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Gut microbiota has been demonstrated to be associated with multiple gastrointestinal
diseases, but information regarding the gut microbial alternations in diarrheic giraffe
remains scarce. Here, 16S rDNA and ITS gene amplicon sequencing were conducted
to investigate the gut microbial composition and variability in diarrheic giraffes. Results
demonstrated that Firmicutes and Proteobacteria were the most dominant phyla in the
gut bacterial community, whereas Ascomycota and Basidiomycota were observed to
be predominant in the gut fungal community regardless of health status. However,
the species and relative abundance of preponderant bacterial and fungal genera in
healthy and diarrheic giraffes were different. In contrast to the relatively stabilized gut
fungal community, gut bacterial community displayed a significant decrease in the
alpha diversity, accompanied by distinct changes in taxonomic compositions. Bacterial
taxonomic analysis revealed that the relative abundances of eight phyla and 12 genera
obviously increased, whereas the relative abundances of two phyla and eight genera
dramatically decreased during diarrhea. Moreover, the relative richness of five fungal
genera significantly increased, whereas the relative richness of seven fungal genera
significantly declined in diarrheic giraffes. Taken together, this study demonstrated that
diarrhea could cause significant alternations in the gut microbial composition of giraffes,
and the changes in the gut bacterial community were more significant than those in
the gut fungal community. Additionally, investigating the gut microbial characteristics of
giraffes in different health states is beneficial to provide a theoretical basis for establishing
a prevention and treatment system for diarrhea from the gut microbial perspective.

Keywords: gut microbiota, diarrhea, 16S rDNA, ITS, giraffe

INTRODUCTION

Ruminant intestines are colonized by trillions of microbes which play crucial roles in immune
system maturation, intestinal epithelial mucosal barrier maintenance, metabolism, and nutrient
absorption (Garrett et al., 2010; Arumugam et al, 2011; Tremaroli and Backhed, 2012;
Backhed et al., 2015). Statistical analysis indicates that approximately 98% of intestinal microbes
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are bacteria, whereas the remaining contains fungi (about 0.1%),
protozoa, and viruses (Garrett et al., 2010; Tremaroli and
Backhed, 2012; Backhed et al., 2015). These microbes display
a symbiotic relationship with the host through complicated
networks of interactions and crosstalk with each other (Aziz
et al, 2013; Guo et al, 2015). Remarkably, some potentially
pathogenic microorganisms may also inhabit as parts of normal
gut microbiota but may take opportunity to cause disease, e.g.,
gut microbial alteration and immune dysregulation of host (Aziz
et al., 2013; Guo et al., 2015). Gut microbial community evolves
with host and has become a vital organ affecting its health (Cryan
and Dinan, 2012; Zhang et al., 2020). Several studies provided
supporting evidence that shifts in the gut microbial composition
that could extend its adverse effects beyond the gastrointestinal
system and affect the functions of extra-intestinal organs, such as
the brain and liver (Zhang et al., 2020). Gut microbial community
has been demonstrated to be involved in the development of
multiple diseases such as colorectal cancer, diabetes, obesity,
and dyspepsia (Delzenne et al, 2011; Musso et al, 2011;
Ambalam et al., 2016). Although gut bacterial importance has
been well demonstrated by numerous studies, analyses regarding
the relationship between gut fungal communities and host health
have been insufficient to date.

Diarrhea is one of the leading causes of decreased productivity
and death in ruminants that has been considered a vital factor
impeding animal husbandry development in many countries
(Musso et al., 2011; Ambalam et al., 2016). Early investigations
revealed that diarrhea was present in almost all ruminants and
especially epidemic in neonatal goat, sheep, cattle, and yak with
immature gastrointestinal tract, which caused approximately half
of all ruminant deaths (Li et al., 2018; Bu et al., 2020; Xue
et al., 2020). Previous research has indicated that some intestinal
microbes including bacteria and fungi of ruminants alternate
between preponderant and weak populations accompanied by
diarrheic symptoms (Yang et al., 2017; Wang et al., 2018; Wang
et al., 2019a). Therefore, some inevitable associations may be
present between alternations in gut microbial community and
diarrhea, but its specific connections and laws remain to be
determined. Previously, numerous studies were performed on
pathogenic bacteria, parasite, and virus to reveal the cause of
ruminant diarrhea (Gallardo et al., 2020; He et al., 2020). Recent
studies on gut microbiota of goat, yak, and mice have provided
evidence that gut microbial dysbiosis may be one of the reasons
of diarrhea (Han et al., 2017; Shao et al., 2020).

Metagenomic analysis based on high-throughput sequencing
technology is an efficient tool for characterizing gut microbial
composition and diversity differences after suffering certain
diseases and has made possible in systematically investigating
the relationship between host diseases and gut microbiota (Han
et al.,, 2017; Shao et al., 2020). Moreover, in-depth comparison
and analysis of obtained gut microbial information contributed
to further understand the mechanisms causing ill health and
develop the strategies to minimize the collateral damage (Han
et al.,, 2017; Shao et al.,, 2020). Giraffe (Giraffa camelopardalis)
mainly inhabiting the African continent is the tallest terrestrial
ruminant in the world and displays a complicated gastrointestinal
microbial ecosystem (Brown et al., 2007; AlZahal et al., 2016).

This species has been introduced into zoos around the world but
showed a high diarrheic rate due to the alterations in habitat
and survival environment (Brown et al., 2007; Mulherin et al.,
2008; AlZahal et al., 2016). However, to date, the relationship
between gut microbial composition and diversity and diarrhea
in giraffes is still unclear. Taking advantage of this gap, we
investigated the composition and variability of gut bacterial and
fungal communities in the healthy and diarrheal giraffes by 16S
rDNA and ITS2 amplicon sequencing.

MATERIALS AND METHODS

Sample Acquisition

In this study, a total of twelve 4-year-old giraffes inhabiting in
Yichang zoo (Yichang, China) were used for sample collection,
including six healthy giraffes and six diarrheic populations.
Additionally, the proportion of male and female in both
groups was 1:1. These giraffes were maintained under the
same conditions and possessed the same immune procedure.
Prior to the sample acquisition, all the giraffes were observed
and diagnosed by professional veterinarians to determine their
health status and diarrheic populations without any medicinal
treatment. Sufficient feed and water were provided ad libitum for
all giraffes throughout the experimental period. One day prior to
sample acquisition, healthy and diarrheic giraffes were placed in
separate pens to prevent infection and sample contamination. Six
individual fresh fecal samples were collected from each giraffe via
using sampler the following morning. Subsequently, the obtained
rectal feces were resampled from the intermediate portion to
minimize pollution through bedding and flooring. Finally, all
the samples were placed immediately in sterile plastic containers,
snap-frozen using liquid nitrogen and stored at —80°C for
subsequent DNA extraction.

16S rDNA and ITS Gene Amplification

and Sequencing

The bacterial and fungal genomic DNA was extracted from feces
of giraffes using QIAamp DNA Mini Kit (QIAGEN, Hilden,
Germany) following suggested instructions of manufacturer.
The total microbial DNA was quantified via utilizing UV-Vis
spectrophotometer (NanoDrop 2000, United States), and DNA
integrity was evaluated by 0.8% agarose gel electrophoresis.
Bacterial 16S rDNA (338F: ACTCCTACGGGAGGCAGCA
and 806R: GGACTACHVGGGTWTCTAAT) and fungal ITS
gene primers (ITS5F: GGAAG TAAAAGTCGTAACAAGG and
ITS2R: GCTGCGTTCTTCATCGA TGC) with special barcodes
were synthesized on the basis of the conservative regions to
amplify the V3/V4 and ITS2 regions, respectively. To ensure
the accuracy of the results, PCR amplification was conducted
in triplicates under the same conditions. The agarose gel
electrophoresis (2%) and AxyPrep DNA Gel Extraction Kit
(Axygen, Union City, CA, United States) was employed to
evaluate PCR amplification product and recycle target fragment,
respectively. PCR-recycled products were performed fluorescent
quantitation on Microplate reader (BioTek, FLx800) based on
the original electrophoretic results. According to the fluorescence
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quantitative results and the requirements of sequencing quantity,
the samples were mixed in corresponding proportions. The
obtained PCR products were used to construct the sequencing
library via using TruSeq Nano DNA LT Library Prep Kit
(Illumina, San Diego, CA, United States). Meanwhile, the 2%
agarose gel electrophoresis was used for the final fragment
selection and purifying the library. The quality inspection and
fluorescence quantification of the sequencing libraries were
performed before sequencing. The qualified libraries were diluted
and then mixed in corresponding proportions based on the
required sequencing quantity. The final libraries were subjected
to high-throughput sequencing via MiSeq sequencing machine.

Bioinformatics and Statistical Analysis

The original data produced from high-throughput sequencing
were performed by quality screening using QIIME software
(Qiimel.9.1) to achieve reliable results in the subsequent
bioinformatics analysis. The interrogative sequences including
short sequences (<200 bp), mismatched primers, and chimera
were discarded utilizing QIIME software (Qiimel.9.1), and
the qualified sequences were assigned to the corresponding
individuals according to the information of primer and barcode.
The obtained sequences were OTU partitioned and clustered
based on 97% similarity, and the representative sequences were
conducted through classification identification and phylogenetic
analysis. The gut microbial alpha diversity was calculated
according to the relative abundance distribution of OTU in
each sample. Beta diversity was calculated based on weighted
and unweighted UniFrac distance to evaluate the difference and
similarity in different samples and groups. Simultaneously, the
rarefaction curve of each sample was generated to assess the
sequencing depth. Statistical analysis of data was performed using
R (v3.0.3) and GraphPad Prism (version 7.0c). p-values < 0.05
were considered statistically significant, and the values were
presented as means & SD.

RESULTS

Data Acquisition and Analysis

In the present microbiome investigation, 12 fecal samples
from healthy and diarrheic giraffes were subjected to amplicon
sequencing and a total of 958,862 (CG = 479,660, DG = 479,202)
and 960,350 (CG = 480,389, DG = 479,961) original sequences
were acquired from the V3/4 and ITS2 regions, respectively
(Table 1). After sequence filtering, 1,795,319 high-quality
reads were totally acquired from all the samples, with an
average of 70,620 (ranging from 68,577 to 72,501) and 78,989
(varying from 78,434 to 79,841) reads from bacterial and
fungal populations per sample, respectively (Table 2). Following
taxonomic assignment, a total of 936 bacterial OTUs and 744
fungal OTUs were recognized based on 97% nucleotide-sequence
similarity (Figures 1A,B,G,H). Moreover, we also observed 817
and 364 core OTUs in the bacterial and fungal communities,
which accounted for approximately 87.29% and 48.92% of
the total OTUs, respectively (Figures 1C,I). Both species
accumulation and rarefaction curves in per sample were relatively

flat and showed a tendency to saturate characteristics, indicating
that nearly all the bacterial and fungal species were identified
in fecal samples of giraffes (Figures 1D,E,J,K). Furthermore, the
rank abundance curves for all samples were wide and fell gently,
suggesting satisfactory evenness and abundance (Figures 1EL).

Shifts in Gut Microbial Diversities With
the Effect of Diarrhea

To further dissect the alternations of gut bacterial and fungal
communities in diarrheic giraffe, the qualified sequences were
aligned to estimate alpha and beta diversity indices. Gut bacterial
and fungal alpha diversity could be characterized by sequencing
depth (Good’s coverage), species abundance (ACE), and species
diversity (Shannon and Simpson). Good’s coverage estimates
varied from 99.79 to 99.96%, suggesting that the majority
of bacterial and fungal phenotypes presented in each sample
were detected (Figures 2A,E). There was statistically significant
differences in the gut bacterial ACE (834.53 4 56.67 versus
739.61 + 21.69, p = 0.003) indices, whereas the Simpson index
(0.91 % 0.042 versus 0.95 £ 0.031, p = 0.087) and Shannon
(5.53 £ 0.65 versus 6.16 + 0.59, p = 0.11) indexes were
not dramatically different between the CG and DG groups
(Figures 2B-D). Intergroup analysis of alpha diversity intuitively
showed that diarrhea observably decreased the gut bacterial
abundance but had no effect on the bacterial diversity. Moreover,
there was no significant difference in the gut fungal four a-
diversity indices in both groups, indicating a relatively stabilized
gut fungal community in giraffes during the occurrence of
diarrhea (Figures 2F-H). The principal coordinate analysis
(PCoA) and unweighted pair-group method with arithmetic
means (UPGMA) tree analysis were applied to assess the
variabilities and similarity among intergroup and intragroup
individuals. Both the weighted and unweighted PCoA plots
showed that the individuals in the CG group were clustered
closely and separated from the DG group, which was consistent
with the results of UPGMA analysis, indicating that the gut
bacterial and fungal principal compositions could be strongly
influenced by the diarrhea (Figures 2I-N).

Taxonomic Composition and Alteration
of Gut Bacterial Community

The relative proportion of preponderant taxa at the different
taxonomical levels were detected through microbial taxon
assignment, and significant alterations in the gut bacterial
abundances and compositions were observed in both groups.
At the phylum level, a total of 17 phyla were identified from
the 12 samples, varying from 14 to 17 phyla per sample.
Based on the phylum assignment result, Firmicutes (55.21%,
38.79%), Proteobacteria (31.61%, 32.55%), Bacteroidetes (8.19%,
16.79%), and Actinobacteria (2.17%, 6.46%) were the four most
preponderant phyla in CG and DG groups, which accounted for
approximately 95% of the total taxonomic groups identified in
all samples (Figure 3A). Other phyla such as Verrucomicrobia
(0.22%, 0.55%), Tenericutes (0.33%, 0.34%), Kiritimatiellaeota
(0.02%, 0.33%), and Synergistetes (0.02%, 0.23%) in both groups
were identified in low abundance. To further investigate the
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TABLE 1 | The bacterial sequence information of each sample.

Sample Raw reads Clean reads Effective reads AvgLen (bp) GC (%) Effective (%)
CG1 79,898 79,389 70,069 422 53.25 87.7
CG2 79,747 79,277 68,993 422 53.65 86.51
CG3 79,912 79,401 68,577 420 53.05 85.82
CG4 80,066 79,565 70,631 418 53.71 88.22
CG5 79,912 79,286 70,064 424 53.28 87.68
CG6 80,125 79,660 69,945 420 52.79 87.29
DG1 79,811 79,378 69,500 421 54.07 87.08
DG2 79,677 79,196 71,013 419 54.38 89.13
DG3 79,983 79,528 72,110 418 54.42 90.16
DG4 79,699 79,288 72,501 419 54.2 90.97
DG5 80,049 79,603 72,133 419 54.21 90.11
DG6 79,983 79,497 71,908 421 54.6 89.90
TABLE 2 | The fungal sequence information of each sample.

Sample Raw reads Clean reads Effective reads AvgLen (bp) GC (%) Effective (%)
CG1 80,228 79,749 79,352 228 44.76 98.91
CG2 80,062 79,593 79,5657 251 50.72 99.37
CG3 79,851 79,325 79,310 230 44.32 99.32
CG4 79,832 78,434 74,738 255 50.45 93.62
CG5 80,134 79,617 79,494 237 46.7 99.20
CG6 80,282 79,841 79,836 231 46.01 99.44
DGH 80,110 79,630 78,957 237 47.03 98.56
DG2 79,829 79,269 79,242 251 49.41 99.26
DG3 79,679 79,155 79,060 243 47.78 99.22
DG4 80,093 79,569 79,500 246 47.59 99.26
DG5 79,911 79,085 79,057 256 42.15 98.93
DG6 80,339 79,787 79,772 240 48.26 99.29

effect of diarrhea on taxonomic compositions, 194 genera were
detected from the gut microbiota of giraffes. Among these
genera identified, Escherichia-Shigella (16.98%) was the most
predominant bacterial genus in the CG group, followed by
Acinetobacter (13.11%) and Solibacillus (11.63%) (Figure 3B).
However, Escherichia-Shigella (12.41%), Acinetobacter (7.71%),
and Comamonas (11.36%) were abundantly present in the DG
group, accounting for over 31% of overall bacterial composition.
The genus-level cluster analysis employing heatmap revealed
the distribution of the bacterial genus in different samples and
indicated the influence of diarrhea on the bacterial genus-level
compositions (Figure 3E).

To further dissect the shifts in taxonomic compositions
of giraffes in different health states, Metastats analysis was
performed for different classification levels. A comparison
of the DG and CG groups revealed a significant increase
(p < 0.05 or p < 0.01) in the abundance of Synergistetes,
Fibrobacteres, Patescibacteria, Chloroflexi, Kiritimatiellaeota,
Actinobacteria, Bacteroidetes, and Verrucomicrobia, as well as a
distinct decrease (p < 0.01) in the abundance of Spirochaetes and
Firmicutes (Figure 4A). At the genus level, 20 genera were totally
identified to be dramatically different between both groups. Of
these discriminatory taxa, the relative abundances of 12 bacterial
genera significantly increased, whereas the relative abundances of

eight bacterial genera dramatically decreased under the influence
of diarrhea (Figure 4B). Considering that this discriminant
analysis cannot distinguish the dominant taxon, linear
discriminant analysis effect size (LEfSe) analysis coupled with
linear discriminant analysis (LDA) was conducted to identify the
specific bacteria related to diarrhea (Figure 5). Results revealed
that at the phylum level, the abundance of Actinobacteria and
Patescibacteria in the DG group were significantly preponderant
than the CG group, while the Firmicutes was lower. At the
genus level, the DG group was significantly enriched for
Comamonas, Prevotellaceae_UCG_001, Succiniclasticum, and
Corynebacterium_1, whereas the CG group showed a significantly
higher abundance of Clostridium_sensu_stricto_1, Lysinibacillus,
Bacillus, Romboutsia, Psychrobacillus, and Solibacillus.

Significant Alterations in Gut Fungal
Taxonomic Compositions in Diarrheic

Giraffe

There were nine phyla and 262 genera identified in the gut
fungal communities of all giraffes using RDP classifier. The
top 10 phyla and 10 genera of gut fungal community in both
groups are presented in Figures 3C,D. The phyla Ascomycota
(CG =70.63%, DG = 72.63%) and Basidiomycota (CG = 25.84%,
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DG = 18.01%) were the most dominant fungi in giraffes
regardless of health status, which together consisted of over
90% of the fungal composition (Figure 3C). Other fungal phyla
such as Chytridiomycota (0.28%, 1.07%), Rozellomycota (0.16%,
0.25%), Neocallimastigomycota (0.11%, 0.18%), Olpidiomycota
(0.01%, 0.06%), and Glomeromycota (0.02%, 0.05%) in the CG
and DG groups were represented with a lower abundance.
At the genus level, the dominant fungal genera observed in
the CG group were Trichosporon (20.76%), Aspergillus (2.95%),
and Thelebolus (9.44%), whereas Ascobolus (14.33%), Aspergillus

(13.81%), and Microascus (12.14%) were enriched in the DG
group (Figure 3D). The heatmap showed a higher similarity
of the individuals within group than that among groups and
revealed the alternations in fungal genus-level compositions
under the effect of diarrhea (Figure 3F).

Using Metastats analysis to investigate the fungal genus-level
taxonomic compositions in both groups, we observed that the
relative abundances of five genera (Microascus, Aspergillus,
Rhodotorula, Scopulariopsis, and Roussoella) significantly
increased, whereas the relative abundances of seven genera
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PCI-Percent varston ex plincd 33.06%

WCG MDG

(Itersonilia, Neoascochyta, Mucor, Ustilago, Protostropharia,
Cephaliophora, and Xeromyces) obviously decreased during
diarrhea (Figure 6). Among them, two fungal genera (Itersonilia
and Ustilago) even cannot be found in the gut fungal communities
of diarrheic giraffes. LEfSe was applied to generate a cladogram
to further investigate the variation in the fungal taxa composition
(Figures 5C,D). Besides the above-mentioned significantly
different funguses, we also observed that several funguses such as
Wallemia and Cladorrhinum were the most dominant microbiota
in the feces of patients in the DG group, whereas Botryotrichum,
Thelebolus, and Trichosporon were significantly overrepresented
in the CG group.

Correlation Network Analysis

Network analysis was conducted utilizing Python to illuminate
linkages among different bacterial and fungal genera in gut
microbiota (Figure 7). The bacterial network consisted of
80 nodes and 1,608 edges, whereas the fungal network was
composed of 80 nodes and 266 edges. Results revealed
that Ruminococcaceae_UCG-014 was positively associated with
Rikenellaceae_RC9_gut_group (0.9231) and Alistipes (0.9371).
Rikenellaceae_ RC9_gut_group was positively associated with
Alistipes (0.9790). Microascus was positively associated with
Rhodotorula (0.8774). Aspergillus was positively associated with
Rhodotorula (0.8194).
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FIGURE 3 | The composition and relative abundance of the gut microbial community at the phylum and genus levels. (A,B) The gut bacterial relative abundance and
composition of healthy and diarrheic giraffes at the phylum and genus levels. (C,D) The gut fungal relative abundance and composition of healthy and diarrheic
giraffes at the phylum and genus levels. (E,F) Heatmap of the 50 most abundant gut bacterial and fungal genera in healthy and diarrheic giraffes.

DISCUSSION

Accumulating evidence demonstrated that the stable gut
microbiota was a vital barrier for host against the invasion
and colonization of foreign pathogens, whereas gut microbial
alternations may be the driving or central factor of multiple

diseases (Dumas et al., 2006; Wang et al., 2019b; Xiang et al,,
2020). Thus, investigating the gut microbial composition and

diversity may contribute to expand our understanding of
disease etiology and provide convenient method to evaluate
the health status of host. Gut microbiota is intimately involved
in several other important activities including maintaining the
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immunity, metabolism, and host health, which in turn depends
on normal intestinal morphology (Li et al, 2021a). Diarrhea
is one of the most common diseases of animals regardless
of age and species, posing a great threat to public health,
animal welfare, and animal husbandry. Moreover, the occurrence
of diarrhea is inevitably related to gastrointestinal damage,
indicating that the gut microbiota may be also altered. To date,
research into the gut microbial composition and distribution
in different health status has covered many species including
goat, piglet, yak, and mice and demonstrated the significant

variabilities of microbial community structure. However, studies
regarding diarrheic influence on gut microbiota in giraffe
have been insufficient to date. Taking advantage of this gap,
we first characterized the variability of gut microbiota in
diarrheic giraffes.

Generally, gut microbiota is dynamically diverse within limits
and influenced by multiple factors such as species, age, sex,
diet, and health status (Manichanh et al., 2012; Wang et al,
2020; Xiong et al., 2020; Zhu et al., 2020). Several studies have
indicated that diarrhea was able to cause a significant decrease
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in the diversity of gut bacterial community as well as shifts in
intestinal functions (Barash et al., 2017; He et al., 2020). Ma et al.
(2020) revealed that the diversity of gut bacterial community
in diarrheic rats was significantly decreased. Additionally, He

et al. (2020) demonstrated a decreased alpha diversity of the
gut bacterial community in diarrheic piglets. Consequently,
diarrheic giraffes may be accompanied by significant changes
in the gut microbial composition and structure. Considering
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the particularity of the species and the availability of samples,
we selected fecal samples as the research object to assess
the gut microbial composition and diversity. Consistent with
previous studies, this study demonstrated a dramatically declined
ACE index in the gut bacterial community of giraffe during
diarrhea, implying the disorder of gut bacterial community.
Several previous studies have demonstrate that the abundance
and diversity of gut microbiota was positively related to intestinal
functions, thereby the intestine with higher microbial diversity
and abundance favors the energy utilization and performing
complicated physiological functions (Barash et al, 2017; He
et al.,, 2020). Furthermore, imbalanced gut microbiota may result
in increased intestinal permeability and decreased immunity,
which may further promote the invasion by members of
pathogenic bacteria and conditioned pathogen (Barash et al.,
2017). Therefore, diarrheic giraffe may also be at risk of
intestinal dysfunction and other complications under situation of
decreased gut bacterial diversity. Gut fungi, as a key component
of the microbial community, was also considered to be an
important contributor to intestinal health and function (Barash
et al, 2017). Previous research has indicated that the gut
fungal diversity of patients with diarrhea-predominant irritable
bowel syndrome was significantly different from that of healthy
population (Shukla et al., 2015; Hong et al, 2020). Li et al.
(2018) indicated that there was no significant difference in

the diversity of the gut fungal community between diarrheic
and healthy yaks. Moreover, Sangster et al. (2016) observed
that the gut fungal community of diarrheic patients induced
by Clostridium difficile infection did not change significantly
as compared with healthy population. In this study, we also
observed that the differences of gut fungal diversity between
diarrheic and healthy giraffes were not significant. Therefore, we
speculated that gut bacterial community played a major role in
the occurrence of giraffe diarrhea, whereas gut fungi community
was secondary. Moreover, PCoA also was performed to evaluate
the differences in the main components of the gut bacterial and
fungal communities between both groups. Results indicated that
the individuals of control group were clustered together and
separated from the diarrhea group, implying a distinct difference
in the primary composition of the gut bacterial and fungal
communities between both groups. This study indicated that
despite of shared environment and diets, the giraffes showed
significant alterations in the gut bacterial and fungal communities
during diarrhea. Therefore, we speculated that diarrhea was the
primary driving force for changes in gut bacterial and fungal
communities of giraffes.

This study demonstrated that Firmicutes, Proteobacteria, and
Bacteroidetes were the most dominant bacterial phyla, whereas
Ascomycota and Basidiomycota were the most preponderant
fungal phyla in gut microbial community of giraffes, regardless
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of health status. These bacterial and fungal phyla were also
found to be abundantly presented in the gut microbiota of
cattle, goat, and yak, which was shown to be the major
characteristic of the gut microbial community in ruminants

(Li et al, 2018, 2021b). We further investigated the gut
microbial variabilities of this common diarrhea of giraffe.
The differences of specific bacteria and fungi can intuitively
indicate the potential relationship between gut microbiota and
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diarrhea. Our results revealed distinct increases in the relative
abundances of eight bacterial phyla (Synergistetes, Fibrobacteres,
Patescibacteria, Chloroflexi, Kiritimatiellaeota, Actinobacteria,
Bacteroidetes, and Verrucomicrobia) and significant declines
in the relative abundances of two phyla (Spirochaetes and
Firmicutes) during diarrhea. Firmicutes, consisting of a large
amount of gram-positive bacteria, are responsible for converting
complicated carbohydrates into reabsorbable substrates (Li
et al,, 2018, 2021b). Moreover, most members of Firmicutes
are considered beneficial bacteria, which helps in regulating
systemic immune responses, maintaining intestinal environment
and inhibiting opportunistic pathogens (Sun et al, 2016).
Actinobacteria synergy with one partner or host can easily be
transformed into pathogenic interactions with another (Miao
and Davies, 2010). Consistent with our findings, Wang et al.
(2018) also observed that the abundances of Actinobacteria and
Verrucomicrobia in the gut microbiota of diarrheic goats were
significantly increased. Synergistetes has been shown to cause
periodontal disease (Vartoukian et al., 2009; McCracken and
Nathalia, 2020).

Importantly, this study also found a high variation in
some bacterial and fungal genera between healthy and
diarrheic giraffes and this variation may play crucial roles
in intestinal ecosystem and function. This study demonstrated
significant increases in the relative abundances of 12 genera
(Streptococcus, Moryella, Veillonellaceae_UCG-001, Klebsiella,
Enterococcus, Catenibacterium, Atopobium, Comamonas, Rothia,
Corynebacterium_1, Oscillibacter, and Terrisporobacter) as
well as significant declines in the relative abundances of eight
genera (Prevotellaceae_ UCG-004, Rikenellaceae_ RC9_gut_group,
Coprococcus_3, Cellulosilyticum, Ruminococcaceae_UCG-014,
Romboutsia, Ruminiclostridium_5, and Alloprevotella) with the
effect of diarrhea. Prevotellaceae and Cellulosilyticum have been
reported to be involved in the degradation and digestion of
carbohydrate, pectin, and cellulose (Cai et al., 2010; De Filippo
et al, 2010; O'Keefe et al, 2015). Rikenellaceae can degrade
plant-derived polysaccharides and limit the development of
colitis via stimulating T-regulatory cell differentiation (He et al.,
2015; Peng et al., 2015; Dubin et al., 2016). Ruminococcaceae
has long been regarded as a potential beneficial bacterium due
to the positive regulation of the immune system and intestinal
environment (Shang et al., 2016). Furthermore, Ruminococcaceae
has been reported to be negatively associated with liver cirrhosis,
non-alcoholic fatty liver, and increased intestinal permeability
(Huang et al., 2015; Shang et al., 2016). Romboutsia, an obligate
anaerobe, contains multiple metabolic capabilities associated
with carbohydrate utilization and fermentation of single amino
acids (Ricaboni et al., 2016; Xin et al, 2019). Alloprevotella
can produce moderate amounts of acetate and succinate and
decrease lifetime cardiovascular disease risk (Downes et al., 2013;
Ricaboni et al., 2016; Xin et al, 2019). Some genera such as
Coprococcus and Ruminiclostridium have been demonstrated to
produce short-chain fatty acids, which is beneficial to regulate
energy intake and maintain the morphology and function of
intestine and intestinal epithelial cells (Tan et al., 2014; Ye
et al., 2021). Moreover, Ruminiclostridium, as an intestinal
beneficial bacterium, is involved in the positive regulation of the

growth performance and decrease of gastrointestinal diseases
of animals (Tan et al.,, 2014). These produced metabolites play
an important role in improving intestinal environment and
maintaining intestinal health. Given this phenomenon, we
speculated that those genera seem to participate as key factors
in maintaining the balance of gut microbiota and modulating
intestinal physiological activities to further prevent diarrhea.
The higher abundances of Streptococcus, Moryella, Klebsiella,
Comamonas, Oscillibacter, and Rothia in the gut microbiota were
closely related to many diseases including septicemia, bacteremia,
endocarditis, pneumonia, and cellulitis (Boudewijns et al., 2003;
Fendukly et al,, 2003; Broutin et al., 2020; Kjaer et al., 2020;
Liu X. J. et al,, 2020; Palacio et al., 2020). Veillonellaceae may
promote the development of inflammation and its abundance
increase significantly in patients with inflammatory bowel
disease and irritable bowel syndrome (Boudewijns et al., 2003;
Fendukly et al., 2003; Broutin et al., 2020; Kjaer et al., 2020; Liu
Z. et al., 2020; Palacio et al., 2020). Klebsiella, a gram-negative
pathogenic bacterium, mainly distributed in the respiratory
tract and intestine, which may cause pneumonia, hysteritis,
mastitis, and other suppurative inflammation (Nordmann et al.,
2009; Qin et al., 2020). Enterococcus has been shown to result in
life-threatening meningitis, endocarditis, and sepsis (Mohanty
et al,, 2005). Moreover, many antibiotics frequently used in
the clinic failed treating Enterococcus infection because of the
inherent and acquired drug resistance (Arias and Murray, 2012).
Catenibacterium was closely related to morbid obesity and
metabolic syndrome (Perler et al., 2021). The relative abundance
of Atopobium was significantly increased in the patients with
esophageal cancer (Deng et al, 2021). Corynebacterium can
result in lung abscess and caseous lymphadenitis, which was
widespread in small ruminant populations (Samies et al., 1986;
Dorella et al., 2006). Terrisporobacter, an emerging anaerobic
pathogen, can cause surgical site infection (Cheng et al., 2016).
Gut fungal community also plays important roles in intestinal
function and host health, which are in line with gut bacterial
community (Paterson et al.,, 2017). Interestingly, although the
differences in gut fungal diversity between both groups were
not significant, the proportion of some intestinal fungus was
altered. We observed that the diarrheic giraffes displayed
increased Microascus, Aspergillus, Rhodotorula, Scopulariopsis,
and Roussoella and decreased Itersonilia, Neoascochyta, Mucor,
Ustilago, Protostropharia, Cephaliophora, and Xeromyces as
compared with healthy populations. Microascus has been
demonstrated to cause life-threatening brain abscess and
pneumonia (Baddley et al., 2000; Mohammedi et al,, 2004;
Ustun et al, 2006; Paterson et al., 2017). Aspergillus was
closely related to multiple respiratory disease, while Rhodotorula
can cause fungemia (Zaas et al, 2003; Viegas et al, 2021).
Scopulariopsis is characterized by its inherent resistance to the
available antifungal drugs and could result in pulmonary and
disseminated infections (Zaas et al., 2003; Kammoun et al., 2018;
Viegas et al., 2021). Roussoella is a novel opportunistic pathogen,
which can cause subcutaneous mycoses (Ahmed et al.,, 2014;
Vasant et al., 2017). Diarrheic giraffes with altered gut microbiota
may also be accompanied by weakened immunity and disease
resistance. Consequently, some opportunistic pathogens may
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also display pathogenicity, which may worsen the condition or
cause other diseases.

Microbes inhabiting in the gastrointestinal tract such as
bacteria and fungus can form a stabilized ecosystem that plays
vital roles in disease prevention, pathogenic growth inhibition,
and gastrointestinal homeostasis (Ahmed et al., 2014; Hu et al.,
2017; Vasant et al., 2017). Generally, the intestinal bacteria and
fungi can interact in a commensal, symbiotic, or antagonistic
relationship, causing a stabilized ecosystem (Aziz et al., 2013;
Dabke et al.,, 2019). The damaged stable state of gut microbial
community was regarded as the pathological mediators of
multiple diseases (Sircana et al., 2018). Therefore, the altered
intestinal bacteria and fungi may affect other bacterial and
fungal functions, which further affect the overall intestinal
functions and aggravate the gut microbial alternations (Lozupone
et al., 2012). We observed that the Ruminococcaceae_UCG-014,
Rikenellaceae_RC9_gut_group, and Alistipes were dramatically
affected by diarrhea, and there is a significant positive correlation
among them, which implied that their functions could be further
affected. In the fungal community, some pathogenic bacteria
such as Microascus, Aspergillus, and Rhodotorula were also
significantly affected by diarrhea, and those fungi also displayed a
strong positive correlation. Therefore, these pathogenic bacteria
may interact with each other, which further increase their
pathogenicity. This study conveyed a crucial message that
diarrhea not only directly changed the gut microbial diversity and
abundance but also indirectly affected other functional bacteria
and fungus, which may affect intestinal functions.

CONCLUSION

In summary, this study characterized the dynamic alternations
of gut bacterial and fungal communities during diarrhea in
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