HT _Vibrio™) using Trizol reagent (Invitrogen). The RNA Integrity
Number (RIN > 7) was detected by the RNA Nano 6000 Assay Kit, and
the sequencing libraries were constructed by using the NEBNext®
Ultra™ RNA Library Prep Kit. Sequencing of libraries was performed by
the NovaSeq 6000.

The quality assessment and control of raw reads in fastq format were
obtained by sequencing using FastQC and fastp software. Then the high-
quality cleaned reads were aligned to the latest Pacific oyster reference
genome (GCA_902806645.1) using Hisat2 (v2.2.1) (Kim et al., 2015).
The expression level of genes was quantitation with FeatureCounts
(v1.6.0) (Anders et al., 2015) and expressed as Fragments Per Kilobase
Million (FPKM) (Trapnell et al., 2010). The DEseq2 (1.30.1) was used to
screen the differentially expressed genes (DEGs) with the fold change of
gene expression level > 2 and adjusted P-value <0.05. The Benjamini
and Hochberg method was used to achieve the adjusted P-value. The
enrichment analysis of the GO and KEGG pathways was performed to
obtain the biological functions of these DEGs with the screen standard of
Pagj < 0.05.

2.6. Validation by quantitative real-time PCR analysis

We selected several DEGs for validation of expression determined,
based on the result of RNA-Seq. Gene-specific primers for QRT-PCR were
designed and provided in Supplementary Table 1. The EF-1a gene was
the baseline for detecting the expression level of related genes in sam-
ples. According to the instructions of SYBR® Premix Ex Taq™ (TaKaRa),
the qQRT-PCR reaction system was configured. The specific amplification
of the gene was determined by the melting curves. Finally, the relative
expression of each gene in each sample were calculated by 27AACt for
mula (Schmittgen and Livak, 2008).

2.7. Statistical analysis

The difference in the mortality dynamics of infected oysters between
the control and high temperature was presented by survival curves. The
Log-rank (Mantel-Cox) test was used to examine the significance of
differences between the groups. Data form the test of high-temperature
on the growth and virulence of V. alginolyticus were expressed as mean
+ standard error (S.E.), and the significance of differences between the
groups were examined by the multiple comparison (Tukey) tests. The
comparison of differences in the alpha diversity index of microbial
communities between the control and high temperature groups was used
by the one-way ANOVA test. For all statistical analyses, differences were
considered significant with P < 0.05.

3. Results
3.1. Survival analysis of the experiment oysters

During the experiment, the mortality of oysters infected with
V. alginolyticus was observed in the normal temperature group

(“NT_Vibrio”) and high temperature group (“HT_Vibrio”) (Fig. 1). The
mortality of Vibrio-infected oysters at high temperature (“HT_Vibrio™)
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Fig. 1. Survival curve of C. gigas infected with V. alginolyticus at different
temperatures.

commenced on Day 1 post-injection but delayed at the normal temper-
ature (“NT_Vibrio”), which was on Day 3 post-injection. The total cu-
mulative mortality of the infected oysters at high temperature
(“HT_Vibrio”) was 100% through an 8-day experiment, while the mor-
tality at normal temperature (“NT_Vibrio”) was 60%. Mortality was not
observed in the control group (Fig. 1). These results suggested that high
ambient temperature significantly affected the pathogenic process of
Vibrio-infected oysters, ultimately leading to a higher rate of mortality.
The disease dynamics of infected oysters were further analyzed by 16S
rRNA amplicon sequencing and RNA-Seq.

3.2. Effect of high temperature on the growth and virulence of
V. alginolyticus

To investigate the impact of high temperature on the pathogenic
process of Vibrio-infected oysters, the growth and virulence levels of
V. alginolyticus were tested at different temperatures (23 °C, 28 °C, and
33 °C) (Fig. 2). The V. alginolyticus showed a significant growth advan-
tage at high temperature (33 °C) compared with 23 °C (Fig. 2A). Further,
we determined the effect of high temperature on the amylase, lipase, and
lecithinase activities of V. alginolyticus. The enzymatic activity of
V. alginolyticus increased significantly (P < 0.05) at high temperature
(33 °C) (Fig. 2B). Additionally, to clarify the effect of high temperature
on the virulence of V. alginolyticus, we injected the V. alginolyticus which
was incubated at different temperatures (23 °C, 28 °C, and 33 °C) into
oysters, and monitored the mortality of infected oysters. The results
demonstrated that the mortality rate of oysters injected with
V. alginolyticus incubated at 33 °C (100%), was significantly higher than
that at 23 °C (40%) and 28 °C (80%) after 8 days of continuous obser-
vation. Meanwhile, the mortality of oysters was unobserved in the blank
control group (Fig. 2C). The above results suggested that high temper-
ature significantly promoted the growth and virulence of V. alginolyticus
(Fig. 2D).

3.3. Effect of high temperature on digestive microbiota of infected oysters

The digestive gland microbiota of the Vibrio-infected oysters at
normal temperature (referred to as “NT_Vibrio”) was compared with that
at high temperature (referred to as “HT_Vibrio™) to explore the change of
digestive microbiota community. A total of 1,304,488 raw reads and
3820 OTUs were obtained from the 16S rRNA sequencing of all 24
samples (Supplementary Table 2). The gradual saturation of the species
richness rarefaction curves confirmed the sufficient amount of
sequencing data for analysis (Supplementary Fig. 1). A total of 37 genera
were identified from the digestive microbiota with the standard of a
relative abundance higher than 0.1% in at least one sample and the
remaining genera were defined as “Others” (Fig. 3A). The predominant
genera in both “NT_Vibrio” and “HT_Vibrio” groups were Gammaproteo-
bacteria, whose abundance remained basically stable in the “NT_Vibrio”
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Fig. 2. Effect of high temperature on the growth and virulence of V. alginolyticus. (A) The bacteria concentrations measured at 12, 24, 48, 72, and 96 h of incubation
at different temperatures. Different letters indicate significant differences in the different temperature groups at the same time points (P < 0.05). (B) Assessment of
bacterial extracellular enzyme activity (amylase, lipase and lecithinase activities) of V. alginolyticus at different temperatures. (C) Survival curve of C. gigas infected
with V. alginolyticus which incubated at different temperatures. (D) Effect of high temperature on the growth and virulence of V. alginolyticus aggravated the mortality

of Vibrio-infected oysters.

group, but altered significantly in the “HT_Vibrio” group, as shown by
the lowest abundance ratio of 35.73% at 24 h changed to the highest
abundance ratio of 87.22% at 48 h post-infection. In addition, the
abundance of Alphaproteobacteria, Bacterodia, and Clostridia also
changed significantly at different time points. Compared to the changes
in the digestive gland microbiota composition in the “NT_Vibrio” group,
the “HT_Vibrio” group was much higher. Alpha diversity of digestive
gland microbiota in “NT_Vibrio” and “HT_Vibrio” oysters as assessed by
Chaol and Shannon index showed no significant difference across the
two groups (Fig. 3B, Chaol: P = 0.615; Shannon's index: P = 0.191).
Principal coordinates analysis (PCoA) of the Bray-Curtis dissimilarity
matrix to evaluate the beta diversity of “NT_Vibrio” and “HT_Vibrio”
oysters showed that “HT_Vibrio” oysters had higher microbiota disper-
sion (Fig. 3C, F = 3.985, R? = 0.153; P = 0.007; PERMANOVA). In
contrast, the microbiota pattern of “NT_Vibrio” oysters tended to be
stable. Hierarchical clustering of the 34 most abundant genera suggested
significant differences in the microbial community structure of infected
oysters between “NT_Vibrio” and “HT _Vibrio” (Fig. 3D). The relative
abundance of Vibrio, Streptococcus, Bacteroides, Acinetobacter, Raoultella
and Mycoplasma in “HT_Vibrio” oysters increased more significantly than
those of “NT_Vibrio” oysters.

3.4. Effect of high ambient temperature on immune response of infected
oysters

Immune response of oysters infected with V. alginolyticus at high

ambient temperature stress was investigated by RNA-Seq analysis of gill
tissue at 12 h and 48 h after infection (referred to as T12 and T48,
respectively). Expression profiles of the selected differentially expressed
genes as determined by RT-PCR were consistent with those as deter-
mined by RNA-Seq, confirming the reliability of RNA-Seq analysis
(Supplementary Fig. 2). A total of 1978 and 1211 differentially
expressed genes (DEGs) were identified at 12 h and 48 h post-infection
when the oysters were cultured at normal temperature (NT-Vibrio
group), respectively. Accordingly, a total of 2125 and 1786 DEGs were
identified at 12 h and 48 h post-infection when the oysters were cultured
at high ambient temperature (HT-Vibrio group), respectively. Obviously,
the numbers of DEGs identified from infected oysters under high tem-
perature were larger than those under normal temperature (2125 >
1978 at 12 h; 1786 > 1211 at 48 h) (Fig. 4A). The number of DEGs
between each time point and the TO control (“NT_Vibrio” versus TO at 12
h and 48 h; “HT _Vibrio” versus TO at 12 h and 48 h), and between the two
groups (“HT_Vibrio” versus “NT_Vibrio” at 12 h and 48 h) were deter-
mined as shown in Fig. 4A. To further decipher the difference in survival
phenotype of infected oysters induced by high temperature stress, we
compared the two groups of oysters between high and normal temper-
atures at 12 h and 48 h post-infection (“HT_Vibrio” versus “NT_Vibrio” at
12 h, and “HT _Vibrio” versus “NT_ Vibrio” at 48 h). A total of 1161 and
3109 DEGs were identified at 12 h and 48 h, respectively (Fig. 4A;
Supplementary Table 4).

Functional annotation of the identified DEGs based on gene ontology
(GO) enrichment analysis showed that functional categories related to
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immunity were significantly enriched, including TLR signaling pathway,
antimicrobial peptide synthesis and metal homeostasis (Supplementary
Table 5). In addition, we found that most of these immune-related
pathways were associated with apoptosis, inflammatory response, and
oxidative stress (Supplementary Table 5). Notably, most of DEGs
involved in inflammatory response were suppressed in “HT_Vibrio”
oysters, such as “response to interleukin-6”, “interferon-alpha produc-
tion”, “regulation of interferon-beta production”, while most of DEGs
involved in apoptosis and oxidative stress were induced, including
“necroptotic process”, “necrotic cell death”, “regulation of oxidative
stress induced cell death” and “regulation of response to oxidative
stress” at 12 h post-infection (Fig. 4B). Similarly, at 48 h post-infection,
most of the related DEGs involved in apoptosis, inflammatory response
and oxidative stress were continuously induced in “HT_Vibrio” oysters,
including “necrotic cell death”, “positive regulation of interleukin-1
production” and “regulation of response to oxidative stress” (Fig. 4C).
Further KEGG enrichment analysis performed on DEGs showed that
“TNF signaling pathway”, “apoptosis”, “NOD-like receptor signaling
pathway” were significantly enriched at both 12 h and 48 h post-
infection (Supplementary Table 6). In addition, “IL-17 signaling
pathway” was also enriched at 12 h, and “NF-«B signaling pathway”,
“MAPK signaling pathway” and “necroptosis” were enriched at 48 h.
Based on the analysis, distinct degree of inflammation in infected
oysters was observed at different stages (12 h and 48 h) under high
ambient temperature. Therefore, we further investigated 16 DEGs that
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were highly enriched in functional pathways related to apoptosis,
inflammation and oxidative stress (Fig. 4D). The results indicated that
most of genes associated with inflammatory response including NF-«xB
signaling pathway (TLR4, TLR13), IL-17 signaling pathway (Cebpb), TNF
signaling pathway (CD40), Interleukin-4-mediated signaling pathway
(MRC1) and Interleukin-6-mediated signaling pathway (ADIPOQ and
TEK)) were suppressed at 12 h, while most were induced at 48 h in
“HT _Vibrio” oysters post infection. Most of the genes related to apoptosis
(BIRC3, CASP7, CASP3, BCL2L2, FAIM) and oxidative stress (DUOX,
GPX, CCS, MGST3) were continuously induced at 12 h and 48 h post
infection. The BCL2L1 gene, which inhibited apoptosis, was continu-
ously suppressed in “HT _Vibrio” oysters. Taken together, Vibrio-infected
oysters showed different intensities of inflammation, apoptosis and
oxidative stress at different stages after infection under high ambient
temperatures.

3.5. Effect of high ambient temperature on energy metabolism of infected
oysters

Further, we identified the representative biological processes from
the enrichment result of GOs by using the GOMCL (Wang et al., 2020).
The global change of transcriptomic profile, which was identified be-
tween “HT _Vibrio” and “NT_Vibrio” oysters at 12 h and 48 h post-
infection, showed similar distribution. The functional clusters related
to response to oxidative stress and inflammatory accounted for the most
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legend, the reader is referred to the web version of this article.)



X. Lietal

Aquaculture 568 (2023) 739309

ADIPOQ

A 1800 3109 negative regulatlon of type B pancreatic cell apoptonc process
positive re 1 of TRAIL- aling p
HT_Vibrio vs. TO_Vibrio regulatlon of TRAIL-activated apoptctlc 5| aling pa(hway
NT Vibrio . HT7V1b o negative regulation of oxidative stress-induced intrinsic apoptotic signaling pathway jusssm
- - regulation of oxidative stress-induced intrinsic apoptotic signaling pathway s
negative regulation of extrinsic apoptotic signaling pathway via death domain receptors jummmmmm
2125 apoptotic process involved in morphogenesis fummmn k]
1200 positive regulation of oxidative stress-induced cell death jum— 2
1786 intrinsic apoptotic S|gnaI|ng pathway in response to endoplasmic reticulum stress jumm——" 2
1978 regulation of oxidative stress-induced neuron death jumm— )
N necroptotic process jummmmm—m 2
K 1161 negative regulation of oxidative stress-induced cell death jum——— <
5 1211 regulation of extrinsic apoptotic signaling pathway via death domain receptors jummm——"
> ] apoptotic process involved in development jummmmm
- 600 +— N negative regulation of cysteine-type endopeptidase activity involved in apoptotic process jummmm—"—
3 ° necrotic cell death jumm———
4 = extrinsic apoptotic signaling pathway via death domain receptors |mm—
o o regulation of oxidative stress-induced cell death ju——————
o > cell death in response to oxidative stress
H |_| response to butyrate
S T interleukin-4-mediated signaling pathway jummm
= 0+— "y interleukin-6-mediated signaling pathway jumms
.g > negative regulation of interferon-alpha production s
= < negative regulation of interferon-beta production |
o N positive regulation of interleukin-1 production e c
g o regulation of tumor necrosis factor-mediated signaling pathway jssm—— o
& = interferon-alpha production jumm—" 5
2 2 regulation of interferon-alpha production jum—— £
S 600 +—— s regulation of interferon-beta production |m— £
= - response to interleukin-4 jum——— K]
o
a z cellular response to interleukin-4 fum———" t
£ tumor necrosis factor-medlated signaling pathway [mssm— =
3 positive regulation of tumor necrosis factor superfamily cytokine production jmm————
z ositive regulation of tumor necrosis factor production (———
vascular endothelial growth factor receptor signaling pathway jrm——
-1200 cellular response to interleukin-6 [
response to interleukin-6
glutathione transmembrane transport
positive regulation of cellular response to oxidative stress jummmm—"
ositive regulation of response to oxidative stress {mmm—— 7]
negative regulation of cellular response to oxidative stress jumm——— [}
negative regulation of response to oxidative stress [m— 8 x
-1800 T T regulation of cellular response to oxidative stress jEE—————__
12 48 regulation of response to oxidative stress | —
Time(hours) 0 25 50
C Bcl-2 family protein complex D
negative regulation of oxidative stress-induced intrinsic apoptotic signaling pathway 12h 48h
regulation of oxidative stress-induced intrinsic apoptotic signaling pathway HT_Vibrio HT_Vibrio
regulation of natural killer cell apoptotic process jummm
natural killer cell apoptotic process jummmn
intrinsic apoptotic signaling pathway in response to oxidative stress
negative regulation of ripoptosome assembly involved in necroptotic process s .
< regulation of ripoptosome assembly involved in necroptotic process jummm ™ Apoptosis
®© inhibition of cysteine-type endopeptidase activity involved in ic process 3
‘; negative regulation of necrotic cell death jum——m S
= negative regulation of programmed necrotic cell death jummm o
o negative regulation of necroptotic process |umm—n 8
> regulation of programmed necrotic cell death jummmmn <
,_' regulation of necroptotic process jumm——n
T cysteine-type endopeptidase inhibitor activity involved in apoptotic process |
0 necroptotic process |mmm—— Oxidative stress
> cysteine-type endopeptidase regulator activity involved in apop process
. programmed necrotic cell death
< negative regulation of cysteine-type endopeptidase activity involved in ap! process jmmmmm—— MGST3
o necrotic cell death |mmm—— TLR4
s regulation of intrinsic apoptotic signaling pathway NF-«B signaling pathway
s O polymer binding TLR13
| negative regulation of regulatory T cell differentiation jm c
E response to butyrate jm S Cebpb | IL-17 signaling pathway
interferon-gamma binding jm ® ) .
{PAFA interferon bindilng = E CD40 | TNF signaling pathway
inflammasome complex fus . i i
T-helper 1 type immune response fm s MRC1 | IL-4-mediated signaling pathway
positive regulation of interleukin-1 production jussms £
regulation of tumor necrosis factor-mediated signaling pathway juss——
| —

interleukin-1-mediated signaling pathway

IL-6-mediated signaling pathway

TEK

tumor necrosis factor-mediated signaling pathway
regulation of cellular response to oxidative stress
regulation of response to oxidative stress

0S

R

Fig. 4. Comparative transcriptome profiling of Vibrio-infected oysters under high (“HT_Vibrio”) and normal (“NT_Vibrio”) temperature. (A) The numbers of differ-
entially expressed genes between the “Control”, “HT_Vibrio” and “NT_Vibrio” groups at 12 h and 48 h post-infection. Negative numbers indicate the number of down-
regulated genes, while positive ones were up-regulated. (B) The significantly enriched GO categories associated with cell apoptosis, inflammation, and ROS at 12 h
post-injection. The red indicates number of genes that were expressed at higher levels in the “HT_Vibrio” groups, while green indicates lower. (C) The significantly
enriched GO categories associated with cell apoptosis, inflammation and ROS at 48 h. (D) Validation of expression profiles of genes associated with cell apoptosis,
inflammatory response, and oxidative stress. Differential expression analysis was performed between each time-point and zero time-point. The intensity of the colour
from green to red indicates the magnitude of differential expression in logs(foldchange). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

significant proportion (Supplementary Table 7). However, the biological
processes of energy metabolism between these two comparison groups
showed apparent differences in the result of functional clustering. At 12
h, the difference in metabolism processes was mainly reflected in the
metabolism processes associated with regulation of plasma lipoprotein
particle levels (C4 in Fig. 5A). At 48 h, protein metabolism processes
such as alpha-amino acid metabolic process and regulation of protea-
somal ubiquitin-dependent protein catabolic process were significantly
enriched. Furthermore, carbohydrate metabolism processes such as
cellular respiration and NADP metabolic process, and lipid metabolism
processes such as brown fat cell differentiation were also significantly
enriched (Fig. 5B).

4. Discussion

The frequent outbreak of massive summer mortalities had severely

hampered the development of the oyster industry globally. Massive
summer mortalities are usually caused by complex synergy of multiple
factors, including environmental stressors, host physiology, and patho-
gens. Therefore, better understanding of the disease development in
complex environments is of great significance for deciphering host-
pathogen interactions and monitoring disease outbreaks. We found
that the mortality of Vibrio-infected oysters at high ambient temperature
was significantly increased, suggesting the role of heat stress in trig-
gering higher mortality of infected oysters. This observation supported
that high temperature in summer is one of the essential environmental
factors causing mass mortalities in oysters (Yang et al., 2021). Therefore,
we further explored the pathogenic process of infected oysters at high
temperature, mainly including changes in pathogens and oyster
physiology.

Rapid proliferation and secretion of virulence factors of bacteria are
closely related to their pathogenicity (Rg¢nneseth et al., 2017). The
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Fig. 5. The biological processes of energy metabolism were altered under high temperature stress in Vibrio-infected oysters. (A) Functional clusters enriched by
differentially expressed genes in Vibrio-infected oysters at 12 h under high temperature stress. (B) Functional clusters enriched by differentially expressed genes in
Vibrio-infected oysters at 48 h under high temperature stress. The clusters are marked with different colors, and the cluster related to energy metabolism are labeled
with the representative functional term. Each node represents a GO term; node size indicates genes in the test set assigned to that functional term, and the shade of

nodes indicates the adjusted P-value.

dramatic changes in environmental factors can significantly affect the
virulence of Vibrio to marine organisms (Kimes et al., 2012). We found
that high temperature (33 °C) promoted the growth of V. alginolyticus
and significantly enhanced the activities of extracellular enzymes such
as amylase, lipase and lecithinase of V. alginolyticus. The extracellular
hypervirulence products of Vibrio isolated from a variety of diseased
marine organisms have been identified as key factors in its pathogenicity
(Bunpa et al., 2016; Gu et al., 2016; Wang et al., 2021). The injection of
V. alginolyticus cultured at high temperatures into oysters caused a
higher mortality rate, which supports that the virulence of
V. alginolyticus was greatly enhanced at high temperature. This is
consistent with previous reports that increasing of seawater tempera-
tures often altered the host-pathogen relationship, promoting pathogen
proliferation and leading to large-scale outbreaks of epidemic diseases
(Travers et al., 2009). Temperature is an important risk environmental
factor for mass summer mortality of oysters, particularly when tem-
perature was abnormally elevated. As reported previously, the sublethal
and lethal temperatures were 37 °C and 44 °C for C. gigas, respectively
(Li et al., 2007). The critical thermal maxima of C. gigas was 28-32 °C,
and the change of metabolic activity occurred around the breakpoint
temperature after heat shock (Ghaffari et al., 2019). In the eastern
coastal areas of China, when the sea temperature is continuously above
25 °C, high temperature causes the proliferation of opportunistic path-
ogens, and affects the immune response in the oysters (Yang et al.,
2021). These results indicated that high temperatures promoted the
proliferation and virulence of V. alginolyticus, which was the key factor
in triggering the pathogenic process in oysters.

Rapid response of microbial communities to changes in the envi-
ronment is critical to maintaining host health. In this study, 16S rRNA
amplicon sequencing revealed the dominant abundance of Gammapro-
teobacteria in all samples, which was consistent with the previous reports
in invertebrates (Richard et al., 2021; Trabal Fernandez et al., 2014).
The Gammaproteobacteria includes most of the pathogenic groups and
cultured isolates from the Pacific oysters are Pseudomonadaceae and
Vibrionaceae (Fernandez-Piquer et al., 2012; Worden et al.,, 2022).
Meanwhile, the change in the relative proportion of microbial compo-
sition in infected oysters at high temperatures (“HT_Vibrio”) was higher,
with the abundance of Gammaproteobacteria, Alphaproteobacteria, Bac-
terodia, and Clostridia changing significantly at different time points. The
oyster gut microbial communities vary between host species and seasons
(Pierce and Ward, 2019). As these OTUs correlated with temperature
make up the majority abundance ratio of the microbial composition,

suggesting that the oyster gut microbiota is temperature-dependent. The
result of p diversity analysis indicated that the microbiota of “HT_Vibrio”
oysters was more dispersed at high temperatures during infection, which
was consistent with previous findings in oysters (de Lorgeril et al.,
2018). As the microbiota community of “NT_Vibrio” oysters tended to be
stable , the results demonstrated that temperature was the major driver
and significantly influenced the composition of oyster symbiotic
microbiota. High temperatures may disrupt the structure of microbial
community, which was often closely related to disease outbreaks in
aquatic animals (Nie et al., 2017). The disruption of intestinal microbial
community structure may lead to changes in intestinal function, which
may affect nutrient absorption and energy metabolism, and ultimately
aggravate the susceptibility of host to pathogens in the oyster (Clavel
et al., 2014). Therefore, our results supported that the altered structure
of the microbial community made oysters more susceptible to
V. alginolyticus infection at high ambient temperatures. The stability of
the “NT_Vibrio” oyster microbial community structure further functions
in buffering environmental stress, contributing to the maintenance of
host homeostasis (Rosenberg et al., 2007; Wegner et al., 2013).
Studies have shown that the rising and fluctuating temperature is a
master factor to affect the community structure and dynamics of oyster-
associated microbiota (Liu et al., 2023; Lokmer and Mathias Wegner,
2015). The alteration of microbial community composition and
increased abundance of bacterial pathogens at higher temperatures were
closely related to the health status of the host and often associated with
pathogenesis (Ben-Haim et al., 2003; Bourne et al., 2008; Bourne, 2005).
Bacterial taxa associated with disease outbreaks in marine organisms,
including Vibrio, Streptococcus, Bacteroides, Acinetobacter, Raoultella, and
Mycoplasma, were observed at relatively high abundance in high tem-
perature group (“HT_Vibrio). Warm water conditions are more favor-
able for changes in Vibrio concentration and diversity, which are often
associated with outbreaks of the oyster disease (Garnier et al., 2007;
Green et al., 2019; Saulnier et al., 2010). The virulent Vibrio populations
will gradually replace the benign colonizers in oysters with the infection
development, and non-pathogenic strains can also enhance the lethal
effect of virulent strains on oysters (Lemire et al., 2015). The Strepto-
coccus infection has also been reported to cause serious losses to the
global aquaculture industry (Austin and Austin, 2016; Li et al., 2015;
Pereira et al., 2010). In non-vertebrate organisms the interplay between
the host and the gut microbiota is important for the maintenance of
homeostasis and for protecting the host against competing pathogens
(Garcia-Garcia et al., 2013). Disease outbreaks are closely related to
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environmental conditions and host immune status (Vendrell et al.,
2006). It has been reported that some strains of Bacteroides can trans-
form into host opportunistic pathogens, causing tissue lesions to induce
mortality (Li et al., 2007; Liu et al., 2003). Several species of Acineto-
bacter are reported pathogens of fish disease (Kozinska et al., 2014;
Yonar, 2010). For example, Acinetobacter lwoffii infection can cause
pathological lesions such as necrosis and inflammatory cell infiltration
in Schizothorax (Cao et al., 2018). Some strains of Raoultella can convert
histidine to histamine, which can cause fish poisoning (Pulian Morais
et al., 2009). The Mycoplasma has been reported to promote inflamma-
tory responses and control apoptosis, which plays a crucial role in in-
testinal tumor development in zebrafish (Kent et al., 2021). In this work,
the increased abundance of pathogenic bacteria caused by continuous
high-temperature stress can be transformed into opportunistic patho-
gens, affecting strain virulence, triggering intestinal inflammation, then
disrupting intestinal homeostasis, and ultimately leading to mortality
(Kimes et al., 2012; Wendling and Wegner, 2013).

Comparative transcriptome analysis of Vibrio-infected oysters at high
and normal temperatures provides insights into the cause of high mor-
tality under complex environmental stress. In this work, differential
expression analysis showed that the number of differentially expressed
genes (DEGs) increased greatly both under high and normal tempera-
tures from 12 h to 48 h post-infection. The whole infection process could
be divided into different stages, according to the significant variable of
the number of DEGs after infection in the oyster (de Lorgeril et al., 2018;
Rosani et al., 2015). The significant difference in the number of EDGs
identified between the NT-Vibrio group and HT-Vibrio group both at 12 h
and 24 h suggested that heat stress induced additional transcriptomic
changes in infected oysters compared with normal temperature. Func-
tional enrichment analysis of DEGs between the NT-Vibrio and HT-Vibrio
groups showed that immune-related pathways, which are associated
with inflammation, cell apoptosis, and oxidative stress, were signifi-
cantly enriched at both 12 h (30%) and 48 h (29%). Interestingly, the
proportion of suppressed or induced genes at these two-time points
showed great difference. Most of the genes related to inflammatory
response were suppressed at 12 h, but greatly induced at 48 h. Inflam-
matory responses play a key role in immune regulation, especially when
organisms are under stress (Hallstrand et al., 2014). The capacity of the
organism to maintain homeostasis of the inflammatory response is
crucial to health (Akbar et al., 2000; Zhang, 2007). The difference in the
induction and suppression of inflammatory factors in infected oysters at
12 h and 48 h under high temperature stress may reflect the dynamic
maintenance of homeostasis in inflammatory responses in the short- and
long-term phase. The genes related to functional pathways of apoptosis
and oxidative stress were continuously induced upon infection, as the
expression of these genes was increased at 12 h and 48 h. The oxidative
stress and apoptosis induced by continuous high temperature stress may
cause physical damage to oysters. The excessive production of reactive
oxygen species (ROS) by heat stress could lead to oxidative stress, which
caused cellular oxidative damage resulting in an inflammatory response
(Wang et al., 2016). In addition, elevated temperature can also signifi-
cantly increase apoptosis, which in turn leads to the decline of gonadal
function and affects reproduction and development in oysters (Nash and
Rahman, 2019). Taken together, in response to continuous high-
temperature stress, genes related to the secretion of inflammatory fac-
tors were downregulated in the early phase to maintain homeostasis of
the immune response, while were induced to further promote the in-
flammatory response in the late phase due to continuous oxidative stress
and apoptosis. The continuous stimulation of inflammatory response
eventually led to disruption of immune homeostasis, leading to patho-
logical damage.

We further validated this speculation with representative genes
related to inflammatory factor secretion, oxidative stress and apoptosis.
The results indicated that most of the inflammatory factor-related genes
were suppressed at 12 h, but were induced at 48 h, while oxidative stress
and apoptosis-related genes were continuously up-regulated. The genes
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with different expression pattern between NT_Vibrio and HT_Vibrio
groups could be involved in response to heat stress. As the genes related
to apoptosis such as CASP3, CASP7 and the genes related to oxidative
stress such as DUOX, GPX, CCS, and MGST3 are only induced in high
temperatures, which may be critical to thermoregulation in oysters
(Rahman et al., 2023). In a previous study, the apoptosis pathway and
oxidative stress related genes were significantly regulated in oysters
following acute heat stress (Li et al., 2022a, 2022b). It has been reported
that CASP3 and CASP7, as the executioner caspases, lead to cell death
mainly through protein cleavages (Tang and Kang, 2022). The execu-
tioner caspases are up-regulated by hyperthermia, possibly illustrating
the tightly controlled balance between survival and cell death in expo-
sure to heat stress (Takle et al., 2006). However, the genes with the same
expression pattern at different temperature groups may be important for
oyster defense against mass mortality in summer. The FAIM gene has
been demonstrated as a FAS-apoptosis inhibitor, which plays a non-
redundant role in protection from cellular stress and tissue damage,
leading to improved cellular viability (Kaku and Rothstein, 2020). As
this gene was induced rapidly in HT_Vibrio groups at 12 h and induced in
NT_Vibrio groups at 48 h, the FAIM gene may play a key role in defense
against mass mortality in the oyster during summer.

Short-term high temperature stress only significantly affected the
expression of genes related to protein metabolism, while the long-term
high temperature stress not only significantly affected protein meta-
bolic processes, but also significantly affected lipid and carbohydrate
metabolism processes. Similar changes in energy metabolism have been
observed in some other bivalves such as Pinctada fucata and Ruditapes
philippinarum (Zhang et al., 2022). Fine-scale regulation of energy
metabolic pathways is essential for maintaining physiological homeo-
stasis (Genard et al., 2012; Nie et al., 2020). Identification of different
energy metabolic pathways at different phases after heat stress sug-
gested that different metabolic processes were dynamically regulated to
supply energy requirements (Yang et al., 2017). Upon exposure to
various stressors, energy resources were first allocated to resist stressful
stimuli, while the energy used for other physiological processes was
reduced (Chapman et al., 2011; Lacoste et al., 2001). The changes in the
immune system of oysters under long-term high temperature stress
require energy to cope with infection of V. alginolyticus, while the im-
mune homeostasis may have been destroyed, therefore, the energy
supply may have also been dysregulated.

Taken together, we proposed that continuous high temperature
stress can aggravate mortality in oysters infected with V. alginolyticus
(Fig. 6). High temperature could benefit the proliferation and virulence
of V. alginolyticus. Furthermore, high temperature also affected the
digestive bacterial microbiota of Vibrio-infected oysters, such as the
increased abundance of pathogenic bacteria and the disrupted microbial
community structure, which caused an imbalance of intestinal flora and
induced intestinal inflammation. We also found that high temperature
stress could affect the immune system of infected oysters, especially the
inflammatory response, apoptosis and oxidative stress. In the early
phase of infection, homeostasis was maintained by suppressing genes
related to inflammatory response such as TLR4, Cebpb, CD40, MRC1, and
ADIPOQ. However, oxidative stress and apoptosis-related genes such as
CASP7, CASP3, DUOX, and GPX were continuously induced. Meanwhile,
inflammation was also greatly induced in the late phase of infection.
High ambient temperature aggravates mortalities of oysters infected
with Vibrio by disrupting the homeostasis of digestive microbiota and
the immune response accompanying the energy supply. Therefore, the
interactive effect between environmental factors and pathogenic bac-
teria is involved in cause of the outbreaks of summer mortalities in the
oysters. The high temperature stress can be critical to cause suppression
of immune response and physiological homeostasis of the host,
benefiting infection of opportunistic pathogens such as the Vibrios.
Therefore, selective breeding for high temperature traits of the oyster
could improve the trait performance, but composite breeding of multi-
traits by considering both high-temperature tolerance and pathogen
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infection resistance could be crucial for obtaining highly survival oyster
strains during summer seasons.

5. Conclusion

In this study, we investigated the effects of high-temperature expo-
sure and Vibrio infection on oyster mortality in order to decipher the
causes of massive die-offs of oysters in summer. The high temperature
promoted the proliferation of V. alginolyticus and enhanced its virulence,
aggravating the infection process of V. alginolyticus. Furthermore, it also
affected the intestinal flora of infected oysters, which might trigger in-
testinal inflammatory response and imbalance of intestinal flora ho-
meostasis. Meanwhile, it greatly affected the immune system. In the
early phase of Vibrio infection under high ambient temperature, physi-
ological homeostasis was maintained by suppressing the expression of
inflammatory factors, while the inflammatory response was also
induced in the later phase due to continuous apoptosis and oxidative
stress. The proliferation and virulence enhancement of V. alginolyticus,
in addition to disruption of immune and energy homeostasis caused
mass mortality of oysters. This work has important practical significance
for deciphering the cause of oyster mortality in summer and monitoring
disease outbreaks in the oyster culture.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2023.739309.
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