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Abstract

Background: Diarrhea is an important ailment limiting the production of the Tibetan pig industry. Dynamic
balance of the intestinal microbiota is important for the physiology of the animal. The objective of this work was to
study fungal diversity in the feces of early weaning Tibetan piglets in different health conditions.

Results: In the present study, we performed high-throughput sequencing to characterize the fungal microbial
diversity in healthy, diarrheal and treated Tibetan piglets at the Tibet Autonomous Region of the People’s Republic
of China. The four alpha diversity indices (Chao1, ACE, Shannon and Simpson) revealed no significant differences in
the richness across the different groups (P > 0.05).

In all samples, the predominant fungal phyla were Ascomycota, Basidiomycota and Rozellomycota. Moreover, the
healthy piglets showed a higher abundance of Ascomycota than the treated ones with a decreased level of
Basidiomycota. One phylum (Rozellomycota) showed higher abundance in the diarrheal piglets than in the treated.
At genus level, compared with that to the healthy group, the proportion of Derxomyces and Lecanicillium
decreased, whereas that of Cortinarius and Kazachstania increased in the diarrheal group. The relative abundances
of Derxomyces, Phyllozyma and Hydnum were higher in treated piglets than in the diarrheal ones.

Conclusions: A decreased relative abundance of beneficial fungi (e.g. Derxomyces and Lecanicillium) may cause
diarrhea in the early-weaned Tibetan piglets. Addition of probiotics into the feed may prevent diarrhea at this stage.
This study presented the fungal diversity in healthy, diarrheal and treated early-weaned Tibetan piglets.
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Background

Tibetan pig is an indigenous swine breed of the Tibet
Autonomous Region and adjacent areas (e.g. Sichuan,
Gansu and Yunnan provinces) in People’s Republic of
China (PRC) at approximately 3000 m above sea
levels. It is among the pig breeds that adapted to the
local cold and high-altitude environment[1, 2]. These
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pigs have become herbivorous, making them indis-
pensable for pig production at the plateau [3]. Diar-
rhea is a major health problem in piglets worldwide
posing economic threat due to its negative impact on
growth and reproductive parameters and mortality
[4—6]. It may be of infectious (e.g. bacteria, viruses,
etc.) and/or non-infectious origin (e.g. intestinal
dysfunction) in early-weaned piglets [7]. Intestines are
one of the major organs for feed digestion and
absorption, where gut microbiota plays an important
role in maintaining the physiology [8]. This
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microbiota is a complex, dense and actively metabolic
microbial community system [9] which provides bal-
ance to the host nutrition, metabolism and intestinal
immunity [10, 11]. It is mainly composed of bac-
teria including some viruses, protozoa and fungi. The
later are unicellular or multicellular heterotrophs that
absorb nutrients in a parasitic, saprophytic or symbi-
otic manner resulting in a beneficial, pathogenic or
opportunistic relationship with the host [12]. Parasitic
fungal diseases are of major scientific interest espe-
cially in immunocompromised patients, those treated
with long-term antimicrobial therapy and the popula-
tions living under humid climate. Therefore, analyzing
and characterizing the fungal community structure
becomes crucial regarding animal health especially at
poor herdsman's level. Tibetan pigs provide an import-
ant economic and social benefits to the nomadic
Tibetan population.

Given to the harsh climate and extensive farming
practices, the piglets often suffer postweaning
diarrhea, which severely reduces the production
performance and economic benefits to the local
farmers. Owing to the scarce literature on the gut
mycobiome in weaning piglets, we were interested to
know the intestinal fungal diversity in healthy,
diarrheal and treated Tibetan piglets in Nyingchi,
Tibet Autonomous Region of the PRC to provide a
theoretical reference for the prevention and treat-
ment regimen in these piglets.

Methods

Ethics statement

This study was approved and instructed by the Tibetan
Pig Collaborative Research Center of Tibet Agricultural
and Animal Husbandry University, Tibet, China (unified
social credit code: 12540000MBOP013721).

Animal feeding and sample collection

The experimental animals for this study were taken
from five healthy sows of Tibetan pig breed ori-
gin (The sows were raised at Tibetan Pig Collabora-
tive Research Center at Tibet Agriculture and Animal
Husbandry University) maintained under similar con-
ditions. The sows gave birth on the same day, and
the piglets and sows reared together in a farrowing
house (the temperature of the farrowing house was
approximately 21°C, and the farrowing bed was
cleaned and disinfected). At three weeks of age, the
piglets were offered piglet feed (Supplementary Table
1). At 6 weeks of age, healthy piglets were weaned
and transferred to a nursery house (the temperature
of nursery house was 16°C) where they continued the
piglet feed.
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Hermann-Bank test criteria [13] were used to iden-
tify healthy and diarrheal piglets. Feces from healthy
piglets (i.e no apparent signs of diarrhea and secreting
granular stripe-shaped feces for more than two
days) and diarrheal piglets (i.e. secreting thin and un-
formed feces for more than two days) were collected,
marked and transferred from the ranch to the labora-
tory using a vehicle-mounted refrigerator (-15°C). The
samples were stored at -20°C until further analysis.
The marked diarrheal piglets were treated by injection
into the neck muscle with 1 mL of (4%) gentamycin
sulfate (Shijiazhuang Huaxu Pharmaceutical Co. Ltd.,
Shijiazhuang, PRC; product number: 17,925,752,842).
Five fecal samples each from healthy (group A;
marked as Al, A2, A3, A4, and A5), treated (group B;
marked as Bl, B2, B3, B4, and B5), and diarrheal
piglets (group C; marked as C1, C2, C3, C4, and C5)
were selected and processed for further analysis.

DNA extraction

Genomic DNA was extracted from the fecal samples
by using QIAamp Fast DNA Stool Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
recommendations. The concentration and quality of the
DNA were determined by NanoDrop 2000 (Thermo
Fisher Scientific Inc., Massachusetts, USA) and 1.2 %
agarose gel electrophoresis, respectively.

Internal transcribed spacer (ITS) hypervariable region
gene amplification

Specific polymerase chain reaction (PCR) primers
(ITS5F: GGAAGTAAAAGTCGTAACAAGG and
ITS2R: GCTGCGTTCTTCATCGATGC) with special
barcodes on the forward primer were used. The total
genomic DNA was uniformly diluted to 20 ng/pL and
used as a template. The PCR protocol was performed
with 30 cycles of 98°C (15 s), 55C (30 s), 72°C (30 s),
and 72°C (5 min). The PCR amplification products were
detected via 2% agarose gel electrophoresis, and the
target fragments were recovered using the AxyPrep
DNA Gel Extraction Kit (Axygen Inc., Union City, CA,
USA). The recovered PCR products were detected by
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen
Co., Carlsbad, CA, USA).

Library preparation and sequencing

The sequencing library was constructed using the Tru-
Seq Nano DNA LT Library Prep Kit (Illumina, Inc., San
Diego, CA, USA). The sequencing library was selected
and purified GeneJET Gel Extraction Kit (Thermo Fisher
Scientific, Waltham, MA, USA) by 2 % agarose gel elec-
trophoresis, and the quality was tested by the Agilent
High-Sensitivity DNA Kit (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Then, paired-end sequencing of
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the qualified sequencing library was performed using
[llumina MiSeq equipment (MiSeq Reagent Kit V3; Per-
sonalbio, Shanghai, China).

Sequence data processing and statistical analysis
Sequence analysis data were established as operational
taxonomic units (OTUs) via Uclust with a 97 % similar-
ity [14], and the most abundant sequence in each OTU
was selected as the representative sequence [15]. Then,
OTUs were taxonomically classified and grouped by
comparison with those in the Unite database [16]. The
richness and evenness index of microbial flora were cal-
culated using the measurement indices (Chaol, ACE,
Shannon, and Simpson); beta diversity based on the
weighted UniFrac distance matrices was calculated with
QIIME (Version 1.7.0), and cluster analysis was preceded
by principal coordinate analysis (PCA) [17]. The Meta-
stats statistical algorithm was used to analyze the dis-
crepancy in microbial communities between groups at
the phylum and genus levels [18]. The heat map was
created via R software (v3.0.3). The data were evaluated
statistically by one-way analysis of variance.

Results

Sequencing results and operational taxonomic unit (OTU)
cluster statistical analysis

In the present study, a total of 1,297,417 high-quality se-
quences were obtained from 15 fecal samples, and the
average effective combined sequence was 86,494 for each
sample (Supplementary Figure S1). The distribution
length in each sample was 100—-400 bp (Supplementary
Figure S1). The sequences were established at the
phylum, class, order, family, genus and species levels as
OTUs via Uclust with over 97 % similarity (Supplemen-
tary Figure S1). At the species level, =200 OTUs were
identified. The three groups shared 148 fungal species,
as found by Venn map/diagram analysis (Fig. 1). The
diarrheal piglets showed 212 common fungal species,
which were not found in the healthy and antimicrobial-
treated piglets. A total of 83 fungal species were found
to be common among the healthy piglets.

Microbial community diversity of Tibetan piglets in
different groups

The requirements for sequencing and analysis were met
by confirming the sequence numbers by the presence
line in the rank abundance curve, evenness of the micro-
bial species and the plateau phase of the Chaol and
Shannon curves (Supplementary Figure S2; A, B). The
Simpson index reached 0.85, 0.88 and 0.83 in the healthy
piglet, treated piglet and diarrheal piglet groups, respect-
ively. The Simpson index in the healthy piglet group was
lower than that in the treated piglet group, whereas the
Simpson index in the treated piglet group was higher
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than that in the diarrheal piglet group. However, no sig-
nificant difference was observed among the three groups
(P>0.05) (Fig. 2). The Shannon indices of the three
groups were 3.81 (A), 4.21 (B) and 4.10 (C), with no
significant difference among them. The Simpson and
Shannon indices demonstrated that there was no obvi-
ous difference among all the samples (Fig. 2). The Chaol
and ACE indices were 121.79 and 123.97, 141.39 and
144.26, and 126.09 and 127.99 for groups A, B and C,
respectively. However, no significant difference was ob-
served in the two indices among the different groups
(P>0.05) (Fig. 2). The Chaol and ACE indices revealed
no striking difference in fungal microbial evenness
among the different groups (Fig. 2). However, significant
differences were found in the fungal structure by princi-
pal component analysis (PCA) in different groups, espe-
cially among diarrheal piglets and treated piglets (Fig. 3).

Microbial community structure of Tibetan piglets in
different groups

The microbial community structure according to the
classification hierarchy is shown in Supplementary Fig-
ure S3. Ascomycota (67.96% in group A, 54.10% in
group B, 5594% in group C) and Basidiomycota
(19.10% in group A, 36.18% in group B, 32.18% in
group C) showed dominance in microbiota composition
at the phylum level in all piglets (Fig. 4 A). At the order
level, Hypocreales was found to be more abundant in
healthy piglets (26.98 %) than in treated and diarrheal
piglets (19.34% in group B and 18.60 % in groups C),
Tremellales was found to be more abundant in treated
piglets (32.50 %) than in healthy piglets and diarrheal
piglets (10.36 % in group A and 6.64 % in group C), and
Saccharomycetales was found to be less abundant in
treated piglets (4.42 %) than in healthy piglets and diar-
rheal piglets (17.14 % in group A and 17.44 % in group
C) (Fig. 4B). At the family level, Bulleribasidiaceae was
found to be more abundant in treated piglets (31.80 %)
than in healthy piglets and diarrheal piglets (9.92% in
group A and 4.04% in group C), while Cordycipita-
ceae was found to be more abundant in healthy pig-
lets (21.4%) than in treatment piglets and diarrheal
piglets (14.02% in group B and 9.28 % in group C)
and Aspergillaceae was found to be less abundant in
diarrheal piglets (4.24 %) than in healthy piglets and
treatment piglets (15.52% in group A and 11.38% in
group B) (Fig. 4 C). At the genus level, Derxomyces
was more abundant in group B (31.42%) than in
group A (9.92%) and group C, while Lecanicillium
and Aspergillus were more abundant in healthy piglets
(16.14 and 13.96 %, respectively) than in diarrheal piglets
and treatment piglets (8.6 % in group B and 5.36 % in
group C; 9.52% in group B and 3.86% in group C,
respectively) (Fig. 4D).
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Fig. 1 Venn diagram analysis of the fecal microflora of weaning piglets of different groups. A: healthy piglets; B: treated piglets; C: diarrheal piglets
.

Comparison of the microbial diversity in each piglet
group

At the phylum level, Ascomycota and Basidiomycota
were significantly different between groups A and B
(P<0.01) (Fig. 5 A). Rozellomycota exhibited a significant
difference between groups B and C (P<0.05) (Fig. 5 A).
At the genus level, 11 genera presented significant

differences between groups A and B. Among them, Derxo-
myces, Malassezia and Kazachstania showed significant
differences at P<0.01, whereas Candida, Naganishia,
Lecanicillium, Cutaneotrichosporon,  Staphylotrichum,
Gibberella, Chaetomium and Phyllozyma showed signifi-
cant differences at P <0.05. Similarly, six genera signifi-
cantly differed between groups A and C. Among them,
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Fig. 3 Principal component analysis of the fecal microbiota. PCA map based on Euclidean distance. Each point indicates one sample. The
distance of the two points indicates the difference of fecal microbiota. A: healthy piglets; B: treated piglets; C: diarrheal piglets

Derxomyces and Naganishia were significantly different at
P <0.01, whereas Kazachstania, Tuber, Cortinarius and
Lecanicillium were significantly different at P < 0.05. Simi-
larly, four genera showed significant differences between
groups B and C. Among them, Derxomyces significantly
differed at P <0.01, whereas Cortinarius, Phyllozyma and
Hydnum exhibited a significant difference at P<0.05
(Fig. 5B). The heat map analysis showed a significant dif-
ference in Lecanicillium and Derxomyces among the three
groups (Fig. 6).

Discussion

Animal intestinal microbiota is known to influence
animal health and physiology. The intestinal epithelial
mucosa plays role in maintaining animal mucosal im-
munity [14, 19]. Therefore, changes in the diversity of
the intestinal microbiota will affect intestinal function,
animal health and may cause disease. Moreover, pro-
longed use of antimicrobials and immunosuppressants
provide opportunities for the growth and reproduction of
pathogenic fungi [20, 21]. As Tibetan piglets are import-
ant source of economic livelihood for the local people,
studying diarrhea-causing pathogens in these piglets was
meaningful.

In the current study, a variety of fecal fungi were
found in the Tibetan piglets. By Venn diagram analysis,
212 fungal species were found to be shared among the
diarrheal piglets, which were not found in the healthy
and treated piglet groups, whereas only 83 fungal species
were found in the healthy group. Significant differences
were found in fungal community structure in the three
groups by PCA, especially between the diarrheal and
treated piglet groups. Ascomycota and Basidiomycota
were the predominant phyla in weaned groups. These
results were consistent with the previous studies in cattle
[22], sheep [23], goats [24] and horses [25]. This finding
may be related to the herbivorous characteristics of
these piglets. Fungi are known for their ability to
depolymerize complex molecular structures and are used
in the degradation of lignocellulosic biomass, improve-
ment of animal feed digestibility, biogas and bioethanol
production, and various other applications [26]. Previous
sequencing results have shown that Basidiomycota and
Ascomycota were dominant phyla in the gastrointestinal
tract of humans and animals [27]. At the phylum level,
Rozellomycota, Basidiomycota and Ascomycota were not
significantly different between the healthy and diarrheal
piglets. However, Rozellomycota formed a lineage basal
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or sister to fungi, ancestor of Microsporidia. These spe-
cies are pathogenic to animals and humans as they
parasitize intestinal epithelial cells and cause diarrhea
[28, 29]. Rozellomycota was found significantly more
abundant in the diarrheal piglets than in the treated.
Also the abundance did not differ significantly from that
in the healthy piglets, indicating that it may not be asso-
ciated with diarrhea in these piglets.

At the genus level, Derxomyces, Lecanicillium, Tuber
and Naganishia showed significantly lower whereas
Kazachstania and Cortinarius showed higher abundance
in diarrheal piglets when compared to the healthy. Der-
xomyces are unicellular basidiomycete fungi that primar-
ily reproduce through asexual reproduction by budding.
Studies have shown that Derxomyces play an important
role in agricultural production and environmental pro-
tection, produce carotenoids and astaxanthin [30] and
regulated intestinal immune homeostasis in antibiotic-
treated mice with diarrhea [31]. Lecanicillium are im-
portant biocontrol fungi used in pest control [32]. Leca-
nicillium showed higher abundance in healthy group as
compared to the diarrheal and treated group. This may
be due to the shift of the intestinal mycobiome towards
pathogenic fungus in diarrheal piglets and the intestinal
microbes was not restored to the healthy state in a

timely manner after treatment. Kazachstania were found
more abundant in diarrheal Tibetan piglets than in
healthy (P < 0.05), which indicated that weanling stress
was able to promote the growth of Kazachstania.
Kazachstania are reported to produce potential peptides,
formic acid and dehydroascorbic acid/vitamin C in the
host intestine [33]. Under normal conditions, pigs do
not require supplementation with vitamin C because they
can synthesize it within themselves [34]. Nevertheless,
during weaning, when animals are stressed, a lack of vita-
min C may also arise in piglets [35]. Under such circum-
stances, the possible formation of dehydroascorbic acid by
Kazachstania in the intestine could be beneficial for the
animal. Malassezia was found significantly more abundant
in healthy piglets (P < 0.01). This genus includes a group
of opportunistic pathogenic fungi that resides on the skin
of warm-blooded animals and humans. These species have
a symbiotic relationship with the host and play a role in
the pathogenesis of diseases such as seborrheic dermatitis,
atopic dermatitis, psoriasis and pityriasis versicolor [36—
38]. Further investigations are needed to confirm the rela-
tionship of this fungus in the piglet feces. Cortinarius is an
important ectomycorrhizal genus that forms a symbiotic
relationship with certain trees, shrubs and herbs [39].
Some species of Cortinarius have antitumor effects, while
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other are toxic [40-42], which shows that Cortinarius
may cause diarrhea, as Cortinarius was more abundant in
diarrheal piglets than in healthy and treated ones. Tuber
was found to be significantly more abundant in healthy
piglets but did not differ significantly between treated and
diarrheal groups. To the best of the authors’ knowledge,

information about this genus remains scarce. Naganishia
was found more abundant in healthy piglets in our study.
It is a novel fungal genus and supposedly one of the most
resistant fungi prevailing in the environment [43]. Our
results conveyed that the relative abundances of beneficial
fungi (Derxomyces, Lecanicillium) decreased in the
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diarrheal piglets, which might have disrupted the normal
dynamic balance of the intestinal microbiota and led to a
competitive increase in the abundance of conditional
pathogens (such as Cortinarius). This could be one of the
reasons for diarrhea in weaned piglets. In addition, the
abundances of Pichia and Penicillium did not change,
suggesting that the two conditional pathogens were not
the cause of diarrhea in weaned piglets.

To conclude, there were significant differences in gut
microbial composition and structure among the three

groups. A decreased relative abundance of beneficial fungi
might be a factor for diarrhea in the weaning piglets. The
intestinal flora was changed due to the treatment with
antibiotics, and the intestinal microbes could not be
restored to a healthy state in a timely manner after
treatment. Alternatively, in the context of advocating non-
resistant feeding, the use of probiotics would be a promis-
ing strategy to prevent and treat gastrointestinal disorders.
Therefore, the addition of probiotics to the feed for weaning
diarrheal Tibetan piglets would be recommended.



Kong et al. BMC Microbiology (2021) 21:204

Abbreviations
OTU: Operational taxonomic unit; PCA: Principal component analysis;
Gl: Gastrointestinal

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512866-021-02242-x.

Additional file 1:
Additional file 2: [44]

Acknowledgements
We thank Zhenda Shang and Suozhu Liu for their help in sample collection.
We also thank Jiakui Li for technical assistance.

Authors’ contributions

Conceptualization: Qinghui Kong, Jiakui Li; Methodology: Qinghui Kong,
Aoyun Li, Yaping Wang, Suozhu Liu, Lihong Zhang; Formal analysis and
investigation: Qinghui Kong, Jiakui Li, Suozhu Liu, Zhenda Shang, Lang-sizhu
Suo; Writing-original draft preparation: Qinghui Kong; Writing-review and
editing: Qinghui Kong, Mudassar Igbal, Tariq Jamil, Jiakui Li. All authors read
and approved the final manuscript.

Funding

This study was supported by Tibet Autonomous Region Department and
College Joint Foundation-Key Project (XZ2019ZRG-55(2)), Tibet Autonomous
Region Science and Technology Plan Project-Key Research and Development
Program (XZ202001ZY0039N), Central Government Supports Local Colleges
and Universities to Develop Special Funds Projects (ZZXT2019-02).

Availability of data and materials

All data generated or analyzed during this study are included in this
published article. The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and accession
number(s) can be found at: https://www.ncbi.nlm.nih.gov/, PRINA727948.

Declarations

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate

The study and laboratory animals were approved and instructed by the
Tibetan Pig Collaborative Research Center of Tibet Agricultural and Animal
Husbandry University, Tibet, China (Unified social credit
code:12540000MBOP013721). All experimental methods and experiments
were in accordance with the Helsinki Declaration and ARRIVE guidelines.

Author details

'College of Veterinary Medicine, Huazhong Agricultural University, 430070
Wuhan, People’s Republic of China. “College of Animal Science, Tibet
Agricultural and Animal Husbandry University, 860000 Nyingchi, People’s
Republic of China. *Tibetan Plateau Feed Processing Engineering Research
Center, 860000 Nyingchi, People’s Republic of China. *Faculty of Veterinary
and Animal Sciences, The Islamia University of Bahawalpur, 63100
Bahawalpur, Pakistan. °Institute of Bacterial Infections and Zoonoses,
Friedrich-Loeffler-Institut, 07743 Jena, Germany.

Received: 3 February 2021 Accepted: 26 May 2021
Published online: 03 July 2021

References

1. Wu SM, Ciren D, Huang SY, XU MJ, Ga G, Yan C, et al. First Report of
Toxoplasma gondii Prevalence in Tibetan Pigs in Tibet, China. Vector Borne
Zoonotic Dis. 2012;12(8):654-6. https://doi.org/10.1089/vbz.2012.0968.

20.

Page 9 of 10

Li K, Lan YF, Luo HQ, Muhammad S, Zhang H, Wang L, et al. Prevalence of
three Oesophagostomum spp. from Tibetan Pigs analyzed by Genetic
Markers of nad1, cox3 and ITS1. Acta Parasitol. 2017,62 (1):90-96. DOI:
https://doi.org/10.1515/ap-2017-0010.

Huang YW, Meng XJ. Novel strategies and approaches to develop the next
generation of vaccines against porcine reproductive and respiratory
syndrome virus (PRRSV). Virus Res. 2010;154(1-2):141-149. DOI: https://doi.
0rg/10.1016/j.virusres.2010.07.020.

Gilchrist JJ, Maclennan CA, Hill AVS. Genetic susceptibility to invasive
Salmonella disease. Nat Rev Immunol. 2015;15(7):452-463. DOI: https://doi.
0rg/10.1038/nri3858.

Ge FF, Yang DQ, Ju HB, Wang J, Liu J, Liu PH,et al. Epidemiological survey of
porcine epidemic diarrhea virus in swine farms in Shanghai, China. Arch Virol.
2013;158 (11):2227-2231. DOI: https//doi.org/10.1007/500705-013-1722-7.
Chen X, Yang JX, Yu FS, Ge JQ, Lin TL, Song TY. Molecular characterization
and phylogenetic analysis of porcine epidemic diarrhea virus (PEDV)
samples from field cases in Fujian, China. Virus Genes. 2012;45(3):499-507.
DOI: https://doi.org/10.1007/511262-012-0794-x.

Rodriguez PY, Martin LOM, Munoz EC, Imberechts H, Butaye P, Goddeeris
BM, Cox E. Several enteropathogens are circulating in suckling and newly
weaned piglets suffering from diarrhea in the province of Villa Clara, Cuba.
Trop Anim Health Prod. 2013;45(2):435-440. DOI: https://doi.org/10.1007/
$11250-012-0236-8.

Kim HB, Borewicz K, White BA, Singer RS, Sreevatsan S, Tu ZJ, et al. Microbial
shifts in the swine distal gut in response to the treatment with
antimicrobial growth promoter, tylosin. Proc Natl Acad Sci U S A. 2012;
109(38):15485-15490. DOI: https://doi.org/10.1073/pnas.1205147109.
Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-Bello MG, Contreras
M, et al. Human gut microbiome viewed across age and geography. Nature.
2012;486(7402):222-227. DOI: https://doi.org/10.1038/nature11053.
Macfarlane GT, Macfarlane S. Models for intestinal fermentation: association
between food components, delivery systems, bioavailability and functional
interactions in the gut. Curr Opin Biotechnol. 2007;18(2):156-162. DOI:
https://doi.org/10.1016/j.copbio.2007.01.011.

Looft T, Johnson TA, Allen HK, Bayles DO, Alt DP, Stedtfeld RD, et al. In-feed
antibiotic effects on the swine intestinal microbiome. Proc Natl Acad Sci U
S A 2012;109(5):1691-1696. DOI: https://doi.org/10.1073/pnas.1120238109.
Wei GF, Lu HF, Zhou ZH, Xie HB, Wang AS, Nelson K, et al. The microbial
community in the feces of the giant panda (ailuropoda melanoleuca) as
determined by PCR-TGGE profiling and clone library analysis. Microb Ecol.
2007;54(1):194-202. DOI: https://doi.org/10.1007/500248-007-9225-2.
Hermann-Bank ML, Skovgaard K, Stockmarr A, Strube ML, Larsen N,
Kongsted H, et al. Characterization of the bacterial gut microbiota of piglets
suffering from new neonatal porcine diarrhoea. BMC Vet Res. 2015;11(23):
139-158. DOI: https;//doi.org/10.1186/512917-015-0419-4.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al.
Quiality-filtering vastly improves diversity estimates from lllumina amplicon
sequencing. Nat Methods. 2013;10(1):57-59. DOI: https://doi.org/10.1038/
nmeth.2276.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
et al. QIIME allows analysis of high throughput community sequencing data.
Nat Methods. 2010;7(5):335-336. DOI: https//doi.org/10.1038/nmeth.f303.
Koljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M, et al.
Towards a unified paradigm for sequence-based identification of fungi. Mol
Ecol. 2013;22(21):5271-5277. DOI: https//doi.org/10.1111/mec.12481.
Ramette A. Multivariate analyses in microbial ecology. FEMS Microbiol Ecol.
2007,62(2):142-160. DOI: https;//doi.org/10.1111/j.1574-6941.2007.00375x.
White JR, Nagarajan N, Pop M. Statistical methods for detecting differentially
abundant features in clinical metagenomic samples. PLoS Comput Biol.
2009;5(4):21000352. DOI: https://doi.org/10.1371/journal.pcbi.1000352.
Rodriguez PY, Martin LOM, Munoz EC, Imberechts H, Butaye P, Goddeeris
BM, et al. Several enteropathogens are circulating in suckling and newly
weaned piglets suffering from diarrhea in the province of Villa Clara, Cuba.
Trop Anim Health Prod.2013;45(2):435-440. DOI: https://doi.org/10.1007/5112
50-012-0236-8

Talwar P, Chakrabarti A, Chawla A, Mehta S, Walia BNS, Kumar L, et al.
Fungal diarrhoea: association of different fungi and seasonal variation in
their incidence. Mycopathologia. 1990;110(2):101-105. DOI: https://doi.org/1
0.1007/BF00446998.


https://doi.org/10.1186/s12866-021-02242-x
https://doi.org/10.1186/s12866-021-02242-x
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1089/vbz.2012.0968.
https://doi.org/10.1515/ap-2017-0010
https://doi.org/10.1016/j.virusres.2010.07.020
https://doi.org/10.1016/j.virusres.2010.07.020
https://doi.org/10.1038/nri3858
https://doi.org/10.1038/nri3858
https://doi.org/10.1007/s00705-013-1722-7
https://doi.org/10.1007/s11262-012-0794-x
https://doi.org/10.1007/s11250-012-0236-8
https://doi.org/10.1007/s11250-012-0236-8
https://doi.org/10.1073/pnas.1205147109
https://doi.org/10.1038/nature11053
https://doi.org/10.1016/j.copbio.2007.01.011
https://doi.org/10.1073/pnas.1120238109
https://doi.org/10.1007/s00248-007-9225-2
https://doi.org/10.1186/s12917-015-0419-4
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/j.1574-6941.2007.00375.x
https://doi.org/10.1371/journal.pcbi.1000352
https://doi.org/10.1007/s11250-012-0236-8
https://doi.org/10.1007/s11250-012-0236-8
https://doi.org/10.1007/BF00446998
https://doi.org/10.1007/BF00446998

Kong et al. BMC Microbiology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

(2021) 21:204

Cafarchia C, Figueredo LA, Otranto D. Fungal diseases of horses. Vet
microbiol. 2013;167(1-2):215-234. DOI: https.//doi.org/10.1016/j.vetmic.2013.
01.015

Richardson MJ. Diversity and occurrence of coprophilous fungi. Mycol Res.
2000;105(4):387-402. DOI: https://doi.org/10.1017/50953756201003884.
Kittelmann S, Naylor GE, Koolaard JP, Janssen PH. A proposed taxonomy of
anaerobic fungi (class Neocallimastigomycetes) suitable for large-scale
sequence-based community structure analysis. PLoS One. 2012;7(5):e36866.
DOI: https.//doi.org/10.1371/journal.pone.0036866.

Elshafie AE. Coprophilous mycobiota of Oman. Mycotaxon. 2005,93:355-357.
DOI: https://doi.org/10.1111/}.1439-0507.2005.01136..

Piontelli E, Santa-maria MA, Caretta G. Coprophilous fungi of horse.
Mycopathologia. 1981,74(2):89-105. DOI: https://doi.org/10.1007/BF01259464.
Da-Silva RR, Pedezzi R, Souto TB. Exploring the bioprospecting and
biotechnological potential of white-rot and anaerobic
Neocallimastigomycota fungi: peptidases, esterases, and lignocellulolytic
enzymes. Appl Microbiol Biotechnol. 2017;101(8):3089-3101. DOI: https://doi.
0rg/10.1007/s00253-017-8225-5.

Li JY, Chen DW, Yu B, He J, Zheng P, Mao XB, et al. Fungi in gastrointestinal
tracts of human and mice: from community to functions. Microb Ecol. 2018;
75(4):821-829. DOI: https://doi.org/10.1007/500248-017-1105-9.

Corsaro D, Walochnik J, Venditti D, Haurdder B, Michel R. Solving an old
enigma: Morellospora saccamoebae gen. nov., sp. nov. (Rozellomycota), a
Sphaerita-like parasite of free-living amoebae. Parasitol Res. 2020;119(3):925-
934. DOI: https://doi.org/10.1007/500436-020-06623-5.

Chen JS, Hsu BM, Tsai HC, Chen YP, Huang TY, Li KY, et al. Molecular
surveillance of Vittaforma-like microsporidia by a small-volume procedure in
drinking water source in Taiwan: evidence for diverse and emergent
pathogens. Environ Sci Pollut Res Int. 2018;25(19):18823-18837. DOI: https://
doi.org/10.1007/511356-018-2081-4.

Liu XZ, Wang QM, Boekhout T, Bai FY. Derxomyces amylogenes sp. nov.,
Derxomyces bambusicola sp. nov. and Derxomyces corylopsis sp. nov., three
ballistoconidium-forming yeast species isolated from subtropical plant
leaves. Int J Syst Evol Microbiol. 2012;62(4):996-1001. DOI: https://doi.org/1
0.1099/ij5.0.033241-0.

Xie GZ, Wu Y, Zheng T, Shen KJ, Tan ZJ. Effect of Debaryomyces hansenii
combined with Qiweibaizhu powder extract on the gut microbiota of
antibiotic-treated mice with diarrhea. 3 Biotech. 2020;10(3):127. DOI: https:.//
doi.org/10.1007/513205-020-2121-x.

Gurulingappa P, McGee PA, Sword G. Endophytic Lecanicillium lecanii and
Beauveria bassiana reduce the survival and fecundity of Aphis gossypii
following contact with conidia and secondarymetabolites. Crop Protection.
2011;30(3):349-353. DOI: https//doi.org/10.1016/).cropro.2010.11.017.
Urubschurov V, Bising K, Souffrant WB, Schauer N, Zeyner A. Porcine
intestinal yeast species, Kazachstania slooffiae, a new potential protein source
with favourable amino acid composition for animals. J Anim Physiol Anim Nutr
(Berl). 2018;102(2):2892-e901. DOI: https://doi.org/10.1111/jpn.12853.

NRC. Nutrient requirements of swine. 10th ed. Washington, USA: The
National Academies Press. 1998. DOI: https://doi.org/10.17226/6016.

1. Mahan, D.C. and Saif, L.J. Efficacy of vitamin- C supplementatio for
weanling swine. J Anim Sci. 1983;56(3):631-639. DOI: https://doi.org/10.252
7/jas1983.563631x.

Gaitanis G, Velegraki A, Mayser P, loannis DB. Skin diseases associated with
Malassezia yeasts: Facts and controversies. Clin Dermatol. 2013;31(4):455-
463. DOI: https://doi.org/10.1016/j.clindermatol.2013.01.012.

Johansson SGO, Bieber T, Dahl R, Friedmann PS, Lanier BQ, Lockey RF, et al.
Revised nomenclature for allergy for global use: reportof the Nomenclature
Review Committee of the World Allergy Organization, October 2003. J
Allergy Clin Immunol. 2004;113(5):832-836. DOI: https;//doi.org/10.1016/jja
€i.2003.12.591.

Baroni A, Perfetto B, Paoletti |, Ruocco E, Canozo N, Orlando M, et al.
Malassezia furfur invasiveness in a keratinocyte cell line (Ha Cat): effects on
cytoskeleton and on adhesion molecule and cytokine expression. Arch
Dermatol Res. 2001;293(8):414-419. DOI: https://doi.org/10.1007/50040301
00248.

Pastor N, Chiapella J, Kuhar F, Mujic AB, Crespo EM, Nouhra ER. Unveiling
new sequestrate Cortinarius species from northern Patagonian
Nothofagaceae forests based on molecular and morphological data.
Mycologia. 2019;111(1):103-117. DOI: https://doi.org/10.1080/00275514.201
8.1537350.

40.

41.

42.

43.

44,

Page 10 of 10

Cheng DY, Liang YZ, Kai CB, Jun YC, Wei ZL. Species Diversity and Utilization
of Medicinal Mushrooms and Fungi in China (Review). Int J Med
Mushrooms. 2009;11(3):287-302. DOI: https://doi.org/10.1615/Int/MedMushr.
v11.3.80.

Spiteller P, Spiteller M, Steglich W. Occurrence of the fungal toxin orellanine
as a diglucoside and investigation of its biosynthesis. Angew Chem Int Ed
Engl. 2003;42(25):2864-2867. DOI: https://doi.org/10.1002/anie.200351066.
Shao DH, Tang SS, Healy RA, Imerman PM, Schrunk DE, Rumbeiha WK. A
novel orellanine containing mushroom Cortinarius armillatus. Toxicon. 2016;
114:65-74. DOI: https://doi.org/10.1016/j.toxicon.2016.02.010.

Fotedar R, Kolecka A, Boekhout T, Fell JW, Anand A, Malaki AA, et al.
Naganishia qatarensis 44. sp. nov., a novel basidiomycetous yeast species
from a hypersaline marine environment in Qatar. Inteatiornnal Journal of
Systematic and Evolutionary Microbiology. 2018;68(9):2924-2929. DOI:
https://doi.org/10.1099/ijsem.0.002920.

Wang T, Wang CZ. Feed Science[M]. Published: Beijing. China Agriculture
Press. 2018; 343-382.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1016/j.vetmic.2013.01.015
https://doi.org/10.1016/j.vetmic.2013.01.015
https://doi.org/10.1017/S0953756201003884
https://doi.org/10.1371/journal.pone.0036866
https://doi.org/10.1111/j.1439-0507.2005.01136.x
https://doi.org/10.1007/BF01259464
https://doi.org/10.1007/s00253-017-8225-5
https://doi.org/10.1007/s00253-017-8225-5
https://doi.org/10.1007/s00248-017-1105-9
https://doi.org/10.1007/s00436-020-06623-5
https://doi.org/10.1007/s11356-018-2081-4
https://doi.org/10.1007/s11356-018-2081-4
https://doi.org/10.1099/ijs.0.033241-0
https://doi.org/10.1099/ijs.0.033241-0
https://doi.org/10.1007/s13205-020-2121-x
https://doi.org/10.1007/s13205-020-2121-x
https://doi.org/10.1016/j.cropro.2010.11.017
https://doi.org/10.1111/jpn.12853
https://doi.org/10.2527/jas1983.563631x
https://doi.org/10.2527/jas1983.563631x
https://doi.org/10.1016/j.clindermatol.2013.01.012
https://doi.org/10.1016/j.jaci.2003.12.591
https://doi.org/10.1016/j.jaci.2003.12.591
https://doi.org/10.1007/s004030100248
https://doi.org/10.1007/s004030100248
https://doi.org/10.1080/00275514.2018.1537350
https://doi.org/10.1080/00275514.2018.1537350
https://doi.org/10.1615/IntJMedMushr.v11.i3.80
https://doi.org/10.1615/IntJMedMushr.v11.i3.80
https://doi.org/10.1002/anie.200351066
https://doi.org/10.1016/j.toxicon.2016.02.010
https://doi.org/10.1099/ijsem.0.002920

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Ethics statement
	Animal feeding and sample collection
	DNA extraction
	Internal transcribed spacer (ITS) hypervariable region gene amplification
	Library preparation and sequencing
	Sequence data processing and statistical analysis

	Results
	Sequencing results and operational taxonomic unit (OTU) cluster statistical analysis
	Microbial community diversity of Tibetan piglets in different groups
	Microbial community structure of Tibetan piglets in different groups
	Comparison of the microbial diversity in each piglet group

	Discussion
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References
	Publisher’s Note

