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The microbiota and its metabolites play an important role in regulating the host
metabolism and immunity. However, the underlying mechanism is still not well studied.
Thus, we conducted the LC-MS/MS analysis and RNA-seq analysis on Equus przewalskii
with and without horse botfly infestation to determine the metabolites produced by
intestinal microbiota in feces and differentially expressed genes (DEGs) related to the
immune response in blood and attempted to link them together. The results showed that
parasite infection could change the composition of microbial metabolites. These identified
metabolites could be divided into six categories, including compounds with biological
roles, bioactive peptides, endocrine-disrupting compounds, pesticides, phytochemical
compounds, and lipids. The three pathways involving most metabolites were lipid
metabolism, amino acid metabolism, and biosynthesis of other secondary metabolites.
The significant differences between the host with and without parasites were shown
in 31 metabolites with known functions, which were related to physiological activities
of the host. For the gene analysis, we found that parasite infection could alarm the
host immune response. The gene of “cathepsin W” involved in innate and adaptive
immune responses was upregulated. The two genes of the following functions were
downregulated: “protein S100-A8” and “protein S100-A9-like isoform X2” involved in
chemokine and cytokine production, the toll-like receptor signaling pathway, and immune
and inflammatory responses. GO and KEGG analyses showed that immune-related
functions of defense response and Th17 cell differentiation had significant differences
between the host with and without parasites, respectively. Last, the relationship between
metabolites and genes was determined in this study. The purine metabolism and
pyrimidine metabolism contained the most altered metabolites and DEGs, which mainly
influenced the conversion of ATP, ADP, AMP, GTP, GMP, GDP, UTP, UDP, UMP, dTTP,
dTDP, dTMP, and RNA. Thus, it could be concluded that parasitic infection can change
the intestinal microbial metabolic activity and enhance immune response of the host
through the pathway of purine and pyrimidine metabolism. This results will be a valuable
contribution to understanding the bidirectional association of the parasite, intestinal
microbiota, and host.
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INTRODUCTION

Horse botfly species are members of the Gasterophilus genus.
These parasites live primarily in the gastrointestinal tract of
equine animals but sometimes infect pigs, dogs, birds, and
humans (1, 2). It has been reported that the prevalence of
the horse botfly is particularly high in the desert steppe of
Xinjiang, China. It infects nearly 100% of the wild equine
animals that live there, which include Equus przewalskii, Equus
caballus, and Equus hemionus (3). Due to horse botfly infestation,
manifested as dysphagia, gastric and intestinal ulceration, and
gastric obstruction or volvulus, gastrointestinal illnesses in
equine animals can lead to various complications such as anemia,
diarrhea, gastric rupture, peritonitis, and perforated ulcers (2,
4). When the parasite infects its host, it produces specific
antigens during different stages in its life cycle, which induce
the host to produce specific immune responses (5, 6). Thus,
horse botfly infestation affects the physiology and immunity of
equine animals.

Intestinal microbiota as an immune modulator plays an
important role in maintaining the health of the host, which has
extraordinary effect on physiology, metabolism, and immune
function (7, 8). The balanced intestinal microbiota requires
high microbial taxa diversity, high gene richness, and stable
microbiome function (9). However, external factors such as age,
diet, gender, and parasite infestation can disrupt the balance
of intestinal microbiota, which results in the development of
dysbiosis (10-12). The precise causes of the interaction between
the unbalanced intestinal microbial community and the host
health are that the metabolites produced by these microbes
regulate the function of immune cells (13). For instance,
the short-chain fatty acids (SCFAs) of butyrate derived from
microbiota can promote IL-22 production to maintain the
homeostasis of intestines (14, 15). Another SCFAs of lactate
produced by Bifidobacterium spp. and lactic acid bacteria
inhibit pro-inflammatory signals in the GPR81-independent
metabolic process (16, 17). The metabolites derived from the
microbiota profoundly shape the immunity, which means that
understanding the microbial metabolic activities can help us
clarify the immune status of the host.

Previous studies have shown that cytokine- or leukocyte-
related gene expression in the blood can effectively reflect
the host immune response in horses (18-22). But most of
the studies on associations between parasite infections and
immune responses in equine animals have mainly studied
parasite antigen-induced host antibodies (23-25), and immune
cells (26), clinical signs (27-30), and pathophysiology (31) in
the host. It is our knowledge that only one study has evaluated
gene expression in the whole blood of domestic horses infected
with cyathostomin parasites (32). In addition, the study of the
interaction between parasite infestation and intestinal microbiota
in equine animals is still in its infancy. Starting in 2018, Peachey
et al. (33) provided a novel insight into the parasite-microbiota
interaction in equids. Following that, two studies explored these
interactions in 2019 Walshe et al. (34) and Peachey et al. (35).
At present, only Walshe et al. (34) examined the blood samples
in horses infected with cyathostomin, who observed that the

changes in the intestinal microbial community might be involved
in increasing inflammatory markers like albumin and serum
fibrinogen. Peachey et al. (35) identified different types of fecal
metabolites when the parasite counts are high and low. However,
so far, although Peachey et al. found that parasite infection
can increase the metabolites of isobutyrate, trehalose, leucine,
phenylalanine, glutamate, glucose, lysine, and propionate from
microbiota and decrease metabolites of nicotinate, valerate, and
butyrate, this study was conducted on equine youngstock that
displayed a different microbial community pattern from adult
animals (36). It is not known whether or not the immune genes
are expressed in blood of infected horses. Therefore, there is still a
lack of systematic study to clarify the role of intestinal microbiota
in response to parasite infection and how the unbalanced
microbiota affects the immunity of equine animals.

The previous study by our research group has determined
that the horse botfly infestation on E. przewalskii can change
some specific bacterial taxa (37) and also altered the archaea
and eukaryotic and viral communities (38). In addition, the
functional analysis showed that the intestinal microbiota mainly
participated in the amino acid and carbohydrate metabolism
in infected E. przewalskii (38). Our study will continuously
investigate the associations between horse botfly infestation and
intestinal microbiota of E. przewalskii through the identification
of metabolites derived from microbiota in feces and immunity-
related genes in blood, and link its effects on the metabolism
and immunity more concretely. The results can provide further
insights into the function of intestinal microbiota and host
immune response of equine animals during parasite infection.

MATERIALS AND METHODS

Ethics Statement

This study was conducted in accordance with Chinese law
and the regulations of the Beijing Forestry University and
its guidelines on animal research. The experimental protocol
was reviewed and approved by the Institution of Animal Care
and the Ethics Committee of the Beijing Forestry University
(EAWC_BJFU_2020012). The management authority of the
Kalamaili Nature Reserve (KNR) in Chinas Xinjiang region
approved the collection of feces, botfly larvae, and blood from
wild E. przewalskii.

Fecal Metabolite Analysis

Fecal Sample Collection

The procedures for fecal sample collection in Hu et al. (37)
were adopted in our study. This study was carried out at the
KNR in 2019 (Figure 1). In total, seven adult Przewalski’s horses
with similar body weight were driven from the wild and kept
individually in a temporary enclosure. The fecal samples were
collected from the horses immediately prior to the anthelmintic
treatment (M-PATPHs) and 7 days thereafter (M-FATPHs). The
fecal samples were stored in liquid nitrogen immediately after the
collection and then transported back to the laboratory and stored
at —80°C.
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FIGURE 1 | Location of KNR. The figure was generated by Google Maps. Arrow represents the location of Urumaji.

Metabolite Extraction and Quality Control Sample
(QC) Preparation

A measure of 50mg feces from each sample were used for
chemical analysis. The solution of 400 pl methanol:water (4:1,
v/v) was used for metabolite extraction. The mixture precipitated
at —20°C was treated by using a high-throughput tissue crusher
Wonbio-96¢ (Shanghai Wanbo Biotechnology Co., Ltd.) under
the condition of 50 Hz for 6 min, followed by vortexing for 30s,
and ultrasound at 40kHz and 5°C for 30 min. The prepared
samples were placed at —20°C for 30 min for the precipitation of
proteins, and the supernatant was centrifuged at 13,000 g at 4°C
for 15 min and then carefully transferred to sample vials for liquid
chromatography-mass spectrometry (LC-MS/MS) analysis. The
QC was prepared by a mixture of equal volumes of all samples,
followed by the same manner applied for analytic samples.

LC-MS/MS Analysis

A Thermo UHPLC system equipped with an ACQUITY BEH
C18 column (100 mm x 2.1 mm i.d., 1.7 wm; Waters, Milford,
USA) was used to perform the chromatographic separation
of the metabolites. The mobile phases consisted of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile:isopropanol (1:1,v/v; solvent B). The solvent gradient
was adjusted for equilibrating the systems according to the
following conditions: 95% (A): 5% (B) to 80% (A): 20% (B),
0-3 min; 80% (A): 20% (B) to 5% (A): 95% (B), 3-9 min; 5%
(A): 95% (B) to 5% (A): 95% (B), 9-13 min; 5% (A): 95% (B)
to 95% (A): 5% (B), 13-13.1 min; 95% (A): 5% (B) to 95%

(A): 5% (B), 13.1-16 min. The 2 pl samples were injected into
the equipment with the flow rate at 0.4 ml/min and a column
temperature at 40°C. All samples were stored at 4°C during the
period of analysis.

The mass spectrometric data were collected based on a
Thermo UHPLC-Q Exactive Mass Spectrometer equipped with
an electrospray ionization (ESI) source operating in either
positive or negative ion mode. The optimal conditions were set
as follows: Aus gas heater temperature at 400°C, sheath gas flow
rate at 40 psi, Aus gas flow rate at 30 psi, ion-spray voltage floating
(ISVF) at —2,800V in the negative mode and 3,500V in the
positive mode, and normalized collision energy at 20-40-60 V.
The mode of data-dependent acquisition (DDA) was performed
for data acquisition. The data were collected in the range of
70-1,050 m/z.

Data Preprocessing and Annotation

The Progenesis QI 2.3 (Nonlinear Dynamics, Waters, USA) was
applied for detection of peak and alignment of raw data after
LC-MS/MS analyses. A data matrix consisting of the retention
time (RT), mass-to-charge ratio (m/z) values, and peak intensity
can be obtained from the preprocessing analysis. The accurate
mass, MS/MS fragments spectra, and isotope ratio difference
were determined in comparison to the biochemical databases of
Human Metabolome Database (HMDB; http://www.hmdb.ca/)
and Metlin database (https://metlin.scripps.edu/), which were
used for identification of metabolic features.
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Multivariate Statistical and Differential Metabolite
Analysis

The ropls (version 1.6.2, http://bioconductor.org/packages/
release/bioc/html/ropls.html) R package from Bioconductor
on Majorbio Cloud Platform (https://cloud.majorbio.com) was
used for performing the multivariate statistical analysis. The
differential metabolites between the comparable groups were
determined through orthogonal partial least squares discriminate
analysis (PLS-DA). Paired Student’s ¢-test on single dimensional
statistical analysis was adopted for estimating the p-values. The
differential metabolites were selected based on the standard
of p-value < 0.05 and VIP value > 1. The database of
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.genome.jp/kegg/) was applied for the clarification of the
participated biochemical pathways and the involved functions of
the differential metabolites.

Blood Transcriptome Analysis

Blood Sample Collections

Because no wild equine animals in the natural environment
are free from parasites, the group of ivermectin-treated E.
przewalskii was used as the control group (B-FATPHs). Lucja
et al. (39) determined that immune cytokines were present at
similar levels, and only four genes were differentially expressed
in the blood when they compared children who were not
infected with Schistosoma haematobium and children who had
S. haematobium removed with praziquantel treatment 5h after
the treatment. Thus, in the present study, the groups of animals
treated with the deworming drug are considered uninfected with
E. przewalskii parasites.

With the veterinarian’s assistance, blood samples from each
horse immediately prior to the anthelmintic treatment (B-
PATPHs) and 7 days thereafter (B-FATPHs) were collected
through jugular vein puncture (37, 40). The whole blood drawn
from each horse was placed in a blood collection tube (5 ml) and
inverted several times. The blood samples were stored at —80°C
until RNA was extracted.

RNA Extraction

Total RNA was extracted from the whole blood samples
using TRIzol reagent in accordance with the manufacturer’s
instructions (Invitrogen, Carlsbard, CA, USA). DNase I (TaKara)
was used to remove the genomic DNA. The 2100 Bioanalyzer
(Agilent Technologies, Inc., Santa Clara CA, USA) and ND-2000
instrumentation (NanoDrop Thermo Scientific, Wilmington,
DE, USA) were applied to determine the integrity and purity
and quantify of the RNA. Only high-quality RNA samples (OD
260/280 = 1.8-2.2, OD 260/230 > 2.0, RIN >8.0, 28S:18S >1.0,
>1pg) were used to construct sequencing libraries.

Library Construction and Transcriptome Sequencing

RNA purification, reverse transcription, library construction, and
sequencing were performed at Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China) in accordance with
the manufacturer’s instructions (Illumina, San Diego, CA). The
Mlumina TruSeqTM RNA sample preparation kit (Illumina)
was used to prepare the whole-blood RNA-seq transcriptome

libraries. The poly(A) mRNA purified from the total RNA
using oligo-dT-attached magnetic beads was fragmented in a
fragmentation buffer. Taking these short fragments as templates,
double-stranded cDNA was synthesized using the SuperScript
double-stranded cDNA synthesis kit (Invitrogen) with random
hexamer primers (Illumina). The cDNA was synthesized after
end-repair, and phosphorylation and “A” base addition were
applied following the Illumina library construction protocol.
Libraries were selected based on the size of cDNA fragments
in the range of 200-300 bp on 2% Low Range Ultra Agarose,
followed by PCR amplification using Phusion DNA polymerase
(New England Biolabs, Boston, MA) for 15 PCR cycles. After
fluorometric quantification on TBS380, two RNAseq libraries
were sequenced in a single lane on the Illumina Hiseq
xten/NovaSeq 6000 sequencer (Illumina) to obtain 2 x 150-bp
paired-end reads.

De novo Assembly and Annotation

The default parameters of SeqPrep (https://github.com/jstjohn/
SeqPrep) and Sickle (https://github.com/najoshi/sickle) were
applied to trim the raw paired-end reads for quality control.
The de novo assembly was performed using Trinity (http://
trinityrnaseq.sourceforge.net/) (41). All the assembled transcripts
were compared with the following databases: National Center
for Biotechnology Information (nonredundant proteins, NR,
https://www.ncbi.nlm.nih.gov/), Swiss-prot, Pfam, COG, and
KEGG using BLASTX to identify the proteins with the
highest sequence similarities to the given transcripts to retrieve
their functional annotations using a typical cut-off E-value
of <1.0 x 107°. GO annotations of the unique assembled
transcripts were obtained based on the BLAST2GO program
to describe the biological processes, molecular functions, and
cellular components (http://www.blast2go.com/b2ghome) (42).
The KEGG database was employed to analyze the metabolic
pathways (43).

Differential Expression Analysis and Functional
Enrichment

To identify DEGs between two different samples, the expression
level of each transcript was calculated in accordance with
the transcripts per million reads (TPM) method. The gene
abundances were quantified by RSEM (http://deweylab.
biostat.wisc.edu/rsem/) (44). DESeq (45) and EdgeR (46)
were used to perform the differential expression analysis.
The Q values <0.05 and DEGs with [log,FC| >1 were
considered to be significant DEGs. Functional enrichment
analyses, including GO and KEGG, were performed to identify
which DEGs were significantly enriched in GO terms and
metabolic pathways at a Benjamini-Hochberg (BH) p-adjusted
value of <0.05 compared with the whole transcriptome
background. = GOATOOLS  (https://github.com/tanghaibao/
Goatools) and KOBAS (http://bioinfo.org/kobas) (47) were
employed to analyze the GO functional enrichment and KEGG
pathway. The R software package was used to conduct the
statistical analyses.
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RESULTS AND DISCUSSIONS

Detection of Metabolites in All Samples

The chemical analysis showed that a total of 5,913 peaks were
observed in the positive ion mode, which were classified into
297 types of metabolites. Meanwhile, a total of 4,869 peaks
and 215 metabolites were identified in the negative ion mode.
The number of identified metabolites largely depend on the
host species variation and the chemical analysis method (48).
For the equine animal, a total of 28 metabolites in all fecal
samples with high and low parasite burden were identified
in a previous study (35), which might be resulted from the
feces of youngstock sampled and proton nuclear magnetic
resonance (1H-NMR) used. PLS-DA analysis revealed that the
composition of the metabolites in E. przewalskii fecal samples
prior to the treatment (M-PATPHs) and the metabolites in E.
przewalskii fecal samples following the treatment (M-FATPHs)
were different either in the positive mode or in the negative
mode (Supplementary Figures S1, S2), which reflected that
horse botfly infestation can impact the metabolic activities of
intestinal microbiota in horses.

It is known that more than 50%
in the feces are from the intestinal microbiota ((49)). The
metabolites were annotated based on the KEGG compound
classification, which were compounds with biological roles,
bioactive peptides, endocrine-disrupting compounds, pesticides,
phytochemical compounds, and lipids. Of those functions, the
metabolites with biological roles were classified into eight types
in the KEGG database, of which the three most abundant
metabolites were amino acids, phospholipids, and nucleosides
and bases (Supplementary Figure S3). As reported, the fecal
metabolites of amino acids, nucleosides, and nucleic acid
bases are also abundant in donkeys (48, 50). Amino acids
produced by microbes can enhance the immune response of
hosts (51). In phytochemical compounds, the most abundant
metabolites were flavonoids and isoflavonoids, followed by
fatty acids, monolignols, sesquiterpenoids, and triterpenoids
(Supplementary Figure S4). Flavonoids are a class of secondary
metabolites from plants which can be degraded by intestinal
microbes (52). Thus, the flavonoids identified in this study should
be from the food of horses. It has been reported that fatty
acids and isoprenoids can be involved in many physiological and
immune processes (53, 54). Isoflavonoids possess a wide range of
pharmacological properties, such as antibacterial function (55),
which can alter the symbiosis relationship among microbes.

These identified metabolites can be involved in the seven
KEGG pathways, which were organismal systems, human
diseases, environmental information processing, cellular
processes, metabolism, genetic information processing, and drug
development (Supplementary Figure S5). The three pathways
with the largest number of metabolites were lipid metabolism,
amino acid metabolism, and biosynthesis of other secondary
metabolites, all of which were from the pathway of metabolism.
These results can confirm the previous function analysis for
intestinal microbiota of E. przewalskii, which suggested that
metabolism is the most important function of the microbiota
in the intestine, and the intestinal microbiota of horses mainly

metabolites detected

participate in the amino acid metabolism and carbohydrate
metabolism (37). The identified metabolites in our study were
also involved in the carbohydrate metabolism, which was
not a dominant metabolism (Figure 6). In addition, the lipid
metabolism is usually related to the synthesis of dietary lipids
and the use of dietary nutrients (56, 57). The most identified
metabolites produced by microbes through the lipid metabolism
confirm our previous assumption that horse botfly infestation
can influence the digestive ability of horses (37, 38).

Fecal Metabolites Altered by Horse Botfly

Infestation

The different analyses showed that a total of 2,477 metabolites
had significant differences (p < 0.05) between M-PATPHs
and M-FATPHs. Of these metabolites, 143 had been named
and 31 had known functions (Supplementary Table S1 and
Table 1). Except for L-carnitine, all other functional metabolites
were mainly involved in the pathway of metabolism (Table 1).
The horse botfly increased the abundance of adenosine 3
monophosphate, aldosterone, DTMP, guanosine, hyocholic acid,
inosine, L-carnitine, LPC (18:1), LPC (18:3), LysoPC (15:0),
LysoPC (18:0), LysoPC [18:3 (6Z,9Z,12Z)], phosphocholine, 5-
dehydroavenasterol, 2-aminoethylphosphonic acid, 16-hydroxy
hexadecanoic acid, and 21-deoxycortisol and decreased the
abundance of the rest of the metabolites in Table 1. Among
those increased metabolites, adenosine 3’-monophosphate has
the function of inhibiting protein synthesis (58). Aldosterone
and 21-deoxycortisol are the important physiological stress
indicators (59-61). Guanosine and its derivatives have potent
inhibitory property against viruses (62, 63). Hyocholic acid and
its derivatives are known for its resistance to type 2 diabetes,
and it is commonly found in pigs, and its trace amount can
be found in humans (64). It is first found in horses. Inosine
plays an important role in RNA modulation, gene translation,
and purine biosynthesis (65). L-Carnitine is usually linked to
the lipid metabolism in animals (66). Phosphocholine is a
precursor and also a degradation product of choline (vitamin)
(67). 2-Aminoethylphosphonic acid has antibacterial function
(68). The aforementioned results suggest that the horse botfly can
participate in the metabolism of hosts and exert some beneficial
effects on the hosts. This can be the reason why even horse botfly
infestation is harmful to horses but not fatal.

Comparison of Total Gene Expression
Between Horses With and Without Horse

Botfly Infestation

Only the RNA of the blood samples from three Przewalski’s
horses prior to and following the ivermectin treatment was
of sufficient quality for library construction and transcriptome
analysis. Altogether, 38.85 GB of clean data with Q30 percentages
above 92.26% were obtained from the transcriptome analysis of
the six samples (three horses, before and after treatment). Trinity
was used to assemble the clean data, which identified 146,447
unigenes and 176,623 transcripts, and the average N50 length
was 1,580 bp. The mapping rates ranged from 83.67 to 86.75%
after comparing the clean reads from each sample with the

Frontiers in Veterinary Science | www.frontiersin.org

June 2022 | Volume 9 | Article 832062


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Hu et al.

The Role of Intestinal Microbiota

TABLE 1 | Functions of named 31 metabolites which showed significant
differences between M-PATPHs and M-FATPHS.

Compound name Formula KEGG pathway
16-Hydroxy hexadecanoic acid C16H3203 Metabolism
21-Deoxycortisol Co1Hz004 Metabolism
2-Aminoethylphosphonic acid CoHgNOsP Metabolism;
environmental
information
processing
2-Formaminobenzoylacetate C1oHgNO4 Metabolism
2-Indanone CgHgO Metabolism
4-(2-Aminophenyl)-2 C1oHgNO,4 Metabolism
4-Hydroxy-2-quinolone CoH7NO» Metabolism
5-Dehydroavenasterol CogHs60 Metabolism
9(S)-HOTrE C1gH3z003 Metabolism
9-OxoODE C1gH3z003 Metabolism
Adenosine 3'-monophosphate C1oH14N507P Metabolism
Aldosterone Co1HogO0s Metabolism; drug
development;
organismal systems
Atrolactic acid CgH1003 Metabolism
Cytosine C4HsN3zO Metabolism
Dopaquinone CgHgNO,4 Metabolism
DTMP C1oH15N20OgP Metabolism; human
diseases
Guanosine C10H13N505 Metabolism;
environmental
information
processing
Hyocholic acid Co4Ha00s5 Metabolism
Inosine C1oH12N4Os Metabolism;
environmental
information
processing
|-Carnitine C7H15NO3 Organismal systems
LPC(18:1) CoeHs2NO,P Metabolism; human
diseases
LPC(18:3) CogHagNO7P Metabolism; human
diseases
|-Proline CsHgNO» Metabolism;
organismal systems;
environmental
information
processing; genetic
information
processing; human
diseases
LysoPC(15:0) CozHagNO7P Metabolism; human
diseases
LysoPC(18:0) CogHs4NO7P Metabolism; human
diseases
LysoPC(18:3(62,92,122)) CogHagNO7P Metabolism; human
diseases
ParaXanthine C7HgN4O, Metabolism
Phosphocholine CsH14NO4P Metabolism; human
diseases
Phytosphingosine C1gHszgNO3 Metabolism
Stercobilin CazHasN4Op Metabolism
Xanthurenic acid C1oH7NO4 Metabolism

reference sequences obtained from the Trinity assembly. In total,
1,564 DEGs were identified, of which 354 were upregulated and
1,210 were downregulated when comparing E. przewalskii blood
samples prior to the treatment (B-PATPHs) with E. przewalskii
blood samples following the treatment (B-FATPHs). The unigene
annotation of six databases, including NR, Swiss-prot, Pfam,
COG, GO, and KEGG, was used to determine functional
information about the up- and downregulated genes. The
analysis showed that most of the unigenes were annotated in NR
(35,041, 24.90%), Swiss-prot (24,855, 17.67%), and COG (24,312,
17.28%). Among the unigenes, 37,954 successfully annotated
in seven databases, accounting for 26.98%. The principal
component analysis (PCA), which is used to visualize the
expression differences and similarities between the B-PATPHs
and B-FATPHSs, showed that the whole-blood transcriptome
profiles of the B-FATPHs clustered together, but the B-PATPHs
were separated from each other, with 35.96 and 20.47% of the
variation attributed to PC1 and PC2, respectively (Figure 2).

Identifying DEGs Between Horses With and
Without Horse Botfly Infestation and

Analyzing Functional Enrichment
Host responses to the botfly infestations were investigated
by identifying the top DEGs between the B-PATPHs and B-
FATPHs. The DEGs were considered to have a significant
difference between the groups when the log, FC values exceeded
2, and the BH p-adjusted values were below 0.05. The volcano
plot shown in Figure3 indicates that the top upregulated
DEGs included “protein FAM19A3 isoform X2” (source: E.
caballus, p = 2.47E-06), “RNA binding motif” (p = 5.00E-
06), and “cathepsin W” (source: E. caballus, p = 9.89E-06),
of which cathepsin W is involved in proteolysis and cellular
protein catabolic process (GO:0051603), extracellular space
(GO:0005615), lysosome pathway (GO:0005764), and cysteine-
type endopeptidase activity (GO:0004197; GO:0008234). The
protein product of the cathepsin W gene also participates in
apoptosis and lysosome pathways (K08569). Previous studies
have also shown that the cathepsin gene is involved in the
development of innate and adaptive immune responses of
mammalian hosts during infection with helminth parasites (69,
70). Apoptosis is an immune-related pathway involved in the
genetic programming process used by multicellular organisms to
regulate their cell numbers or to eliminate harmful cells (71).
Meanwhile, the top downregulated DEGs were also identified
in this study. They were “protein S100-A12” (source: Tupaia
chinensis, p = 4.93E-67), “protein S100-A8” (source: E.
przewalskii, p = 1.89E-55), “PREDICTED: protein S100-
A9-like isoform X2” (source: E. przewalskii, p = 1.24E-
47), “neutrophil gelatinase-associated lipocalin isoform X1”
(source: E. caballus, p = 6.14E-43), “NADPH: adrenodoxin
oxidoreductase, mitochondrial isoform X4” (source: E. caballus,
p = 2.34E-38), “histidine ammonia-lyase” (source: Panthera
tigris altaica, p = 8.76E-36), and “cystatin-A” (source: E.
caballus, p = 7.83E-33). Two of the downregulated genes
are associated with immune functions (e.g., “protein S100-A8”
and “protein S100-A9-like isoform X2”). Protein S100-A8 is
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FIGURE 2 | PCA plot showing the differences in the total number of DEGs between B-PATPHSs (blue) and B-FATPHs (red) based on RSEM software analysis and the

associated with chemokine production (G0O:0032602), cytokine
production (GO:0001816), toll-like receptor signaling pathway
(G0O:0002224; GO:0035662), and the immune and inflammatory
response (GO:0002523; GO:0002526; GO:0002544; GO:0045087;
GO0:0050727; GO:0050729; GO:0006954). The gene encoding
$100-A9-like isoform X2 functions in immune and inflammatory
responses (GO:0045087 and GO:0050727) and toll-like receptor
4 binding (GO:0035662). As reported previously, cytokines are
key mediators of immunity and participate in multiple biological
processes in the host, such as defense against parasitic infections,
tissue repair, allergic inflammation, and metabolic homeostasis
(72, 73). Recent studies have suggested that mice infected with
Neospora caninum parasites have higher levels of cytokines
(mainly IFN-y and IL-12) than uninfected controls (74), whereas
mice infected with Trypanosoma cruzi have higher TNF-a and
1L-1p cytokine levels than uninfected controls (75). Chemokines,
such as CXCL10, have also been shown to play important roles in
the development of immunity, and their levels show a reduced
trend in parasite-infected hosts (76). TLRs contribute a great
deal to the immune response by activating the immune system
through pathogen recognition (77), a finding applicable to equine
animals (19, 21). One study concludes that TLR expression levels
will decrease significantly after the host is infected with parasites,

to avoid an excessive immune response against the parasites (78).
Our results are consistent with those of that study, that is, the
toll-like receptor signaling pathway was downregulated in B-
PATPHs. Some genes involved in immune-related inflammatory
responses were found to be differentially expressed in the present
study. Thus, the aforementioned results indicated that host
immune response genes were activated in wild E. przewalskii
horses infested with horse botflies, which can help understand
the immune status of the host.

Finally, the functional enrichment analysis was performed
to identify the functional differences in the DEGs between
B-PATPHs and B-FATPHs. The GO annotation for unigenes
suggested that these genes could be classified into three GO
terms: biological process, cellular component, and molecular
function (Figure4). The GO functional enrichment analysis
indicated that the most significantly different GO term was
signaling pattern recognition receptor activity, while the defense
response function contained the largest number of unigenes (64)
(Supplementary Figure S6). This result is consistent with the
findings of another study, where the defense response function
is abundant in monkeys after immunization (79).

As for the participating KEGG functions, the first five
annotated categories included human diseases, organismal
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FIGURE 3 | Volcano plot of DEGs between B-PATPHSs and B-FATPHSs. The x-axis indicates the fold-change, and the y-axis shows the statistically significant differential
expression. The red, green, and gray dots represent upregulated unigenes, downregulated unigenes, and the unigenes with no significant changes, respectively.

systems, metabolism, cellular processes, genetic information
processing, and environmental information processing
(Figure 5). The top three second categories included the
immune system, signal transduction, and cancer: overview. The
KEGG enrichment analysis determined that the second-category
DEGs were mainly enriched in pathways relating to cancer (47
unigenes), Th17 cell differentiation (36 unigenes), and osteoclast
differentiation (Supplementary Figure S7); the latter two of were
significantly different between B-PATPHs and B-FATPHs. Th17
is found to be involved in the immune response against parasite
infection. While Ortiz Wilczynski et al. (80) show that Th17 cell
numbers are reduced in patients infected with helminths, in the
mouse model, serum Th17 levels increase after infection with

helminths (81). Thus, we assume that horse botfly infestation
would trigger an immune response in E. przewalskii that might
affect the progression of parasite infections with botflies.

Associations Between Metabolites and
Gene Expression

The altered metabolites and DEGs were commonly involved in 19
KEGG pathways, of which the top 10 were glycerophospholipid
metabolism, choline metabolism in cancer, ABC transporters,
purine metabolism, tryptophan metabolism, pyrimidine
metabolism, steroid hormone biosynthesis, tyrosine metabolism,
thermogenesis, and bile secretion (Figure6). Among them,
purine metabolism and pyrimidine metabolism contained

Frontiers in Veterinary Science | www.frontiersin.org

June 2022 | Volume 9 | Article 832062


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Hu et al.

The Role of Intestinal Microbiota

extracellular region part

protein-containing complex

membrane

organelle part

organelle

membrane part

cell part

multi-organism process

immune system process

cellular component organization or biogenesis

localization

GO term

developmental process
response to stimulus
metabolic process

biological regulation

cellular process

molecular function regulator
molecular transducer activity
catalytic activity

binding

I molecular_function
[ biological_process
M cellular_component

FIGURE 4 | Gene function annotation in GO.

| T T
50 100 150 200 250 300

Number of genes

T T
350 400 450

Amino acid metabolism 3

. Carbohydrate metabolism

Glycan biosynthesis and metabolism —

) Lipid metabolism
Metabolism of cofactors and vitamins -
Metabolism of other amino acids o
o Nucleotide metabolism
Xenobiotics biodegradation and metabolism
Folding, sorting and degradation
Replication and repair

Transcription

Translation o

Membrane transport 4

Signal transduction

Signaling molecules and interaction
Cell growth and death

Cell motility +—

Cellular community - eukaryotes
Transport and catabolism

Aging 4~

Circulatory system ——

Development and regeneration

Endocrine system -

KEGG pathways

Excretory system |-

Digestive system =

Environmental adaptation 4

M Metabolism

[ Genetic Information Processing

M Environmental Information Processing
M Cellular Processes

| Organismal Systems

[l Human Diseases

Immune system

Sensory system —|-

Nervous system =

Cancer: overview
Cancer: specific types -

Cardiovascular diseas
Drug resistance: antu'gecyglastlc 1

Endocrine and metabolic

Immune di

Infectious di bacterial

Infectious di parasitic

Infectious disease: viral
Neurodegenerative disease -

Substance dependence 4——

0

FIGURE 5 | Gene function annotation in KEGG.

20 30 40
Number of genes

T
10

50

Frontiers in Veterinary Science | www.frontiersin.org

June 2022 | Volume 9 | Article 832062


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Hu et al. The Role of Intestinal Microbiota

KEGG pathway top 10

]«
&
G
Je
K]

Number of Transcripts/Metabolites

10
1

Lonenalh s lmﬁl&

»‘f \'p“é\ \‘P"é\ e
&
<-‘° & & & E e"* & ‘\é 5
&€ 9 @ & ©® @ ° < <
R4 LA & S & &
ra - o &
i
FIGURE 6 | Top 10 KEGG pathways containing the most DEGs and altered metabolites.
e ()
i mnhnhsm 1
| ] Ribosylaraine- |
9 5P AICAR g
~m+o—‘m+o—m (£33} » 0 {333 > T it

[2123][6342]

[63413] 18
5-Acetylphosphosdenosine
Hordn)

QRalcaR  (rioctore)
SBemylE}nsp}mdems
36120)

“_m:m (oled me T sy imidszol

1.1742][1.1986
[2745] DNA
g -O0e—{2777 o

;i AATP

[2428][32212

[2428][24222]

242 ||

[2421
Sy |
f

- FRaE
Line A Hypo: :mm . L
11732 \ 2421 o
(32 ] S & inbaol Deoxyinosine
Unate Glysim

»@@ 3548 o m Jr**» itonms melsbolsm

o
25-Cydic GMP 14BIG][ 1733 5Unide &inidacl

xylate
5-Hydroxyisounte O
35217
(S)-Al Han

5-Hs -4 e
z,iﬂ;d% jiEmosrcs -carboxylate 94.1.1.97]

spontaneous

A
i 51993 ¥ ramate O
[351125]
© Gl O
(R)-Allantoin s NH3
]

FIGURE 7 | KEGG pathway of purine metabolism. The boxes represent gene products, and the circles represent metabolites. The gene products in red and green are
the upregulated and downregulated genes, respectively. The metabolites in red and green are the upregulated and downregulated metabolites, respectively.

the most altered metabolites and DEGs (Figures7, 8, sulfate to adenylylsulfate (2.7.7.4), and adenylylsulfate to 3 -
Supplementary Figures S8-S15). phosphoadenylyl-sulfate (2.7.1.25). The downregulated genes
In purine metabolism (Figure 7), the upregulated genes were ~ were involved in the process of GTP to RNA (2.7.7.6), XMP
involved in the processes of converting GTIP to 3/,5/-cyclic to GMP (6.3.5.2), and ATP to RNA (2.7.7.6). The upregulated
GMP (4.6.1.1), GTP to GDP (3.6.1.5), dGMP to deoxyguanosine = metabolites were guanosine, inosine, and 3 AMP, and no
(3.1.3.5), GDP to GMP (3.6.1.5, 3.6.1.6), GMP to guanosine  downregulated metabolites were identified.
(3.1.3.5), IDP to ITP (3.6.1.5), IDP to IMP (3.6.1.5, 3.6.1.6), IMP Figure 8 shows the KEGG pathway of purine metabolism. The
to inosine (3.1.3.5), AMP to adenosine (3.1.3.5), ADP to AMP  upregulated genes were associated with the pathways of UTP to
(3.6.1.5), ATP to ADP (3.6.1.5), ATP to 3/,5,—cyclic AMP (4.6.1.1), UDP (3.6.1.5), UDP to UMP (3.6.1.5, 3.6.1.6), UMP to uridine
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(3.1.3.5), uridine to wuracil (2.4.2.3), uracil to dihydrouracil
(1.3.1.2), uracil to deoxyuridine (2.4.2.3), 3-ureido-propionate to
B-alanine (3.5.1.6), CTP to CDP (3.6.1.5), CDP to CMP (3.6.1.5),
CMP to cytidine (3.1.3.5), cytidine to uridine (3.5.4.5), dCMP to
deoxycytidine (3.1.3.5), deoxycytidine to deoxyuridine (3.5.4.5),
dUMP to deoxyuridine (3.1.3.5), dTTP to dTDP (3.6.1.5), dTDP
to dTMP (3.6.1.5), dTMP to thymidine (3.1.3.5), thymine to (R)-
dihydrothymine (1.3.1.2), and (R)-3-ureidoisobutyrate to (R)-
3-aminoisobutyrate (3.5.1.6). The downregulated genes were
involved in L-glutamine to carbamoyl-P (6.3.5.5), carbamoyl-P
to N-carbamoyl-L-aspartate (2.1.3.2), N-carbamoyl-L-aspartate
to dihydroorotate (3.5.2.3), CTP to RNA (2.7.7.6), and UTP to
RNA (2.7.7.6). The upregulated and downregulated metabolites
were dTMP and cytosine, respectively.

In mammals, when mitochondrial activity is unable to support
energy demand, muscles produce ATP through the adenylate
kinase reaction in the purine metabolism. The product of
purine metabolism is uric acid (82). There are differences in
purine metabolism in different species, which cause gout and
renal stones in humans, but the effects of which on horses
are not known (83). One study shows that uric acid levels
increase when horses engage in strenuous activities (84). In
contrast to purine metabolism, the pyrimidine metabolism
shows little difference in different species. Pyrimidines are the
critical nutrients and play an important role in maintaining
the physiological homeostasis of the host, and the metabolic
aberrations of pyrimidines disrupt nervous, mitochondrial, and

hematological systems (85). This led us to assume that horse
botfly infestation may increase the energy consumption, affect
the nutrient absorption, and damage normal physiological
processes of the horses.

CONCLUSION

The parasite infection is well known to influence the intestinal
microbial community and composition. This study aims
to explain the whole process after the host was infected
with parasites and uncover a major role of intestinal
microbiota and its metabolites in the modulation of the
host immune response. The results show that while changing
intestinal microbiota, parasites also adjust the types and
levels of metabolites microbiota produce. Then, the altered
microbiota and their metabolites will stimulate the immune
response of the host, which might occur through purine
and pyrimidine metabolism. This study can provide some
reference information for further studies, such as fecal
microbiota transplant to restore the host immunity and
develop probiotics and microbial-related drugs. Future studies
are needed and valuable.
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