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Fisheries Research Institute, Chinese Academy of Fishery Sciences, Wuhan, China

Numerous studies have shown that thermal tolerance and intestinal heat resistance are
strongly associated with temperature acclimation. However, few reports have successfully
conducted similar research on fishes from the Qinghai-Tibetan Plateau, an area that is
facing the threat of climate warming. Therefore, the present study determined the growth,
thermal tolerance, and intestinal heat stress (exposure to 30°C) responses in juveniles of
a Tibetan fish, Oxygymnocypris stewarti, acclimated to three temperature levels (10°C,
15°C, and 20°C, named as T10, T15, and T20, respectively) for 30days. The fastest
growth was recorded in the T15 group. At 1°C/30min heating rate, the critical thermal
maximum (CTys,) ranged from 31.3°C to 32.3°C, and the lethal thermal maximum (LT )
ranged from 31.8°C to 32.6°C among the three acclimation temperatures. According to
the results of thermal tolerance tests, the heat stress temperature was set to 30°C. When
the water temperature reached 30°C, the expression of the intestinal heat shock protein
70 (HSP70) gene as well as the intestinal microbiome and histology of experimental fish
were monitored at O, 2, 6, and 12h. The expression of HSP70 reached the highest level
at 2h in all three temperature treatments. The histological analysis showed damage to
intestinal cells, including diffuse infiltration of lymphocytes, villi epithelial cell swelling,
decrease of intestinal villi length, and cytoplasmic light staining at 2 h in all three temperature
treatments. In terms of the intestinal microbiome, phyla Proteobacteria and Firmicutes
dominated the treatments at each monitored time in the T10 and T15 groups and at Oh
in T20 group, while phyla Fusobacteria, Proteobacteria, and Cyanobacteria were dominant
in treatments at 2, 6, and 12h in the T20 group. The overall results indicated that acclimation
temperature could affect the growth, thermal tolerance, and intestinal heat stress response
of O. stewarti juveniles. As the first report on intestinal heat stress response associated
with temperature acclimation in a Tibetan fish, this study will help to understand the
potential effects of climate change on highland fishes.

Keywords: temperature acclimation, Oxygymnocypris stewarti, thermal tolerance, heat stress, intestinal
microbiome
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INTRODUCTION

Temperature, a variable that is widely recognized as a crucial
environmental factor for organisms, affects fish life history
traits such as growth (Moltschaniwskyj and Martinez, 1998;
Desai and Singh, 2009; He et al., 2014), development (Alami-
Durante et al., 2000), reproduction (Leggett and Carscadden,
1978), routine metabolism (Luo and Wang, 2012), and energy
allocation (Sogard and Spences, 2004). With global warming,
the response of fishes from the Qinghai-Tibetan Plateau have
gained widespread attention due to most of the Tibetan fishes
being cold water fish and the Tibetan Plateau being highly
sensitive to climate change (Liu and Chen, 2000). As the main
water system in the Tibetan Plateau, the Yarlung Zangbo River
basin was reported to have warmed during 1961-2005 (You
et al., 2007), indicating that the Tibetan fishes are facing threats
due to global warming. Thus, the response of Tibetan fishes
to climate change should be significant for both researchers
and management.

Thermal tolerance, the production of heat shock proteins,
and histological changes from heat stress are critical to
understanding the response mechanism to climate warming.
The critical thermal maximum (CTy,,) and the lethal thermal
maximum (LTy,,) are commonly used for equating an animal’s
heat tolerance to the temperature at which it loses the ability
to escape from constant rapid warming (Paladino et al., 1980).
Many studies have shown remarkable effects of acclimation
temperature on the thermal tolerance of fish, indicating the
plasticity of thermal tolerance (Sarma et al.,, 2010; Underwood
et al, 2012; He et al., 2014). Exposure to heat induces the
production of heat shock protein 70 (HSP70) in the intestine,
liver, and other tissues (Hotchkiss et al., 1993). Acute heat
stress may damage animal tissues and organs (Bouchama and
Knochel, 2002; Cronjé, 2005).

In recent years, intestinal microbiome variation induced by
heat stress has also been increasingly studied. The intestinal
microbiota influences multiple features of the hosts biology,
including nutrient acquisition, immune response, metabolism,
behavior, and life history traits (Broderick and Lemaitre, 2012;
Douglas, 2018; Hoye and Fenton, 2018). Heat stress significantly
changes intestinal microbiome diversity (Cao et al, 2021;
Jaramillo and Castaiieda, 2021; Wen et al., 2021; Yi et al,
2021). Meanwhile, the intestinal microbiota can contribute to
host thermal tolerance (Kokou et al., 2018). The ongoing climate
change is expected to impose strong selection pressure on the
heat tolerance of ectotherms (Hoffmann and Sgro, 2011).
Therefore, knowledge of intestinal microbiome variation
associated with heat stress is of special significance to
understanding the adaptions to climate warming.

Oxygymnocypris stewarti is a Tibetan fish species distributed
in the main body and tributaries of the middle reaches of the
Yarlung Zangbo River (Bureau of Aquatic Products, Tibet, China,
1995). The maximum natural habitat temperature of O. stewarti
never exceeded 20°C (Li et al., 2010). Due to overfishing and
habitat destruction, the distribution area and population resources
of O. stewarti are shrinking. To enhance the protection of this
species, O. stewarti is listed as near threatened on the IUCN

Red List and is classified as endangered at the national level.
To date, most reports concerning O. stewarti have focused on
age and growth (Jia and Chen, 2011; Huo et al,, 2012), feeding
habits (Huo et al., 2014), otolith microstructure (Jia and Chen,
2009), reproductive biology (Huo et al., 2013), embryonic and
larval development (Xu et al., 2011), genetic structure (Dong
et al., 2021), nutrition composition (Luo et al.,, 2014), and the
genome (Liu et al., 2019). For the intestinal microbial communities
in O. stewarti, Chen et al. (2017) compared the differences
between healthy and diseased individuals. However, no study
has examined the thermal tolerance or heat stress induced
intestinal microbiome variation in O. stewarti.

The aims of the present study were: (1) to explore the suitable
growth temperature and the thermal tolerance of juvenile
O. stewarti at three acclimation temperatures (10°C, 15°C, and
20°C); and (2) to examine the expression of intestinal HSP70,
the intestinal histology, and the microbiome of juvenile O. stewarti
in response to acute heat stress (30°C) after acclimation at the
three temperatures mentioned above. The results will be valuable
in evaluating the effects of temperature acclimation on thermal
tolerance and intestinal heat resistance of Tibetan fishes.

MATERIALS AND METHODS

Experimental Fish and Acclimation
Procedure

All of the animal experiments in the present study were
approved by the Institutional Animal Care and Use Committee
of Yangtze River Fisheries Research Institute, Chinese Academy
of Fishery Sciences, and they were performed following the
institutional ethical guidelines for experimental animals. The
experimental fish were hatchery O. stewarti juveniles from
Tibet. The parents of the experimental fish were wild mature
O. stewarti caught from the Yarlung Zangbo River. In January
2016, about 1,000 juveniles were chosen and stocked in three
conical polypropylene tanks (diameter=80cm, water
volume=300L, and water flow rate=0.286L/s) connected to
a recirculating aquaculture system. Fish were held in the
water at 15°C for 2weeks prior to the experiment, then
were acclimated at three temperatures of 10°C, 15°C, and
20°C (groups T10, T15, and T20) at a rate of 2°C/day using
a 1.47 KW aquarium refrigerating and heating machine
(temperature control accuracy 0.1°C). For each temperature
group, two tanks were used with a density of 45 individuals
per tank. After the target temperature was stable (deviation
<0.5°C) for 1week, fish were initiated into the acclimation
procedure for 30 days. Fish were fed with 1% of body weight
artificial dry diet twice (09:00 and 15:00) per day. The dissolved
oxygen was above 8 mg/L, and the photoperiod was 12L:12D.

Thermal Tolerance Test and Sampling

The thermal tolerance tests were conducted in three conical
polypropylene tanks. All of the fish were starved for 24h prior
to the tests. For each acclimation temperature level, 30 fish (10
from each replicate) were chosen at random for the test. The
values of CTy,, and LTy, were determined at a heating rate
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1°C/30min. The CTy,, and LT, values were calculated as the
arithmetic mean of the collective endpoint of individuals (Beitinger
et al., 2000). After the test, fish were transported to the water
of their acclimation temperature for recovery and the criteria of
success recovery was to recover spontaneous breathing within 12h.

Heat Stress Test and Sampling

The heat stress tests were also conducted in another set of conical
polypropylene tanks. The heat stress temperature was set to 30°C
based on the results of the thermal tolerance test, which showed
the experimental fish reached the most manic state at 30°C. For
each acclimation temperature group (T10, T15, and T20), 30
fish were chosen and transferred into the same tank with a water
temperature of 30°C. Then, three experimental fish from each
tank were sampled at random after 0, 2, 6, and 12h during the
heat stress procedure; the treatments were named T10-0h, T10-2h,
T10-6h, T10-12h; T15-Oh, T15-2h, T15-6h, T15-12h; T20-Oh,
T20-2h, T20-6h, and T20-12h. Samples at 12h were unavailable
for the 10°C group, as all of the experimental fish were dead
after 6h of stress. For all of the fish samples, the intestine was
first carefully removed under sterile conditions, and all of the
hindgut samples except for two samples at 12h of the 10°C and
15°C groups were separated and collected in 2-ml freezing centrifuge
tubes and stored at —80°C for subsequent microbial DNA extraction.
The remaining intestinal fragments were washed with saline and
divided into foregut and midgut. The foregut samples were fixed
in 4% neutral paraformaldehyde solution for histological analysis,
while the midgut samples were quickly stored in liquid nitrogen
for further detection of HSP70 expression.

Expression of HSP70

Total RNA of the intestine was extracted from each sample using
a DP431 Reagent RNA kit (Tiangen, China) according to Li
et al. (2015). RNA was dissolved in 50ml RNase-free water and
stored at —70°C until use. cDNA was synthesized for quantitative
reverse transcription PCR (RT-qPCR) using the RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific, China) according
to the manufacturer’s instructions. The qPCR primers were designed
using Primer 5.0 software based on the available cytokine sequences
in GenBank. The qPCR was performed in a StepOnePlus™
Software real-time PCR Detection system (ABI, Beijing, China).
Each 20-pl real time PCR reaction mixture consisted of 10ul
SYBR Select Master Mix (2x; TIANGEN, Beijing, China), 1pl
primer of each, 2pl cDNA, and 6pl distilled/deionized H,O. The
cycling conditions were as follows: 95°C for 10min and then
40cycles of 95°C for 15s, 60°C for 60s, and 60°C for 5min.
All of the qPCRs were performed at least three times. Data
analysis was conducted using high resolution melt (HRM) software.

Intestinal Microbiome DNA Extraction,
PCR, and Sequencing

The intestinal microbial DNA was extracted using the Powerfecal
DNA Isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA,
United States) in accordance with the manufacturer’s protocols.
The 515F (GTGCC AGCMGCCGCGGTAA) and 909R
(CCCCGYCAATTCMTTTRAGT) primers were used to amplify

the bacterial 16S rRNA gene V4-V5 fragments. PCR integrant
and protocols were carried out as: 94°C for 3min followed
by 30cycles of 94°C for 40s, 56°C for 60s, 72°C for 60s, and
a final extension at 72°C for 10min until the reaction was
halted by the user.

The PCR products were separated by 2% agarose gel
electrophoresis, and negative controls were always performed
to make sure there was no contamination. All bands of the
desired size of approximately 420bp were purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, United States). The bar-coded amplicons from each
sample were pooled in equimolar concentrations and then were
sequenced on an Illumina MiSeq platform (Guangdong Meilikang
Bio-science Ltd., China) according to the standard protocols.

Data Processing and Taxonomy
Assignment

QIIME (v1.9.0) was used to process and quality-filter the raw
fastq files according to a quality-control process (Caporaso et al,
2010). All the sequence reads were trimmed and assigned to
each sample based on their barcodes. The sequences with high
quality (length>300bp, without ambiguous base “N,” and average
base quality score>30) were used for downstream analysis.
Chimera sequences were removed using the UCHIME algorithm
(Edgar etal., 2011). The processed sequences with >97% similarity
were clustered into the same Operational Taxonomic Units (OTUs)
by the UCLUST algorithm. Taxonomic assignments of each OTU
were determined using the RDP classifier (Wang et al., 2007).

Intestinal Histology

Intestinal tissues were fixed in 4% neutral paraformaldehyde
solution for 7 days, then washed, dehydrated, made transparent,
waxed, embedded in paraffin, cut 4- to 5-pm-thick slices, and
routinely stained with hematoxylin and eosin (HE). The tissue
sections were used in light microscopy and the length of
intestinal villus were measured.

Statistical Analysis
The mean specific growth rate of body weight (SGRy,) of each
acclimation group was assessed by the following function:

SGRy (% / day) =100 (InW; —InWp) /1,

where W, and W, are the mean body weights of experimental
fish before and after acclimation, respectively; ¢ is the period
of the acclimation experiment.

A correlation heatmap of dominant bacterial genera was
analyzed using the corrplot R package, and Beta diversity was
calculated by unconstrained principal coordinates analysis (PCoA)
based on weighted UniFrac distance. One way ANOVA and
multiple comparison tests were used to compare the differences
in individual size and growth among the acclimation treatment
groups. The data relating to the microbial community and
expression of HSP70 were analyzed on the free online Tutools
Platform. A significant difference was set at a value of p<0.05.
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RESULTS

Growth and Thermal Tolerance Under
Different Acclimation Temperatures

The mean SGRy of fish in the T15 group was more rapid
than those of the T10 and T20 groups (Table 1). Both CTy,,

TABLE 1 | Final size, specific growth rate of body weight (SGRy), upper thermal
tolerance (CTya), @nd lethal thermal maximum (LTw..) of Oxygymnocypris stewarti
juveniles in three acclimation temperature levels.

Acclimation 10 15 20
temperature (°C)

Initial body weight (g) 5.42 +1.35% 460 + 1.31° 4.82 + 1.24°
Final body weight (g) 594 +1.67 5.83 £1.37 5.80 + 1.36
SGRw (%/day) 0.31 0.79 0.62
CTyex (°C) 31.3 32.1 32.3
LTy (°C) 31.8 32.6 32.5

Means marked with different superscripts in each column indicate a significant
difference between the means (p<0.05).

and LT),, increased with increasing acclimation temperature
(Table 1). The mean recovery rates of fish in the thermal
tolerance test were 14.4%, 22.8%, and 23.3% for T10, T15,
and T20 group, respectively.

Variation in Expression of Intestinal HSP70
Under Heat Stress

The expression of intestinal HSP70 exhibited a “rising-declining”
trend for fish from all of the acclimation treatment groups
during the heat stress procedures (Figure 1). Before heat stress
(0h), the highest mean relative expression of intestinal HSP70
(5.73£4.66) in O. stewarti juveniles was recorded in the T15
treatment. Expression of intestinal HSP70 rose rapidly after
stress for 2h, with the highest value (96.63£24.44) in the T10
treatment. After stress for 6 h, the expression of intestinal HSP70
decreased, with a maximum (46.61 +38.61) in the T20 treatment.
After stress for 12h, the mean relative expression of intestinal
HSP70 continued to decrease, with the lowest value (12.57 +£9.03)
in the T15 treatment.

0.665
0.034
200 0.343
0.02 043
0.029
0.113 0.328

- 0.469
§e)
a 150 0.099
o 0,021 0.243
o
x
(0] 0.034
[
> 0.176
= -
E
o oh
Dof 0.008 2h

100 6h
E 12h
[72]
T 1

50
0 == |i—| —
T10 T15 T20
FIGURE 1 | The relative expression of intestinal HSP70 of heat stressed O. stewarti juveniles with different acclimation histories. T10, T15, and T20 indicate 10°C,
15°C, and 20°C acclimation temperature backgrounds of the experimental fish. The values 0-12h represent the duration of the heat stress.
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Intestinal Histological Variation Under for all treatments. After 2h, diffuse infiltration of lymphocytes
Heat Stress was observed in all treatments. After 6h, intestinal villi epithelial
As shown by the intestinal histological analysis, heat stress caused ~ cells were swollen, and cytoplasmic light staining was observed
varying degrees of damage to the intestines of experimental fish ~ in all of the treatments, while in local intestinal villi epithelial
(Table 2; Figure 2). Before heat stress (0h) there was no observable  cells necrosis and abscission were observed in the T10 and T20
pathological changes in the intestines of O. stewarti juveniles  groups. After 12h, intestinal villi epithelial cells displayed swelling,

TABLE 2 | Intestinal histological variation of heat stressed O. stewarti juvenile with different acclimation histories.

Acclimation 10 15 20
temperature (°C)

Heat stress for Oh  The structure of intestinal mucosa was intact ~ The structure of intestinal mucosa was intact  The structure of intestinal mucosa was intact and no
and no obvious pathological changes, such as and no obvious pathological changes, such  obvious pathological changes, such as inflammation,

inflammation, were found as inflammation, were found were found
Heat stress for2h ~ Some blood vessel lumen dilation can be seen  Diffuse infiltration of lymphocytes was Diffuse infiltration of lymphocytes was observed in
in the muscular layer of intestinal tissue. observed in the intestinal mucosa. the intestinal mucosa.

Diffuse infiltration of lymphocytes was
observed in the intestinal mucosa.

Heat stress for 6h  Focal infiltration of lymphocytes can be seen in  Diffuse infiltration of lymphocytes was Local intestinal villi show epithelial cells necrosis
the mucosal layer of intestinal tissue. observed in the intestinal mucosa. and abscission.
Local intestinal villi show epithelial cells Some intestinal villi epithelial cells displayed ~ Some intestinal villi epithelial cells displayed
necrosis and abscission. edema, cell swelling, and cytoplasmic light edema, cell swelling, and cytoplasmic light
Some intestinal vili epitnelial cells displayed edema,  Staining. staining.
cell sweling, and cytoplasmic light staining.
Heat stress for 12h Local diffuse infiltration of lymphocytes can  Local diffuse infiltration of lymphocytes can be seen
be seen in the mucosal layer of the tissue. in the mucosal layer of the tissue.
Local intestinal villi show epithelial cells Local intestinal villi show epithelial cells necrosis
necrosis and abscission. and abscission.

Some intestinal villi epithelial cells display edema, Some intestinal villi epithelial cells display edema, cell
cell swelling, and cytoplasmic light staining. swelling, and cytoplasmic light staining.

T10

T15

T20

Oh 2h 6h 12 h

FIGURE 2 | Sections of intestinal tissue of heat stressed O. stewarti juveniles with different acclimation histories. T10, T15, and T20 indicate 10°C, 15°C, and 20°C
acclimation temperature backgrounds of the experimental fish. The values 0-12h represent the duration of the heat stress. The red arrows show necrosis and
shedding of intestinal villous epithelial cells; the yellow arrows show edema, swelling, and cytoplasmic light staining in the intestinal villous epithelial cells.
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and cytoplasmic light staining was observed in the T10 and
T20 groups. The length of intestinal villi of all treatments
consistently decreased with the prolonging of heat stress (Table 3).

Intestinal Microbiome Variation Under
Heat Stress

A total of 220,960 high-quality reads (average length=420bp)
were generated from 10 intestinal samples, averaging 22,096
reads per sample. With a 97% sequence similarity cut off value,
26,535 OTUs were detected in total. The OTU number increased
with the acclimation temperature, but heat stress induced a
reduction in OTU number (Table 4). Among the microbial
taxa, the dominant OTUs across all of the fish samples were
classified into 14 phyla (Figure 3).

TABLE 3 | Length change of intestinal villus of O. stewarti juveniles under
different durations of heat stress.

Acclimation Length of intestinal villus (mm)

temperature

(°C) Heat stress Heat stress Heat stress Heat stress
for Oh for 2h for 6h for 12h

10 0.480 +0.038 0.387 +0.024 0.231 + 0.031 -

15 0.393 £ 0.022 0.323+£0.011 0.274 £0.049 0.247 +0.028

20 0.466 + 0.078 0.386+0.016 0.312+0.006 0.229 + 0.022

Means followed by SD.

Variation in intestinal microbiota of O. stewarti juveniles from
different acclimation treatment groups was found during the heat
stress procedure. Before the heat stress (Oh), the intestinal
microbiota in the T10, T15, and T20 treatments were dominated
by phyla Proteobacteria (45.9%, 38.8%, and 39.4%, respectively),
Firmicutes (15.6%, 21.2%, and 17.0%, respectively), Acidobacteria
(5.0%, 10.6%, and 6.5%, respectively), Cyanobacteria (7.9%, 5.8%,
and 5.1%, respectively), Actinobacteria (7.5%, 5.7%, and 6.9%,
respectively), and Bacteroidetes (3.5%, 7.3%, and 8.8%, respectively).
After stress for 2 and 6h, the intestinal microbial communities
in T10 and T15 treatments were similar to those in the T10-Oh
and T15-0h treatments, except that phylum Cyanobacteria (51.3%)

TABLE 4 | Number of Operational Taxonomic Units (OTUs) detected in O.
stewarti juveniles under different durations of heat stress.

Sample ID Resampling sequence OTUs Singletons
T10-0h 10072 2,576 1709
T10-2h 10072 2,041 1452
T10-6h 10072 3,534 2301
T15-0h 10072 2,982 1927
T15-2h 10072 2,795 1617
T15-6h 10072 3,104 1903
T20-0h 10072 3,381 2187
T20-2h 10072 2,428 1802
T20-6h 10072 1,657 1350
T20-12h 10072 2,137 1578

T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature backgrounds
of the experimental fish; O, 2, 6, 12h represent the duration of the heat stress.

1.001
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0.501
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0.00-
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FIGURE 3 | Relative abundance dynamics of the dominant intestinal bacterial phyla for juvenile Oxygymnocypris stewarti during heat stress. T10, T15, and T20
indicate 10°C, 15°C, and 20°C acclimation temperature background of the experimental fish; 0, 2, 6, and 12h represent duration of the heat stress.
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was most abundant in the T10-2h group. Interestingly, the dominant
microbial phyla in T20-2h, T20-6h and T20-12h treatments were
Fusobacteria (49.6%, 93.4%, and 57.7%, respectively), Proteobacteria
(17.3%, 3.1%, and 23.1%, respectively), Cyanobacteria (17.5%,
0.2%, and 2.1%, respectively), and Firmicutes (4.9%, 1.1%, and
5.9%, respectively), results that were different from those in
other treatments.

The correlation heatmap of dominant intestinal bacterial at
the genus level showed significant changes among treatment
groups, as T10-2h, T20-2h, T20-6h, and T20-12h clustered
together, while T10-0h, T10-2h, T15-0h, T15-2h, T15-6h, and
T20-0h clustered into another group (Figure 4). The dominant
genus in T20-2h, T20-6h, T20-12h treatments was Cetobacterium,
while the intestinal bacterial composition in other treatments
was more diversified and included genera Janthinobacterium,
Escherichia,  Staphylococcus, — Candidatus  Nitrososphaera,
Achromobacter, Paracoccus, Stenotrophomonas, and Rhodoplanes.
Moreover, there were significant increases in the relative
abundance of Chlorophyta unclassified genus in the T10-2h

treatment and genera Achromobacter and Lactobacillus in T15-2h
treatment as well as Streptophyta unclassified genus in the
T20-2h treatment. With the extension of the heat stress duration,
the intestinal bacterial composition tended to return to pre-stress
conditions in the T10 and T15 treatments, while the recovery
was limited in the T20 treatment.

The results of PCoA showed that the microbial communities
in T20-2h, T20-6h, and T20-12h treatments were similar and
tended to cluster together, while T10-Oh, T10-2h, T15-0h,
T15-2h, T15-6h, and T20-0h clustered into another group, and
T10-2h was clearly separated from the other treatments
(Figure 5).

DISCUSSION

The crucial effects of temperature on organisms are widely
recognized, but few studies have explored the compound effects
of temperature acclimation and heat stress on fish. Such
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TABLE 5 | Thermal tolerance of O. stewarti and other reported Tibetan fishes.

Species Tacciimation Heatingrate  CTy., LTu., References
Schizopygopsis 10°C 1°C/30min 30.98 31.76 Zhuetal.,
younghusbandi 15°C 1°C/30min 31.72 32.14 2019

20°C 1°C/30min 32.01 32.31
Schizopygopsis 12°C 1°C/h 32.3 - Zeng et al.,
younghusbandi 2019
Schizothorax oconnori~ 12°C 1°C/h 32.4
Ptychobarbus 12°C 1°C/h 30.2
dipogon
Oxygymnocypris 10°C 1°C/30min 31.3  31.8 Present
stewarti 15°C 1°C/30min 32.1 32.6 study

20°C 1°C/30min 32.3 32.5

knowledge may be valuable for understanding the heat resistance
of fish. In this study, we found significant effects of temperature
acclimation on the growth, thermal tolerance, and intestinal
heat stress response of juvenile O. stewarti. The treatments
affected HSP70 levels, intestinal histology, and the intestinal
microbial communities of the fish.

Effect of Temperature Acclimation on the
Growth and Thermal Tolerance of
Oxygymnocypris stewarti

In the present study the optimal growth temperature for the
juvenile O. stewarti was about 15°C. Liu et al. (2018) had
reported that a suitable growth temperature for O. stewarti
juveniles was 14°C-17°C based on comparisons among five

water temperature levels (5°C, 8°C, 11°C, 14°C, and 17°C),
consistent with the results of our study. In our previous study,
we also found that this temperature (15°C) was suitable for
the growth of another juvenile Tibetan fish, Schizopygopsis
younghusbandi (Zhu et al,, 2019). Considering the temperature
dependent production of O. stewarti fingerlings, the present
results would be wuseful for its artificial reproduction
and protection.

Previous studies had indicated that thermal tolerance was
largely dependent on temperature acclimation (Chatterjee et al.,
2004; Sarma et al, 2010; Fernando et al,, 2016). The present
study also showed that the thermal tolerance (i.e., CTy, and
LT\wx) of O. stewarti juveniles increased with the acclimation
temperature, suggesting that temperature acclimation would
be a good strategy to improve the heat stress tolerance of
O. stewarti. However, the gain in thermal tolerance of O. stewarti
and other Tibetan fishes through temperature acclimation was
limited (Table 5) compared with those of subtropical and tropical
fish species such as Cyprinus carpio (Chatterjee et al., 2004)
and Anabas testudineus (Sarma et al., 2010). Therefore, it is
reasonable to infer that Tibetan fishes are more vulnerable to
climate warming.

Compound Effects of Temperature
Acclimation and Heat Stress on Intestinal
HSP70 Levels

HSP70 is an ideal indicator of heat stress, as it can enhance
the resistance to heat. The expression of intestinal HSP70
exhibited significant increases for O. stewarti in all of the
acclimation treatment groups at a heat stress temperature of
30°C, but the magnitude of this induction was negatively
correlated with the acclimation temperature. The common
killifish Fundulus heteroclitus in populations from two different
latitudes showed increased HSP70-2 levels under heat stress,
and the magnitude of this induction was greater in the high
latitude population (Fangue et al., 2006). These studies further
verified that fish from cold areas may be more susceptible to
heat stress.

In addition, a decline of intestinal HSP70 levels was found
in O. stewarti from all acclimation treatment groups during
2-12h of the heat stress experiment. Similar results were found
in Megalobrama amblycephala (Ming et al., 2009). These results
may be related to the gained heat tolerance of the heat stressed
fish (Ming et al., 2009). However, the heart HSP70 levels of
broilers increased continuously under 48h of persistent heat
stress (40°C) conditions (Sun et al., 2007). The different variational
characteristics of HSP70 levels among different studies may
be related to the differences in species, organs, and intensity
of the heat stress.

It is worth noting that fish from T10 group were all dead
after 6h of heat stress. The possible reason may be limited
heat resistance of fish from T10 group compared with fish
from T15 and T20 group. Meanwhile, the heat stress temperature
(30°C) was very close to the CTyy,, (31.3°C) of fish from T10
group, which indicated that death may occur if the heat stress
lasts long enough.
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Response of Intestinal Histology Under
Heat Stress

Most studies have shown adverse effects of heat stress on
the intestinal integrity and function (Cronjé, 2005; Ortega
and Szabd, 2021). An intact and functional intestinal
epithelium is required for the intestine’s digestive, absorptive,
and protective functions (Umar, 2010). The injury to the
intestinal mucosa is often manifested as intestinal epithelial
cell injury and apoptosis (Yang et al., 2015). High temperatures
induced atrophy of the small intestinal mucosa and chorion
in tilapia (Xie et al., 2008). Heat stress in chickens induced
declines in the height, surface area, and volume of the small
intestine epithelium (Uni et al., 2001) and led to acute
enteritis (Quinteiro-Filho et al., 2010). Heat stress also
reduced intestinal barrier integrity in pigs (Pearce et al,
2013). Meanwhile, intestinal integrity can be influenced by
the duration and intensity of the exposure to heat stress
(Ortega and Szabo, 2021). With the extension of heat stress
duration, the intestinal injury to the O. stewarti juveniles
became increasingly serious. The observed intestinal
histological injuries included diffuse infiltration of
lymphocytes, intestinal villi epithelial cell swelling, decrease
of intestinal villi length, and cytoplasmic light staining. These
signs of intestinal damage induced by heat stress may signal
the weakening of nutritional metabolism and higher risk
of infection.

Compound Effects of Temperature
Acclimation and Heat Stress on the
Intestinal Microbiome

The present study demonstrated significant variation in the
intestinal microbiome of O. stewarti juveniles under heat
stress and different acclimation treatments. At the phylum
level, the intestinal microbiota of temperature-acclimated
O. stewarti juveniles were dominated by Proteobacteria. After
heat stress, the dominant intestinal microbiota of O. stewarti
juveniles in the T10 and T20 treatments were Cyanobacteria
and Fusobacteria, respectively, while the intestinal microbial
composition in the T15 treatment was stable compared with
that before stress. This result was consistent with previous
studies in which warm-temperature acclimation led to an
increase in the relative abundance of Proteobacteria
(Berg et al., 2016; Moghadam et al., 2018), and Fusobacteriales
comprised the majority of the sequences in high temperature
treated juvenile milkfish (Chanos chanos; Hassenrtick et al.,
2021). It is noteworthy that the intestinal microbial community
showed a greater difference in the T20 treatment during
stress and a weaker recovery time. A similar trend was also
observed in milkfish (Hassenriick et al., 2021). At the genus
level, genus Cetobacterium was dominant in the T20
treatment (2h, 6h, 12h); this genus was reported to promote
nutrient absorption of fish (Li et al., 2016). Six genera of
bacteria (Janthinobacterium, Staphylococcus, Achromobacter,
Stenotrophomonas, Rhodoplanes, and Lactobacillus) dominated
the T10 and T15 treatments. Genus Janthinobacterium is
common in temperate climates and cold climates, and genera

Staphylococcus and Achromobacter are potential pathogens
and could cause many forms of infection in fish and other
animals (Foster, 1996), while genus Lactobacillus is marketed
as a probiotic to protect the fish against pathogen infection
(He et al., 2017). These results of pronounced variation in
intestinal microbiota of heat stressed ectotherms indicates
that such variation was closely related to the acclimation
temperature. It has been reported that temperature also has
important effects on the diversity and structure of the
intestinal microbiota in ectotherms (Sepulveda and Moeller,
2020). Meanwhile, intestinal OTU number can respond to
temperature change (Jaramillo and Castafieda, 2021). Here,
we also found that both cold temperature acclimation and
heat stress could induce obvious reduction in the intestinal
OTU number in O. stewarti juveniles.

Due to various reasons, we did not examine the possibility
of intestinal recovery of O. stewarti after heat stress. Future
studies will need to address this important issue for a more
comprehensive understanding of the heat resistance of
Tibetan fish.

CONCLUSION

Our study demonstrated that thermal tolerance depended
on temperature acclimation, and the compound effects of
temperature acclimation and heat stress on intestinal HSP70
levels, intestinal histology, and the intestinal microbiome in
juvenile O. stewarti were characterized. Overall, temperature
acclimation improved the thermal tolerance and heat resistance
of juvenile O. stewarti, but this fish species may be more
vulnerable to climate warming compared with subtropical
and tropical fishes. This study provides a theoretical and
experimental basis for further research and protection of
Tibetan fishes.
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