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Abstract

Horse botflies have been a threat to the Przewalski’s horses in the Kalamaili Nature Reserve

in Xinjiang of China since their reintroduction to the original range. As larvae of these para-

sites could infest the intestine of a horse for months, they could interact with and alter the

structure and composition of its intestinal microbiota, affecting adversely its health. None-

theless, there are no such studies on the rewilded Przewalski’s horses yet. For the first time,

this study characterizes the composition of the intestinal microbiota of 7 rewilded Przewals-

ki’s horses infected severely by Gasterophilus pecorum following and prior to their anthel-

mintic treatment. Bioinformatics analyses of the sequence data obtained by amplicon high

throughput sequencing of bacterial 16S rRNA genes showed that G. pecorum infestation

significantly increased the richness of the intestinal microbial community but not its diversity.

Firmicutes and Bacteroidetes were found the dominant phyla as in other animals, and the

parasitic infestation decreased the F/B ratio largely by over 50%. Large reduction in relative

abundances of the two genera Streptococcus and Lactobacillus observed with G. pecorum

infestation suggested possible changes in colic and digestion related conditions of the

infected horses. Variations on the relative abundance of the genus groups known to be path-

ogenic or symbiotic showed that adverse impact of the G. pecorum infestation could be

associated with reduction of the symbiotic genera Lactobacillus and Bifidobacterium that

are probiotics and able to promote immunity against parasitic infection.

1. Introduction

The Przewalski’s horse (Equus ferus przewalskii) is a large and endangered wild equine

("EN"class) originally distributed in the Gobi Desert of Xinjiang, China and Mongolia [1,2]. It

was extinct in its original range due to anthropogenic activities in the 1960s [3,4]. With only a

few remaining in small captive breeding herds in Europe and North America [5,6], the Chi-

nese government started in 1985 a reintroduction operation of the Przewalski’s horse
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according to the plan of the International Union for Conservation of Nature (IUCN), aiming

to ultimately restore its wild population in China. Then Przewalski’s horses were transferred

from the United States, Great Britain and Germany to breeding centers in Xinjiang and Gansu

over a period of time [2,7]. Rewilding of them began in 2001 when the first batch of 27 bred

Przewalski’s horses were released into the Kalamaili Nature Reserve (KNR) in Xinjiang [4,8].

Continuous monitoring of the released horses shows that they have been suffering from severe

infestation of endoparasites of the Gastrophilus spp. or horse botfly [9–16]. It is known that lar-

vae of horse botflies could infest the digestive tract of an equine for 8 to 10 months [17], caus-

ing lesions along the duodenal ampulla and the duodenum proximal segment [18], and can

further induce some clinical diseases, such as anaemia, diarrhoea, gastric rupture, peritonitis,

perforating ulcers, etc. [13]. Thus, the released Przewalski’s horses are captured annually for a

short period of time in winter for parasitic infection assessment and corresponding expelling

treatment. This exercise may in fact interrupt the rewilding process of the horses, but under-

standing the health status of the released horses is also important.

As larvae of horse botflies spend substantially amount of time in the stomach of an infected

equine, their infestation could alter the landscape of the complex polymicrobial community of

bacteria, viruses, archaea, fungi, and parasites in the gut of the host, and among all, the bacte-

rial community plays the most important role in maintaining balance of the intestine environ-

ment [19,20]. It was shown that there are up to 1015 bacterial cells in the intestine of an equine

with majority of them associated with degradation of non-digestible cellulosic and hemi-cellu-

losic forage [21]. A stable intestinal microbiota interacting with the host forms a mature

immune system and supplies the needed nutrients to the host for its healthy survival [22].

Studies have shown that the distinguishable intestinal environment in mammal is closely

related to the composition of its microbiota [23], hence identification of the core bacteria that

define the enterotype of the intestinal microbiome is of importance [24,25]. For example, the

intestinal microbes of vertebrates are mainly composed of Firmicutes, Bacteroidetes, Actinomy-
cetes, Proteobacteria and Clostridium [26]. They are Firmicutes and Bacteroidetes for mammals

[27], and Firmicutes, Bacteroidetes and some unclassified bacteria for herbivores [28]. How-

ever, stability of the intestinal microbiota can be disturbed by physical, chemical and biological

factors internal and external of the host [29,30]. Some diseases such as grass sickness, colitis,

and laminitis were found related to the dysbiosis of the intestinal microbiota in equids [31–

33]. Meanwhile, cardiovascular disorders [34], inflammatory bowel disease [35], diabetes [36],

rheumatoid arthritis [37], depression [38], and progression of cancer [39] were found associ-

ated with changes of intestinal microbial community in human. In mares, significant increase

in relative abundance of Proteobacteria was found in their fecal microbiota prior to episodes of

colic, while differences in membership and structure of their microbiota in those that devel-

oped large colon volvulus were observed [40].

Studies of the effects of parasitic infection on the intestinal microbiota of horses are still lim-

ited. A recent study on the interaction of strongyles and intestinal microbiota in two groups of

Welsh ponies susceptible and resistant to parasitic infection [41] showed that the overall intes-

tinal microbiota diversity and structure remained similar between the two groups during

infection. Reduction of bacteria that may have contributed to disruption of mucosal homeosta-

sis in the susceptible group was observed, while an increase in pathobionts together with

changes in some predicted immunological pathways that are critical for the regulation of

immune system and energy homeostasis were also observed in the susceptible group relative

to the resistant one. Another study in the same period investigated the relationships between

fecal egg counts of cyathostomins and intestinal microbial composition in a group of brood-

mares prior to and following anthelmintic treatment [42]. They found that the populations of

Methanomicrobia and Dehalobacterium had an increasing trend in the group of broodmares
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with low parasitic fecal egg counts, meanwhile there was a significant reduction of the bacterial

phylum TM7, and a transient expansion of Adlercreutzia spp. after anthelmintic treatment in

the group of broodmares with high fecal egg counts. Both studies showed that relationships

between parasitic infection and intestinal microbiome in horses are present, hence profiling of

the intestinal microbiota in them could lead to potential biomarkers for parasitic infection.

Profiling of the intestinal microbiota in Przewalski’s horses in China have been done before

but mainly on the effects of their grazing sites (therefore their diet) and captivity. Li et al.

(2019) [43] found that diet is an important factor that influences the structure of the intestinal

microbiota of the horses while Tang et al. (2020) [44] suggested that captivity could decrease

the diversity of their intestinal microbial community. However, there are no studies looking

into the effects of parasitic infection on the intestinal microbiota of the Przewalski’s horses

although infestation of the Gastrophilus spp. in them was found severe.

The aims of this study were (i) to assess the intensity of horse botfly infestation in the

rewilded Przewalski’s horses, and (ii) to characterize the differences in relative abundance of

bacterial taxa in their intestines with and without horse botfly infestation through anthelmintic

treatment. Results of this study could provide good foundation for better understanding the

impact of natural horse botfly infestation on the released Przewalski’s horses in the wild, which

could help their long-term rewilding process and healthy survival.

2. Materials and methods

This study was carried out in accordance with the Chinese law, regulations of the Beijing For-

estry University, and guidelines of animal research [45]. The experimental protocol was

reviewed and approved by the Institution of Animal Care and the Ethics Committee of the Bei-

jing Forestry University. The management authority of the Kalamaili Nature Reserve (KNR)

in Xinjiang of China approved the collection of fecal and botfly larval samples from the Prze-

walski’s horses.

2.1 Fecal sample collection and parasitic larva enumeration

This study was carried out at the KNR from December 15th to 22nd, 2019. KNR (44˚36’ ~ 46˚

00’ N, 88˚30’ ~ 90˚03’ E) is a desert steppe with its altitudes ranging from 600 m to 1470 m. It

has an average annual temperature of 2.4˚C, and its annual precipitation and evaporation are

160 mm and 2,000 mm, respectively. A group of Przewalski’s horses were driven from the wild

in early November of 2019 into a fenced pasture of 1 km by 1.5 km, where they were fed with

alfalfa. Sample collection started on December 15th by capturing, in random from the group, 7

adult Przewalski’s horses (4 male, 3 female) with similar body weight. They were kept individu-

ally in temporary enclosure of 8 m by 16 m in size. During their short captivity, the Przewals-

ki’s horses were fed with alfalfa with plenty of water. Fresh fecal samples were first collected

from them on the day of capture (Dec. 15th, 2019) before anthelmintic treatment. Each sample

was sealed immediately into a sterilized centrifuge tube to avoid cross-contamination. These

samples were primary for characterizing the intestinal microbial community of the Przewals-

ki’s horses with parasitic infestation. After this initial fecal sample collection, each horse

received an oral dose of ivermectin (Beijing Wanfeng Pharmaceutical Co. LTD, GMP (2006)

278) at 0.2 mg/kg of body weight for anthelmintic treatment, which could clear the infesting

parasites within 2 to 3 days [11]. The mechanism of ivermectin is to inhibit directly the neuro-

transmission of invertebrate [46]. It is not recognized as an effective antibacterial compound

[47]. There was no broad, large-scale impact on the gastrointestinal microbiota found in para-

site-free horses after receiving anthelmintic treatment [48]. Hence changes in the intestinal

microbiota of horses following anthelmintic treatment are mainly due to the removal of
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parasites, they could be used for parasitic infestation impact assessment. Feces discharged

daily by each horse was collected for larva counting in the following 3 days (Dec. 16th– 18th,

2019) after its ivermectin administration. The larval samples were classified morphologically

and counted by naked-eye inspection [16]. These larval samples were then stored in anhydrous

ethanol. With the elimination half-life of ivermectin being about 3 days [49], fresh fecal sam-

ples were collected again from the horses on December 22nd, 2019 (7 days after ivermectin

administration). These samples were for characterizing the intestinal microbial community of

the Przewalski’s horses free of parasitic infestation. It is noted that all fecal samples were stored

in liquid nitrogen immediately after collection. They were then transported back to the labora-

tory, and stored at -80˚C until DNA extraction and 16S rRNA sequencing.

2.2 16S rRNA sequencing

2.2.1 DNA extraction, PCR amplification and sequencing. Microbial DNA was

extracted from fecal samples using the E.Z.N.A.1 Soil DNA Kit (Omega Bio-tek, Norcross,

GA, U.S.). The V4-V5 region of the bacterial 16S rRNA gene was amplified by PCR (95˚C for

2 min, followed by 25 cycles at 95˚C for 30 s, 55˚C for 30 s, and 72˚C for 30 s and a final exten-

sion at 72˚C for 5 min) using primers 338F/806R, where the barcode was an eight-base

sequence unique to each sample. The length of amplification was 468 bp. The PCR was per-

formed in triplicate in a 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM

dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template

DNA.

Amplicons were extracted from 2% agarose gels, purified using the AxyPrep DNA Gel

Extraction Kit (Axygen Biosciences, Union City, CA, U.S.), and they were quantified using

QuantiFluor™ -ST (Promega, U.S.). Purified amplicons were pooled in equimolar amounts

and paired-end sequenced (2 × 250) on an Illumina MiSeq platform. The raw reads were

deposited into the NCBI Sequence Read Archive (SRA) database (SRA accession number:

SRS6587909, SRS6587915, SRS6587926, SRS6587934, SRS6587935, SRS6587910, SRS6587911,

SRS6875831, SRS6875834, SRS6875835, SRS6875836, SRS6875837, SRS6875832, SRS6875833).

2.2.2 Bioinformatics and statistical analyses. Raw fastq files were demultiplexed and

quality-filtered using QIIME (version 1.9.1) with the following criteria: (i) 300 bp reads were

truncated at any site receiving an average quality score<20 over a 50 bp sliding window, trun-

cated reads shorter than 50 bp were discarded; (ii) reads not matching exact barcode, reads

with a 2-nucleotide mismatch in primer sequences, and reads containing ambiguous charac-

ters were removed; (iii) only sequences with overlap longer than 10 bp were assembled accord-

ing to their overlap sequence. Reads that could not be assembled were discarded. Operational

taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version

7.0.1090), and chimeric sequences were identified and removed using UCHIME. The taxon-

omy of each 16S rRNA gene sequence was analyzed by RDP Classifier (http://rdp.cme.msu.

edu/) against the Silva (SSU132) 16S rRNA database using a confidence threshold of 70% [50].

Random subsampling (rarefying) was applied to check for normality of raw data [51,52].

QIIME was used to calculate the alpha diversity (Ace, Chao, Shannon, Simpson and Sobs)

for assessing the richness and diversity of the microbial community [53]. Paired t-test was

applied to determine if differences in alpha diversity were significant. The Wilcoxon rank-sum

test in STAMP was used to seek for significant differences between two samples, and the p-

value was tested by Bonferroni correction with the threshold set at 0.05. Linear discriminant

analysis (LDA) effect size (LEfSe) method was used to identify bacterial taxa with significant dif-

ference among groups (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload).
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3. Results and discussions

Since the rewilding of the Przewalski’s horses in 2001, they have been suffering from severe nat-

ural horse botfly infestation. Yet the impact of this infection on their intestinal microbiota has

never been addressed. Peachey et al. (2018) [42] indicated that changes of intestinal microbiota

of infected horses after anthelmintic treatment were associated with the removal of parasites.

Walshe et al. (2019) [54] investigated the effects of helminth infection on intestinal microbiota

of horses by administration of anthelmintic drugs. The present study investigated the character-

istics of the intestinal microbial community of the released Przewalski’s horses following and

prior to their anthelmintic treatment to identify differences associated with horse botfly infesta-

tion. In the following results and discussions, abbreviations FATPH and PATPH are used for

Przewalski’s horse following and prior to anthelmintic treatment, respectively.

3.1 Numeration of horse botfly larvae

Larvae of parasites in the feces of each FATPH collected in the three days following its iver-

mectin administration were counted with naked-eye inspection after morphological classifica-

tion [16]. Second instar and third instar larvae were counted but only the third instars could

be classified with their species. Horse botflies (Gasterophilus spp.) were the major parasites

found in the FATPHs. The anthelmintic treatment flushed out a total of 12,154 larvae from the

7 FATPHs with an average of 1,736±755 per FATPH. This mean is lower than the 1904±536

observed from the digestive tracts of 6 dead Przewalski’s horses also at KNR by Huang et al.

(2016) [16]. This is reasonable as the larvae collected in the present study were from feces

rather than directly inside the horses. Hence horse-botfly infestation in the Przewalski’s horses

at KNR is still severe. Among the total numbers of larvae collected in this study, 75.6% had

already reached to their third instar stage. They were classified into 4 Gasterophilus spp.,

namely G. pecorum, G. nigricornis, G. haemorrhoidalis, and G. intestinalis. Their distributions

are shown in Table 1. G. pecorum was the dominant species accounting for 91.8% of the total

counts. The rest were shared by G. nigricornis (5.6%), G. haemorrhoidalis (2.4%), and G. intes-
tinalis (0.2%). Although the second instar larvae could not be classified, it is believed that they

should follow similar species distribution as the third instars. Similar G. pecorum species domi-

nation in the third instar larvae was also observed by Huang et al. (2016) [16].

3.2 The intestinal microbial communities of FATPHs and PATPHs

With the development of molecular sequencing technology, DNA detection has become

increasingly popular for studies in microbiology [55]. This technology was used to investigate

Table 1. Cumulative totals of the third instar and second instar larvae of horse botfly in feces of FATPHs collected in the 3 days following ivermectin

administration.

Sample Third-instar species larva counts Third-instar larva counts Second-instar larva counts Total larva counts

G. pecorum G. nigricornis G. haemorrhoidalis G. intestinalis
FATPH1 642 12 52 1 707 17 724

FATPH2 1191 25 53 15 1284 135 1419

FATPH3 1494 355 19 0 1868 1098 2966

FATPH4 1607 43 39 1 1690 526 2216

FATPH5 908 75 18 1 1002 1126 2128

FATPH6 1905 4 0 0 1909 19 1928

FATPH7 686 1 35 2 724 49 773

Total 8433 515 216 20 9184 2970 12154

https://doi.org/10.1371/journal.pone.0251512.t001
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the changes in the intestinal microbial community of the Przewalski’s horses under the main

influence of G. pecorum infestation. The Illumina sequencing platform was used to process the

16S rRNA sequencing of the collected samples from both the FATPHs and PATPHs. A total of

33,8072,713 pairs of raw reads (FATPHs: 21,962,29±2,260,520; PATPHs: 26,333,802

±1,002,001) and 814,650 valid sequences (FATPHs: 52,871±5,305; PATPHs: 63,508±2,618)

were obtained from the 14 fecal samples. Results showed that the sequence length was mainly

distributed between 400 bp and 440 bp with an average length of 415 bp. After checking for

normality, the raw data were normalized for further analysis. Comparison of these two groups

on their total numbers of valid bacterial sequences, pairs of raw reads, and the numbers of nor-

malized OTUs that could be clustered into with a threshold of 97% homology similarity,

together with the numbers of phyla, classes, orders, families, genera and species that the identi-

fied normalized OTUs could be assigned to is summarized in Table 2.

All numbers of the FATPHs are lower than those of the PATPHs in Table 2 with both shar-

ing many. These indicate that the G. pecorum infestation in general increased slightly the com-

plexity of the intestinal microbial community of the horses. As for the cumulative number

without repetition of multiple samples, the FATPHs generated 2,148 OTUs from 7 samples,

annotated to 22 phyla, 32 classes, 62 orders, 109 families, 250 genera, and 449 species, while

the PATPHs generated 2,253 OTUs from 7 samples, annotated to 23 phyla, 33 classes, 72

orders, 119 families, 263 genera, and 467 species.

It is noted that both groups shared 22 bacterial phyla (Table 2) with the PATPHs having

one additional phylum, Gemmatimonadetes. However, the relative abundance of Gemmatimo-
nadetes in the PATPHs was extremely small (0.0006%). Reviewing results of individual sam-

ples found that it was only detected in one sample with the corresponding Gemmatimonadetes,
Gemmatimonadales, Gemmatimonadaceae and Gemmatimonas found also in the same sample

at the levels of class, order, family and genus, respectively. It is known that members of the

Gemmatimonadetes phylum could be found in soil microbial communities but usually with

low relative abundances [56], and its class Gemmatimonadetes is the dominant lineage mainly

associated with soils [57]. Traces of this bacterial taxon found is suspected to be originated

from the soil of the sampling site but not from the equine. Hence, results in Table 2 indicate

that parasitic infestation affected richness of the horse intestinal microbial community at the

level of order and lower.

The changes in alpha diversity metrics were then used to assess quantitatively the influence

of G. pecorum infestation on diversity and richness of the microorganisms in the fecal samples

of the FATPHs and PATPHs. This was done by comparing their Shannon and Simpson

indexes that measure the diversity of their communities, and Ace, Chao and Sobs indexes that

gauge their richness. Results are shown in Table 3. As for richness, the values of Sobs

(FATPHs: 1151±348; PATPHs: 1378±72; p = 0.049), Ace (FATPHs: 1399.03±361.67; PATPHs:

1653.39±94.11; p = 0.047) and Chao (FATPHs: 1400.26±371.81; PATPHs: 1666.87±86.69;

p = 0.038) indexes of the PATPHs were significantly higher than those of the FATPHs. The dif-

ferences in Shannon (FATPHs: 5.00±1.35; PATPHs: 5.73±0.26) and Simpson indexes

(FATPHs: 0.056±0.100; PATPHs: 0.016±0.013) between the two groups were found statisti-

cally insignificant (p>0.05), although values of the PATPHs in Table 3 showed a relatively

Table 2. Comparison of the group sequencing results between the FATPHs and PATPHs.

Normalized OTU Species Genus Family Order Class Phylum

FATPHs 2148 449 250 109 62 32 22

Common 2047 426 238 106 62 32 22

PATPHs 2253 467 263 119 72 33 23

https://doi.org/10.1371/journal.pone.0251512.t002
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slightly higher diversity than those of the FATPHs. The rarefaction curves of the two groups

based on alpha diversity of Sobs [44] in Fig 1 show similar trend.

Previous studies indicated that variation in alpha diversity of the intestinal microbial com-

munity due to parasitic infestation could depend on the parasite type, the location of the intes-

tines infected, and the host. For example, reduction of alpha diversity was found associated

with Schistosoma mansoni infection in the lumina of mice [58], whilst no significant change of

alpha diversity was seen in mice infected withMetagonimus yokogawai in cecum [59]. For

pigs, Williams et al. (2017) [60] observed that an increase of alpha diversity was related with

acute infection of Ascaris suum in their proximal colons. A trend towards an increased alpha

diversity was observed in equines with high dose of cyathostomin infection in their intestines

[42]. In addition, discrepancy of diversity could also be related with the phase of parasitic

infection as reviewed by Peachey et al. (2017) [61] who suggested a decrease in the diversity of

intestinal microbial community was possible during the initial parasite invasion of the gastro-

intestinal tract, and followed by a restoration (or increase) in the diversity upon the establish-

ment of a chronic infection. Indexes of the FATPHs and PATPHs in the present study

(Table 3 and Fig 1) indicate that the G. pecorum infestation increased significantly the richness

but only suggested a possible diversity increasing trend of the intestinal microbial community

of the Przewalski’s horses.

Table 3. Comparison of mean value of alpha diversity in indexes of Shannon, Simpson, Sobs, Ace and Chao between FATPHs and PATPHs.

Community diversity Community richness

Shannon Simpson Sobs Ace Chao

FATPHs 5.00±1.35 0.056±0.100 1151±348 1399.03±361.67 1400.26±371.81

PATPHs 5.73±0.26 0.016±0.013 1378±72 1653.39±94.11 1666.87±86.69

p-value 0.217 0.351 0.049 0.047 0.038

https://doi.org/10.1371/journal.pone.0251512.t003

Fig 1. Rarefaction curves of normalized OTUs of 14 fecal samples obtained from the FATPHs and PATPHs.

https://doi.org/10.1371/journal.pone.0251512.g001
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Differences in the microbial community structure and composition caused by G. pecorum
infestation were further reviewed by the changes of relative abundance of various phyla in the

fecal samples of the FATPHs and PATPHs as shown in Fig 2. Before addressing the changes,

relative abundances of the prevalent phyla in PATPHs were compared with those at KNR

reported in Li et al. (2019) [43] and in Tang et al. (2020) [44]. The two most abundant phyla in

the PATPHs and in the other two studies were Firmicutes (PATPHs: 48.45%; Li et al. (2019)

[43]: 51.81%, Tang et al. (2020) [44]: 35.00%) and Bacteroidetes (PATPHs: 38.04%; Li et al.

(2019) [43]: 36.09%, Tang et al. (2020) [44]: 35.00%) with percentages at order of magnitude 1.

The dominancy of these two phyla is consistent with studies of intestinal bacteria of horses

[62] and other animals such as chickens [63], dholes [64], goats [65], pigs [66] and yaks [67].

Differences of the relative abundance of various phyla in the FATPHs and PATPHs shown

in Fig 2 indicate that there were quite some changes for the two dominant phyla Firmicutes
and Bacteroidetes following and prior to anthelmintic treatment. The 2 phyla took 91.36% (Fir-
micutes: 66.72%, Bacteroidetes: 24.64%) in the FATPHs and 86.49% (Firmicutes: 48.45%, Bac-
teroidetes: 38.04%) in the PATPHs, respectively. The presence of G. pecorum infestation

decreased the relative abundance of Firmicutes largely by 18.27% (p = 0.041, S1 Table) and

increased that of Bacteroidetes by 13.40% (p = 0.125, S1 Table). These results are consistent

with study on helminth infected equines under anthelmintic treatment [54]. In terms of the

Firmicutes to Bacteroidetes (F/B) ratio that could be positively correlated to body weight of

horse [62], the PATPHs had an F/B ratio of 1.27 which is 0.47 times of the F/B (= 2.71) ratio of

the FATPHs. It is suspected that the reduction of Firmicutes representation in the intestinal

microbiota of the PATPHs due to G. pecorum infestation could decrease capacity of the micro-

biota to harvest energy leading to potential health or weight loss problems of the equines.

Meanwhile, the numbers of phyla with percentage of relative abundance at 0 order of mag-

nitude were 2 in the FATPHs (Kiritimatiellaeota: 2.13%, Spirochaetes: 2.09%) and 4 in the

PATPHs (Spirochaetes: 3.84%, Kiritimatiellaeota: 2.61%, Verrucomicrobia: 1.86%, Proteobac-
teria: 1.41%), respectively. At orders of magnitude of -1, -2, -3 and -4, the FATPHs had 7, 7, 3

and 1 phyla, respectively while the PATPHs had 9, 3, 3, and 2, respectively. Comparison of the

relative abundances of the shared 22 phyla in the FATPHs and PATPHs shows that G. pecorum
infestation increased the relative abundances of 15 phyla (Bacteroidetes, Kiritimatiellaeota, Spi-
rochaetes, Verrucomicrobia, Proteobacteria, Fibrobacteres, Cyanobacteria, Synergistetes, Epsi-
lonbacteraeota, Elusimicrobia, WPS-2, unclassified_k__norank_d__Bacteria, Lentisphaerae,
Planctomycetes, Fusobacteria) and decreased those of the other 7 (Firmicutes, Actinobacteria,

Patescibacteria, Tenericutes, Armatimonadetes, Deferribacteres, Chloroflexi).

Fig 2. Top relative abundances of phyla ranked by -1 order of magnitude and higher based on the FATPHs with

relative abundances of the corresponding phyla in the PATPHs shown. The relative abundances of the rest phyla

were grouped as “Others”.

https://doi.org/10.1371/journal.pone.0251512.g002
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At the genus level, both of the FATPHs and PATPHs had over 250 genera with slightly

more in the PATPHs, and they shared 238 common genera. Reviewing the percentages of rela-

tive abundance at orders of magnitude showed that the FATPHs had 22, 59, 81, 78 and 10 gen-

era present at orders of magnitude 0, -1, -2, -3, and -4, respectively while the PATPHs had 23,

56, 85, 83 and 16, respectively. There were 12 genera only found in the FATPHs and most

were at -2 order of magnitude and lower except the unclassified_o_Lactobacillales which was

at 0.29%. On the other hand, there were 25 genera existed only in the PATPHs and all were at

-3 order of magnitude and lower. The similar uneven distribution of relative abundance across

the genus spectrum in both of the FATPHs and PATPHs indicated that the G. pecorum infesta-

tion did not affect the diversity of the bacterial community much as shown by the alpha diver-

sity indexes in Table 3.

Bar charts depicting the top relative abundance percentages ranked by 0 order of magnitude

and higher based on the FATPHs are shown in Fig 3 together with relative abundances of the

corresponding genera in the PATPHs. There were 22 genera in the FATPHs fell under this cri-

teria, making up 74.23% of the total. The top 6 genera in the FATPHs with abundance higher

than 5% were Streptococcus (8.79%), Lactobacillus (6.75%), Rikenellaceae_RC9_gut_group

(5.68%), norank_f__F082 (5.47%), unclassified_f_Lachnospiraceae (5.43%), and norank_f_p-

251-o5 (5.16%). Comparison of these 22 genera in the FATPHs with the corresponding ones

in the PATPHs found that 13 of them had their abundances reduced totally by 22.81% and the

others had theirs increased totally by 13.57% in the PATPHs. Hence there was a deficit of

9.24% relative abundance of the 22 genera in the PATPHs due to G. pecorum infestation. The

major abundance reduction was with the top 2 (Streptococcus and Lactobacillus) and 11th

(Ruminococcus_2) genera in the FATPHs, having their abundances reduced by 8.73% (Strepto-
coccus: FATPHs 8.79%, PATPHs 0.061%, p = 0.015, S2 Table), 6.41% (Lactobacillus: FATPHs

6.75%, PATPHs 0.34%, p = 0.041, S2 Table), and 3.08% (Ruminococcus_2: FATPHs 3.19%,

PATPHs 0.11%, p = 0.073, S2 Table), respectively in the PATPHs. The other 9 genera in the

FATPHs that had their relative abundances reduced in the PATPHs totally by 4.60%. On the

other hand, 6 of the 9 genera in the FATPHs that showed growth of abundance in the PATPHs

had over 1% increase. They, in the order of large to small increase, were norank_f__p-251-o5

("3.27%: FATPHs 5.16%, PATPHs 8.44%, p = 0.097, S2 Table), Alloprevotella ("2.55%:

FATPHs 1.33%, PATPHs 3.88%, p = 0.609, S2 Table), Ruminococcaceae_UCG-010 ("1.93%:

FATPHs 2.52%, PATPHs 4.45%, p = 0.041, S2 Table), norank_f__F082 ("1.83%: FATPHs

Fig 3. Top relative abundances of genera ranked by 0 order of magnitude and higher based on the FATPHs with

relative abundances of the corresponding genera in the PATPHs shown. The relative abundances of the rest genera

were grouped as “Others”.

https://doi.org/10.1371/journal.pone.0251512.g003
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5.47%, PATPHs 7.30%, p = 0.609, S2 Table), Treponema_2 ("1.16%: FATPHs 1.80%, PATPHs

2.96%, p = 0.201, S2 Table), and Rikenellaceae_RC9_gut_group ("1.15%: FATPHs 5.68%,

PATPHs 6.84%, p = 0.609, S2 Table). The other 4 genera in the FATPHs only had their relative

abundances increased by 1.69% totally in the PATPHs. Meanwhile, there were 3 other genera

in the FATPHs with percentages of relative abundance at -1 order of magnitude had their

abundances increased by more than 1% in the PATPHs. They were unclassified_o__Bacteroi-
dales ("1.32%: FATPHs 0.80%, PATPHs 2.12%, p = 0.125, S2 Table), Phascolarctobacterium
("1.21%: FATPHs 0.31%, PATPHs 1.52%, p = 0.011, S2 Table), and Akkermansia ("1.14%:

FATPHs 0.66%, PATPHs 1.80%, p = 1.000, S2 Table). It appears that diversity at the genus

level showed a partial increasing trend due to horse botfly infestation in the Przewalski’s

horses. It was mainly through spreading the larger relative-abundance reduction (3.08% to

8.73%) of 3 prevailing genera to the smaller relative-abundance increase (1.15% to 3.27%) of 9

genera. However, these changes were not enough to affect significantly diversity of the overall

bacterial community.

The major abundance reduction of the 2 most prevailing genera (Streptococcus and Lacto-
bacillus) observed in the PATPHs, indicated that there might be changes of colic and digestion

related conditions with the horses caused by their parasitic infestation. It is known that the rel-

ative abundance of Streptococcus in horses with a colic condition would increase [68]. The

decrease of Streptococcus in the PATPHs due to G. pecorum infestation may reduce the chance

of the horses experiencing colic. However, there are no literatures addressing the reduction of

Streptococcus in parasite-infected equines until now. Further study is needed. Meanwhile, Lac-
tobacillus are normally considered as lactic-producing bacteria [69]. Horses are hindgut fer-

menters that require large amounts of intestinal bacteria for converting food to short chain

fatty acid, in which starch is fermented and converted to lactic acid by Lactobacillus [69]. In

addition, Lactobacillus can also enhance the immune response of a host. Li et al. (2019) [43]

suggested that Przewalski’s horses survived in the harsh natural environment with low quality

diet had high abundance of Lactobacillus in their intestinal microbiota. Thus, the reduction of

Lactobacillus to such low level in the PATPHs indicated that G. pecorum infestation could seri-

ously affect the digestion ability and environmental adaptability of the Przewalski’s horses in

the wild.

To identify the phylotypes with important functions that were responsible for the differ-

ences between the FATPHs and PATPHs, data of theirs were analyzed again with LEfSe. A

total of 89 bacterial taxa were distinguished for the two horse groups, 18 for the FATPHs and

65 for the PATPHs (S1 Fig). The bacterial taxon with high LDA value (�4.00) were genus

Ruminococcaceae_UCG_010 (LDA = 4.00, p = 0.035) in the PATPHs, and order Lactobacillales
(LDA = 4.91, p = 0.025), class Bacilli (LDA = 4.91, p = 0.035), phylum Firmicutes (LDA = 4.89,

p = 0.035), family Streptococcaceae (LDA = 4.67, p = 0.013), genus Streptococcus (LDA = 4.66,

p = 0.013), genus Lactobacillus (LDA = 4.53, p = 0.035), and family Lactobacillaceae
(LDA = 4.53, p = 0.035) in the FATPHs (S3 Table). In addition, it was found that the functions

of 1 class, 5 orders, 5 families, and 15 genera contributed greatly to the PATPHs, and those of 1

phylum, 2 classes, 2 orders, 4 families, and 7 genera to the FATPHs (Fig 4). For these bacterial

taxon with high contribution, Wilcoxon rank-sum test with Bonferroni correction showed

that the phylum Firmicutes (p = 0.041, S2A Fig), class Bacilli (p = 0.041, S2B Fig), order Lacto-
bacillales (p = 0.030, S2C Fig), family Streptococcaceae (p = 0.015, S2D Fig), genus Ruminococ-
caceae_UCG_010 (p = 0.030, S2E Fig) and genus Streptococcus (p = 0.015, S2E Fig) had

significant differences between the PATPHs and FATPHs. As the phylum Firmicutes and the

genus Streptococcus showed significant differences between the PATPHs and FATPHs in both

LEfSe and Wilcoxon rank-sum test, it confirms again that the effect of parasitic infestation on

the digestive system of the Przewalski’s horses.

PLOS ONE Effects of Gasterophilus pecorum infestation on the intestinal microbiota of Przewalski’s horses

PLOS ONE | https://doi.org/10.1371/journal.pone.0251512 May 11, 2021 10 / 19

https://doi.org/10.1371/journal.pone.0251512


3.3 The distribution of pathobionts and symbionts

It was shown that there were major differences in the relative abundances of some health and

digestion related genera in the intestinal microbiota of the Przewalski’s horses with and with-

out G. pecorum infestation. It is believed that parasites are detrimental to the host [70] due to

their impact on the groups of pathobionts and symbionts in the intestinal microbiota. Jenkins

et al. (2018) [58] showed that the potentially pathogenic Pseudomonas and the lactic acid pro-

duction related Leuconostocaceae in the human gut microbiome would decrease when infected

by Strongyloides stercoralis. Gilchrist et al. (2016) [71] suggested that human infected with Ent-
amoeba histolytica would lead to level expansion of the pathogenic Prevotella. Wu et al. (2012)

[72] found that pigs infected by Trichuris suis had a reduction on their fibrolytic bacteria Fibro-
bacter and an augment of their pathogenic bacteria Campylobacter. Hence, a review on the

abundance changes of genera known to be pathogenic or symbiotic between the FATPHs and

PATPHs would provide another view on how G. pecorum infestation could affect the Przewals-

ki’s horses.

The pathogenic and symbiotic genera in the FATPHs and PATPHs identified through

referencing published literatures are summarized in Table 4. There were 49 genera related to

actinomycosis, chronic obstructive pulmonary disease, colic, diarrhea, myositis, obesity, peri-

odontitis, peritonitis, sleepy foal disease, and weight loss in equines. Some genera were related

to multiple illnesses, such as Lachnospiraceae was linked to colic, diarrhea and obesity. Mean-

while, there were 12 genera related to the digestive processes of equines that could be benefi-

cial. They were associated with butyrate and lactic acid production, cellulolytic activity, lactate

fermentation, and lignocellulose degradation. Bar charts showing the abundances of patho-

genic and symbiotic genera in the FATPHs and PATPHs are presented in Fig 5. The total

Fig 4. LEfSe cladogram showing a range of bacterial taxa at level of phylum to genus associated with the FATPHs

(red) and PATPHs (blue) (α = 0.05, LDA> 2.0); the circle size represents the relative abundance of each taxon;

the yellow circle indicates that the taxon has no significant difference between the FATPHs and PATPHs.

https://doi.org/10.1371/journal.pone.0251512.g004
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relative abundances of both genus groups in FATPHs were higher than those in the PATPHs.

G. pecorum infestation decreased the abundances of both groups. Reduction of the pathogenic

group was 4.92% (FATPHs 40.41%, PATPHs 35.49%, with PATPHs/FATPHs = 0.88) while

that of the symbiotic group was larger at 8.63% (FATPHs 11.27%, PATPHs 2.64%, with

PATPHs/FATPHs = 0.23). Ratios of the PATPHs to FATPHs abundance indicated the reduc-

tion of symbiotic group was relatively much more significant.

Reviewing the relative abundances of the pathogenic genera in the FATPHs by illness

(including the genera associated with multiple illnesses) found that those related to diarrhea

were the most abundant at 25.64%, followed by those linked to colic and obesity at 20.27% and

15.34%, respectively. It is noted that nearly half of the abundance (8.79%) of the colic related

bacteria was from the Streptococcus genus. Meanwhile, genera associated with other illnesses

were extremely scarce at a total of only 0.055%. Examining the relative abundances of the path-

ogenic genera in the PATPHs showed that those related to diarrhea continued to be the most

abundant at 27.58% with an increase of 1.94% from that of the FATPHs. This increase was

mainly by Ruminococcaceae_UCG-010 and Ruminococcaceae_UCG-005 which contributed

1.93% (p = 0.041, S2 Table) and 0.98% (p = 0.443, S2 Table), respectively. The obesity related

genus group in the PATPHs became the second most abundant at 16.18% with a slight 0.84%

increase from that of the FATPHs. Meanwhile, abundance of the colic related genus group

dropped significantly (14.42%) from that of the FATPHs to 5.85% in the PATPHs. This large

abundance reduction was mainly from Streptococcus which by itself reduced 8.73% (p = 0.015,

S2 Table), almost all of its presence in the FATPHs. Meanwhile, other pathogenic genera in the

PATPHs remained extremely scarce at a total abundance of 0.040%, a 0.015% reduction from

that of the FATPHs.

Examining the 11.27% relative abundance of the symbiotic genera in the FATPHs found

that those related to lactic acid production were the most abundant at 6.95%, followed by those

linked to cellulolytic activity at 4.05%. It is noted that majority of the lactic acid production

related bacteria was from Lactobacillus (6.75%), while the main contributor to the group

Fig 5. Relative abundances of pathobionts and symbionts at genus level in the FATPHs and PATPHs.

https://doi.org/10.1371/journal.pone.0251512.g005

PLOS ONE Effects of Gasterophilus pecorum infestation on the intestinal microbiota of Przewalski’s horses

PLOS ONE | https://doi.org/10.1371/journal.pone.0251512 May 11, 2021 12 / 19

https://doi.org/10.1371/journal.pone.0251512.g005
https://doi.org/10.1371/journal.pone.0251512


associated with cellulolytic activity was Ruminococcus_2 (3.19%). The abundances of the other

genus groups linked to lignocellulose degradation, lactate fermentation, and butyrate produc-

tion were very low at 0.23%, 0.03% and 0.01% in the FATPHs, respectively. Cross-checking the

relative abundances of these symbiotic genus groups with those in the PATPHs infested by G.

pecorum showed that abundance of the lactic acid production genus group (Lactobacillus and

Bifidobacterium) dropped significantly (6.61%, Lactobacillus p = 0.041, Bifidobacterium p =

1.000, S2 Table) from that of the FATPHs to 0.34%. Meanwhile, the abundance of the genus

group, mainly from Ruminococcus_2, associated with cellulolytic activity also dropped rela-

tively large by 3.08% (p = 0.073, S2 Table) from that (4.05%) of the FATPHs to 1.86%. As for

the abundances of the other genus groups in the PATPHs linked to lignocellulose degradation,

lactate fermentation, and butyrate production, their variations from those of the FATPHs were

small with slight increases for those related to lignocellulose degradation ("0.13%) and buty-

rate production ("0.04%), and minimal decrease for that related to lactate fermentation

(#0.0023%).

It was found possible adverse impact of horse botfly infestation could be the significant

reduction of Lactobacillus and Bifidobacterium, which are symbiotic genera related to lactic

acid production. These two genera were previously found probiotics and were able to promote

immunity against parasitic infection [82–84]. However, Lactobacillus has also been found

Table 4. Pathobionts and symbionts in FATPHs and PATPHs.

Type Genus Disease/function References

Pathobionts Actinomyces Actinomycosis [73]

Saccharopolyspora Chronic obstructive

pulmonary disease

[74]

Clostridium_sensu_stricto_1, sensu_stricto_3 Colic [69]

Prevotella_1, 6, 7 Colic [68]

Streptococcus Colic [68]

Sphaerochaeta Colic, Weight loss [68,75]

Ruminococcaceae_NK4A214_group, UCG-002, UCG-004, UCG-005, UCG-007, UCG-008, UCG-009, UCG-

010, UCG-012, UCG-013, UCG-014, V9D2013_group

Diarrhea [76]

Dietzia Myositis [77]

Fusobacterium Myositis [77]

Blautia Obesity [62]

Butyrivibrio, Butyrivibrio_2 Obesity [62]

Erysipelotrichaceae_UCG-003, UCG-004, UCG-009 Obesity [62]

Prevotellaceae_Ga6A1_group, UCG-001, UCG-003, UCG-004 Obesity [62]

Lachnospiraceae_AC2044_group, FCS020_group, FE2018_group, NC2004_group, ND3007_group,

NK3A20_group, UCG-002, UCG-006, UCG-008, UCG-010, XPB1014_group

Obesity, Colic, Diarrhea [62,68,76]

Bacteroides Peritonitis [69]

Rhodococcus Peritonitis [69]

Tannerella Periodontitis [78]

Actinobacillus Sleepy foal disease, Myositis [77,79]

Symbionts Faecalibacterium Butyrate production [80]

Fibrobacter Cellulolytic activity [80]

Ruminococcus_1, _2 Cellulolytic activity [69]

Veillonella Lactate fermentation [69]

Bifidobacterium Lactic acid production [69]

Lactobacillus Lactic acid production [69]

Ruminiclostridium, Ruminiclostridium_1, 5, 6, 9 Lignocellulose degradation [81]

https://doi.org/10.1371/journal.pone.0251512.t004
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positively correlated with the infection of Trichuris muris [85] and Strongyloides venezuelensis
[86], opposite to the present observation with G. pecorum. Further studies are needed.

4. Conclusions

The problem of G. pecorum infestation in the rewilded Przewalski’s horses at KNR was found

severe still. Its effects on their intestinal microbiota of the horses were estimated for the first

time using high throughput sequencing on the fecal samples collected from 7 Przewalski’s

horses following and prior to their anthelmintic treatment. The phylum Firmicutes and Bacter-
oidetes were found dominant in the Przewalski’s horses as in other animals. G. pecorum infes-

tation decreased Firmicutes largely while it increased Bacteroidetes, causing the F/B ratio to

reduce by over 50%. Indexes of alpha diversity indicated that G. pecorum infestation signifi-

cantly increased the richness but not the diversity of the overall intestinal microbial commu-

nity. Variations of genus relative abundance between the FATPHs and PATPHs showed a

partial diversity increasing trend due to G. pecorum infestation. It was mainly through larger

abundance reductions of the prevailing Streptococcus, Lactobacillus and Ruminococcus_2

together with smaller increases of other 9 genera. These were further confirmed by the signifi-

cant differences observed in phylum Firmicutes and genus Lactobacillus and Streptococcus
caused by G. pecorum infestation in the LEfSe and Wilcoxon rank-sum test. Meanwhile,

reviewing the changes caused by G. pecorum infestation on relative abundance of the genera

known pathogenic or symbiotic in published literatures suggested that potential negative

impact on the wellbeing of the horses could be due to the significant reduction of the symbiotic

Lactobacillus and Bifidobacterium that are related to lactic acid production. However, this was

limited by the lack of knowledge on the actual functions of these symbiotic taxa. Metage-

nomics analysis is recommended to confirm this suggestion. It is noted that the present study

was also statistically limited by the small size of samples due to the endangered status of the

Przewalski’s horses, which could be improved over repeated studies in the future. Nonetheless,

the present results still indicated that there were effects of the G. pecorum infestation on the

intestinal microbiota of the Przewalski’s horses which could be harmful to them. Further stud-

ies are recommended.
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