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Abstract

Background: Significant alterations in feeding, housing, and physiology are observed in dairy cows during the transition period (3 weeks
pre- and post-calving), in addition to changes in the composition and abundance of the endometrial microbiota. Thus, this study aimed to
evaluate any changes in the composition and predicted metabolic pathways in the cow uterine microbiome during this transition period.
Methods: Scrapings were sampled from the endometrial surface of clinically healthy cows (n = 3) in dynamics as follows: in the 10 Days
period before, and on Days 3, 5, and 20 after calving. Total DNA was isolated from the samples, and the composition of the microbial
community was assessed using targeted next-generation sequencing (NGS) technology. Based on the subsequent NGS data, the dynamics
of the predicted metabolic pathways of the microbiota were evaluated. Results: Seven superphyla and phyla of microorganisms were
found in the endometrial microbiota of cows during the transition period. Among these, the phylum Firmicutes (with a dominant class of
Clostridia) and the superphylum Fusobacteriota (represented by a single class of Fusobacteriia) can be considered the dominant bacteria
in the endometrium, with representation noted from 25.2 to 68.2% and from 12.3 to 51.1%, respectively. The microbiome composition
underwent significant changes (p < 0.05) during the transition period. In particular, the high abundance of the Fusobacteriaceae family
(up to 68.2%) in the uterus of clinically healthy cows was unexpected, given the potential association of Fusobacteriaceae with the
occurrence of metritis in cows. The numbers of microorganisms in two dominant classes, Fusobacteriia and Clostridia, showed generally
opposite changes in their relative abundance during the transition period. The predicted functional potential level for 32 pathways in the
endometrium changed (p < 0.05) in cows during the transition period. Indeed, the activity of the predicted pathways, such as pyridoxal
5’ -phosphate biosynthesis I and teichoic acid (poly-glycerol) biosynthesis, was lowered on day 3 postpartum (p < 0.05). Conclusions:
Microbiota composition and the activity of the predicted metabolic pathways in the cow endometrium underwent significant changes at
different critical stages in the transition period. Moreover, even clinically healthy cows exhibited signs of dysbiotic disorders.
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ogy; transition period
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1. Introduction

Accurate characterization of the dynamics of human
and animal microbiomes is crucial for understanding and
predicting the impact of microbial communities on health
and physiological status [1-4]. For example, uterine in-
flammatory abnormalities and reproductive performance in
cows (Bos taurus) are closely related to the composition of
the microbiota [5,6]. Dysbiosis is associated with the oc-
currence of endometritis has been shown to be typically
characterized by lower a-diversity [5], as well as an in-
creased abundance of certain taxa that are also present in
normal, healthy cows [6]. A relatively balanced microe-
cological system of the reproductive system has a positive
effect on maintaining health and the presence or absence
of certain bacterial populations in the uterus may be a risk
factor for the development of reproductive disorders [6]. In
the human genital tract, Lactobacillus species are known to
be associated with female reproductive health due to their
protective function provided by metabolites such as lactic
acid and bacteriocins [7]. That of cows, however, remains
relatively underexplored.

In recent years, selection for milk productivity and the
intensification of animal husbandry has led to a decline in
the fertility of dairy cows and an increase in the incidence
of postpartum endometritis [8]. Infertility caused by post-
partum endometriosis is one of the reasons for culling oth-
erwise healthy animals, however, cows are known to have
low levels of lactobacilli in the reproductive tract, and the
concept of “normal microbiota” in the vagina and uterus has
not been established for them [9]. Thus, studying the mi-
crobial ecology of the endometrium of healthy animals is
important to identify representatives of microbial popula-
tions that ensure good health and fertility [10].

It is well established that, in dairy cattle breeding, the
period between 3 weeks before, and 3 weeks after, calv-
ing (i.e., the transition period) is one of the most critical
stages for animal physiology since most metabolic and in-
fectious diseases occur during this period [11]. Higher en-
ergy and nutrient requirements for colostrum and milk syn-
thesis, combined with decreased feed intake, made cows to
experience negative energy balance and micronutrient defi-
ciency. During the transition period, cows’ bodies undergo
significant metabolic, immunological, endocrine and repro-
ductive changes [12]. As cows’ feed intake naturally de-
clines due to fetal growth, their energy deficit increases and
becomes critical on Days 5—10 before the expected calving
[13]. In addition to significant changes that are observed
in feeding, housing and physiology of animals, changes in
the structure, composition and quantity of their endometrial
microbiota are also apparent. The composition of the re-
productive system microbiome during the transition period
is an important factor determining subsequent productiv-
ity and reproductive capacity of dairy animals. Usually,
endometritis can be suspected on Days 5 to 7 postpartum
based on thermometry and other clinical signs. The diagno-

sis is confirmed, however, when mucopurulent discharge is
observed in the postparturient cows within 20-23 days after
calving and the cervix is thickened.

Using humans as an example, it has been shown that
the normal microbiota of the genital tract has a number
of physiological functions that have a positive effect on
the host organism, such as maintaining the integrity of the
endometrial epithelium and regulating immunity [14]. In
turn, the host organism provides optimal conditions for the
growth and reproduction of normal microbiota. For exam-
ple, lactobacilli use genital tract secretions, such as mucin
carbohydrates, as a food source. Hormonal fluctuations af-
fect the microbial population of the genital tract mucosa.
Thus, estrogen stimulates the deposition of glycogen in the
vaginal epithelial tissue, providing a valuable source of nu-
trients for the microbiota. It is interesting to study the ef-
fect of the cows’ reproductive system microbiome on the
functions of the body due to changes in its own metabolic
profile. In recent years, predicted metabolic pathways of
the microbiome in the rumen of cows have been studied us-
ing metagenomic methods [15]. Studies on the predicted
metabolic pathways of the vaginal and endometrial micro-
biome of cows are still, however, rare [16].

During the transition period of cow husbandry, the
uterine ecosystem thus represents the most dynamic envi-
ronment in which microorganisms can have a pronounced
effect on the physiology of the host. The physiological sta-
tus of the host, in turn, can significantly affect the compo-
sition and function of the endometrial microbiota [17]. Un-
derstanding this interaction is key to maintaining the repro-
ductive status of animals. The aim of the present study was
therefore to elucidate and evaluate changes in the compo-
sition and predicted metabolic pathways of the uterine mi-
crobiome during the transition period of cow maintenance
using molecular genetic and metagenomic technologies.
For this purpose, we employed targeted next-generation se-
quencing (NGS) of the 16S rRNA gene [18-22], an ap-
proach that has been the widely used technology in recent
years for researching the microbiome of the bovine repro-
ductive tract [16,23,24].

2. Materials and Methods

2.1 Experimental Animals

An experiment was conducted in 2024 on the com-
mercial livestock enterprise SPK Polyany (Vyborg District,
Leningrad Oblast, Russia) to analyze the endometrial mi-
crobiome in the transition period in Holstein cows kept on
a tether. The live weight of the cows was 580-600 kg in
the late dry period and 510-530 kg in the fresh period, and
the milk yield for 305 days of the previous lactation was
10,000-11,000 kg. The feeding and housing conditions of
the cows corresponded to generally accepted recommenda-
tions [25]. The cows’ rations are presented in Table 1.

During the transition period, a gynecological veteri-
nary examination of the animals was carried out as de-
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Table 1. Composition of the diet of Holstein cows.

Diet component, kg/cow/day Dry period  Fresh period
Vitamin and mineral premix for dry cows 0.10 -
Vitamin and mineral premix for fresh cows - 0.10
Hay 3.50 1.20
Silage 27.00 22.00
Rapeseed cake 0.90 2.20
Sunflower meal - 1.00
Corn 0.30 3.60
Barley 0.50 3.00
Soy coat 1.20 0.60
Brewer’s grains - 2.00
Sugar syrup 0.25 0.40
Sodium bicarbonate - 0.20
Sodium chloride - 0.10
Chalk - 0.18

scribed elsewhere [26], on the basis of which clinically
healthy cows were selected that had no complications dur-
ing and after calving and no signs of postpartum endometri-
tis or other inflammatory disorders of the reproductive sys-
tem. Additional criteria for choosing cows for the current
study were no use of antibiotics treatment and hormonal
drugs or other drugs and probiotics.

2.2 Samples, Blood Tests and Metagenomic Sequencing

Blood and endometrial samples were collected from
clinically healthy cows (n = 3) dynamically, i.e., on Day 10
before calving and on Days 3, 5 and 20 after calving. Blood
tests were performed as they are recommended for assess-
ing the health and physiological status of dairy cattle [27—
29]. Before the morning feed, blood was collected from the
subcaudal vein of the cows of each group using vacutainers
and immediately delivered to the laboratory for analysis of
hematological and biochemical parameters. The innate im-
munity (also known as non-specific blood resistance) level
of the cows was assessed dynamically during the exper-
iment. Innate immunity is a multi-component system of
host defense that operates independently of prior exposure
to an antigen. In cows, as in other mammals, innate immu-
nity plays a key role in maintaining homeostasis, protecting
against infections, and ensuring optimal productivity. As-
sessing innate immunity levels is an important tool for mon-
itoring animal health, identifying potential problems, and
developing strategies to improve disease resilience [30—35].
The number of erythrocytes and leukocytes was determined
using a counting chamber with a Goryaev grid according to
a generally accepted method [36]. The leukogram was cal-
culated using microscopy with a fixative according to May-
Grunwald and azure-eosin dye according to Romanovsky
for staining blood smears [36]. The hemoglobin level was
evaluated using the hemoglobin cyanide method [36] and
the hematocrit level using the centrifugation technique [37].
The color index (CI) of cow blood was calculated using the
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following formula: CI = (Hemoglobin (in g/L) / Count of
erythrocytes (in x 1012/L)) / 3. To assess the anti-infective
state of the cellular defense system, the absorptive activity
of blood serum neutrophils, including phagocytic activity,
index, capacity and number, was determined. In particu-
lar, phagocytosis indicators were estimated microscopically
using a culture of Staphylococcus strain 209 that was in-
activated by heating and standardized using an optical tur-
bidity standard [38]. The state of the humoral defense sys-
tem was established using the serum bactericidal activity as-
says indicators and the content of immunoglobulin fractions
(a-, B-, 7v-) according to the conventional methods [39].
Biochemical parameters, including total protein, glucose,
albumin, a-, - and y-globulins, glucose, alkaline phos-
phatase, amylase, alanine transaminase, aspartate transam-
inase, calcium, phosphorus, cholesterol, urea, urea nitro-
gen, residual nitrogen, creatinine, bilirubin, reserve alka-
linity and triglycerides, were determined using the GS100
Auto Chemistry Analyzer (Genrui Biotech Inc., Shenzhen,
China), following the manufacturer’s instructions.

Endometrial surface scraping was carried out under
aseptic conditions using a cytobrush. For this, the animals’
tails were covered with sterile gauze, and the perineum and
vulva were washed with soap and water until completely
clean and then treated with an antiseptic solution. Samples
for microbiota analysis were immediately frozen at —20 °C
and sent to the laboratory until examination.

Total DNA from the endometrial microbiota samples
was isolated using the Genomic DNA Purification Kit (lot
No. 10571031; Thermo Fisher Scientific, Inc., Carlsbad,
CA, USA) and according to the manufacturer’s instructions.
The composition of the microbial community was evalu-
ated using targeted NGS technology. NGS was performed
using the MiSeq platform (Illumina, Inc., San Diego, CA,
USA) and the following primers for the V3-V4 region of the
16S rRNA gene: forward primer, 5'-TCGTCGGCAGCGT
CAGATGTGTATAAGAGACAGCCTACGGGNGGCW
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GCAG-5'; reverse primer, 5'-GTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAGGACTACHVGGGTATCT
AATCC-3’. Metagenomic sequencing was performed us-
ing the following reagents: Nextera® XT Index Kit (lot No.
FC-131-1001; [Nlumina Inc.) for library preparation, Agen-
court AMPure XP PCR (lot No. A63881; Beckman Coulter
Inc., Brea, CA, USA) for product purification, and MiSeq®
Reagent Kit v2 (500 cycles; lot No. MS-102-2003; Illumina
Inc.) for sequencing.

2.3 Post-NGS Analyses

The dynamics of predicted metabolic pathways in the
microbiota were assessed based on NGS data using the QI-
IME 2 (version 2020.8; https://forum.qiime2.org/t/recomm
endations-for-installing-older-versions-of-qiime-2/28956
(Accessed: 31 March 2025)) metagenomic analy-
sis platform [40,41]. After the initial transfer of
sequences to the Qiime2 format, paired read lines
were aligned.  Then, they were chosen by quality
using the default settings. Noise sequences were fil-
tered using the Deblur method [42]. The MAFFT
(version 7 https://mafft.cbrc.jp/alignment/software/
(Accessed: 31 March 2025)) software package was
used to reconstruct a de novo phylogeny, followed
by masked read alignment [43,44]. The SILVA 138
(https://www.arb-silva.de/documentation/release- 138/
(Accessed: 31 March 2025)) reference database [18,45,46]
was used to analyze the taxonomic affiliation of mi-
croorganisms.  Indices of a-diversity were estimated
as described elsewhere [22]. Biodiversity indices such
as Shannon entropy and others were calculated using
the built-in plugin diversity-lib (version 2024.10.0;
https://github.com/qiime2/q2-diversity-lib (Accessed: 31
March 2025)) for the QIIME 2 program [47,48]. Prin-
cipal component analysis (PCA) was performed using
ggfortify (version 0.4.17; https://cran.r-project.org/web
/packages/ggfortify/index.html (Accessed: 31 March
2025)) for the R package. Reconstruction and prediction
of the functional content of gene families and proteins
were conducted using the PICRUSt2 (version 2.3.0;
https://huttenhower.sph.harvard.edu/picrust/  (Accessed:
31 March 2025)) software package for phylogenetic
investigation of communities by reconstruction of unob-
served states [49,50]. The MetaCyc (https://metacyc.org/
(Accessed: 31 March 2025)) database [51,52] was used
to analyze metabolic pathways and enzymes. The pre-
dicted MetaCyc pathway profiles were estimated by the
abundance of amplicon sequence variants (ASV) [53,54].

Using Microsoft Excel XP/2003 and RStudio (version
1.1.453; https://web.archive.org/web/20220806090006/ht
tps://docs.rstudio.com/ide/server-pro/1.1.453/index.html
(Accessed: 31 March 2025)) [55], including multivariate
analysis of variance (multi-factor ANOVA), the results
were processed statistically and mathematically. Results

involved the means (M) and standard errors of the mean
(£ SEM).

3. Results and Discussion
3.1 Blood Parameter Analysis

Hematological and biochemical parameters of the
cows’ blood during the transition period are presented in
Supplementary Tables 1-8. Analysis of the leukogram
and biochemical parameters of the blood characterizing ni-
trogen metabolism, pigment metabolism, acid-base balance
(Supplementary Tables 2,7,8) did not reveal any signif-
icant deviations indicating a possible disturbance of the
general physiological state of the cows during the transi-
tion period based on the parameters studied. Neverthe-
less, the number of leukocytes on Day 10 before calving
(8.04 & 0.51 thousand/puL) was significantly (p = 0.032
and p = 0.034, respectively) higher than this indicator on
Days 3 and 20 postpartum (5.82 + 0.29 and 5.61 + 0.42
thousand/uL, respectively; Supplementary Table 1). The
higher level of leukocytes in the prenatal period that we ob-
served may be associated with the body’s preparation for
calving and a potential threat of infection that represents
a potential stress on the immune system (see for review
[56,57]). A study by Viloti¢ et al. [58] showed that levels of
pro-inflammatory cytokines (e.g., interleukin-6 and tumor
necrosis factor-alpha) normally begin to increase in the last
weeks of pregnancy, stimulating the production of leuko-
cytes. The immune system faces different challenges in the
antenatal and postpartum periods. Before parturition, the
cow’s immune system is meant to protect both the cow and
the fetus. After parturition, the focus shifts to recovery and
protection against parturition-related infections. In the an-
tenatal period, cortisol levels may increase and, as a result,
leukocyte levels may increase [59]. The process of cervi-
cal softening, which is necessary for successful parturition,
is also associated with inflammation and leukocyte infiltra-
tion [60]. In the last weeks of pregnancy, white blood cells
begin to migrate to the mammary gland, preparing to pro-
tect against infections during lactation, which can also in-
crease the level of white blood cells in the blood [61]. The
level of S-globulins in the blood of periparturient cows on
Day 10 before calving (21.30 £ 1.29%) significantly (p =
0.029 and p = 0.009, respectively) exceeded that on Days 3
and 5 postpartum (14.27 & 1.76 and 17.27 &£ 0.60%, respec-
tively; Supplementary Table 4), which presumably related
to a decline in aspartate aminotransferase (AST) activity in
the period immediately after calving, as well as stress on
carbohydrate-lipid metabolism caused by the introduction
of a large amount of concentrates into the diet [62,63]. In
our study, the AST level on Day 5 postpartum (11.93 £ 0.58
IU) significantly (p = 0.031 and p = 0.048, respectively)
grew compared to the activity of this enzyme on Day 10
before calving and on Day 3 postpartum (7.46 + 0.79 and
7.93 4+ 0.84 1U, respectively), and then decreased again to
approximately the same values (Supplementary Table 6).
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Table 2. Indices of a-diversity and amplicon sequence variants (ASV) of endometrial microbiota in Holstein dairy cows (n =3,

M =+ SEM)® during the transition period based on next-generation sequencing (NGS) data.

L o Transition period stages
Biodiversity indices and ASV

10 days before calving 3 days postpartum 5 days postpartum 20 days postpartum
Chaol 117.70 4 8.32 63.37 £+ 3.79** 112.70 £+ 7.40 88.50 £ 5.42*
Fisher’s o 15.80 +0.93 7.40 £ 0.54** 15.20 £ 0.92 10.90 £ 0.69*
Shannon entropy 4.10 £ 0.32 4.20 +0.37 4.70 £ 0.25 4.50 £0.21
Simpson 0.88 4+ 0.07 0.93 + 0.06 0.94 4+ 0.08 0.94 4+ 0.07

ASYV (feature count) 31,457.00 £ 1897.44  41,280.00 £+ 2483.30*  26,113.00 + 1541.20  35,485.00 + 2108.30

1 n, number of cows studied per each stage; M 4= SEM, mean + standard error of mean. Following the Student’s -test (https://www.

graphpad.com/quickcalcs/ttest]1/?format=sem (Accessed: 31 March 2025)), differences within a row are significant between values as
follows: for Chaol, *p < 0.05 for difference between 117.70 and 88.50 and **p < 0.01 for difference between 117.70 and 63.37; for
Fisher’s a, *p < 0.05 for difference between 15.80 and 10.90 and **p < 0.01 for difference between 15.80 and 7.40; and for ASV, *p

< 0.05 for difference between 31,457.00 and 41,280.00.

An elevation in AST may be a sign of intense liver function
[64]. The cholesterol level on Day 5 postpartum (3.35 +
0.05 mol/L) was significantly (p = 0.023) higher than that
on the Day 3 after calving (2.55 £ 0.18 mol/L; Supple-
mentary Table 5), which may also be due to changes in the
composition of the diet and hormonal shifts [65,66].

The endometrial microbiota can influence the host’s
physiology but can also be impacted by it. We thus assessed
physiological characteristics using hematological and bio-
chemical blood parameters, since changes in them in birds
and mammals are important indicators reflecting the state
of the internal environment of the body, especially under
the influence of external factors [67]. Blood analysis al-
lows to elucidate indirectly the degree of immunological
protection, metabolic rate, the presence of inflammatory
processes, and determine the duration of these processes
[68]. The alterations in blood parameter we observed here
may suggest an increased load on the liver during the stud-
ied periods, which is probably associated with the stress of
metabolic processes during the transition period, as well
as the state of negative energy balance caused by high-
concentrate feeding adopted in industrial farm conditions.

3.2 NGS Output and Diversity Assessment

NGS of the bovine endometrial microbiome per-
formed on all animals in this study generated a total of
403,010 16S rRNA gene sequences (with a median of
33,694 reads, a minimum of 21,259 and a maximum of
43,242 reads). The raw 16S rRNA sequence data were de-
posited into the NCBI Sequence Read Archive (SRA; Bio-
Project Number: PRIJNA1230390, https://www.ncbi.nlm
.nih.gov/bioproject/PRINA1230390 (Accessed: 31 March
2025)).

Based on the values of the Chaol and Fisher’s « biodi-
versity indices (Table 2), microbial diversity showed a sig-
nificant decrease (p < 0.05) on Day 3 postpartum compared
to prepartum levels, followed by a marked recovery on Day
5 (p < 0.05) and then another decrease on Day 20 postpar-
tum (p < 0.05), suggesting an oscillating trend in microbial
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diversity. The oscillating trend in endometrial microbial di-
versity after calving is likely the result of a complex inter-
play between hormonal changes, physiological processes,
changes in diet and metabolism, contamination, and inter-
actions between bacteria. For example, estrogen levels are
known to drop sharply after calving [69]. Estrogens influ-
ence vascularization and secretion of the endometrial mu-
cosa [70], thereby indirectly regulating the composition and
diversity of the microbiota. A drop in estrogen levels on
Day 3 postpartum may reduce nutrient availability and alter
the endometrial environment, resulting in decreased diver-
sity. Partial restoration of estrogen levels may contribute
to an increased microbiome diversity on Day 5 postpar-
tum. Changing levels of prostaglandins and oxytocin, i.e.,
hormones associated with labor and postpartum uterine re-
covery, may also affect the microbiota [71]. On the other
hand, the process of clearing the uterus from lochia is ac-
companied by the release of fluid containing bacteria, ep-
ithelial cells, and other substances. This process may af-
fect the composition and diversity of the endometrial mi-
crobiota. Intensive lochia discharge in the first days af-
ter calving (with the peak occurring on Day 3) may me-
chanically wash out part of the microbiota, reducing diver-
sity. In addition, the process of repairing the damaged en-
dometrium in the postpartum period is a complex process
that may affect microbial colonization. Also, the transition
from a dry cow to a lactating cow diet may also impact ru-
men metabolism and microbiota composition, which in turn
may indirectly impact the endometrial microbiota through
systemic metabolic changes [72]. Negative energy balance,
often observed in the first weeks after calving, may affect
immune function and metabolism, which in turn may im-
pact the endometrial microbiota composition.

Our findings may indicate a restoration of microbiome
balance by 20 days postpartum. Recently, it was shown
[24] that both - and S-diversity of the reproductive tract
microbiome were significantly associated with first artifi-
cial insemination (Al) success in Holstein cows, with de-
creased diversity being beneficial for conception at first Al
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Fig. 1. Dynamics of the taxonomic composition (%) of the endometrial microbiota in Holstein dairy cows during the transition

period (10 days before calving; 3, 5 and 20 days postpartum) at the phylum level based on the next-generation sequencing (NGS)

data. Cow #1, 2, 3, individual animal numbers.

However, Chen et al. [73] previously found no association
between vaginal a- and [-diversity and pregnancy rate in
dairy cows, suggesting that further investigation is required
to elucidate this issue.

Our data had some limitations related to a rather small
sample size. The main factor limiting the number of ani-
mals in this study was the traumatic nature of the endome-
trial scraping sampling protocol. Obtaining endometrial
samples is an invasive procedure that may cause discomfort
and potential risks to animals including the risk of infection
and tissue damage as well as associated long-term negative
consequences. We nonetheless believe that our dataset was
sufficient to illustrate trends in the microbiome composition
during the transition period. On the other hand, this would
intensify the need for further studies with larger numbers
of animals, once less invasive endometrial scraping sam-
pling methods are developed. In any event, research using
invasive sampling methods is often limited in the number
of animals studied due to ethical and practical considera-
tions. For example, a recent metagenomic investigation by
Rashid et al. [74] also used a limited number of postpartum
cows to examine their endometrial microbiome due to the
invasiveness of the sampling procedure. In contrast, studies
of the vaginal microbiota, which use less invasive sampling
methods (e.g., swabs), often allow the use of larger numbers
of animals.

3.3 Detailed Endometrial Microbiome Composition
Analysis

Seven superphyla and phyla of microorganisms were
identified in the endometrial microbiota of cows during the
transition period (Fig. 1). Among them, the phylum Fir-
micutes (with the predominant class Clostridia) and the su-
perphylum Fusobacteriota (represented by the single class
Fusobacteriia) can be considered the “dominant” endome-
trial bacteria (from 25.2 to 68.2% and from 12.3 to 51.1%,
respectively). This is consistent with the results of previ-
ous studies conducted on small groups of dairy [75] and
beef cattle [76]. In these studies, Firmicutes turned out to
be the dominant phylum of microorganisms in the reproduc-
tive system microbiota, with a relative abundance of 32.4 to
65.9%. This range is consistent with the relative abundance
of Firmicutes observed in our investigation.

Our study revealed that successional microbiologi-
cal processes in the uterus of cows had an oscillatory na-
ture depending on the technological period of reproduc-
tion. This confirms the complexity of the relationships
in the endometrial microbial ecosystem with the sequen-
tial passage of critical transition period stages for the ani-
mal’s physiology. For example, the number of two dom-
inant classes of microorganisms, i.e., Fusobacteriia and
Clostridia, basically demonstrated opposite changes in their
relative abundance during the transition period in cows.
According to the theory of oscillations in the mathemati-
cal compositional model by Lotka—Volterra [77,78], the an-
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Fig. 2. Dynamics of the taxonomic composition (%) of the endometrial microbiota in Holstein dairy cows during the transition

period (10 days before calving; 3, 5 and 20 days postpartum) at the class level based on the NGS data. Cow #1, 2, 3, individual

animal numbers.

tiphase oscillations of the numbers of microorganisms in
an ecosystem may indicate competition between these mi-
croorganisms, e.g., for a nutrient resource [79]. Some re-
searchers [80,81] are of the opinion that the etiological on-
set of endometritis may be due to an increase in the pro-
portion of individual taxa, including the species Fusobac-
terium necrophorum, a representative of the class Fusobac-
teriia. Among the class Clostridia, in contrast, we found
typical representatives of the normal microbiota of mam-
mals, e.g., Lachnospiraceae NK4A136_group, Peptococ-
cus, Murdochiella, Anaerococcus, Finegoldia, etc. (Fig. 2),
producing volatile fatty acids with antimicrobial properties
[82]. In addition, previous results have shown that an in-
crease in the number of Lachnospiraceae in the vagina was
associated with the reproductive health of cows [75]. In all
likelihood, representatives of this taxon can prevent colo-
nization of the reproductive system by unwanted microor-
ganisms.

It should be noted that our data demonstrate signifi-
cant differences in the abundance of various phyla, classes,
and genera of endometrial microorganisms between indi-
vidual cows, especially pronounced on Day 10 before calv-
ing (Figs. 1,2,3), even though they belong to the same breed
and were kept under the same conditions. For example, in
the period of 10 days before calving, cow #2 had a sharply
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reduced Fusobacteriota content and an increased Firmicutes
count (p < 0.05) compared to other animals (Fig. 1). It can
be assumed that animals #1 and #3 had dysbiosis during this
period that did not have clinical manifestations. In all like-
lihood, the animal’s immune system can exhibit tolerance
to certain changes in the endometrial microbiome without
causing an active inflammatory response. Perhaps there are
individual differences between cows in their susceptibility
to dysbiosis and in their ability to control inflammation.
Three days after calving, the abundance of Fusobacteriota
changed in a similar way (p < 0.05), while the abundance
of Firmicutes no longer showed such a trend (Fig. 1). The
results indicate interesting dynamic changes in the endome-
trial microbiome of cows in the pre- and early post-calving
period, with pronounced individual differences. The fact
that three days after calving the abundance of Fusobacteri-
ota in all cows (including #2) changes in the same direction
may indicate that immediately after calving the abundance
of some representatives of the uterine microbiome is sub-
ject to common factors. As noted above, these may be hor-
monal changes, mechanical damage during calving, stress
or changes in feeding, as well as energy imbalance. The fact
that the content of Firmicutes ceased to show the same trend
suggests that the factors that contributed to the increase in
the number of Firmicutes in cow #2 on Day 10 before calv-
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ing, ceased to be dominant on Day 3 after calving. Perhaps,
the increase in their content was temporary and associated
with some specific conditions that disappeared immediately
after birth. These change patterns found for the phylum Fu-
sobacteriota (Fig. 1) can respectively be observed for the
class Fusobacteriia (Fig. 2) and the genus Fusobacterium
(Fig. 3, as also discussed below).

Overall, the evidence suggests that the variation in mi-
crobial abundance observed between individuals may be
due to several factors, including animal’s life history since
birth. Differences in previously occurred diseases, use of
antibiotics or other drugs, and stress throughout life [83] can
all affect the microbiome. A study by Jernberg et al. [84]
showed that even a single course of antibiotics can lead to
significant and long-lasting changes in the composition of
the gut microbiome. The authors found that some bacterial
species can disappear from the microbiome and not recover
for months or even years after antibiotic treatment.

The class Bacilli was represented by a single order,
Lactobacillales, that accounted for up to 1.41%. These bac-
teria are typically dominant in the human reproductive tract
microbiome, creating an acidic environment that is thought

to protect against pathogens and opportunistic infections.
The dominance of lactobacilli appears to be unique to hu-
mans, however, in that the relative abundance of lacto-
bacilli in the human reproductive tract is typically over
70%, whereas, in other mammals, lactobacilli rarely exceed
1% [85]. We observed here that the abundance of Lacto-
bacillales was decreased in cows on Days 3 and 20 postpar-
tum compared to other sampling points (p < 0.05).

The high abundance of the genus Fusobacterium (up
to 68.2%) (Fig. 3) in the uterus of clinically healthy cows
was unexpected, given their potential association with the
occurrence of metritis in cows [86]. On Days 5 and 20
postpartum, the abundance of Fusobacterium spp. was the
highest compared to previous sampling points (p < 0.05).
The genus Helococccus that we found was also associ-
ated with inflammatory abnormalities in the uterus [75].
This observation further supports the hypothesis that po-
tential/opportunistic pathogens can naturally inhabit the re-
productive tract of dairy cows, even in the absence of any
diseases [24]. Indeed, no clear association between certain
microbial taxa and reproductive disorders in cows has been
previously established. Specific pathogens of endometritis
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were not detected, and the differences between healthy an-
imals and those diagnosed with endometritis consisted of
different proportions of normal microbiota representatives
[87]. It was hypothesized that the lack of certainty in the
concept of the etiological causes of endometritis may be
due to the fact that the uterine infection is of fungal (or,
more specifically, yeast) origin, since there are certain pre-
disposing factors, such as long-term antibiotic therapy, the
presence of necrotic foci, and immunosuppression [88].

Judging from the obtained data, the relative stabiliza-
tion of the number of uterine microorganisms in clinically
healthy animals during the transition period occurred by
Day 5 postpartum. This is confirmed by the analysis of
the factor map (Fig. 4) using such analyzed variables as
the relative representation of microorganism families in
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the uterus. These findings coincide with the traditional
concepts and recommendations of veterinary and obstetric
practitioners [89]. After all, according to the recommenda-
tions, cows with inflammatory abnormalities of the uterus
can be identified precisely on Days 5—7 postpartum, mainly
based on thermometry data and other clinical signs.

Based on the abundance of microbial taxa, the stabi-
lization of the microbiome did not mean, however, that it
had returned to its prepartum state. For example, the abun-
dance of Fusobacteriota was generally higher (p < 0.05)
postpartum than prepartum, while the abundance of Firmi-
cutes was lower (p < 0.05) (Fig. 1). Rather, this indicated
that the more pronounced fluctuations in microbial abun-
dance observed during the prepartum and early postpar-
tum periods had partially ceased. It is possible that, after
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the removal of the placenta and lochia, a new “ecosystem”
with different available resources and conditions is formed
in the uterus. The microbiome adapts to these conditions,
and once adaptation occurs, fluctuations in microbial abun-
dance become less pronounced. It is also likely that the an-
imal’s immune system gradually regains control over the
microbiome. In the prenatal period, immune control may
be temporarily weakened (to avoid rejection of the fetus),
and after calving it gradually returns to normal levels. In
addition, immediately after birth, there is a sharp decrease
in the level of progesterone and estrogen, followed up, af-
ter some time, by a gradual stabilization of the hormonal
background [90]. This can contribute to the stabilization of
the microbiome. One of the important factors may also be
a change in the composition of the diet in the postpartum
period.
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3.4 Metabolic Pathways in Endometrial Microbiome

As aresult of the metagenomic analysis, 362 predicted
metabolic pathways of the endometrial microbiota were
identified and annotated. The level of the predicted func-
tional potential of 32 pathways in the endometrium changed
(p < 0.05) in cows during the transition period depending
on its stage (Fig. 5).

In the functional prediction of the endometrial mi-
crobiome composition, we discovered that the activity of
some pathways involving amino acid biosynthesis (e.g.,
HOMOSER-METSYN-PWY: L-methionine biosynthesis
I) was reduced on Days 3 and 20 postpartum (p < 0.05).
This coincides with the dynamics of lactobacilli numbers
in the endometrium. Interestingly, a previous human study
[91] demonstrated that healthy women with high vaginal
lactobacilli counts have increased levels of amino acid
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synthesis in the reproductive system compared to women
with gynecological disorders. It is known that e-poly-
L-lysine is able to inhibit biofilm formation in reproduc-
tive system pathogens [92]. Srinivasan et al. [91] re-
ported that the activity of predicted amino acid biosyn-
thesis pathways in the vaginal microbiome of women was
lower in patients with bacterial vaginosis than in healthy
women. On Day 3 postpartum, compared with other
stages of the transition period in cows, the activity of
such predicted pathways as pyridoxal 5’-phosphate biosyn-
thesis I (PYRIDOXSYN-PWY) and teichoic acid (poly-
glycerol) biosynthesis (TEICHOICACID-PWY) was in-
creased (p < 0.05). On Day 5 postpartum, the activity
of the PYRIDOXSYN-PWY and TEICHOICACID-PWY
pathways, on the contrary, reduced (p < 0.05). Changes in
hormonal levels and nutrient availability after calving can
lead to changes in the metabolic activity of the microbiome
[34,93-95]. It has been previously shown that calving is
a significant risk factor for disruption of the microbiome
composition in the reproductive system and the develop-
ment of inflammatory disorders of the uterus [96].

4. Conclusions

We herein demonstrate that both the microbiota com-
position and the activity of predicted metabolic pathways in
clinically healthy cows during the transition period of the
intercalving cycle undergo significant changes associated
with various critical transition stages. This may indicate
that communities of microorganisms in the reproductive
system of cows exist in a finely tuned relationship with the
host and its physiology. Our results show dynamic changes
in the endometrial microbiome of cows in the prepartum
and early postpartum periods, with marked individual dif-
ferences between individual animals. Changes in endome-
trial microbial diversity after calving were characterized by
wave-like dynamics, which presumably reflect a complex
interaction of hormonal, physiological and metabolic fac-
tors, as well as environmental and intramicrobial interac-
tions. Relative stabilization of the microbiome was noted
by Day 20 postpartum. We established that even clinically
healthy cows demonstrated signs of dysbiotic disturbances
in the microbiome composition (e.g., fusobacteria domi-
nance) and predicted functions of the endometrial micro-
biota throughout almost all transition period stages. De-
spite cows of the same breed being kept in the same hous-
ing conditions and receiving the same diet, a significant
inter-individual variation in microbiome composition was
detected, particularly on Day 10 before calving. This high-
lights the importance of considering such potential differ-
ences when developing reproductive health management
strategies in cows. Again, our findings are limited by the
small sample size associated with the invasive nature of en-
dometrial scraping sampling. This highlights the need for
further studies with larger numbers of animals when less
invasive sampling methods are developed.
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In recent years, the intensification of dairy farming
has significantly affected the structure of cows’ diets and
has led to an increased provision of concentrated feeds.
Our findings are consistent with the fact that the recently
adopted colossal body “overload” with available forms of
energy (starch and sugars), while reducing the proportion of
fiber in the fodder, appears not to correspond to the phys-
iological needs of animals. This aggravates the stress of
metabolic processes in the body of animals. Because of
this, highly productive animals are vulnerable to stress and
infectious diseases, and respond inappropriately to negative
environmental factors [97]. Our data are pivotal for a bet-
ter understanding of how symbiotic microbiota affects the
physiology, immunity, and health of the reproduction sys-
tem in dairy cows [86]. In the future, it would be of interest
to conduct further experiments in cows kept in eco-farms
with a housing and feeding system close to their natural
habitat in order to assess the true representatives of the nor-
mal microbiota of the reproductive tract.
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