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Abstract: Cattle are raised around the world and are frequently exposed to heat stress, whether in
tropical countries or in regions with temperate climates. It is universally acknowledged that compared
to those in temperate areas, the cattle breeds developed in tropical and subtropical areas have better
heat tolerance. However, the underlying mechanism of heat tolerance has not been fully studied,
especially from the perspective of intestinal microbiomics. The present study collected fecal samples
of cattle from four representative climatic regions of China, namely, the mesotemperate (HL]), warm
temperate (SD), subtropical (HK), and tropical (SS) regions. Then, the feces were analyzed using
high-throughput 165 rRNA sequencing. The results showed that with increasing climatic temperature
from HLJ to SS, the abundance of Firmicutes increased, accompanied by an increasing Firmicutes to
Bacteroidota ratio. Proteobacteria showed a trend of reduction from HL]J to SS. Patescibacteria, Chloroflexi,
and Actinobacteriota were particularly highest in SS for adapting to the tropical environment. The
microbial phenotype in the tropics was characterized by an increase in Gram-positive bacteria and a
decrease in Gram-negative bacteria, aerobic bacteria, and the forming of_biofilms. Consistently, the
functional abundances of organismal systems and metabolism were decreased to reduce the material
and energy demands in a hot environment. Genetic information processing and information storage
and processing may be how gut flora deals with hot conditions. The present study revealed the
differences in the structure and function of gut microbes of cattle from mesotemperate to tropical
climates and provided an important reference for future research on the mechanism of heat tolerance
regulated by the gut microbiota and a potential microbiota-based target to alleviate heat stress.

Keywords: fecal microbiome; heat tolerance; regional climates; cattle

1. Introduction

Livestock provide a fundamental source of food to people, accounting for 18% of
calories and more than 25% of protein globally [1]. However, heat stress resulting from
high environmental temperatures and relative humidity often exhibits prolonged and
deleterious effects on the productivity, fecundity, and immunity of livestock, including life
threats [2,3]. The adverse influence is especially prominent in summer and is exacerbated by
global warming [1]. Cattle are raised all over the world and are also frequently exposed to
heat stress, whether in tropical countries or in regions with temperate climates [4]. Almost
all effects of heat stress are similar between dairy and beef cattle [5].

Compared to breeds developed in temperate areas, there are some breeds of cattle
developed in tropical and subtropical areas that have better heat tolerance. For instance,
zebu cattle developed in China (Yunnan Province) and India are regarded as breeds with a
stronger thermoresistance ability [6]. Leiqiong cattle are also a highly heat-resistant breed
and are raised in the Leizhou Peninsula and Hainan Island, which are characterized by a
subtropical/tropical climate [7,8]. Interestingly, it is said that people in the Ming dynasty
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took some Leiqiong cattle to Sansha city in China, a typical tropical region, and the cattle
became well adapted to the high-heat climate and have lived there for more than three
hundred years so far.

Many studies have revealed that acute or short-term heat stress induces self-protective
and adaptive responses in cattle, including behavioral responses, physiological responses
(such as respiratory rate, heart rate, and sweating rate), neuro-endocrine responses (such
as the hypothalamic—pituitary-adrenal axis), and molecular responses (heat shock protein
expression) to restore homeostasis [9,10]. However, the mechanism of adaptability im-
provement brought by environmental domestication under long-term heat stress remains
to be studied.

Recently, a lot of attention has been given to the gastrointestinal microbiome and
its metabolites, which have a crucial role in the maintenance of host homeostasis in both
humans and animals [11,12]. It is particularly important for cattle that depend on their
gastrointestinal microbiota to digest and convert the indigestible plant mass that makes up
their diet into absorbable nutrients necessary for host physiological health [13]. Previous
studies have shown that varying types of stress could alter the microbial composition,
such as social stress in mice, heat stress in laying hens, and weaning stress in dairy cows,
thus further modifying the brain-gut axis function for stress and behavioral responses [11].
Moreover, gut microbes can regulate animal intake via the connection of muramyl dipep-
tide from gut bacteria and Nod2 in inhibitory neurons to modulate appetite and body
temperature, which shows us that the influences of gut microbes are not only affecting
short-term modulation but were also affecting enduring living habits [14]. The same is true
in disease regulation. There is evidence that the community of microbes in the gastroin-
testinal tract is an important determinant of inflammation, obesity, type 2 diabetes, arterial
stiffness, and hypertension, all of which are chronic processes [15].

Direct studies highlight that the gut microbiota has adaptive potential for the envi-
ronment in humans and animals. A survey of the gut microbiota of Tibetans from six
regions with altitudes ranging from 2800 to 4500 m found that altitude (hypoxia expo-
sure) had a positive correlation with the abundance of Faecalibacterium, Bacteroides and
Bifidobacterium but a negative correlation with the proportion of Ruminococcaceae, Prevotella,
and Lachnospiraseae [16]. Chinese rhesus macaques living in Tibet had gut microbiota
with higher environmental information processing and organismal systems than those in
other geographical populations [17]. The alteration of gut microbiota by the long-term
supplementation with steam-exploded pine particles reduced the adverse effects of heat
stress in chickens [18].

Together, these findings inspired us to study the correlation between the temperature
in different geographical regions and gut microorganisms in cattle. The present study
selected cattle from four different climatic zones (temperature zones) in China to analyze
their fecal characteristics of microbial diversity and composition, identified microbial
markers in line with regional temperature features, and provided the necessary information
for explaining the heat tolerance of cattle in tropical regions and a research basis for future
efforts to develop microbiota-based countermeasures that alleviate heat stress.

2. Materials and Methods
2.1. Animals

Cattle aged 4-6 years old (A), 1.5-2 years old (B), and 6 months to 1 year old (C)
from Dagqing city of Heilongjiang Province (HLJ), Qingdao city of Shandong Province
(SD), Haikou city of Hainan Province (HK), and Sansha city of Hainan Province (SS) in
China were researched in the present study. The climate of these areas is characterized by
mesotemperate (daily mean temperature at 7.3 & 14.4 °C), warm temperate, subtropical,
and tropical climates, respectively. Between two adjacent climatic zones, the difference in
accumulated temperatures is greater than 10 °C (i.e., the sum of the daily mean temperature
of the days when the daily mean temperature exceeds 10 °C) in a year [19]. Cattle in the
corresponding areas above suffer different challenges from the temperature. In other words,
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frequent heat stress from high temperatures is the main feature in Sansha and Haikou,
while cold stress is an unavoidable environmental adversity in Heilongjiang. Moreover,
the temperature in Shandong is moderate. The herd of Leigiong cattle (about 400 cattle) in
Sansha live freely in isolation on an island and only feed on local weeds and shrub leaves.
Leigiong cattle from Haikou are raised artificially in the teaching practice base of Hainan
University and fed the silage corn, dry haulm, local weeds, and concentrated feed. The
breeds from Shandong and Heilongjiang are Simmental and Holstein, respectively, and
are kept on local private ranches, eating mainly silage corn, alfalfa, and concentrated feed.
The general compositions of concentrated feed include 56% corn, 6% soybean meal, 8%
cottonseed meal, 1.2% vegetable oil, 13% rapeseed dregs, 12.5% wheat bran, 1.3% CaHPOy,
0.5% NaCl, 0.5% NaHCO3, and 1.0% premix. The proportion of each component is slightly
adjusted at different growth stages in this study. The population size of the cattle in the
practice base and private farms is 300-600.

2.2. Fecal Sampling

Three fresh fecal samples (50 g each) were manually and randomly collected from
different healthy animal individuals of each age bracket from the corresponding population.
The cattle feces of cattle from different ages in Sansha were sampled under the guidance
of an experienced veterinarian. However, owing to the difficulty of tracking closely, only
one feces sample from cattle aged 1.5-2 years old in Sansha was collected (Table 1). Fecal
materials were transported in a low-temperature environment as soon as possible and
stored at —20 °C until analysis.

Table 1. The total number of fecal samples collected, stratified for area and cattle age.

Age
Samples No. HL]J SD HK SS
Location
4-6 years old (A) 3 3 3 3
1.5-2 years old (B) 3 3 3 1

6 months to 1 year old
©

Notes: HL]J, Daqing city in Heilongjiang province, China. SD, Qingdao city in Shandong province, China.
HK, Haikou city in Hainan province, China. SS, Sansha city in Hainan province, China.

3 3 3 3

2.3. 165 rRNA Sequencing

The fecal microbiome composition was determined by 16S rRNA gene sequencing as
previously described [20]. Briefly, after total DNA was extracted from fecal samples, the V4
region of the 165 rRNA gene was amplified using PCR to build qualified libraries, which
were sequenced with an Illumina NovaSeq 6000 by Biomarker Technologies Corporation
(Beijing, China).

2.4. Sequence Data Processing

QIIME2 2020.6 was used to process and analyze 16S sequencing data [21]. Samples
were demultiplexed using q2-demux and denoised using Dada2 to generate amplicon
sequence variants (ASVs) [22]. Taxonomy was assigned to sequences against the Silva
reference database using QIIME software [23]. Then, R language tools were used to draw
the community structure map of the sample at different taxonomic levels.

2.5. Correlation Analysis and Differential Feature Selection

The correlation between climatic locations on the beta diversity of the fecal microbiota
was determined using QIIME software through the method of principal coordinate analyses
(PCoA) based on the abundance Jaccard algorithm [24,25]. Differentially abundant bacteria
were determined using line discriminant analysis (LDA) effect size (LEfSe) for identifying
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biomarkers with significant differences. Functional predictions were performed using
PICRUSt [26]. BugBase was used to infer microbiological phenotypes [27].

2.6. Statistical Analysis

PERMANOVA and ANOSIM non-parametric tests were used to further evaluate the
significance of the observed partitions among samples grouped by geographical origin.
Differences in the microbial data between groups were evaluated at the levels of phylum
and genus through the rank sum test (software package version: scipy 0.14.1). Significance
was defined as p < 0.05. Data are represented as mean =+ standard deviation.

3. Results
3.1. Quality Assessment of Sequencing Data and ASV Analysis

Raw reads in a range of 79,717 to 80,363 (80,045.0588 + 175.020335) were obtained
from each sample, and after quality control, clean reads in a range of 79,177 to 80,057
(79,635.705882 + 219.257912) were further analyzed, with a length of 400440 base pairs.
A total of 363-605 ASVs were received for each sample, and a total of 2883 ASVs were
detected (Table S1 and Figure S1).

3.2. Taxonomy Analysis

All information of taxonomy and their (relative) abundance could be found in
Tables S2 and S3. As shown in Figure 1A, at the phylum level, Firmicutes was the most
dominant phylum, accounting for 42.40%, 60.60%, 66.71%, and 77.37% of all sequences
in the HL]J, SD, HK, and SS groups, respectively. Bacteroidota ranked second in relative
abundance, accounting for 22.13%, 30.22%, 27.07%, and 10.89% in the mentioned groups.
The proportion of Proteobacteria was 26.89% in HLJ, 23.37% in SD, 1.99% in HK, and 0.28%
in SS. The relative abundance of Spirochaetota was 0.99% in the HL] group and 4.10%,
2.69%, and 0.57% in the SD, HK, and SS groups, respectively. Verrucomicrobia accounted for
4.04% in the SS group and no more than 1% in the other three groups. The proportion of
Campylobacterota was up to 5.82% in HL] and 0.03% in SD, but 0% in HK and SS.

At the genus level, as displayed in Figure 1B, the proportion of UCG_005 was 7.44%,
12.26%, 19.64%, and 11.59% in the HL], SD, HK, and SS groups, respectively. The relative abun-
dance of unclassified Lachnospiraceae accounted for 2.93% in HL], whereas it was 10.38%, 10.30%,
and 7.29% in SD, HK, and SS, respectively. The proportion of the Rikenellaceae_RC9_gut_group
in the corresponding sampled areas was 3.03%, 6.25%, 8.97%, and 2.48%, respectively. The pro-
portion of unclassified_[ Eubacterium]_coprostanoligenes_group in HLJ, SD, HK and SS was 2.09%,
5.99%, 4.38%, and 7.99%, respectively, while that of unclassified_UCG_010 was 4.89%, 3.90%,
4.83%, and 1.70%. In addition, Christensenellaceae_R_7_group, unclassified_Clostridia_UCG_014,
Alistipes, and Monoglobus also accounted for a certain proportion in all groups, while
Acinetobacter accounted for only HLJ.

3.3. No Significant Difference Was Observed in Microbiota Diversity among the Cattle from the
Same Location

Next, we analyzed the changing profile of the fecal microbiota with increasing age.
For the cattle belonging to the same region, at the levels of phylum and genus shown
in Figures 52 and S3, the microbial composition and its corresponding proportion did
not show statistically significant differences among the cattle in the three age brackets.
Therefore, all cattle from the same area were grouped together for subsequent analysis.

3.4. The Microbiota Diversity of Cattle Displayed an Obvious Association with Geographical and
Climatic Features

Beta diversity analysis was used to compare the differences among different groups in
terms of microbiota diversity. The results revealed that samples from the different locations
showed very distant separation, whereas samples from the same area were rather clustered
(Figure 2A). In the dimension of PC1, samples clustered according to the region were
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Sample

remarkably separated from each other in the order of geographical location, namely, HL],
SD, HK, and SS (from mesotemperate to tropical, in other words, from cold areas to hot
places). In particular, the fecal microbial structure of cattle from Sansha was significantly
distant from those of the other geographical groups. These huge distances among the four
locations were further confirmed by PERMANOVA and ANOSIM tests (Figure 2B,C), and
Kruskal-Wallis rank sum test at the phylum and genus levels (Figure 2D,E).
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Figure 1. Histogram of the top 10 microbiota in each sampling location at the levels of phylum (A)
and genus (B).

3.5. There Were Biomarkers to Match the Geographical and Climatic Characteristics

Using LEfSe analysis, a total of 94 biomarkers from four groups were considered
statistically significant (33 in the SS, 20 in the SD, 29 in the HL], and 12 in the HK groups),
as shown in Figures 1, 3, 54 and S5. At the phylum level, the Firmicutes abundance and
Firmicutes to Bacteroidota ratio showed a trend of increasing, in turn, from mesotemperate
to tropical. Proteobacteria showed a trend of reduction from HL]J to SS. Desulfobacterota
was mainly enriched in HL] and SD and significantly different from those in HK and SS.
Unclassified_Bacteria, Verrucomicrobiota, Patescibacteria, Chloroflexi, and Actinobacteriota were
particularly high in the SS, while Campylobacterota was mostly enriched in the HLJ.
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Figure 2. The microbiota diversity of cattle display an evident association with geographical position.
(A) Beta diversity analysis shows the sequential association of microbiota diversity among the
sampled locations in the dimension of PC1. (B,C) the distant separations among the four locations
are confirmed using the methods of PERMANOVA and ANOSIM, respectively. (D,E) Kruskal-Wallis
rank sum test further analyzes the statistical significance of microbiome partitions above at the
phylum and genus levels. Data are expressed as mean =+ standard deviation. * p < 0.05, ** p < 0.01.
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In addition, a total of 27 genera could be potential biomarkers to distinguish the climate
zone where cattle were living. ¢__Saccharimonadia, f _Christensenellaceae, f _Ruminococcaceae,
f__Saccharimonadaceae, f__unclassified_Clostridia_UCG_014, g__Candidatus_Saccharimonas,
g Christensenellaceae_R_7_group, §__unclassified_Clostridia_UCG_014, o__Christensenellales,
o__Clostridia_UCG_014, o__Coriobacteriales, o__RF39, o__Saccharimonadales, p__Firmicutes,
p__Patescibacteria, s__unclassified_Christensenellaceae_R_7_group, and s__unclassified_Clostrid
-ia_UCG_014 were progressively enriched from the mesotemperate to the tropical, while
the relative proportion of c__Gammaproteobacteria, f __Pseudomonadaceae, §__Pseudomonas,
p__Proteobacteria, and s__unclassified_Pseudomonas were gradually decreased. Meanwhile,
f__Planococcaceae, g§__Psychrobacter, g__Solibacillus, s__unclassified_Psychrobacter, and s__uncla
-ssified_Solibacillus were only located in the mesotemperate (HL]) and warm temperate (SD)
regions and not in subtropical (HK) and tropical (SS) regions.

3.6. Functional Differences in Microbiota in Different Geographical and Climatic Areas

A total of 44 Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways
were detected in the first hierarchy. Then, comparisons in pairs between the four geographi-
cal groups illustrated that six metabolic pathways were significantly different in all six pairs
(Figure 4). Microbial functional comparison between two adjacent locations showed that
the organismal system was successively decreased in abundance from HLJ, SD, and HK to
SS. The enrichment of the other five functional genes was similar in HK and SD. When SD
and HK were regarded as a whole, a longer distance comparison showed that metabolism
and human diseases were more enriched in HL] than in HK, and SD was more enriched
than SS. Meanwhile, genetic information processing was higher in HK than in HL], and SS
was higher than in SD. These comparisons were further verified by the analysis between
HLJ and SS; in other words, the functional abundances of organismal system, metabolism,
and human disease gradually decreased from mesotemperate to tropical, while that of
genetic information processing significantly increased.

Compared with COG (clusters of orthologous groups) of proteins via group pairs,
there were 4 metabolic pathways of protein function to be identified (Figure 5). The mean
proportion of information storage and processing increased in sequence from HL]J, SD, and
HK to SS. The relative abundance of metabolism in SD did not show a significant difference
from that in HK. However, HL] was more enriched than those in SD and HK, which were
higher than in SS. No significant difference was found in cellular processes and signaling
in HLJ and SD, but they were obviously decreased in HK and SS, and the latter was more
significant than the former.

3.7. Some Microbial Phenotypes at the Organism Level Were Matched to the Geographical and
Climatic Regions

Through pairwise comparison among the four geographical groups, nine discrepant
phenotypes were identified at the microbial level (Figures 6 and S6). From HL] to SS, in turn,
the Gram-positive was increased significantly, while the Gram-negative was decreased.
Moreover, stress tolerant and potentially pathogenic were mainly isolated from HLJ and
only found at low levels in the other places. The relative abundance of aerobic and forming
of biofilms gradually decreased in the order of HL], SD, and HK and then rebounded
significantly in SS.
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4. Discussion

The gut microbiome of cattle plays an important role in facilitating the development
of gut tissue and the immune system and then optimizing health and production effi-
ciency [28]. The microbiota disorder in the gastrointestinal tract also contributes to the
development of gas (such as methane, hydrogen, and CO,). Gases produced in excess
can result in gaseous distension, which exerts pressure on the nearby organs, causing
edema, pain, organ failure, and even death [29]. Previous findings suggested that acute and
short-term heat stress environments resulted in the alteration of microbial activities, thus
affecting the metabolism, endocrine pathways, adaptive immunity, and potential diseases
in cows [11]. To the best of our knowledge, this is the first study to compare adaptive
changes in the fecal microbiome of cattle from temperate to tropical climates and seek a
microbial target that had a durable response to a high-temperature environment.

The bovine fecal microbiota is complex, and its composition can be influenced by
numerous factors, such as age, diet, management system, stress, pathogeny, and climatic
factors from the geographical location [14,30-32]. Our study showed that the diversity
of fecal microbiota in the same location was undifferentiated among cattle of different
ages, contrary to previous studies that reached a consensus that age is the main driving
force in the establishment of microbial communities in calves [33,34]. Some researchers
have reported that calf fecal communities begin to have consistency or reach maturity after
approximately 3 months of age [30,35]. This divergence was likely because the young
animals sampled in the current study were relatively more mature (6-12 months old) than
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those in previous studies. Of course, the limitation of a small sample size might also affect
the significance of the difference, to which more attention should be given in future studies.

Consistent with previous studies, Firmicutes and Bacteroidota were the two most dom-
inant phyla, the former representing 42.40-77.37% of all sequences, while the latter ac-
counted for 10.89-30.22%. Proteobacteria (0.28-26.89%) ranked third [35,36]. Although the
microbial diversity was not perfectly consistent with the geographical location via the
analysis of alpha diversity (data not shown), beta diversity comparison uncovered the
intuitive association of fecal microbiota composition with the climate progression from the
north (cold) to the south (hot). It was demonstrated that Firmicutes showed a continuous
increase from the mesotemperate to the tropical, accompanied by a rising Firmicutes to
Bacteroidota ratio, but not a decrease in the Bacteroidota proportion. Firmicutes play a critical
role in the microbial ecology of the bovine gut, and its relatively higher abundance in cattle
suggests the possibility of it being more efficient in utilizing nutrients [31,32]. Diaz Carrasco
et al. suggested that an increased Firmicutes to Bacteroidota ratio contributed to improved
performance in bovines, including body weight gain and milk fat yield [37-39]. Restrictions
of production performance are frequently observed during heat stress but are conquered in
the tropics, probably through the adaptive or evolutionary regulation of the Firmicutes to
Bacteroidota ratio of the gut microbiome. Previous research showed that heat stress-induced
sudden death was mainly because of heart failure and its immediate insufficient supply
of blood oxygen [40,41]. However, the Firmicutes to Bacteroidota ratio can also influence
cardiorespiratory fitness. Evidence in healthy young adults suggested that maximal oxygen
consumption and a highly efficient energy harvest were positively associated with the
ratio [42]. Unlike other studies, a regular decrease in Bacteroidota abundance was not found
at the same time in the present study [18,31,43], which was possibly due to the influence of
breed, diet, management, and so on. Moreover, as in a previous report, Proteobacteria was
ranked third or fourth among these predominant microflora in the gastrointestinal tract
but showed a clear decreasing trend from HL]J to SS [29]. Hence, Proteobacteria might be a
marker in the level of phylum.

Desulfobacterota is a sulfate reducer and is present in cold habitats. Our results showed
that Desulfobacterota was more enriched in HL] and SD than in HK and SS. This may be
related to the greater enrichment of sulfur in the sampled northern areas and the preference
of cold environments for spore formation [44]. The Verrucomicrobia phylum is known to pos-
sess the ability to degrade mucin, thus destroying intestinal barrier integrity and promoting
the penetration of pathogenic microbes [45]. Proteobacteria, which are Gram-negative bacte-
ria, are often used as indicators of pathogenicity, inflammation, and gut dysbiosis caused by
diet changes or enrichment of stress-response genes [46—48]. An increase in their abundance
is associated with several diseases that sometimes occur in humans. Therefore, an environ-
ment with extreme temperature (heat or cold) stress may contribute to the disruption of
the cow’s gut microbiota homeostasis or alteration of zoonotic disease risk. Interestingly,
Proteobacteria was also reported to be enriched mostly in humid and arid samples, thus
possibly implying a beneficial change for environmental adaptation [49]. More definitive
conclusions require further study. Patescibacteria can potentially perform fermentative
recycling of organic carbon [50]. Although little information has been found in the animal
gut, Chloroflexi arises under anaerobic conditions during rice growth to normalize and reg-
ulate the soil bacterial composition based on their oxygen requirements, resulting in stable
bacterial communities [51]. Actinobacteriota abundance is always higher in arid regions [49];
the three phyla mentioned above were particularly highest in the SS and judged to have
been vital strategies for adaptation to tropical high temperatures. Campylobacterota, mostly
enriched in the HLJ, is regarded as an evolutionary heat-preservation countermeasure to
low temperatures because of its usual link with gastrointestinal health and its high presence
in the obese population, such as overweight adolescents in Sweden [52,53].

At the genus level, 27 genera were selected to distinguish the climate zones of cattle.
Most of them could be categorized into the phylum discussed above and provide more
accurate flora targets with the ability to improve the heat resistance of cattle. For instance,
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f__Ruminococcaceae belongs to the phylum Firmicutes and was progressively enriched from
the mesotemperate to the tropical climates. The genera was reported to have a higher abun-
dance in the feces of calves fed pasteurized milk and acidified milk and could improve the
fiber utilization ability of the gastrointestinal tract. It was because that f _Ruminococcaceae,
as the first order cellulolytic bacteria, contributed to most of the xylanase and endoglu-
canase activities in the gastrointestinal tract, and then to degrade the cellulose into smaller
oligo/disaccharides, which are then acted upon by other organisms [29]. These again
confirmed the important role of Firmicutes in assimilating nutrients more efficiently under a
high-temperature environment [54]. Our findings that the abundance of two representatives
of Proteobacteria, c__Gammaproteobacteria, and f__Pseudomonadaceae, gradually decreased
from the cold north to the hot south may also be a more precise and positive mechanism
among cattle to adapt to living in a high-temperature environment. As mentioned earlier
regarding Proteobacteria, dysbiosis with a preponderance of Gammaproteobacteria and its
constituent family Pseudomonadaceae is associated with adverse outcomes, including necro-
tizing enterocolitis, late-onset sepsis, and developmental delay [55]. Downregulation of
the two genera was presumed to be an active indication of the flora favorable for cattle to
live in a tropical climate. In addition, there were four genera (namely, f_Planococcaceae,
g Psychrobacter, g__Solibacillus, s__unclassified_Psychrobacter and s__unclassified_Solibacillus)
that were only located in the mesotemperate (HL]) and warm temperate (SD) regions
and not in subtropical (HK) and tropical (SS) regions, which possibly shared a similar
mechanism with Gammaproteobacteria. These flora might not adapt to high-temperature
stimulation at all.

With a continuous rise in temperature in the living environment, phenotypic variation
in fecal microorganisms was observed and characterized by an increase in Gram-positive
and a decrease in Gram-negative, aerobic, and forming of_biofilms. Gram-positive bacteria
possess thicker cell walls and thus greater heat resistance than Gram-negative bacteria.
Therefore, more Gram-positive bacteria were present in the gut of cattle in the tropical
region. Similar to the increase in strict anaerobes and obligate anaerobes in the large
intestine and small intestine under hypobaric hypoxia for 30 days [56], we found that
long-term living in a tropical climate upregulated the aerobic phenotypic abundance,
implying that oxygen was abundant not only for body metabolism of cattle but also for
intestinal flora. Bacterial colonization or infection on surfaces such as intestinal mucosa are
associated with biofilm formation. Bacterial biofilms are also known to increase resistance
to antibiotics, antimicrobials, host immune responses, and so on [57,58]. The increased
formation of biofilms may introduce a particular cold/heat tolerance to the colonized
bacteria in the gut of cattle in HL] and SS. Consistent with the phenotypic changes, the
decreased functional abundances of the organismal system and metabolism from HL] to SS
illustrated an active adaptive response to the reduction in the supply of oxygen, materials,
and energy, resulting from the increased consumption by vital organs for survival in a hot
environment. Previous evidence suggested that the heat tolerance increase of gut flora
was connected to the suppression of oxidative metabolism [59]. The increase in genetic
information processing and information storage and processing sheds light on the exact
mechanism by which gut flora deal with extremely hot conditions. Cellular processes and
signaling may be pivotal in both cold and hot situations.

Two limitations of this study are the difference in cattle breeds and three or fewer
cattle samples in each age of cattle from the same location, which may affect the analysis of
the results to a certain extent. In addition, except for climatic temperature factors, other
variables, such as diet, management, and humidity, were difficult to exclude. Therefore,
future research should focus on tropical cattle breeds to collect more samples for analysis.
Despite all this, this is still an important scientific direction to investigate how the gut
microbiota responds to a high-temperature environment and then influences the heat
tolerance of animals.
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5. Conclusions

The present study showed clear differences in the fecal microbiomes of cattle from
mesotemperate to tropical climates. With increasing temperatures, the abundance of
Firmicutes increased, accompanied by an increasing Firmicutes to Bacteroidota ratio. The
content of Proteobacteria decreased continuously from HL]J to SS. Patescibacteria, Chloroflexi,
and Actinobacteriota may also be great strategies for adapting to tropical environments.
The enrichment of different microbes in a high-temperature environment changed the
flora phenotype, characterized by an increase in Gram-positive and a decrease in Gram-
negative, aerobic, and forming_biofilms. Consistently, to address extremely hot conditions,
the functional abundances of organismal systems and metabolism were decreased, and
genetic information processing and information storage and processing were increased.
The present study revealed the differences in the structure and function of the gut microbes
of cattle from mesotemperate to tropical climates and provided an important reference for
future research on the mechanism of heat tolerance regulated by the gut microbiota and a
potential microbiota-based target to alleviate heat stress.
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