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Simple Summary: Post-antibiotic intestinal dysbiosis leads to an overall reduction in bacterial and
functional diversity, along with a minor resistance against pathogens. The study aimed to determine
the changes on the fecal microbiota in hospitalized neonatal foals administered with broad-spectrum
antimicrobials and supplemented probiotics. Fecal samples were collected at hospital admission,
at the end of the antimicrobial treatment and at discharge. Seven foals treated with intravenous
ampicillin and aminoglycosides for a mean of seven days were included. The results suggest that
the fecal microbiota of neonatal foals rapidly returns to a high diversity after treatment. While the
findings need to be confirmed in a larger population, the study suggests that in foals, the effect of
antimicrobials may be strongly influenced by the changes that occur over time in the developing
gut microbiota. Of note, the findings are influenced by the use of probiotics, and whether the
changes would be consistent in antimicrobial-administered but not supplemented foals remains to
be elucidated.

Abstract: There is a wide array of evidence across species that exposure to antibiotics is associated
with dysbiosis, and due to their widespread use, this also raises concerns also in medicine. The study
aimed to determine the changes on the fecal microbiota in hospitalized neonatal foals administered
with broad-spectrum antimicrobials and supplemented probiotics. Fecal samples were collected
at hospital admission (Ta), at the end of the antimicrobial treatment (Te) and at discharge (Td).
Feces were analysed by next-generation sequencing of the 16S rRNA gene on Illumina MiSeq.
Seven foals treated with IV ampicillin and amikacin/gentamicin were included. The mean age at Ta
was 19 h, the mean treatment length was 7 days and the mean time between Te and Td was 4.3 days.
Seven phyla were identified: Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria,
TM7 and Verrucomicrobia. At Ta, Firmicutes (48.19%) and Proteobacteria (31.56%) were dominant.
The alpha diversity decreased from Ta to Te, but it was the highest at Td. The beta diversity was
higher at Ta than at Te and higher at Td than at Te. An increase in Akkermansia over time was
detected. The results suggest that the intestinal microbiota of neonatal foals rapidly returns to a high
diversity after treatment. It is possible that in foals, the effect of antimicrobials is strongly influenced
or overshadowed by the time-dependent changes in the developing gut microbiota.

Keywords: fecal microbiota; antimicrobials; dysbiosis; foals

Animals 2021, 11, 2283. https://doi.org/10.3390/ani11082283 https://www.mdpi.com/journal/animals

https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-1645-2111
https://orcid.org/0000-0002-9828-4317
https://orcid.org/0000-0001-8131-974X
https://orcid.org/0000-0001-5533-7637
https://doi.org/10.3390/ani11082283
https://doi.org/10.3390/ani11082283
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ani11082283
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani11082283?type=check_update&version=2


Animals 2021, 11, 2283 2 of 18

1. Introduction

Neonatal foals are predisposed to life-threatening bacterial infections, and antimicro-
bials are routinely and widely employed in equine neonatal medicine, either prophylac-
tically or therapeutically [1]. Sepsis is the most common cause of death during the first
week of life and failure of passive transfer of immunity (FPT) is a leading risk factor [1].
Ischemic-hypoxic intestinal damage also puts foals affected from perinatal asphyxia syn-
drome (PAS) at higher risk of developing sepsis [2]. In the treatment or prevention of sepsis,
the empirical selection of broad-spectrum antimicrobials, preferentially administered by
intravenous (IV) route, is paramount in most cases. A combination of beta lactams and an
aminoglycoside is the most commonly used as ampicillin 22–30 mg/kg IV or orally (PO)
every 6–8 h and amikacin 25 mg/kg IV every 24 h [3]. This combination has been recently
shown to be effective in 91.5% of bacterial isolates in neonatal foals [2,4].

While the use of perinatal broad-spectrum antibiotics is common, there is wide evi-
dence that early exposure to antibiotics is associated with dysbiosis and long-term impacts
on microbial diversity and health, with derangement in the development of the immune,
metabolic and nervous system in humans [5–7]. Dysbiosis means an imbalance, qualita-
tive and/or quantitative, in the intestinal microbiota composition [8]. Antimicrobials not
only affect the target pathogens, but they bring collateral effects over the entire microbial
ecosystem [9]. Pharmacological agents damage bacterial cells, causing loss of membrane
polarity and integrity and a reduction of nucleic acid content; genic expression, protein
synthesis and metabolome are also affected [9,10].

Antimicrobial-associated dysbiosis leads to an overall reduction in bacterial and
functional diversity, along with a minor resistance against pathogens [9,11] and the es-
tablishment of favorable conditions for opportunistic bacteria to grow [12]. The potential
antimicrobial induction and selection for resistant, or able to acquire resistance, microor-
ganisms are an increasingly relevant issue [13]. Indeed, microbiota respond to the insult
early, increasing the expression of a small number of resistances encoding genes [9].

The diverse effect on bacterial taxa is strikingly dependent on the antimicrobials
classes and combinations used. This effect may be due not only to the nature of the agent
itself, but also depends on other factors including dose and route, period of exposure,
pharmacokinetics, pharmacodynamic and the stability of the microbiota itself [6,9,14–16].
In this light, while antimicrobials susceptibility testing is commonly employed in the
practice and remains a mainstay for appropriate drug selection. The pharmacodynamics
of the drugs should be further considered in the choice of the individual antimicrobial
administration [17].

Nevertheless, the gut microbiota has a variable degree of resilience, which allows
recovering to pre-treatment conditions after the balance has been disrupted. However,
studies suggest that this recovery might not be complete at least over a long period [6],
and this has been shown in horses as well [18,19].

Antimicrobial-associated dysbiosis also raises concerns in equine neonatal medicine.
In foals, the development of post-natal microbiota has been investigated by Next Generation
Sequencing (NGS), and it is characterized by a high instability and rapid changing over
time [20–24]. Costa et al. [25] suggested that such dynamicity might prompt a more rapid
recovery respect to adult horses, even after external perturbations, such as antimicrobials.

With respect to culture-dependent techniques, molecular approaches dramatically
improved the ability to examine gut microbiota composition and dynamics related to
antimicrobials administration [7].

A few reports exist exploring the effects on gut microbiota of a broad-spectrum an-
timicrobial therapy in adult horses [20,26–28]. Antimicrobial resistance is also an alarming
and emerging challenge in equine medicine [17]. In this contest, in foals, antimicrobial
resistance gene profiles [29] and emergence of multi-drug resistant Rhodococcus equi due
to wide-spread use of a macrolide–rifampin combination [30] has been investigated by
NGS. To the authors’ knowledge, no studies to date have reported changes in gut bacterial
microbiota in relation to broad-spectrum antimicrobial use in neonatal foals. Alterations of
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gut microbiota after antimicrobial administration have been reported in adult horses [19],
and early exposure to antimicrobials has been associated with long term implications in hu-
man babies [2]. This information prompts the need for deep insights on the antimicrobials’
effects on foals’ intestinal microbiota in view of a more informed drug selection.

This study aimed to determine changes related to broad-spectrum antimicrobials
administration on the fecal microbiota (FM) of hospitalized neonatal foals by means of
NGS of the 16S rRNA gene. Fecal microbial ecosystem was characterized with regard to
relative abundance at mean and individual levels before and after administration of a broad-
spectrum antimicrobial treatment in foals hospitalized for common neonatal pathologic
conditions (as sepsis, prematurity/dysmaturity and Perinatal Asphyxia Syndrome). More-
over, biodiversity changes in gut microbiomes and their relationship with the antimicrobial
treatment were analyzed.

2. Materials and Methods
2.1. Animals and Samples Collection

The study was conducted at the Equine Perinatology Unit (EPU) of the Veterinary
Teaching Hospital of the University of Bologna during the foaling season 2019.

All procedures on the animals were carried out according to the ethics review com-
mittee at the University of Bologna. Oral informed consent was given by the owner for
each animal.

Fecal samples were collected from hospitalized neonatal foals administered a broad-
spectrum antimicrobial treatment either therapeutically or prophylactically. At enrolment,
foals should have no history of antimicrobials administration, and dams of the foals should
have not received antimicrobials in the last three months. Enrolled foals were either born
from mares hospitalized at the EPU for attended delivery or hospitalized after birth.

Pregnant mares were hospitalized at about 310 days of gestation. They were judged
clinically normal based on daily physical examination, complete blood count (CBC) and
serum biochemistry at admission, and periodical ultrasonographic monitoring of feto-
placental wellbeing was conducted upon foaling. Foals received a full diagnostic protocol
including: full physical examination, CBC and biochemistry, arterial blood gases analysis,
serum IgG and blood lactate concentration and blood culture. Foals born at the EPU were
also assessed at birth by means of an Apgar score [31].

Diagnostic criteria were defined as follows.
Failure of passive transfer of immunity was diagnosed as blood IgG concentra-

tion < 800 mg/dL after 18 h of life [32].
Foals were classified as septic in the presence of both infection and systemic inflam-

matory response [33]. Infection was confirmed on the basis of one of the following:

• positive blood culture;
• positive culture of samples from local sites of suspected infection;
• postmortem examination. Systemic inflammatory response syndrome (SIRS) diagnosis

was made as suggested by Wong and Wilkins [34].

Foals were classified as affected by Perinatal Asphyxia Syndrome (PAS) on the basis
of clinical history (i.e., abnormal pregnancy and/or parturition), clinical signs (i.e., non-
infectious and non-congenital neurological conditions) and laboratory abnormalities [35].

Foals were defined as premature if born prior to 320 days gestation and were de-
fined as dysmature if born after 320 days but with immature physical characteristics (e.g.,
low body weight and inability to maintain body homeostasis) [33,36]. Foals were individ-
ually treated and monitored according to their clinical condition. All the foals received
antimicrobials intravenously through a catheter in the jugular vein and received a probiotic
supplementation orally. Other treatments included prophylactic gastric therapy and fecal
microbial transplantation (FMT) where indicated on individual basis.

According to clinical management, foals and their dams were housed in single, wide,
straw-bedded boxes, either together or separated by a gate allowing contact, and foals
were fed mare’s milk and/or milk replacer during the hospitalization. They were turned
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out during the day only where applicable. Mares were fed hay ad libitum and 14–16%
sweet feed concentrates.

Fecal sampling was planned at three time points:

• before the start of antimicrobial treatment (Ta, admission);
• at the end of the treatment (Te);
• the day of discharge from the hospital (Td).

At least 2 g of feces were collected from the rectal ampulla and from the center of the
fecal material [23]. The samples were immediately stored in sterile vials at −25 ◦C and
subsequently transferred at −80◦ C.

To the study purposes, the following data were recorded: diagnosis, age (hours) at
the start of antimicrobial treatment, antimicrobial treatment duration (days), time from the
end of treatment to the hospital discharge (Te–Td; days), antimicrobials (dosage and route),
occurrence of diarrhoea and further treatments (including probiotics, prophylactic gastric
therapy, FMT). Moreover, source of milk feeding (mare’s milk, milk replacer, both) during
the observation period was recorded for each foal.

2.2. Bacterial DNA Extraction and 16S rRNA Sequencing

Bacterial DNA was extracted from stools with a DNeasy Blood & Tissue kit (QUIA-
GEN, Hilden, Germany) as previously described by Biagi et al. [37], adding three 1-min
bead-beating steps with four 3-mm glass beads and 0.5 g of 0.1-mm zirconia beads (BioSpec
Products, Bartlesville, OK, USA) in a FastPrep instrument (MP Biomedicals, Irvine, CA,
USA) at 5.5 movements per second [38]. Two microliters of DNase-free RNase were added,
and samples were incubated at 37 ◦C for 15 min. The supernatant was treated with pro-
teinase K and DNA purified using the QIAamp Mini Spin columns (QUIAGEN, Hilden,
Germany) following the manufacturer’s instructions.

DNA samples were quantified using the NanoDrop ND-1000 (NanoDrop Technologies,
Wilmington, DE, USA).

The V3–V4 region of the 16S rRNA gene was amplified by means of the primer set
S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21 [39] carrying Illumina (Illumina, San Diego,
CA, USA) overhang adapter sequences, as previously described [40].

Amplicons were purified with a magnetic bead-based clean-up system (Agenetcourt
AMPure XP, Beckman Coulter, Brea, CA, USA). Indexed libraries were prepared by limited-
cycle PCR using Nextera technology and further cleaned up again by the magnetic bead-
based clean-up system. Final libraries were pooled at 4 nM, denatured and diluted to 6
pM before loading onto the MiSeq flow cell (Illumina, San Diego, CA, USA). Sequencing
was performed by a 2 × 300 bp paired end protocol, according to the manufacturer’s
instructions (Illumina, San Diego, CA, USA) [41].

Amplicon sequences were deposited in the MG-Rast database (http://metagenomics.
anl.gov/mgmain.html?mgpage=project&prject=59129e34be6d67703833303632 accessed on
12 September 2019).

2.3. Bioinformatics and Statistics

Raw sequences were analyzed using Quantitative Insights Into Microbial Ecology
(QIIME) version 1.9.1 [42]. Reads were filtered for quality using the split_library_fastq.py
script of the QIIME pipeline with default values. High-quality reads were clustered into
Operational Taxonomic Units (OTUs) at 97% homology [43]. All singleton OTUs were
discarded to avoid chimeric sequences. The filtering of chimeric OTUs was performed
by using ChimeraSlayer [44]. OTUs were taxonomically assigned using RDP classifier
(Ribosomal Database Project (RDP) database (http://rdp.cme.msu.edu/ accessed on 12
September 2019) against Greengenes database from May 2013 release (http://greengenes.
secondgenome.com/downloads) (“Greengenes:16S rDNA data and Tools”, 2011).

For the OTU sharing analysis, OTUs representing more than 0.01% of the total OTU
number were considered.

http://metagenomics.anl.gov/mgmain.html?mgpage=project&prject=59129e34be6d67703833303632
http://metagenomics.anl.gov/mgmain.html?mgpage=project&prject=59129e34be6d67703833303632
http://rdp.cme.msu.edu/
http://greengenes.secondgenome.com/downloads
http://greengenes.secondgenome.com/downloads
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The bacterial abundance data were imported into R (version 3.6.1, R Foundation for
Statistical Computing, Vienna, Austria. URL http://www.R-project.org/) on Rstudio
v1.1.456 (RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC,
Boston, MA URL http://www.rstudio.com/) where all statistical analyses were performed.
A p-value < 0.05 after False Discovery Rate (FDR) correction was considered as statisti-
cally significant. Alpha diversity was evaluated by calculating Observed species, Chao1,
Shannon, ACE (Abundance-based Coverage Estimator), Inverse Simpson’s and Fisher’s
indices using R package phyloseq [45,46]. The difference of alpha diversity was evalu-
ated using ANOVA and Tukey’s HSD (honestly significant difference) tests for normally
distributed data or Wilcoxon–Mann–Whitney with Holm–Bonferroni correction method
for non-normally distributed data. To compare microbial composition between samples,
beta diversity was measured by calculating the Bray-Curtis distance matrix of weighted
and unweighted UniFrac. Principal coordinates analysis (PCoA) was applied on the dis-
tance matrices to generate bi-dimensional plots in R. Dispersion of the PCoA clusters
was compared using the betadisper function in R vegan package [47]. The permutation
analysis of variance (PERMANOVA) test, calculated using the function adonis in the vegan
package (CRAN Package vegan; [48]), was performed to determine whether there was a
significant separation between different sample groups. The plots were graphed using
ggplot2 R packages [49]. To identify taxa that were significantly different between sam-
ple groups, environmental variable superimposition was performed on the study subject
multidimensional scaling (MDS) plot using function envfit contained in package vegan
of R studio. In order to test for the differential abundance of taxa that could drive the
differences observed between inferred microbial communities derived from the different
samples, we performed DESeq2 analyses [50].

3. Results

Seven hospitalized neonatal foals that had received the same association of antimi-
crobials (ampicillin combined with an aminoglycoside IV) and had a complete sampling
series were available for analysis.

The demographic and clinical data regarding the individual foals are presented in
Table 1. Three out of the seven foals were hospitalized after birth, while four out of seven
were born at the EPU, all between March and June. Two were males and five females.

The mean age at Ta was 19 h (0–42 h). All seven foals received ampicillin (50 mg/kg
IV QID) combined with an aminoglycoside (amikacin 25 mg/kg IV SID in five out of seven
foals, or gentamicin 12 mg/kg q 36 h in two out of seven foals), therapeutically or prophy-
lactically, according to their diagnosis. One foal (CM) had a diagnosis of sepsis (E. coli
isolated from blood culture), dysmaturity and FPT. Two foals were treated prophylactically
for PAS, three foals for FPT and one for PAS and FPT.

The mean length of the antimicrobial treatment was 7 days (5–12 d), and the mean
time between Te and Td was 4.3 days (1–9 d).

The treatments and management were tailored on an individual basis according to the
clinicians’ judgement. All the foals received probiotics (Yovis, Alphasigma spa, Bologna,
Italy; 1–3 g/day) for the duration of the antimicrobial treatment. As shown in Table 1,
five of the seven foals received prophylactically omeprazole (2 mg/kg PO SID) and/or
sucralfate (15 mg/kg PO TID) during the hospitalization period.

Four foals developed a mild diarrhea, which was not further investigated, without
major complications: three during the antimicrobial treatment (CM, GRA, TR) and one
after the end of the treatment (FDT). Three foals received a fecal microbial transplantation
(FMT) during the diarrhea; in two of the three cases, the donor was the dam, and in one
case, the donor was a foster mare. The diarrhea did resolve in all cases within hospital
discharge.

Two of the seven foals received a milk replacer along with dam’s milk during the
observation period; one orphan foal (TR) received milk replacer and milk from a foster

http://www.R-project.org/
http://www.rstudio.com/
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mare, and feces from the same foster mare were provided for coprophagy. All the other
foals had access to their dams’ feces during the hospitalization.

All foals were diagnosed as clinically normal at discharge from the hospital.

Table 1. Demographic data, clinical diagnosis and summary of treatments in seven hospitalized neonatal foals treated with
broad-spectrum antimicrobials within 48 h after birth. Acronyms of foals’ names are given for identification (CM, GRA,
FDT, GR, PIL, RH, TR).

Foal CM GRA FDT GR PIL RH TR

Breed Arab WB WB Stb Stb Stb Stb
Place of birth Farm Farm Farm VTH VTH VTH VTH

Ta (age in hours) 30 42 10 0 18 18 18
IgG (mg/dL) 135 426 1535 827 337 677 135

Diagnosis
Sepsis,

Dysmaturiy,
FPT

PAS, FPT PAS PAS FPT FPT FPT

T/P antimicrobials T P P P P P P
Antimicrobials

association
ampicillin/
gentamicin

ampicillin/
amikacin

ampicillin/
gentamicin

ampicillin/
amikacin

ampicillin/
amikacin

ampicillin/
amikacin

ampicillin/
amikacin

Antimicrobials treatm
duration (days) 12 8 5 6 5 6 8

Te–Td (days) 3 2 9 3 3 5 5
Diarrhoea Yes Yes Yes No No No Yes

FMT n◦; timeframe 3; Ta–Te No 2; Te–Td No No No 1; Ta–Te (F)
Other treatments ome/sucr ome/sucr ome/sucr sucr / / ome/sucr

Source of milk M/R M M/R M M M M/R/F

Arab: Arabian; WB: Warmblood; Stb: Standardbred. VTH: Veterinary Teaching Hospital. Ta: time (hours) of antimicrobial treatment
start; Te: next day after the end of antimicrobial treatment; Td: day of hospital discharge. FPT: failure of passive transfer of immunity;
PAS: Perinatal Asphyxia Syndrome; T: therapeutic antimicrobial treatment; P: prophylactic antimicrobial treatment; FMT: fecal microbial
transplantation, number of treatments (n◦) and timeframe of treatment/s during hospitalization; ome: omeprazole; sucr: sucralfate; M:
mare; R: milk replacer; F: foster mare.

3.1. Analysis of the Composition of Gut Bacterial Microbiota in Relation to
Antimicrobial Treatment

The analyzed samples included 4 samples of meconium at Ta (CM, GRA, FDT, GR) and
17 fecal samples at Ta, Te and Td. Sequencing of the 16S rRNA gene yielded 188.027 high-
quality reads (mean ± SD per sample 5,530,206 ± 1,929,203).

All bacterial OTUs detected at a relative abundance greater than 2% were figured in
bar plots of fecal microbiota composition of the foals at the three timepoints in relation to
the antimicrobial therapy. The remaining OTUs were classified as “other” and unclassified
bacteria group under the definition “unassigned_other”. All bacterial OTUs with their
relative abundance detected at the three timepoints are reported in Table S1.

Mostly, no significant differences were found in the relative abundances between
timepoints at the family nor at the genus level, and the results are reported as trends.

The relative abundance of bacterial OTUs at genus levels in the seven foals across
three timepoints are plotted in Figure 1.

3.1.1. Characterization of Bacterial Ecosystem before Antimicrobial Treatment (Ta)

Bacterial OTUs were clustered into seven different phyla: Firmicutes (48.1%), Pro-
teobacteria (31.56%), Bacteroides (7.55%) e Actinobacteria (4.48%), Verrucomicrobia (1.79%),
with TM7 and Fusobacteria (less than 1%) (Table S1).

At a family level, Enterobacteriaceae and Enterococcaceae had the more represented
mean relative abundance (17.55% and 13.23%), followed by a decreasing contribution of
Lachnospiraceae (7.07%), Pseudomonadaceae (6.40%), Clostridiaceae (6.29%), Streptococ-
caceae (5.32%), Bacteroidaceae (4.78%) and Ruminococcaceae (3.80%). At a genera level,
genera owing to Enterobacteriaceae (17.08%) and Enterococcus (13.23%) were the most
prevalent. Other taxa included were Pseudomonas (6.33%), Streptococcus (5.30%), Bacteroides
(4.76%), genera within the family Clostridiaceae (4.90%) including Clostridium, Peptostrep-
tococcaceae (3.56%) and Epulopiscium (2.40%). Genera of the Akkermansia and Lactobacillus
and Ruminococcaceae families were identified at a relative abundance < 2%.
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Figure 1. Compositional structure of the gut microbial communities in seven hospitalized neonatal foals before and after
broad-spectrum antimicrobial treatment. Bar plots represent the relative abundance at genus level in fecal samples at the
timepoints Ta, Te and Td. Genera under the threshold of 2% of relative abundance were clustered as “other”, and unclassified
genera were clustered as “Unassiged”. No significant differences were found between timepoints (p ≥ 0.05). Samples are
identified by acronyms of foals’ names followed by sampling time. A: before antimicrobial treatment; F: end of antimicrobial
treatment, D: time of hospital discharge.

3.1.2. Characterization of Bacterial Ecosystem at the End of Antimicrobial Treatment (Te)

In comparison to Ta, fecal samples collected at Te showed a trend of reduction in
the phyla Firmicutes (38.93%) and Actinobacteria (3.03%), which were replaced by an
increment of Verrucomicrobia (3.95%), Fusobacteria (3.44%), Bacteroidetes (11.37%) and
Proteobacteria 11.44%) (Table S1).

On a family level, a loss of microbial diversity was noted. In particular, the main
changes were an increase in Enterobacteriaceae (37.64%; p = 0.02) and a tendency to increase in
Bacteroidaceae (11.21%; p = 0.29) and Verrucomicrobiaceae (3.94%; p = 0.37), along with a trend
to reduce in Clostridiaceae (2.45%; p = 0.20), Pseudomonadaceae (0.19% p = 0.33)—which
almost disappeared—and Mogibacteriaceae (p = 0.34).

Coming to genera, a trend to reduction in the overall microbial diversity was still
evident, along with a prevalence in the relative average abundance of members of the Enter-
obacteriaceae (35.94%). Genera such as Bifidobacterium (1.83%; p = 0.15), Bacteroides (11.21%;
p = 0.27), Fusobacterium (3.44%; p = 0.33), Akkermansia (3.94%; p = 0.32) and Streptococcus
(7.44%; p = 0.55) were all represented with a tendency to increase in average abundance.

3.1.3. Characterization of Bacterial Ecosystem at the Time of Hospital Discharge (Td)

Samples at Td showed a trend to an increased mean relative abundance in the phyla
Firmicutes (61.58%) at most, Verrucomicrobia (10.28%) and Actinobacteria (6.35%), while it
was lower for Proteobacteria (11.44%), Bacteroidetes (7.66%) and Fusobacteria (0.82%)
compared to Te. (Table S1).

The families Lachnospiraceae (13%; p = 0.035), Verrucomicrobiaceae (10.22%; p = 0.06),
Clostridiaceae (8.32%; p = 0.13) and Mogibacteriaceae (2.69%; p = 0.3) tended toward a
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higher mean abundance with respect to Te; on the contrary, Enterobacteriaceae (10.85%;
p = 0.09) and Bacteroidaceae (4.72%; p = 0.16) were less represented.

At a genera level, the mean relative abundance of Akkermansia (10.22%; p = 0.069),
Lactobacillus (7.41%), Ruminococcus (4.16%; p = 0.18), Clostridium (3.90%) and Bifidobacterium
(1.99%; p = 0.15) showed a tendency to increase compared to Te, while the genera Bacteroides
(4.67%; p = 0.15), Enterococcus (7.98%; p = 0.30) and Streptococcus (4.61%; p = 0.55) tended to
be lower than Te.

Finally, when microbiota composition was analyzed throughout time, DeSeq analysis
detected a significant increase in Akkermansia (p-value FDR-corrected = 9.78 × 10−31) and
members of the Mogibacteriaceae (p-value FDR-corrected = 3.03 × 10−10) after antibiotic
treatment, while the family Enterobacteriaceae showed later, between the end of therapy
and the time of discharge, only a trend to increase.

3.2. Alpha Diversity Analysis of the Bacterial Ecosystem in Relation to Antimicrobial Treatment

In order to compare the alpha diversity of the microbial ecosystems among foals at
the three timepoints, the richness indices Observed species and Shannon were plotted
(Figure 2).

Figure 2. Alpha diversity changes of gut microbial ecosystem in seven hospitalized neonatal foals
before and after broad-spectrum antimicrobial treatment. Boxplots of observed species and Shannon
indices representing data at the timepoints Ta (TA), Te (TF) and Td (TD).

Species richness was variable across samples at all the three timepoints. Overall,
Te showed a trend toward a lower level of biodiversity compared to Ta. Afterwards, albeit
not significantly, Td appeared to be the most diverse, with a species richness tending to
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be higher than the initial condition (see, in particular, the Observed species index, p-value
FDR-corrected = 0.052).

The box represents the interquartile ranges (IQR) containing 50% of the samples,
the horizontal line in a box represents the median, whiskers represent maximum and
minimum within 1.5 × IQR and circles represent outliers. No significant differences were
found between timepoints (all p ≥ 0.05).

Ta: before antimicrobial treatment, Te: end of antimicrobial treatment, Td: time of
hospital discharge.

3.3. Beta Diversity Analysis of the Bacterial Ecosystem in Relation to Antimicrobial Treatment

The Principal Coordinates Analysis showed the highest inter-individual beta diversity
at Ta. It resulted considerably reduced at Te, so that samples clearly clustered together
with a more limited dispersion in the PCoA graph (Figure 3). This result suggests that, as a
consequence of antimicrobial therapy, microbial communities tend to resemble more to
one another across foals. Subsequently, already a few days after the end of the treatment
(Td), the distance between samples was increased, meaning that the individual bacterial
ecosystems started to diverge again as the foals were rebuilding their gut microbiota.
Nevertheless, a greater convergence at Td than Ta was depicted.
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In Figure 4, the bacterial genera were superimposed on the PCoA plot based on
the Bray–Curtis dissimilarity index of the compositional structures of samples at the
three timepoints, and the bacterial genera most contributing to the ordination space were
depicted. Fibrolytic microorganisms, such as Eubacterium, were more characteristic of Ta,
but then it was lost after the treatment to reappear at discharge. The genus Akkermansia
was more characteristic of Td than the earlier time points.

Figure 4. PCoA plot based on the Bray–Curtis dissimilarity index of the genus-level compositional structures of the gut
microbiota at the three timepoints in hospitalized neonatal foals. Bacterial microorganisms are superimposed and the
bacterial genera most contributing to the ordination space are depicted. Direction of the vectors indicates increasing gradient,
and length is proportional to the correlation strength. Admission (Ta): before antimicrobial treatment, Antibiotics (Te): end
of antimicrobial treatment, Discharge (Td): time of hospital discharge. MDS: multidimensional scale.

4. Discussion

In this study, we aimed to evaluate by means of NGS the impact of a broad-spectrum
antimicrobial treatment by intravenous route on the gut bacterial microbiota in hospitalized
newborn foals. To date, there are no similar studies in neonatal foals for direct compari-
son. The findings will be discussed in the context of recent literature on antimicrobials-
associated gut microbiota changes in adult horses and other species explored by means of
NGS technology.

4.1. Fecal Microbiota in Neonatal Foals after IV Broad-Spectrum Antimicrobials

Empirical first line broad-spectrum treatment at our hospital regularly includes
sodium-ampicillin—provided market unavailability of IV salts of penicillin G—mostly
combined with amikacin, which is usually preferred to gentamicin for its lower reported
nephrotoxicity and greater efficacy [2]. Albeit amikacin and gentamicin are not completely
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overlapping in their spectrum of action [1], they were considered together as a class to
the aim of the present study. While dosage and route were standardized during the study,
it was not possible to do so with the treatment duration. The duration of treatment was
not homogenous, potentially causing a different pressure and impact on microbial taxa in
the different subjects. Nevertheless, in the Authors’ opinion, a general trend of changes
toward a loss of microbial diversity after antimicrobials administration would be expected
similar to other models.

Indeed, data from the present study show that the use of this antimicrobial association
in hospitalized neonatal foals reduces alpha diversity and causes a strong clusterization of
beta diversity of the gut bacterial communities after the treatment (Te). Indeed, a quali-
tative reduction of microbial communities was observed across the samples. The results
from PCoA analysis show that at Te, the foals’ gut microbial ecosystems inter-individual
variability is smaller when compared to Ta or at discharge (Td). The picture is in agreement
with the literature, showing that any antimicrobial will have an effect on the overall host
flora—the intestinal flora in particular—and not only on the bacterial target [51].

The perturbation of gut microbial communities depends on antimicrobial class, dose
and period of exposure, as well as their pharmacological action on the target bacteria [16].
In adult horses, Costa et al. [20] have shown how different antimicrobial treatments have
an impact on fecal microbiota. In particular, the effect on bacterial communities’ richness
and diversity was the highest with oral trimethoprim-sulfadiazine (TMS) administration
respect to IV penicillin or ceftiofur. A route-dependent higher intestinal concentration and a
broader spectrum of action of TMS have been hypothesized as the reason, albeit this remains
to be investigated. Nevertheless, it has been demonstrated that IV-administered antibiotics
are able to achieve high intestinal concentration in other species [20]. Only one broad-
spectrum IV antimicrobial combination was investigated in the present study, thus the
effect on fecal bacterial microbiota of different routes or combinations is unknown.

Interestingly, the most profound impact on fecal microbiota has been reported from
days 2 to 5 in adult horses when different antimicrobials are administered [20,27,28]. Albeit
we did not perform a sequential sampling, this is comparable with the earliest time at which
an effect was detected in our study (two foals that received 5 days of treatment). Similarly,
in human babies, a dramatic impact on fecal microbiota has been detected already within a
few days of antibiotic administration [7]. In particular, in preterm infants, a combination
of ampicillin and gentamicin administered for 5–7 days in the first three weeks of life
produced a strong reduction in microbial diversity, while the effect was less sustained in
case of a shorter course (1–4 days) [52].

When the FM composition in terms of the taxa’s relative abundance was observed,
a large inter-individual variability characterized the microbial ecosystems during the
whole study period. Some trends of change were identified comparing samples before and
after antimicrobial treatment. A tendency to a decrease for Firmicutes and increase for
Verrucomicrobia after the treatment is in line with reports in humans, where these phyla
represent, overall, the most sensitive and resistant phyla to antimicrobials, respectively [9].
Moreover, similar changes in Firmicutes and Verrucomicrobia have been reported after
beta lactams administration in a murine model [8]. Partially similar to our findings,
the combination of ampicillin and gentamicin causes alterations in the phyla Actinobacteria,
Bacteroidetes, Firmicutes and Proteobacteria in humans [9].

A decrease in Verrucomicrobia was similarly found after 3 days of oral metronidazole
in adult horses [27]. In contrast to our findings, Costa et al. [20] found an opposite
direction of changes in Firmicutes and Verrucomicrobia after 5 days of oral TMS, but not
parenteral penicillin or ceftiofur, suggesting that any antimicrobial has a specific effect on
gut microbiota communities. Indeed, it is acknowledged in human literature that different
antibiotic treatments have diverse effects on the general composition of IM, as well as
on particular microbial taxa [9]. This effect may be due not only to the antibiotic itself
or the cocktails used, but to other factors including dose and route, period of exposure,
pharmacokinetics and resistance or transformation of the agent by each microbe [9,16].
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In the present study, the phylum Verrucomicrobia was dominated by the genus
Akkermansia, which showed a significant increase in abundance, in line with its mentioned
resilience. Indeed, Akkermansia has been shown to appear early in the gut microbiota
and increase throughout time in newborn foals [20,23,24], as well as in infants mainly
through breast-feeding [53,54]. Akkermansia is associated with intestinal integrity, and its
metabolic activity influences short-chain fatty acids (SCFA) production contributing to the
gut health [55].

In this study, the only significant change was the higher abundance of the members of
Enterobacteriaceae after antimicrobial treatment. This change is consistent in the human
literature, where an increase in Enterobacteriaceae—Enterobacter spp., in particular—has
been reported in babies receiving early antimicrobials, and more specifically, the combi-
nation of ampicillin and gentamicin [6,11,16,52,56]. Furthermore, the same combination
proved a similar effect on gut microbiota in murine models [8].

A reducing trend in Faecalibacterium and Blautia was found, similarly to findings
induced by the same antibiotics’ association in murine models [8]. These genera are well
known for their beneficial role in gut health and function through short-chain fatty acid
production and amelioration of inflammation and figure among the most sensitive to a
number of different antimicrobials and combinations in humans [9].

In opposition with the human literature, Bifidobacterium and Bacteroides tended to be
more abundant after treatment. These two genera have been reported as being sensitive
to the highest number of antimicrobials and combinations in humans [9]. A reduction
has been consistently observed in babies receiving antibiotics [6] and in mice exposed
to ampicillin and gentamicin [8]. Differently, in adult horses, Bifidobacteriaceae were
higher after 3 days of oral metronidazole administration [27]. Bifidobacterium is another
important genus implied in gut protection and immunologic and inflammatory processes
in humans [9]. It is considered as a putative beneficial pro-biotic in horses as well [18],
and in this regard, it will be later discussed in this manuscript.

Nevertheless, consistent with the present findings, a shift towards Bacteroidetes—and
mainly Bacteroides—has been observed on the 11th day after treatment with beta lactams
in humans, although they were more metabolically active already since the 6th day [51].
Furthermore, little effect or even an increase of broad-spectrum antimicrobials (namely
TMS and oxytetracicline) on Bacteroides has been shown in adult horses [20].

The genera Streptococcus and Ruminococcus tended to increase with the combination
of antibiotics used in this study. Albeit Streptococcus spp. also figures among the most
sensitive to several classes of antibiotics used in humans, and Ruminococcus decreased in
mice treated with ampicillin and gentamicin [8], it was slightly or not at all affected from
broad-spectrum antimicrobials (namely TMS and oxytetracycline) in adult horses [20].

Overall, antimicrobial administration in neonatal foals tends to decrease cellulolytic
and fibrolytic bacteria, and the microbiota disruption might lead to a proliferation of
pathogenic bacteria, which is in line to what it has been described in adult horses [19].

4.2. Fecal Microbiota in Neonatal Foals at Hospital Discharge

With regard to the findings at discharge, despite only a few days passing since the
end of the treatment, as the foals were rebuilding up their gut flora, a trend to gain a higher
microbial diversity was already observed.

The literature is relatively consistent across species in reporting that the gut microbiota
has a degree of resilience, yet a variable amount of time is needed to recover the pre-
treatment or health-associated gut ecosystem. In particular, in babies, an incomplete
recovery of the gut microbiota has been observed months after cessation of the treatment,
and after weeks in mice [6]. In adult horses, overall, it seems that the gut microbiota needs
up to approximatively 30 days to recover a state similar to the baseline, albeit with still
detectable differences, after antimicrobials administration [18–20,26].

In the present study, a new increase in microbial diversity seems to occur faster than
in adult horses, as the earliest samples were only two days from the end of the treatment.
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Costa et al. [25] suggested that in neonate foals, the microbiota is already highly dynamic,
thus, its rapid physiologic changing might lead to a more rapid recovery even after external
perturbations. The recovery period (Te–Td) was not homogeneous. Although it is unlikely
that the shorter period included was enough for fecal microbiota recovery (2 days for foal
GRA), no comparison or clusterization between foals was possible to confirm it. On a
speculative ground, looking at relative genera abundances across individuals, the foal GRA
appeared to show more evident differences at Td with respect to the others (Figure 1).

In Figure 4, it is depicted how some of the microorganisms (i.e., Eubacterium) which
were characteristic of the pre-treatment samples have reappeared at discharge. This is
consistent with a trend toward reestablishing an eubiotic setting of the gut ecosystem after
recovery from antimicrobials, where fibrolytic and SCFA productor taxa are dominant
over pathobionts. In this contest, Akkermansia figures also as a leading microorganism
at discharge.

Noteworthy, since microbiota in neonates is not yet fully developed and established,
it is reasonable that the effects of antibiotics treatment cannot be expressed as a measure
of return to the pre-treatment state. In the PCoA analysis, a shift of the ellipse is visible,
meaning that bacterial communities are different between the pre-treatment time and the
time of discharge from the hospital in our population. Furthermore, a higher convergence
of the samples is depicted at discharge.

This may be a selective effect of the antimicrobials administration itself. Indeed,
the perturbations induced may cause a permanent shift in the ecosystem or lead toward a
different developmental trajectory. In humans, the sequence of bacterial colonization is
important in shaping the gut microbiome, so it has been suggested that early antimicrobial-
associated changes may have long term effects [7]. Nevertheless, we might also speculate
on the role of the shared environment among foals after the hospitalization period with
respect to their diverse provenience at the time of enrollment.

4.3. Limitations and Potential Confounding Factors

Overall, the small number of enrolled foals represents a main limitation of the study
and might have impaired the ability to detect significant changes in the fecal microbiota
associated to antimicrobial administration. Regardless, as it was already suggested by
Costa et al. [19], the clinical relevance of changes might not always correspond to their
magnitude (i.e., less evident changes might be more clinically relevant), and it needs to
be assessed in specific populations and settings. The inability to standardize factors such
as antimicrobials administration duration or recovery period, or to group foals based on
homogeneous intervals, also represent a weakness of the study.

Furthermore, many confounding factors may have played on the results observed in
the present population, rendering an interpretation of the findings with regard to genuine
effects of antimicrobials is not straightforward. First of all, as mentioned above, a leading
effect of age-related change in the gut microbiota. Although we attempted to reduce
some of the age-related variability by enrolling only foals within 48 h of life, the neonatal
gut microbiota is characterized by a highly variable and dynamic flora, following its
trajectory toward an adult-like gut microbiota, with rapid changes happening in the period
encompassed by the study [21–25].

If we compare the pre-treatment gut microbiota composition with a previous study
conducted on healthy neonatal foals born at the same hospital, although there is concor-
dance on the main phyla represented, they differ in their relative abundance, in particular,
for Fimicutes and Proteobacteria [23], which may be attributed, at least partially, to the
pathological conditions of the foals in this study. At the taxonomic level of family, diver-
gences are even more evident. Indeed, the mean relative abundances of Enterococcaceae
and Enterobacteriaceae are much superior in the present study with respect to the findings
by Quercia et al. (2019) (13% vs. 2% and 18% vs. 9%, respectively) [23]. However, all the
baseline samples were from meconium in the study by Quercia et al. (2019), while in the
present one, there were some of meconium and some feces at Ta, and they may reflect
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the shift from communities that are characteristic of meconium toward milk-associated
taxa [23]. From the 3rd to 5th day, with the normal expression of coprophagy by neonatal
foals, the intestinal microbiota composition starts to converge toward the adults’ core
microbiota, with the acquisition of fiber-fermenters microorganisms, such as Blautia and
Ruminococcus [23], and this trend is reflected in samples at Td in this study.

As it is reported in adult equines [19], many other animal-related factors may con-
tribute to the high variability of gut microbiota among foals, such as breed, sex and
environments. Recently, breed has been shown to exert limited effects on the faecal micro-
biota in adult horses [57]. While human beings coming from different areas house different
microbial populations [58], Liu et al. (2020) did not find a difference between farms in
the overall intestinal microbiota of foals slightly older than the present population [29].
Maybe most importantly, they were in different pathological conditions, which prompted a
treatment for either prophylactic or therapeutic purposes. Many pathological conditions
have been associated with gut microbiota perturbations in adult horses and foals [59–65].
To the authors’ knowledge, while it is very likely, it is unknown whether and to what
extent there is an association of preexisting conditions encountered in this study on the
fecal microbiota. Conversely, it is also undetermined from this study whether the same
combination of antimicrobials might impact the microbiota differently depending on the
conditions (e.g., different pharmacodynamics) [17]. In the present study, the low number
of the sample precluded any comparison between foals grouped by condition. These as-
pects should be investigated in future studies on the ground of antimicrobials selection,
especially in the contest of a better antimicrobial stewardship.

In addition to the inherent animal factors, there are a number of other factors related
to the clinical condition and hospitalization to consider. All the foals received a probiotic
product during the antimicrobial treatment or even the whole hospitalization. The effects
of probiotics on the microbiota changes could not be determined nor discriminated in the
present population, and further studies are needed to compare foals administered broad-
spectrum antimicrobials with or without probiotics supplementation. Overall, the evidence
for probiotics use in horses and foals is not consistent [18,19,28,66]. It was previously
hypothesized that probiotics might be of more benefit in foals than adults [67], however,
Schoster et al. (2016) [68] did not detect an increase in Lactobacillus and Bifidobacterium
in neonatal foals receiving a multistrain probiotics product. In this study, a different
product was used, and there was a tendency to increase in Lactobacillus and Bifidobacterium
throughout time, which, as already discussed, is in contrast with findings associated with
antimicrobials exposure in most of the human literature [6,8,9].

In spite of the administration of probiotics, four out of the seven foals developed a
mild diarrhea either during or after the antimicrobial treatment. Foal diarrhea shows a
high frequency in the first 6 months, and often the etiology remains undetermined [69].
As previously observed, it is difficult to establish what comes first, disease or altered
microbiome [19]. Regardless of the cause, diarrhea is accompanied by a general reduction
in microbial diversity, and a consistent reduction in Lachnospiraceae and Ruminococcaceae
in neonatal foals [64]. Both families tended to have a lower mean abundance after the
antimicrobial treatment and increased again afterwards in our population.

Although it is speculative, we think it is intriguing that the four foals developing a
diarrhea were the same ones which received prophylactically omeprazole. Omeprazole
administration has been associated with a higher risk of diarrhea in neonatal foals [70].
Available data in adult horses suggest that proton-pump inhibitors (PPIs) administra-
tion might not have significant effects on intestinal microbiota [71,72], but this is still
undetermined in foals.

Notably, three of the four foals received one to three fecal microbiota transplantations
(FMT) during the course of diarrhea, which was considered effective in all cases. While the
use of FMT in adult horses with diarrhea has been recently evaluated by means of NGS [73],
to the authors knowledge, there is no peer-reviewed literature on the efficacy of FMT
in neonatal foals [74]. McKinney et al. (2021) reported that FMT proved an effective
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treatment to reduce diarrhea severity in horses with colitis and to improve microbiome
diversity [73]. While it is very likely that FMT had influenced the findings and represent a
main confounding factor, an effect of FMT on fecal microbiota dynamic was not possible to
be discriminated in this study. Furthermore, the donor composition was not determined for
comparison. The contribution of FMT to the results in this study remain to be elucidated.

A last factor the authors think is worth commenting on is the milk source, which was
not uniform among foals. In the human literature, a less diverse, with less potential
pathobionts, has been reported in breast-fed babies with respect to formula-fed babies [75].
However, the type of feeding (breast vs. formula feeding) did not result in significant
differences at the phylum level in infants who received or did not received antibiotics,
except for formula-fed infants acquiring more Enterococcus faecalis over time [7]. To the
authors knowledge, there are no data available for foals.

Overall, there are multiple potential confounding factors on the findings, which could
not be controlled in the setting of the present study, should be evaluated by comparison of
larger sample sizes where clustering of subjects by these factors would be possible. As it is
in humans, the large inter-individual variability in the microbiota composition prompts
multiomic approaches to explore its functionality and host-interaction [6].

5. Conclusions

Overall, the findings of this small-scale study are not conclusive but tend to be in
line with the acknowledged antimicrobial-associated gut microbiota modifications in hu-
man medicine. A trend to a generalized loss of alpha diversity was observed after IV
ampicillin-aminoglycoside administration and supplementation with probiotics. A de-
gree of unbalance of the relative abundances toward pathobionts over beneficial SCFAs
producers was observed but could not be confirmed. This general picture tended to re-
vert toward a more eubiotic setting after a few days of recovery. A relatively high beta
diversity observed at this time might be expected, due to the highly dynamic changes
occurring in the gut microbiota in foals of this age. It is possible that in this population of
foals, the effect of antimicrobials is strongly influenced and possibly overshadowed by the
changes that occur over time in the developing gut microbiota. While multiple limitations
and confounding factors prevent the authors from drawing conclusions, especially in
terms of changes to the microbial taxa, these preliminary findings suggest a general trend
characterized by a loss of fecal microbial diversity after a short course of broad-spectrum
antimicrobials administration followed by a rapid increase after antimicrobials have been
interrupted. Of note, the findings are influenced by the use of probiotics, and whether the
changes would be consistent in antimicrobial-administered but not supplemented foals
remains to be elucidated. The effects of a different treatment duration and recovery period
could be different. The relationship between fecal microbiota and animal-inherent factors
and pathological conditions, the impact of FMT as well as other external factors related
to hospitalization warrant investigations in larger populations and homogenous groups
of foals.
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