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Simple Summary

Understanding how bacterial profiles change in mare milk and foal faecal samples during
early life may help guide research on foal health and management. We examined 79 samples
collected from eight Kyrgyz mare—foal pairs at birth, 24 h, and 7, 14, and 21 days postpartum.
Statistically significant temporal changes were detected in foal faecal bacterial DNA profiles,
but not in milk profiles. However, this does not establish a significant difference in temporal
responses between the two sample types, as no direct interaction test was performed. Faecal
bacterial diversity was not lowest at birth: median values decreased at 24 h and 7 days
and subsequently increased at 14-21 days. Although milk and faecal samples shared
some bacterial groups, this does not demonstrate bacterial transfer through milk. The
small number of animals and absence of sequenced negative controls limit interpretation,
particularly for milk samples, in which background contamination could influence the
detected profiles. These findings are exploratory and require confirmation in studies with
appropriate controls.

Abstract

This pilot study characterised bacterial DNA profiles in 40 milk and 39 faecal samples from
eight Kyrgyz mare—foal pairs collected at birth, 24 h, and days 7, 14, and 21 postpartum
using V3-V4 16S rRNA gene sequencing. Permutation Friedman tests detected temporal
differences in foal faecal Shannon diversity and observed feature counts (Holm-adjusted
p = 0.020 for both), but not in milk. Faecal diversity was descriptively lower at 24 h and day 7
than at birth and increased at days 14-21. Animal-blocked weighted UniFrac PERMANOVA
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detected a temporal effect in faecal DNA profiles (Holm-adjusted p = 0.0028), but not in
milk (p = 0.0956). Pair-blocked milk—faecal comparisons were significant at each time
point (Holm-adjusted p = 0.0391), although differences in dispersion limit interpretation.
Without sequenced negative controls, background contamination cannot be distinguished
from genuine milk-associated bacterial DNA; therefore, milk profiles cannot be confidently
attributed to resident milk microbiota. Observed taxonomic similarities do not demonstrate
microbial transmission or milk-derived foal gut colonisation. Significance in faeces but
not milk does not establish a difference between their temporal responses, which was not
directly tested. These findings are exploratory and require controlled validation.

Keywords: faecal microbiota; foal; mare; milk microbiota

1. Introduction

The mare’s epitheliochorial placenta prevents the prenatal transfer of maternal anti-
bodies to the foal. Consequently, foals are born physiologically hypogammaglobulinemic
as a direct result of this placental structure [1,2]. Although the immune organs of neonatal
foals are morphologically developed at birth, the effective immune response required for
protection develops only after approximately two weeks because of this hypogammaglobu-
linemia state. During this early postnatal period, foals are highly susceptible to infections,
making the prompt ingestion of colostrum immediately after birth critically important [3].
Colostrum contains numerous components that are essential for the establishment of neona-
tal immunity and intestinal maturation in the foal [4]. Mare colostrum is a highly nutritious
secretion rich in biologically active substances that play a critical role in protecting foals
against infections. These components include, most notably, immunoglobulins, as well as
proteins, vitamins, minerals, antimicrobial peptides, lactoferrin, growth factors, lysozyme
and hormones [5]. As in the neonates of other species [6], the Brix refractometer (BRM)
is used in horses to estimate Immunoglobulin G (IgG) concentrations. The BRM is also
commonly applied on equine breeding farms to assess colostrum quality [7]. Using the
BRM, colostrum quality is evaluated primarily with respect to its IgG content. According
to BRM measurements, colostrum quality is classified as poor (0-15% Brix), borderline
(15-20% Brix), adequate (20-30% Brix), and very good (>30% Brix) [8]. Accordingly, mea-
surement of serum IgG concentration is used to determine the level of maternally derived
passive immunity in foals [9]. Failure of passive transfer (FPT) occurs when neonatal foals
do not receive enough high-quality IgG, with reported prevalence ranging from 3% to 37.8%.
In foals, FPT is also classified based on serum IgG concentrations: values < 400 mg/dL
indicate complete FPT, whereas concentrations between 400 and 800 mg/dL are considered
partial FPT [10,11].

Longitudinal studies have documented age-associated changes in foal faecal microbiota
during postnatal development [12,13]. Direct comparisons of mare milk and foal intestinal
bacterial profiles provide a complementary perspective on this process. Mienaltowski
et al. [14] followed 15 mare-foal pairs over the first 15 days postpartum and reported
increasing differentiation between milk and foal rectal-swab communities, suggesting
that sources other than milk contribute substantially to early gut microbial development.
Building on this work, the present pilot study examines paired mare milk and foal faecal
bacterial DNA profiles in a Kyrgyz cohort, including sampling immediately after birth (0 h)
and follow-up through day 21. Its contribution is an exploratory description of these profiles
across the immediate neonatal period and the third postnatal week, rather than evidence of
microbial transmission or a comprehensive characterisation of colonisation sources.
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This pilot study aimed to characterise bacterial DNA profiles detected in mare
colostrum and milk samples at 0 h, 24 h, and days 7, 14, and 21 postpartum using V3-V4
165 rRNA gene amplicon sequencing. In addition, changes in the faecal microbial composi-
tion of neonatal foals born to and suckling from these mares were evaluated at the same
postpartum time points (0 h, 24 h, and days 7, 14, and 21).

2. Materials and Methods
2.1. Animals and Housing

The study was conducted at a privately owned facility providing mare breeding and
boarding services and involved eight Kyrgyz breed mares and their foals. This study
included eight healthy Kyrgyz breed adult pregnant mares (average age: 6 years). The
body weights of the mares were estimated to range from approximately 300 to 350 kg,
while the birth weights of the foals included in the study ranged from approximately 25 to
30 kg. All foals used in the study were sired by a single stallion of the same breed. Mares
and foals presenting with systemic disease, diarrhea, metritis, mastitis, or any condition
requiring medical treatment (e.g., antibiotic administration), as well as those requiring
surgical intervention, were excluded from the study. Of the 29 pregnant Kyrgyz mares on
the farm, only eight met the inclusion criteria and were enrolled; all had normal vaginal
parturition, and mares experiencing dystocia were excluded. In addition, only female foals
were included to establish a more homogeneous study population and minimize potential
sex-related variability. All eight foals included in the study were female.

Kyrgyz mares in the enterprise were fed according to a defined ration. The concentrate
feed was formulated to contain 44% rolled oats, 24% crushed barley, 12% maize, 15%
soybean meal, 4% wheat bran, 0.5% salt, and 0.5% toxyfix (Veritasvet, Germany). During
gestation, mares received a total of 4 kg concentrate feed per day (2 kg in the morning and
2 kg in the evening), in addition to 4 kg hay (2 kg morning, 2 kg evening) and 3 kg alfalfa
(1.5 kg morning, 1.5 kg evening). Following parturition, the same ration composition was
maintained; however, feeding levels were adjusted such that mares were provided with 6 kg
concentrate feed per day (3 kg morning, 3 kg evening), 5 kg hay (2.5 kg morning, 2.5 kg
evening), and 4 kg alfalfa (2 kg morning, 2 kg evening) [15].

2.2. Study Groups and Samples

Colostrum and milk samples were collected from mares that had completed gestation
and delivered normally. Before suckling, colostrum quality was evaluated using a BRM [8].
Mares were divided into two groups based on colostral Brix readings; Kyrgyz mares with
Brix readings > 20% were classified as having good-quality colostrum (Group 1, n = 4),
whereas mares with Brix readings < 20% were classified as having inadequate colostrum
quality (Group 2, n = 4).

The teats of the mares were thoroughly cleaned prior to sampling. Following disinfec-
tion with cotton swabs soaked in 70% alcohol, the initial streams of milk were discarded,
and approximately 2 mL of milk was aseptically collected into sterile plastic tubes for mi-
crobiota analysis. Fresh faecal samples were aseptically collected directly from the rectum
of the foals born to these mares. Collected foal faecal and colostrum-milk samples were
immediately stored at —80 °C until analysis. During sample collection, each mare and
foal initially grazed together in a paddock and subsequently remained in their individual
paddocks until completion of the study period.

A total of 79 samples were collected, comprising 40 mare milk samples and 39 foal faecal
samples. The sample scheduled for foal F2 at 24 h postpartum (F2_2) was not collected.
Milk and faecal samples were collected from eight Kyrgyz mare—foal pairs included in the
study. Sampling was performed at five predefined time points to evaluate temporal changes
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in microbial community composition: immediately after birth (0 h), 24 h postpartum, and
days 7, 14, and 21 postpartum. Milk samples obtained from mares were labeled M1-MS8,
while faecal samples obtained from the corresponding foals were labeled F1-F8. Group 1
contained (M2, M4, M6, M8) and Group 2 contained (M1, M3, M5, M7). Sample identifiers
were generated by combining the individual animal code with the sampling time point. For
milk samples, the coding format consisted of the mare identification number followed by
the sampling time point (e.g., M1_1 indicates the milk sample collected from mare 1 at the
first sampling time point, while M8_5 represents the milk sample collected from mare 8 at
the fifth sampling time point). The same coding strategy was applied to foal faecal samples,
where the prefix “F” denotes faecal samples (e.g., F1_1 indicates the faecal sample obtained
from foal 1 at the first sampling time point and F8_5 represents the faecal sample collected
from foal 8 at the fifth sampling time point).

2.3. DNA Extraction from Colostrum, Milk, and Faecal Samples

Genomic DNA was extracted from colostrum and milk samples using the Milk Bacterial
DNA Isolation Kit (Cat. No. 21550; Norgen Biotek, Thorold, ON, Canada) and from faecal
samples using the DiaRex Stool Genomic DNA Extraction Kit (Cat. No. SD-0323; Diagen,
Ankara, Tiirkiye), following the respective manufacturers’ instructions. No separate fat-
removal step was performed before milk DNA extraction.

2.4. Sequencing and Bioinformatic Analysis

The V3-V4 hypervariable region of the bacterial 165 rRNA gene was amplified using
primers 341F (5'-CCTAYGGGRBGCASCAG-3") and 806R (5'-GGACTACNNGGGTATCTAAT-
3') [16]. This region was selected for community-level profiling using paired-end Illumina
sequencing. The same primer sequences have also been used to characterise the faecal
microbiota of healthy foals [17]. PCR amplification was performed in a total reaction volume
of 25 uL containing 12.5 uL. KAPA HiFi HotStart Master Mix (Kapa Biosystems; catalogue
no. KK2601, Cape Town, South Africa), 0.5 uL of 341F primer (10 uM), 0.5 pL of 806R
primer (10 uM), and genomic DNA adjusted to a concentration of 20 ng/ul. The final
volume was completed with nuclease-free water. PCR cycling conditions consisted of an
initial denaturation at 95 °C for 3 min, followed by 28 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s and extension at 72 °C for 45 s, with a final extension step at 72 °C
for 10 min. Following amplification, PCR products were purified using AMPure XP magnetic
beads (Beckman Coulter) to remove residual primers. Subsequently, Illumina Nextera XT
Index Kit v2 Set A (Illumina, Germany) was used to add barcode and index primers to both
ends of the PCR products. Indexed amplicons were again purified using AMPure XP beads
and diluted to a final concentration of 3.9 ng/uL. Equal volumes (5 uL) of each sample were
then pooled to generate the sequencing library. Sequencing was performed on the [llumina
MiSeq platform using the MiSeq Reagent Kit v2 (Germany) to obtain 2 x 250 bp paired-end
reads. Sequence quality was assessed using FastQC [18]. Reads were processed using
QIIME 2 [19], with DADA?2 used for quality filtering, denoising, paired-end read merging
and chimera removal to infer amplicon sequence variants [20]. Taxonomic assignments
were obtained using the SILVA 138 reference database [21,22]. Sample-level read counts at
successive processing stages are provided in Supplementary Table S1. Extraction blanks
and no-template PCR controls were not included, and no negative-control samples were
sequenced. No dedicated bioinformatic procedure was applied to identify and remove
potential contaminant ASVs. Consequently, contamination introduced during sampling or
laboratory processing could not be directly assessed using negative controls.
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2.5. Analysis of IgG Concentrations in Milk and Serum

At each microbiota sampling time point, blood samples were aseptically collected
from the jugular vein of the foals, and approximately 3 mL of blood was transferred into
serum-separator tubes containing a clot activator (BD, Plymouth, UK) for biochemical
analysis. Following centrifugation at 3000x g for 10 min, the serum was aliquoted and
stored at —80 °C until analysis. In addition, following disinfection of the teats with cotton
swabs soaked in 70% alcohol, the initial streams of milk were discarded, and an additional
approximately 2 mL of milk was also aseptically collected into sterile plastic tubes for the
determination of IgG concentrations. IgG concentration in the collected colostrum-milk
and foal serum samples was determined using species-specific commercial enzyme-linked
immunosorbent assay (ELISA) kit (Cat. no: EA0004Ho, Shanghai YL Biotech Co., Ltd.,
Shanghai, China) and expressed as mg/mL. The ELISA test procedures were performed in
accordance with the manufacturer’s instructions, as outlined in the booklet provided with
the commercial kits. After all steps were completed, IgG concentration was measured by
reading the plates at 450 nm in an ELISA reader, using this device (Bio-Tek Instruments,
Winooski, VT, USA).

IgG concentrations measured in the study were assessed for normality using visual
methods (histograms and probability plots) and the Kolmogorov-Smirnov test. As the
data did not show a normal distribution, non-parametric statistical tests were applied.
Comparisons between Group 1 and Group 2 were performed using the Mann-Whitney U
test. For repeated measurements within groups, the Friedman test was used, followed by
the Wilcoxon signed-rank test for post hoc pairwise comparisons. Statistical significance
was set at p < 0.05.

2.6. Statistical Analysis

Alpha diversity was assessed using Shannon diversity (log,) and observed feature
counts at a rarefaction depth of 2000 sequences per sample. Values were averaged across
ten rarefaction iterations for each biological sample. Descriptive analyses included 39 milk
and 39 faecal samples; M4_3 was excluded because it contained only 686 non-chimeric
sequences, whereas F2_2 had not been collected. Temporal differences were evaluated using
permutation Friedman tests with 9999 within-animal permutations, including seven mares
and seven foals with complete observations at all five time points. Holm correction was
applied across the four omnibus tests; no pairwise comparisons were performed.

Beta-diversity inference used weighted UniFrac distance matrices reconstructed from
exported pairwise distances. Temporal effects were tested separately for milk and faecal sam-
ples using PERMANOVA [23], controlling for animal identity and restricting 9999 permu-
tations within animals. Each analysis included 39 samples from eight animals. Milk—faecal
comparisons at each time point included complete mare—foal pairs, controlling for pair
identity and enumerating all within-pair label swaps. Effect sizes were calculated as the
incremental sum of squares for the tested term divided by the total sum of squares. Multi-
variate dispersion was assessed using bias-adjusted distances to group spatial medians [24],
with residual permutations restricted within animals or pairs, as appropriate. Holm correc-
tion was applied separately to temporal and sample-type comparisons for each test.

Taxonomic relative abundances were calculated using the complete exported sequence
total for each sample, and reported means were unweighted averages across samples. In
Figures 1 and 4, assigned family-level taxa with a mean relative abundance of at least 1%
in either sample type were displayed individually. The “Other” category combined the
remaining lower-abundance assigned taxa, assignments unresolved at the family level, and
organelle-associated sequences. Supplementary taxonomic plots display the 15 assigned
labels with the highest mean relative abundances across all 79 samples, with Corynebacteri-
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aceae additionally retained in the family-level plot. Unlike Figures 1 and 4, Supplementary
Figures 52 and S3 display other assigned taxa, taxonomically unresolved assignments,
chloroplast-associated sequences, mitochondria-associated sequences, and non-bacterial or
domain-unresolved assignments as separate categories. Relative abundances were calcu-
lated without additional contaminant filtering.

Statistical analyses were implemented using custom Python 3.0 scripts. Temporal
permutation tests assumed exchangeability within animals under the null hypothesis. Ob-
served feature counts could not be independently verified as bacterial ASV richness, and the
original rarefaction depth underlying the beta-diversity matrices could not be confirmed.
Bray-Curtis ordinations and taxonomic abundance comparisons were descriptive; no dif-
ferential abundance analysis was performed. Full statistical results and analysis-specific
sample sizes are provided in Supplementary Table S2.

3. Results

Input read counts ranged from 1209 to 347,530 per milk sample and from 45,998
to 269,567 per faecal sample. Following quality filtering, the corresponding ranges were
1064-283,890 and 39,749-241,391. After chimera removal, 686-163,036 reads per milk sample
and 29,058-203,028 reads per faecal sample remained. Sample-level read counts at each
processing stage are provided in Supplementary Table S1.

3.1. Mare Milk Microbiota

The family-level taxonomic profiles of bacterial DNA detected in mare milk samples are
presented in Figure 1. Lachnospiraceae, Prevotellaceae, and Streptococcaceae assignments were
detected across the sampling time points in mare M2. Lachnospiraceae, Prevotellaceae, Strepto-
coccaceae, and Lactobacillaceae were also among the predominant taxonomic assignments
at later sampling time points (Figure 1). In sample M5_3, Pseudomonadaceae accounted
for 79.6% of the reads in the exported family-level taxonomic table. Several milk sam-
ples contained substantial proportions of assignments unresolved at the family level and
organelle-associated sequences, which were included in the “Other” category in Figure 1.

N
|\
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NlmvavamHvam‘—cvamH MQ‘LDHNMQ‘IJ'!
MmN MmO NN - ¢ T T T DD N N N OO OO O I\I\I\OOOOOOOOOO
S >2=2=2=2=2=2=2=2=2=2=2=2=2=2=2=2=2==2 =S=>2=2=2=2===
H Prevotellaceae M Bacillaceae M Bacteroidaceae H Veillonellaceae
B Streptococcaceae B Moraxellaceae H Gemellaceae B Pseudomonadaceae
H Yersiniaceae H Other

Figure 1. Family-level bacterial DNA profiles detected in 40 mare milk samples at five postpartum
time points. Assigned families with a mean relative abundance > 1% in either sample type are
displayed individually. “Other” includes lower-abundance assigned taxa, family-level unresolved
assignments, and organelle-associated sequences. Percentages are based on total exported sequences
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without additional filtering. Sample codes M1-M8 identify mares; numbers 1-5 correspond to 0 h,
24 h, and days 7, 14, and 21 postpartum, respectively.

At the family level, Corynebacteriaceae assignments were detected in all 40 milk samples,
with a mean relative abundance of 1.73% and a maximum of 7.32% in M2_3 (Supplementary
Figure 52). At the genus level, prominent taxonomic assignments included Pseudomonas,
Streptococcus, Vibrio, Gemella, and Corynebacterium, with mean relative abundances across
the 40 milk samples of 4.01%, 3.35%, 2.11%, 2.09%, and 1.72%, respectively. Assignments
unresolved at the genus level accounted for a mean of 31.97% of the exported sequences
(Supplementary Figure S3).

These taxonomic profiles represent bacterial DNA detected in the analysed milk sam-
ples rather than confirmed resident milk-associated microbial communities. Because no
sequenced negative controls were available, the potential contribution of background con-
tamination to the observed taxonomic composition and relative abundances could not be
determined. Consequently, the biological origin of the detected taxa remains uncertain.

No, statistically significant temporal differences were detected in milk-associated bac-
terial DNA profile diversity, as assessed by Shannon diversity (Friedman Q = 0.914) or
observed feature counts (Q = 0.571; Holm-adjusted p = 1.000 for both). Observed-feature
rarefaction curves continued to increase at the maximum evaluated depth of 2000 sequences
per sample without reaching a clear plateau (Figure 2B; Supplementary Figure S1).

A B
- 1200 A

104
1000 -
800 A
600 4

400 -

Shannon diversity (logz)
Observed features

200 A

0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000

Rarefaction depth (sequences) Rarefaction depth (sequences)
— 0h —— 24 h —_—7d 14 d — 21d

Figure 2. Rarefaction curves of mare milk bacterial DNA profiles showing (A) Shannon diversity
(log,) and (B) observed feature counts. Curves represent individual samples averaged over ten
rarefaction iterations; colours indicate sampling time. Sample M4_3 (686 non-chimeric sequences) is
shown only at depths below its available sequence count. Observed-feature curves did not reach a
clear plateau.

Principal coordinate analysis (PCoA) based on Bray—Curtis dissimilarity was used
to visualise variation in the bacterial DNA profiles detected in mare milk samples across
postpartum sampling times. The first two principal coordinates explained 15.38% and
11.35% of the variation, respectively. Samples collected at different time points overlapped
in the ordination, with no clearly separated temporal groups (Figure 3).

Analysis of weighted UniFrac distances did not detect a statistically significant temporal
effect on the bacterial DNA profiles detected in milk after controlling for individual identity
(PERMANOVA, pseudo-F = 1.318, R? = 0.096, Holm-adjusted p = 0.0956). No statistically
significant temporal difference in multivariate dispersion was detected (F = 0.493, Holm-
adjusted p = 0.4663). These statistical findings describe variation in the observed sequencing
profiles and should not be interpreted as evidence of temporal stability in the resident
milk microbiota.
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Figure 3. Principal coordinate analysis (PCoA) of mare milk bacterial DNA profiles based on Bray-
Curtis dissimilarity. Colours indicate sampling time, and symbols identify individual mares (M1-MS8).
The first two axes explain 15.38% and 11.35% of the variation, respectively. The analysis includes 39
samples; M4_3 was absent from the supplied ordination output.

3.2. Foal Faecal Microbiota

Foal faecal bacterial community profiles varied across the five sampling time points
during the first 21 days postpartum. Enterobacteriaceae, Bacillaceae, and Streptococcaceae
were among the prominent bacterial families during the early sampling period (Figure 4).
Enterobacteriaceae exceeded 60% relative abundance in F1_2 (62.2%) and F6_1 (61.8%). At
24 h postpartum, Clostridiaceae reached 22.3% in F1_2 and 19.7% in F4_2. At the same
sampling time, other foals showed appreciable proportions of Lachnospiraceae, Bacteroidaceae
and Akkermansiaceae. At day 7, Lactobacillaceae, Akkermansiaceae, and Bacteroidaceae reached
relative abundances of up to 46.6%, 36.7% and 31.3%, respectively, in individual samples. At
days 14 and 21, Lachnospiraceae, Oscillospiraceae, Christensenellaceae, Rikenellaceae, Prevotellaceae
and Akkermansiaceae were among the prominent bacterial families (Figure 4). At genus
level, prominent assigned taxa included Escherichia—Shigella, Akkermansia and Bacteroides,
with mean relative abundances across the 39 faecal samples of 10.33%, 7.24% and 7.08%,
respectively. Assignments unresolved at genus level accounted for a mean of 17.13% of the
exported sequences (Supplementary Figure S3).
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Figure 4. Family-level bacterial DNA profiles detected in 39 foal faecal samples at five postpartum
time points. Assigned families with a mean relative abundance > 1% in either sample type are
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Shannon diversity (logz)

A Omnibus Holm-adjusted p = 0.020

displayed individually. “Other” includes lower-abundance assigned taxa, family-level unresolved
assignments, and organelle-associated sequences. Percentages are based on total exported sequences
without additional filtering. Sample codes F1-F8 identify foals; numbers 1-5 correspond to 0 h, 24 h,
and days 7, 14, and 21 postpartum, respectively. F2_2 was not collected; the gap does not represent
zero abundance.

In complete-case permutation analyses, temporal differences were detected in foal
faecal Shannon diversity (Friedman Q = 13.257, Holm-adjusted p = 0.020) and observed
feature counts (Q = 12.914, Holm-adjusted p = 0.020). Median values were descriptively
lower at 24 h and 7 d than at birth and increased again at 14-21 d (Figure 5). These omnibus
tests indicate an overall temporal difference but do not identify which individual time
points differed.

B Omnibus Holm-adjusted p = 0.020

o ° 1000 A °
94 ° .
[ °
8 L] ] 800
O bt )
°
71 . i H 0
* 3
£ 600 - ! °
64 ° 3 £ = .
k3
> [ ] —
. 5 -
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44 g )
® s
; . 200 ° .
o —_— s
. ]
Oh 24 h 7d 14d 21d Oh 24 h 7d 14d 21d
Postpartum time Postpartum time

Figure 5. Foal faecal alpha diversity during the first 21 days postpartum: (A) Shannon diversity (log,)
and (B) observed feature counts. Points represent sample-level means across ten rarefaction iterations
at2000 sequences per sample. Colours indicate sampling time, grey lines connect observations from the
same foal, and black horizontal bars indicate time-point medians. All 39 available samples are shown:
eight per time point, except at 24 h (n = 7). Omnibus p-values were obtained using permutation
Friedman tests restricted to the seven foals with complete observations, with Holm adjustment across
the four milk and faecal alpha-diversity tests. No pairwise comparisons were performed.

Principal coordinate analysis (PCoA) based on Bray—Curtis dissimilarity was used to
visualise variation in foal faecal bacterial community composition across sampling times.
The first two principal coordinates explained 16.55% and 9.72% of the variation, respectively
(Figure 6).

Analysis of weighted UniFrac distances detected a temporal effect on foal fae-
cal community composition after controlling for individual identity (PERMANOVA,
pseudo-F = 2.271, R?> = 0.218, Holm-adjusted p = 0.0028). No statistically significant
temporal difference in multivariate dispersion was detected (F = 1.924, Holm-adjusted
p =0.1428).

3.3. Maternal Milk—Foal Faecal Microbiota

Bray—Curtis principal coordinate analysis was used to visualise differences between
bacterial DNA profiles detected in mare milk and foal faecal samples at each sampling
time (Figure 7). Pair-blocked PERMANOVA based on weighted UniFrac distances detected
differences between sample types at all five sampling times (Holm-adjusted p = 0.0391
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PCoA 2 (9.72%)

for each comparison). However, multivariate dispersion also differed between sample
types at every time point (Holm-adjusted p = 0.0195-0.0313), with greater dispersion in
milk. Consequently, the significant PERMANOVA results cannot be attributed exclusively
to differences in multivariate location. Full test results, effect sizes, and analysis-specific
sample sizes are provided in Supplementary Table S2.

Foal faeces — Bray-Curtis PCoA

1.0 1 Postpartum time
®K & ®@ Oh
0.8 A () ® 24h
' v e 7d
( 14 d
0.6 . * e 21d
0.4 A
A PO, Foal
0.2 A A A ® Fl
sﬁ’t : H F2
’ A F3
0.0 1 « ® F4
X ° Vs \
—02 4 @ + F6
0.2 ‘ﬁ, VE
m - ® F7
.‘ v & * F8
—0.4 |
Lo
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50

PCoA 1 (16.55%)

Figure 6. Principal coordinate analysis (PCoA) of foal faecal bacterial community profiles based
on Bray—Curtis dissimilarity. Each point represents an individual faecal sample. Colours indicate
postpartum sampling time, and symbols identify individual foals (F1-F8), as shown in the legends.
The first two principal coordinates explain 16.55% and 9.72% of the variation, respectively. The plot
includes 39 samples; F2_2 was not collected.

Taxonomic overlap was observed between the bacterial DNA profiles detected in mare
milk and foal faecal samples. Firmicutes and Bacteroidota were identified in both sample
types, while shared family-level assignments included Lachnospiraceae, Streptococcaceae, and
Prevotellaceae at multiple sampling times. However, because sequenced negative controls
were unavailable, the contribution of potential background contamination to the milk
profiles could not be determined. Therefore, these similarities represent descriptive overlap
between detected bacterial DNA sequences and cannot establish microbial transmission,
milk-derived intestinal colonisation, or a direct biological relationship between the two
sample types. Neither the separate time-point comparisons nor the ordinations demonstrate
temporal convergence.

Expanded family- and genus-level taxonomic profiles are presented in Supplemen-
tary Figures 52 and S3, respectively. These displays distinguish other assigned taxa from
unresolved assignments, organelle-associated sequences, and non-bacterial or domain-
unresolved assignments. Relative abundances were calculated using the complete exported
sequence total for each sample; these categories were separated for transparency rather
than removed through additional filtering.

https://doi.org/10.3390/ani16213448


https://doi.org/10.3390/ani16213448

Animals 2026, 1

6, 3448

11 of 16

Bray-Curtis PCoA

AOh B 24 h c7d
0.75 W Mare milk (n=8) W Mare milk (n=8) 0.751 W Mare milk (n=7)
° @ Foal faeces (n=8) 0.6 1 - @ Foal faeces (n=7) 0.50 @ Foal faeces (n=8) o
0.50 ° ™
. ° ) 04 ) ®
~ 025 u 4 0 - _ 0.25 . .
R . BN R " °
G 0.00- ®e ;;!' 0.2 1 . ',: 0.00 4 ] | .
S a " ° o S 025
2 2 0.0 ) Z -0
~ —0.251 W b 0.0 [ () =
< < <
§ -0.50 1 " § -0.2 g —0.501
a a a
-0.75 —0.4 -0.751
n [ ]
-1.00 1 " u —~0.64 C -1.001 °
1254 T T T T T T T T T T T T -1251 T T T T T T
-1.0 -0.5 0.0 0.5 1.0 -06 -04 -02 00 02 04 06 038 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
PCoA 1 (12.72%) PCoA 1 (29.30%) PCoA 1 (17.95%)
D 14d E 21d
W Mare milk (n=8) W Mare milk (n=8)
0.61 @ Foal faeces (n=8) - 0.6 @ Foalfaeces (n=8) -
| ]
0.4 0.4 -
3 3 o
X " X
3 o g o
8 0.2 (] R 0.2 ..(.
o o
2 00 2 00 'Y n
o~ o~ [}
< <
8 -02 . 8 -0:2
a n a °
|}
-0.4 =0.4+ ]
| | ]
06 " 0.6+ "

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
PCoA 1 (18.45%)

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
PCoA 1 (18.88%)

Figure 7. Principal coordinate analysis (PCoA) of bacterial DNA profiles detected in mare milk
and foal faecal samples, based on Bray—Curtis dissimilarity at (A) Oh, (B) 24 h, (C) 7d, (D) 14d,
and (E) 21 d postpartum. Each point represents one sample; blue squares indicate mare milk and
orange circles indicate foal faeces. Sample counts are shown in each panel. All available samples are
displayed, whereas statistical comparisons included only complete mare—foal pairs. Ordinations were
calculated separately for each time point, with the explained variation indicated on each axis. F2_2
was not collected, and M4_3 was absent from the supplied ordination output. These descriptive plots
do not test temporal convergence.

3.4. Foal Serum and Mare Milk Immunoglobulin G Concentrations

Changes in IgG concentrations in mares and foals from Groups 1 and 2, based on
intergroup comparisons and postpartum time points, are presented in Supplementary
Figures 54 and S5, respectively.

Higher colostral IgG concentrations were detected in Group 1, in which Brix val-
ues exceeded 20%. However, in both groups, colostral IgG concentrations declined
rapidly after 24h postpartum and remained at low levels thereafter in both groups
(Supplementary Figure S4). In both groups of mares, a rapid decline in milk IgG con-
centrations was observed after 24h postpartum.

In foals, ingestion of colostrum with a high IgG concentration resulted in significantly
higher serum IgG levels at 24h of age. This difference between groups remained evident
throughout the postpartum period. Postpartum changes in serum IgG concentrations in
foals are shown in Supplementary Figure S5. In both groups, serum IgG concentrations were
very low at 0 h postpartum. From 24 h onward, serum IgG levels increased markedly and
remained elevated throughout the 21-day period. However, foals that received colostrum
with lower IgG concentrations (Group 2) consistently exhibited lower serum IgG levels
compared with Group 1 foals throughout the entire 21-day postpartum period.
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4. Discussion

This pilot study characterised bacterial DNA profiles detected in mare milk and foal
faecal samples during the first 21 days postpartum. Statistically significant temporal differ-
ences were detected in foal faecal alpha diversity and weighted UniFrac profiles, whereas
the corresponding tests in milk did not reach statistical significance. However, these findings
were obtained from separate analyses, and no direct sample type-by-time interaction was
tested. Therefore, they do not demonstrate that the temporal responses differed significantly
between milk and faecal samples. Furthermore, the absence of statistical significance in
milk should not be interpreted as evidence of temporal stability, particularly given the small
sample size and uncertainty surrounding the biological origin of milk-associated bacterial
DNA. Milk—faecal comparisons were significant at each sampling time, although differences
in multivariate dispersion limit their interpretation. Accordingly, these results should be
regarded as exploratory.

Mienaltowski et al. [14] provide a particularly relevant comparison because they ex-
amined paired mare milk and foal rectal-swab samples longitudinally. Their milk profiles
were dominated by Escherichin—Shigella, and their Figure 2 shows milk Chaol central values
generally below or around 100 and Shannon values around 3.5-4. Milk and foal commu-
nities were initially similar but subsequently diverged, leading the authors to emphasise
sources outside milk in the developing foal gut microbiota. In contrast, our milk profiles
included prominent gut-associated families such as Lachnospiraceae, Prevotellaceae, and Bac-
teroidaceae. These differences cannot be attributed solely to biological variation between
populations. Sampling procedures, extraction methods, target regions and bioinformatic
processing may contribute, while the absence of negative controls leaves contamination
unresolved. Direct numerical comparisons of diversity also require caution: our revised
richness measure is observed features rather than Chaol, and our Shannon values use log,,
requiring harmonisation of logarithm bases before comparison. The present data therefore
do not establish greater biological richness in milk or a colonisation trajectory opposing
that proposed by Mienaltowski et al. [14].

The lack of statistically significant temporal effects in milk does not establish stability,
equivalence or ecological resilience. With only eight mares, and seven contributing com-
plete series to the alpha-diversity tests, modest changes may have remained undetected.
Similarly, repeated detection of Firmicutes, Bacteroidota, Lachnospiraceae, Prevotellaceae, and
Streptococcaceae does not establish a conserved resident milk microbiota. Family-level as-
signments encompass organisms with different ecological and clinical characteristics; their
presence alone cannot distinguish commensal populations, environmental introduction or
potentially pathogenic organisms.

The dominance of Pseudomonadaceae in M5_3, accounting for 79.6% of reads in the
exported family-level table, requires particular caution. Li et al. [25] reported abundant
Pseudomonas in water deer milk, showing that this genus has been detected in milk from
another mammalian species. However, this observation does not establish the origin of
Pseudomonadaceae in our sample. Salter et al. [26] identified Pseudomonas among reagent-
associated contaminants and demonstrated the vulnerability of low-biomass profiles to
background DNA. Scully et al. [27] included negative controls and computational contami-
nant removal when characterising processed bovine colostrum, whereas these measures
were not incorporated into the present study. Without extraction blanks, no-template PCR
controls or corresponding environmental samples, the M5_3 profile cannot distinguish
biological variation from contamination during collection or processing. Its high relative
abundance also does not demonstrate an increased absolute bacterial load.
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The diversity and taxonomic summaries have additional analytical constraints. Milk
observed-feature rarefaction curves continued to increase at 2000 sequences per sample,
so this depth did not provide evidence of complete richness sampling. Standardising
sequencing depth supports comparisons within the analysed dataset but does not establish
that all taxa were adequately represented. In the main family-level plots (Figures 1 and 4),
“Other” combines lower-abundance assigned taxa, sequences unresolved at the family
level, and organelle-associated sequences. The expanded supplementary profiles separate
remaining assigned taxa from unresolved, organelle-associated and non-bacterial or domain-
unresolved assignments. The size of the “Other” category in the main plots therefore reflects
both the grouping rule and taxonomic resolution and cannot independently demonstrate
ecological complexity, sequencing adequacy or poor sample quality. Interpretation of
uncommon taxa should remain descriptive until their assignments and potential technical
origins can be examined.

Foal faecal profiles showed temporal changes consistent with the broader evidence
that early equine gut microbial composition varies with age [12,13]. Enterobacteriaceae, Bacil-
laceae, and Streptococcaceae predominated during the early sampling period, whereas Lach-
nospiraceae, Oscillospiraceae, Christensenellaceae, Rikenellaceae, Prevotellaceae, and Bacteroidaceae
became more prominent in several later samples. De La Torre et al. [12] similarly described
a transition from early Proteobacteria-dominated profiles towards communities containing
more Firmicutes during development. These broad similarities support comparison with
neonatal microbial succession, but they do not establish identical trajectories across studies.
Family-level relative abundance profiles do not establish metabolic activity or changes in
intestinal oxygen availability. Because differential abundance analysis was not performed,
the observed taxonomic shifts should be interpreted descriptively rather than as statistically
demonstrated enrichment of individual families.

Importantly, foal alpha diversity did not increase progressively from birth. Median
Shannon diversity and observed feature counts were higher at 0 h than at 24 h and 7 d and
increased again at 14-21 d. The omnibus tests support overall temporal differences but do
not identify particular time-point contrasts. The relatively high diversity values at 0 h war-
rant caution because bacterial biomass was not quantified, leaving the susceptibility of these
earliest samples to background DNA unresolved. Background DNA can disproportion-
ately influence low-biomass profiles [26]; consequently, the 0 h results cannot be assumed
to represent a highly diverse, established intestinal community or evidence of prenatal
colonisation. Biological and technical contributions to this pattern remain unresolved.

Milk and faecal profiles shared bacterial families, including Lachnospiraceae, Streptococ-
caceae, and Prevotellaceae, but this overlap does not identify their source or direction of transfer.
Neither the separate time-point comparisons nor the independently calculated ordinations
establish temporal convergence between paired milk and faecal profiles. Changes within
foal faecal profiles must therefore be distinguished from changes in milk—faecal similarity.
Mady et al. [28] examined associations between mare milk metabolites and foal gut micro-
biota, addressing a potential nutritional relationship rather than demonstrating bacterial
transmission through milk. In humans, Ferretti et al. [29] used longitudinal, strain-resolved
metagenomics across maternal and infant body sites to investigate microbial transmission.
Although those findings cannot be directly extrapolated to horses, they illustrate the addi-
tional resolution and source sampling required beyond shared family-level assignments.

Maternal faecal samples represent another potential source of microbes for the devel-
oping foal gut. Pyles et al. [30] detected coprophagy from day 3 postpartum and found
a positive association between maternal faecal consumption and culturable cellulolytic
bacteria in foal faecal samples at day 7. These findings support a potential role for co-
prophagy in early microbial establishment, although they do not identify the origin of taxa
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detected in the present study. Because maternal faecal microbiota was not sampled, its
potential contribution could not be evaluated or distinguished from milk-associated and
other environmental sources.

Several limitations constrain interpretation. The small cohort and 21-day follow-up
limit generalisability and assessment of later persistence. Primer selection can influence
the taxonomic coverage of 16S rRNA gene surveys [31]. Partial 165 rRNA gene sequences
may provide insufficient resolution to distinguish closely related species or strains [32].
Accordingly, ASVs should not be interpreted as direct equivalents of species or strains.
Relative sequence abundance does not quantify bacterial load, and DNA detection does
not establish viability. The absence of sequenced extraction blanks and no-template PCR
controls is a major limitation, particularly for milk and potentially low-biomass samples col-
lected at birth. Without these controls or bacterial biomass measurements, the contribution
of background DNA to the observed profiles could not be reliably assessed [26]. The milk
findings therefore remain exploratory, with unresolved biological and technical contribu-
tions. The lack of maternal faecal, teat-skin and environmental samples further restricts
source attribution. Statistical reanalysis relied on exported diversity values and distance
matrices, preventing independent verification of bacterial feature filtering and the original
beta-diversity rarefaction depth. Complete-case alpha-diversity tests reduced the sample
size, and restricted permutations assumed within-animal exchangeability without explicitly
modelling serial autocorrelation. Future studies incorporating larger cohorts, longer follow-
up, bacterial-load measurements, sequenced negative controls and strain-resolved source
comparisons are needed to investigate whether milk-associated bacteria contribute to foal
gut colonisation. Another one limitation of this study is that the nutritional composition of
the individual feed ingredients and the complete ration was not determined by laboratory
analysis. Although all mares were maintained at the same breeding facility and received
the same feeding regimen, the absence of analytical data on crude protein, crude fiber, ash,
NDF, ADF, and other nutritional parameters precluded a detailed assessment of dietary
composition. Therefore, potential effects of unmeasured nutritional and animal-related
factors cannot be completely excluded when interpreting the findings.

5. Conclusions

This exploratory pilot study characterised bacterial DNA profiles in mare milk and
foal faecal samples from eight Kyrgyz mare—foal pairs during the first 21 days postpartum.
Significant temporal differences were detected in foal faecal diversity and weighted UniFrac
profiles, whereas corresponding analyses of milk profiles did not reach statistical signifi-
cance. However, these separate findings do not establish a difference in temporal responses
between sample types, as no direct interaction test was performed. Milk—faecal comparisons
also yielded significant results, although differences in multivariate dispersion limit their
interpretation. Shared taxonomic assignments do not demonstrate microbial transmission
or milk-derived intestinal colonisation. Furthermore, the absence of sequenced negative
controls prevents reliable differentiation between genuine milk-associated bacterial DNA
and potential background contamination. Given these limitations and the small cohort, the
findings should be interpreted as exploratory observations requiring validation in larger,
appropriately controlled longitudinal studies.
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