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Abstract

Background: The human and domestic animal faecal microbiota can carry various
antimicrobial resistance genes (ARGs), especially if they have been exposed to anti-
microbials. However, little is known about the ARG profile of the faecal microbiota of
healthy foals. A high-throughput gPCR array was used to detect ARGs in the faecal
microbiota of healthy foals.

Objectives: To characterise the faecal microbiota and ARG profiles in healthy
Australian foals aged less than 1 month.

Study design: Observational study.

Methods: The faecal microbiota and ARG profiles of 37 Thoroughbred foals with
no known gastrointestinal disease or antimicrobial treatment were determined using
16S rRNA gene sequencing and a high-throughput ARG gPCR array. Each foal was
sampled on one occasion.

Results: Firmicutes and Bacteroidetes were dominant in the faecal microbiota.
Foals aged 1-2 weeks had significantly lower microbiota richness than older foals.
Tetracycline resistance genes were the most common ARGs in the majority of foals,
regardless of age. ARGs of high clinical concern were rarely detected in the faeces.
The presence of ARGs was associated with the presence of class | integron genes.
Main limitations: Samples were collected for a case-control study so foals were not
sampled longitudinally, and thus the development of the microbiota as individual
foals aged could not be proven. The history of antimicrobial treatment of the dams
was not collected and may have affected the microbiota of the foals.

Conclusion: The ARGs in foal faeces varied concomitantly with age-related micro-
biota shifts. The high abundance of tetracycline resistance genes was likely due to

the dominance of Bacteroides spp.
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1 | INTRODUCTION

The gastrointestinal tract of neonatal foals is colonised in the first
few days of life by bacteria from the mare's microbiota (vaginal,
perineal and milk) and the foal's environment, and later by core
members from the adult faecal microbiota through coprophagy.l’2
Progressive, age-dependent changes in the foal faecal microbiota
have been identified™ and, after 2 months, the foal faecal micro-
biota becomes relatively stable and closely resembles the adult
faecal microbiota.>* Bacteria associated with fibre digestion (eg
Lachnospiraceae, Ruminococcaceae and Fibrobacteres) increase pro-
portionally with age in the faecal microbiota of the foal to become
dominant.>* Changes in the faecal microbiota have been associ-
ated with age, diet,®> temperature,® diarrhoea’ and antimicrobial
exposure.? Use of trimethoprim-sulfadiazine in healthy horses
has been found to result in a decrease in faecal microbiota diver-
sity and a reduction in Verrucomicrobia for at least 9 days after
treatment.®

Bacteria within the microbiota of humans and other animals can
harbour antimicrobial resistance genes (ARGs).”*® Many studies
of ARGs associated with horse intestinal bacteria have been lim-
ited to the readily culturable bacteria, such as Escherichia coli and
Enterococcus species.*'* Although these bacteria are useful indi-
cators for monitoring ARGs in faeces, they only represent a small
fraction of the bacteria in the equine microbiota. The abundance of
ARGs in the total faecal microbiota from horses remains largely un-
explored. Culture independent approaches, such as deep sequenc-
ing and high-throughput gPCR (HT-gPCR), bypass the limitations of
culture and enable a holistic evaluation of ARGs in the microbiota.
High-throughput qPCR has been used to investigate a broad range of
ARGs in faecal samples of various animal species.”1>1¢

The aim of this study was to characterise the faecal microbiota
and ARG profiles of farm-raised foals less than 30 days of age that
had had no direct exposure to antimicrobial agents. Factors with
a potential to affect the microbiota and the ARG profile were also

analysed.

2 | MATERIALS AND METHODS
2.1 | Sample collection and DNA extraction

Foal faecal samples and medical records were collected as part of a
previous age-matched case-control study of diarrhoea.” Only sam-
ples from control foals aged less than 30 days were included in the
current study. A single faecal sample was obtained from each of 37
Thoroughbred foals on four stud farms in the Hunter Valley, New
South Wales, Australia, between September and December 2010
(Table S1). The foals had no known history of diarrhoea in the week
preceding sampling and there was no record of prior antimicrobial
treatment.

Freshly voided faeces were collected from foals while their dams

were being examined for breeding purposes. Faecal samples were

collected into sterile containers and kept overnight at -20°C, then
stored at -70°C until processing. DNA was extracted from 0.2 g
of faeces using the DNeasy PowerSoil kit (Qiagen) following the
manufacturer's instructions. A FastPrep bead homogeniser (MP
Biomedicals) was used at 5.5 m/s for 30 s to break the bacterial cells
open. The quality and quantity of DNA were determined using a
Nanodrop ND-1000 (NanoDrop Technologies). DNA was stored at
-20°C until analysis.

2.2 | Bacterial 16S rRNA gene sequencing and
bioinformatic analysis

The V3-V4 region of the bacterial 16S rRNA genes was ampli-
fied using primers 341F(CCTAYGGGRBGCASCAG) and 806R'(G
GACTACNNGGGTATCTAAT).*®Y Amplicons were sequenced on
an lllumina Miseq platform. Sequences were analysed through a
QIIME2 pipeline (Version qgiime2-2018.11).2° DADA2 was used to
trim the de-multiplexed reads to 250 bp and they were de-noised,

paired and grouped into amplicon sequence variants (ASV).2

A pre-
trained Naive Bayes classifier and the Greengenes database (2013
August release) were used for taxonomic assignment.zz’23 ASVs
only present in a single sample or classified as non-bacterial were
removed. Sequences from each foal were randomly subsampled to
the same depth for fair comparison. The minimum number of reads
that would not affect coverage or result in the discard of any samples
was used. Good's coverage was calculated for each sample to assess
the adequacy of the reads. Sequence data are available in the NCBI
database under accession number PRJNA638757.

2.3 | Detection and quantification of ARGs in foals

ARGs were detected using the SmartChip Real-time PCR system
(Takara Bio USA). Forty-four primer pairs were used to amplify
ARGs encoding resistance to the following groups of antimicrobi-
als: aminoglycosides, beta lactams, quinolones and phenicols (FC),
macrolide-lincosamide-streptogramin B (MLSB), sulphonamides/
trimethoprim, tetracyclines, virginiamycin and streptothricin. Primer
pair “blaCTX-M-04" amplified the group 2 type bla1,_, genes, such
as blacty - TWo primer pairs were used to amplify the class | inte-
gron markers intll and gacEA, and one primer pair was specific for
the bacterial 16S rRNA gene (Table 52).2?* The primers used were
a subset of 295 primers validated in previous studies.”?42% Primers
for intrinsic resistance genes were excluded and genes detected in
livestock in previous studies were included.”*%2¢

The gPCR conditions were previously described by Wang
et al.?* A cycle threshold (Ct) of 27 was used as the limit of de-
tection. The abundance of each ARG was normalised to the
16S rRNA gene abundance in each sample using the equa-
%, where E(16S) was the efficiency

of amplification of the 16S rRNA gene, E(ARG) was the efficiency of
27,28

tion:relative abundance =

amplification of each ARG and Ct was the threshold cycle.
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2.4 | Data analysis

Statistical analyses were completed using QIIME2 (version giime2-
2018.11)%° and R (version 3.6.3).2% Foals were grouped by sex,
farm or age. The impact of these factors on the faecal microbiota
and ARG profiles was tested using non-metric multidimensional
scaling (NMDS) based on a Bray-Curtis distance matrix calculated
from genus-level ASVs and ARG relative abundance respectively.
The similarity of the faecal microbiota and ARG profiles be-
tween groups was tested by permutational multivariate analysis
of variance (PERMANOVA) using the ‘adonis’ function in the R
package vegan.®® The P value of pairwise PERMANOVA was ad-
justed using the Benjamini-Hochberg method using the R package
RVAideMemoire.?

Differences in the abundance of bacterial taxa, at family and
genus level, between the age groups were tested using the analysis
of composition of microbiomes method (ANCOM).®2 Alpha diversity
of the faecal microbiota of each foal was measured based on ASVs.
Richness indices Chaol and ACE were used to estimate the number
of ASVs in the sample, and the Shannon and Simpson diversity indi-
ces were used to estimate the richness and evenness of the microbi-
ota of each sample. Differences in Chaol, ACE and Shannon indices
between age groups were tested using one-way ANOVA with post-
hoc analysis by Tukey's Honest Significant Difference (HSD) test.
Differences in the Simpson index between age groups were tested
using the pairwise Wilcoxon rank sum test, with P values adjusted
using the Benjamini-Hochberg correction method.®® A P < .01 was
considered significant.

Differences in the relative abundance of ARGs between foal
age groups were tested with the pairwise Wilcoxon rank sum test,
with the P value adjusted using the Benjamini-Hochberg correc-
tion method.®® A P < .01 was considered significant. The patterns
of co-occurrence of ARGs were analysed using the Spearman rank
correlation using the ‘rcorr’ function in the R package Hmisc.3*
Correlations were represented as networks with only strongly
co-occurring ARGs (Spearman's rho 20.75, P < .01) shown. To avoid
false positives, ARGs detected in fewer than 30% of samples were
excluded. P values were adjusted using a Benjamini-Hochberg cor-
rection method.® The network visualisation was performed using
Gephi.®

3 | RESULTS

3.1 | Impact of sex, farm and age on the faecal
microbiota profile

A total of 1 855 588 reads from 37 foals passed all quality filters and
were partitioned into ASVs. The original read depth of all samples
ranged from 22 443 to 454 745. A subsample of 22 443 reads was
randomly selected for each sample to enable fair comparisons. The
rarefied reads were partitioned into 2085 ASVs. The Good's cover-

age index based on ASV ranged from 0.99 to 1, indicating a sample

depth of 22 443 reads was sufficient for accurate estimates of the
microbiota richness and evenness.

The foals were grouped based on their sex, farm of origin or age:
23 foals were female and 14 were male; 13 were from farm A, 10 from

farm C, 4 from farm D and 10 from farm E. They were categorised

(A)
1
N
a
20
=
i Sex
[¢] Male
[e] Female
-1 0 1
NMDS1
(B)
1
N
3
= 0
=
Farm
-1 o] A
[e| C
[e] D
[e] E
1 0 1
NMDS1
©
1
N
8o
=
=
I Age group
[¢] 1-2 weeks
[o] 2-3 weeks
[e] >3 weeks
-1 0 T
NMDS1

FIGURE 1 Similarity of the faecal microbiota of foals grouped
by sex (A), farm (B) and age (C). NMDS analysis with Bray-Curtis
distances was based on genus-level ASVs (NMDS stress = 0.18)
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into three age groups: 1-2 weeks (n = 8, aged 8-14 days), 2-3 weeks
(n= 14, aged 15-21 days) and >3 weeks old (n = 15, aged 23-29 days).
The differences in the microbiota profiles between the three age
groups are shown in Figure 1A-C. No significant separation was seen
between the sex or farm groups (Figure 1A,B, Table S3). Significant
separation was seen between foals aged 1-2 and >3 weeks (P =.003),
with foals aged 2-3 weeks intermediate, with no significant separa-
tion from the other two groups (Figure 1C, Table S3).

3.2 | Faecal bacterial composition of foals in
different age groups

Bacterial taxa with relative abundances above 0.5% within a sam-
ple, and detected in at least 33% of samples, were considered to
represent the main taxa (Figure 2A-C). Firmicutes and Bacteroidetes
were dominant in the faecal microbiota and comprised up to 80%
of the reads from each age group (Figure 2A). Verrucomicrobia
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FIGURE 2 Relative abundance of
dominant bacterial phyla (A), families (B)
and genera (C) in the faecal microbiota of
foals in each age group. Only taxa with a
relative abundance above 0.5% in more
than 33% of samples are shown. Phyla,
families and genera below the cut-off
were assigned to “Other”
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TABLE 1 Taxa with significant differences in abundance between different age groups of foals

ANCOM W?
1-2 vs >3 wk
Family
Christensenellaceae 40
Odoribacteraceae 37
Genus
Unclassified Christensenellaceae 78
Butyricimonas 68
Unclassified Clostridiales 1 64
Eubacterium 62
Treponema 61
ANCOM W?
2-3 vs >3 wk
Family
Odoribacteraceae 34
Christensenellaceae 33
Genus
Butyricimonas 65
Unclassified Christensenellaceae 64

Abbreviation: wk, weeks of age.

Relative abundance (%)
Abundance ratio

1-2 wk >3 wk (>3 wk/1-2 wk)
0.48 4.27 8.9
6.13 1.24 0.2
0.48 4.27 8.9
3.92 0.41 0.1
0.02 0.46 23
0.43 0.04 0.1
0.02 2.78 139
Relative abundance (%)
Abundance ratio
2-3 wk >3 wk (>3 wk/2-3 wk)
3.05 1.24 0.4
2.38 4.27 1.8
1 0.41 0.4
2.38 4.27 1.8

?Differing abundances of taxa between age groups were assessed using ANCOM, adjusting for farm. For each of the n taxa, the mean abundance
between two age groups was compared to the data for the other n-1 taxa. W is the number of null hypotheses rejected for the taxa (which can range
from O to n-1). Taxa with a proportion of rejected hypotheses >0.7 were considered to have a significantly different abundance between age groups.
The ANCOM comparison was performed using 86 genera and 47 families. ANCOM does not assign a P value for the final result, but P values with a

Benjamini-Hochberg correction were used in the pipeline to calculate W.

was the third most abundant phylum, and comprised 8%, 14%
and 12% of the total reads from foals aged 1-2, 2-3 and >3 weeks
respectively.

At the family level (Figure 2B), Ruminococcaceae, Bacteroidaceae,
Lachnospiraceae and Verrucomicrobiaceae were abundant in all age
groups, and comprised more than 50% of the reads from each age
group. At the genus level (Figure 2C), Bacteroides, Akkermansia,
Lactobacillus, Blautia, Dorea, Parabacteroides and Oscillospira were
abundant in all age groups, with each genus comprising at least 1%
of the reads from each age group (Figure 2C).

Differencesintheabundances of bacterialtaxaatfamilyand genus
level between age groups are shown in Table 1. Foals aged >3 weeks
had a significantly higher abundance of genus Treponema than the
foals aged 1-2 weeks. Moreover, the family Christensenellaceae
was significantly more abundant in foals aged >3 weeks than in
the younger foals. On the other hand, the abundance of the genus
Butyricimonas, as well as its family, Odoribacteraceae, was signifi-
cantly lower in foals aged >3 weeks than in foals in the other two age
groups. No family or genus had a significantly different abundance

between foals aged 1-2 and 2-3 weeks.

3.3 | Comparison of alpha diversity of faecal
microbiota between age groups

Four alpha diversity indices were calculated for the faecal micro-
biota in each group of foals (Figure 3). Foals aged 2-3 and >3 weeks
had significantly higher faecal microbiota richness than foals aged
1-2 weeks, as indicated by the Chao1l richness estimator (P < .01)
and the ACE index (P < .01) (Figure 3A,B). No significant difference
was found between the age groups in any of the diversity indices
(Figure 3C,D).

3.4 | Detection of ARGs in foal faeces

Foal samples were screened for a total of 44 ARGs using qPCR.
Most ARGs were detected in at least one foal, with the exception
of sull, InuB, mphC, msrA, gnrA, tetK, vatE and vgbB. The relative
abundances of ARGs in individual foals are presented in Figure 4
as proportions relative to the 16S rRNA gene. A total of 10 ARGs
were detected in 30/37 of samples (81%) (Table 2). The tetracycline
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FIGURE 3 Alpha diversity of the faecal microbiota of foals in each age group. The richness indices Chao1 (A) and ACE (B), and

the Shannon (C) and Simpson (D) diversity indices are shown as box plots, where the upper and lower ends of the boxes indicate the
interquartile range, and the whiskers indicate 1.5 times the interquartile ranges. Individual dots indicate outliers. P values were calculated by
one-way ANOVA with post-hoc analysis by Tukey’s Honest Significant Difference (HSD) test

resistance genes tetQ, tetO and tetW contributed most to the total
ARG abundance in the faecal microbiota, with median relative abun-
dances of 2.3 x 1072, 2 x 1072 and 7.9 x 1073, respectively. Other
abundant ARGs were aphA3, sat4 and mefA, which had median rela-
tive abundances above 3.9 x 1072,

The similarities of the ARG profiles were compared between
foals grouped by sex, farm and age. There was no significant separa-
tion of foals grouped by sex or farm (Figure 5A,B, Table S3), but foals
aged 1-2 weeks had significantly different ARG profiles from those
of the older foals (P < .01) (Figure 5C, Table S3).

The relative abundance of each ARG was compared between the
age groups. Foals aged 1-2 weeks had a significantly greater abun-
dance of aphA3, sat4, tetM and tetX than the older foals (P < .01).
ARG abundances did not differ significantly between foals aged
2-3 weeks and those >3 weeks. This is demonstrated in Figure 4,
with aphA3 representative of the aminoglycoside resistance genes,
sat4 representative of the streptothricin resistance genes and the tet
genes representative of the tetracycline resistance genes.

The blag,,, and group 2 type bla ;44 extended spectrum beta

lactamase (ESBL) genes, as well as the fluoroquinolone resistance
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gene gnrB, were detected in fewer than 10 foals. The relative abun-

dances of these genes were low, from ~10"%to0 107%.

3.5 | Co-occurrence of ARGs in foal faeces

The patterns of co-occurrence of ARGs were analysed using
Spearman's rank correlation and examined as networks (Figure 6,
Table S4). A cluster comprised of ARGs encoding resistance to the
aminoglycosides, beta lactams and trimethoprim, and the class | in-
tegron markers intll and gacEA, was detected. Other clusters con-
tained aphA3, aadE, sat4 and tetM, strB and sul2, and ermF and tetX.

4 | DISCUSSION

This study described the faecal microbiota and ARG profiles of foals
younger than 1 month of age that were being raised on commercial
stud farms. The influence of sex, farm and age on the microbiota and
the ARG profiles were examined, and only age was found to distin-

guish between the groups.

Foals were not sampled longitudinally in this study, so the data
do not conclusively prove that the changes in the faecal microbiota
were a result of ageing, but the features detected in the microbiota of
the foals in different age groups were consistent with previous lon-
gitudinal studies.®>* Foals aged 1-2 weeks were found to have signifi-
cantly lower microbiota richness than the older foals, suggesting that
colonisation of the gastrointestinal tract with new bacterial species
increased with age. Previous studies have shown that the number of
operational taxonomic units (OTUs) increases in the faecal microbiota
of foals as they age from 7 to 28 days and then 60 days,4 and that
foals in the first month of life had fewer OTUs than older foals.®

Our results confirm previous studies that have shown that
Treponema species are abundant in the adult horse faecal mi-

crobiota®®%’

and are likely to interact with cellulolytic bacteria
to promote the digestion of fibre.3®%? Members of the phylum
Spirochaetes have been shown to increase in abundance in the
horse faecal microbiota when haylage is introduced into the diet.®
Thus, the increase in abundance of Treponema species in foals
>3 weeks old may be a result of the increasing proportion of for-
age in their diet. The family Christensenellaceae (phylum Firmicutes)

was also more abundant in foals >3 weeks old. The role of members



TABLE 2 Relative abundances of ARGs detected in more than
80% samples

Relative abundance

Gene Min Max Median

aadE 4.3%107° 2.9 %1072 1.5x107°
aphA3 1.8x 107 7.7 x 1072 9.6x107°
strB 1.4x107° 4.3x107? 2x107°

mefA 8.9 x 107 5x 1072 39x107°
sul2 9.6x107° 3.1x 1072 1.4x107°
tetM 2.3x107 2.5%x 1072 8.1x10™*
tetO 1.2x107° 3.1x 1072 79 x107°
tetQ 17%x107° 24x107! 2.3%x 1072
tetW 4.6%107° 1.2x 107" 2x 1072

sat4 23x107* 5.5x 1072 51%x107°

of the Christensenellaceae is less well understood, but their abun-
dance has been found to differ between lean and obese horses.*°

The phyla Firmicutes and Bacteroides were the two most abun-
dant phyla in the majority of foals, consistent with previous observa-
tions in foals older than 1 week of age.?* Other studies have found
Verrucomicrobia or Proteobacteria to be among the most abundant
phyla.’ Although these earlier reports used the same Illumina
MiSeq platform, only the V4 region of the bacterial 16S rRNA gene
was sequenced, while our study targeted the V3-V4 region, perhaps
contributing to these differences.*! Differences in horse breed, diet
and environmental factors could also have affected the faecal mi-
crobiota profiles.

Forty-four ARGs encoding resistance to the major antimicrobial
classes were screened for using a HT-gPCR array. The tetracycline
resistance genes tetQ, tetO and tetW contributed greatly to the
total abundance of ARGs. These genes encode cytoplasmic proteins
that protect ribosomes from tetracycline, and have been found in
a broad range of bacteria, including genera dominant in the foal
faecal microbiota (eg Bacteroides, Lactobacillus, Ruminococcus and
Streptococcus).*? In addition, these tet genes are often associated
with mobile genetic elements that can transfer between bacterial
species.*® Metagenomic studies have shown that the ribosomal pro-
tection tet genes are commonly detected at a high abundance in the
faecal microbiota of humans and several livestock species.lo'44

Analyses of gene co-occurrence revealed that the abundances of
some ARGs could be correlated with class | integron genes. Although
analyses of co-occurrence are not sufficient to prove a physical link-
age in the genome, they do indicate the potential for horizontal
spread of ARGs within the bacterial microbiota.

The co-occurrence of strB and sul2 may be a result of carriage
of the sul2-strA-strB cluster on plasmids. RSF1010-like plasmids car-
rying this gene cluster are widespread in the environment.*>*¢ The
formation and dissemination of this ARG cluster can occur without
the selective pressure of antimicrobial agents,*” suggesting a natu-

ral prevalence of these genes in the foal faeces. The co-occurrence
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FIGURE 5 Similarity of the ARG profile between foals grouped
by sex (A), farm (B) and age (C). NMDS analysis was based on
Bray-Curtis distances derived from the relative abundance of
ARGs (NMDS stress = 0.15)

of aphA3, sat4 and aadE could be a result of carriage of the gene
cluster aphA3-sat4-aadE on Tn5404-like elements and members of
the Tn1545/Tn6003 family, which have been found in Gram-positive

bacteria.*®4’
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FIGURE 6 Network of co-occurrence

patterns of ARGs detected in foals

(Spearman’s rho 20.75, P < .01). The

size of each node is proportional to the

number of connections ermF

dftA1

aadA

a 3
a0 h§4

acC2
P

aphAT ' aac(6)-Ib

blaTEM

Aminoglycosides O Beta lactams ’ Macrolide ‘ Sulfonamides

‘ Tetracyclines

The blag,,,, and group 2 type blar,_,, ESBL genes, and the fluo-
roquinolone resistance gene qnrB, were rarely detected in the foals,
suggesting that young foals without direct antimicrobial exposure
were unlikely to carry these genes in their faecal microbiota. A lim-
itation of this study is that the group 1 type bla. ., genes were
not included in the HT-gPCR assay. These genes have often been
detected in ESBL-producing E. coli from horses and could be added in
future studies.*>*° If comprehensive coverage of ARGs is required,
then alternative sequencing strategies could be used, for example,
metagenomic sequencing.*®

In our study, the overall faecal microbiota of foals did not dif-
fer between farms. Differences in farm management, such as the
amount of access to pasture and the housing conditions, have
been identified as factors influencing the faecal microbiota in
other studies,** but an evaluation of the impact of management
practices on the microbiota was not a primary aim of this study.
While the majority of mares and foals were kept in grass paddocks,
detailed information on this variable was not collected. In addition,
the small number of foals from each farm evaluated in this study
restrained the statistical power of any investigations of potential
differences in the microbiota attributable to differences in farm
management. This should be a fruitful area for future research.
Another limitation was the lack of any history about antimicrobial
treatment of the dams of the foals. A study in humans demon-
strated that antimicrobial treatment of mothers during delivery

may have affected the composition of the microbiota and the level

O Trimethoprim . Streptothricin O Class | Integron

of ARGs and mobile genetic elements in the infant gut.>? This, in
addition to the coprophagical behaviour of foals, may have influ-
enced our results. Therefore, future studies that aim to describe
the influences of age and farm management on the development
of the faecal microbiota of healthy foals should have a larger sam-
ple size and record farm management practices in greater detail.
This will allow investigation of any variation in the foal faecal
microbiota and ARG profiles associated with differences in farm
management.

In conclusion, this study analysed faecal microbiota and ARG
profiles in Thoroughbred foals aged from 8 to 29 days raised on
commercial stud farms in Australia. Age was found to influence the
richness and composition of the faecal microbiota. The tetracycline
resistance genes tetQ, tetO and tetW were the largest contributors
to the total abundance of ARGs in the faeces, probably because of
the high concentrations of potential host genera for these genes in
the normal foal faecal microbiota. The observation of correlations
between specific ARGs and class | integron genes suggested indirect

exposure to antimicrobials on the farms.
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