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Abstract
The current study characterized the taxonomic composition of the uterine and vaginal bacterial communities during 
estrous synchronization up to timed artificial insemination (TAI). Postpartum beef cows (n = 68) were subjected to pre-
synchronization step 21 d prior to TAI (day −21), followed by an industry standard 7 Day Co-Synch on day −9 and TAI on day 
0. Uterine and vaginal flushes were collected on days −21, −9, and −2 of the protocol and pH was immediately recorded. 
Pregnancy was determined by transrectal ultrasound on day 30. Bacterial DNA was extracted and sequenced targeting the 
V1 to V3 hypervariable regions of the 16S rRNA bacterial gene. Results indicated 34 different phyla including 792 different 
genera present between the uterus and vagina. Many differences in the relative abundance of bacterial phyla and genera 
occurred between resulting pregnancy statuses and among protocol days (P < 0.05). At day −2, multiple genera were 
present in >1% abundance of nonpregnant cows but <1% abundance in pregnant cows (P < 0.05). Uterine pH increased 
in nonpregnant cows but decreased in pregnant cows (P > 0.05). Overall, our study indicates bacterial phyla and genera 
abundances shift over time and may potentially affect fertility by altering the reproductive tract environment.
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Introduction
Reproductive losses cost the beef and dairy industry over 1 billion 
dollars every year (Bellows et  al., 2002). Fertility is affected by 
many factors such as nutrition, heat stress, and parity (Richards 

et al., 1986; Wolfenson et al., 2000; Meikle et al., 2004; Rodney 
et al., 2018). In postpartum cows, the effects of these factors are 
particularly challenging due to the rapid changes during uterine 
involution that must occur after parturition. Uterine involution 
involves the shedding of the maternal caruncles and regrowth 
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of the uterine endometrium, necessary for the cow to develop 
another successful pregnancy (Sheldon et al., 2008). During this 
time, there is a high probability of bacterial contamination that 
is most often cleared by uterine immune cells (Sheldon et al., 
2006). Colonization of pathogenic bacteria that are not cleared 
can lead to uterine diseases which may result in decreased 
fertility of beef and dairy cows (Földi et al., 2006; Sheldon et al., 
2009; Potter et al., 2010). The presence of commensal bacteria, 
however, in the reproductive tract of cattle and its effect on 
health and fertility is relatively unknown.

The human reproductive tract microbiome has been well 
characterized, with a healthy microbiome consisting of low 
diversity due to the presence of greater than 90% Lactobacillus 
species, creating a low pH environment (Rönnqvist et  al., 
2006). Shifts in normal bacterial communities, reducing the 
presence of Lactobacillus, have been associated with bacterial 
vaginosis or preterm birth (Ravel et al., 2011; Moreno et al., 2016). 
Although the bovine reproductive microbiome is significantly 
more diverse than humans, similarities exist with the phyla 
Firmicutes dominating both the uterus and vagina of humans 
and bovine (Ravel et  al., 2011; Laguardia-Nascimento et  al., 
2015; Clemmons et  al., 2017). The abundance of Lactobacillus 
in the bovine reproductive tract, however, is very low (Swartz 
et  al., 2014; Clemmons et  al., 2017). Regarding diversity, our 
group previously determined that although the bacterial 
diversity is high in the uterus and vagina compared to previous 
human studies, the number of species significantly decreases 
throughout estrous synchronization leading up to the time of 
artificial insemination (Ault et al., 2019). Phylogenetic diversity 
of the bacteria also decreased over time, leading to resulting 
nonpregnant and pregnant cows having significant separation 
in their overall uterine phylogenetic diversity 2 d prior to prior 
to timed artificial insemination (TAI; Ault et  al., 2019). The 
decreasing shift of bacterial diversity during the estrous cycle 
may influence the bacterial taxa present in the uterus and 
vagina, altering their overall phylogenetic bacterial composition 
and potentially affecting fertility. Therefore, our objective was to 
evaluate differences in bacterial relative abundances between 
cows that successfully established and maintained a pregnancy 
to day 30 after TAI and cows that were not pregnant at day 30 
after TAI. We hypothesized the taxonomic composition of the 
uterus and vagina will differ between those that are pregnant 
30 d after TAI versus cows that are not pregnant 30 d after TAI.

Materials and Methods
All experimental procedures involving the use of animals 
for the current study was approved and performed under the 
Institutional Animal Care and Use Committee of the University 
of Tennessee, Knoxville. The methods below are similar as 
described in Ault et al. (2019).

Experimental Design

Angus beef cows (n = 68) enrolled in this study, were located at 
the East Tennessee Research and Education Center, averaging 
80 ± 2.6 days postpartum (DPP) and 4.6 ± 0.57 yr old at TAI. No 
cows displayed any clinical signs of disease or reproductive 
tract abnormalities. Twenty-one days prior to TAI all cows were 
administered prostaglandin F2α (Lutalyse, 25 mg as 5 mL) IM as a 
pre-synchronization step. Nine days before TAI (day −9; average 
of 71 DPP), an industry standard 7 Day Co-Synch Protocol was 
implemented beginning with gonadotropin-releasing hormone 
(GnRH; Factrel, 100  μg as 2  mL IM injection). An injection of 
prostaglandin F2α (Lutalyse, 25  mg as 5  mL) IM was then 

administered 2 d before TAI (day −2; average of 78 DPP). On the 
day of TAI (day 0), cows were administered 100 μg of GnRH IM. In 
order to reduce variation, a single sire and technician were used 
for breeding. Transrectal ultrasound occurred 30 d following 
TAI for pregnancy diagnosis by observation of embryonic 
heartbeat. Uterine and vaginal flush samples were collected 
throughout the synchronization protocol at day −21, day −9, 
and day −2. The perineal area was cleaned and disinfected 
prior to flush collections to prevent introduction of external 
bacteria into the reproductive tract. For vaginal flush collection, 
60 mL of 0.9% sterile saline (Vetivex; pH = 5.6) was expelled by 
sterile syringe into the vagina and recovered via vaginal lavage. 
Following vaginal flush collections, a sterile Foley catheter was 
placed in the body of uterus to prevent the uterine flush from 
contamination. A  large speculum was used as well as sterile 
chemise to prevent contamination while placing the catheter 
in the uterus. Similar to industry standard method for embryo 
flushing, sterile saline (180 mL) was flushed through the catheter 
into the uterus and collected. Uterine and vaginal flush pH was 
measured by UltraBasic pH meter (Denver Instruments, Arvada, 
CO) and recorded immediately following collection. Samples 
were flash-frozen in liquid nitrogen and stored at −80 ℃ until 
analysis. To confirm expected response to the synchronization 
protocol, blood samples were collected in BD Vacutainer tubes 
(Becton, Dickinson and Company, Franklin Lakes, NJ) for 
progesterone (P4) analysis at each time point of the protocol, 
along with evaluating the presence or absence of ovarian 
structures by transrectal ultrasound. Twenty (10 pregnant and 
10 nonpregnant) cows were selected for sequencing and further 
analysis. The criteria for cow inclusion in the study included: 
1) presence of a corpus luteum (CL) on day −21, day −9 with P4 
greater than 1 ng/mL, 2) GnRH response on day −9 assumed by 
the presence of a CL on day −2, 3) presence of an ovulatory size 
follicle on the day of TAI (day 0).

DNA Extraction and Sequencing

From the selected 20 cows, 120 flushes were collected resulting 
in 10 pregnant and 10 nonpregnant cow samples from 3 
different time points in both the uterus and vagina. As described 
in Ault et al. (2019), DNA was extracted and sequenced from all 
uterine and vaginal flush samples. Once samples were thawed 
to room temperature (22 °C), 5 mL aliquots were removed and 
centrifuged (4,696 × g at 4 °C). Sterile saline (180 µL) was added 
to the resulting pellet. The Qiagen DNeasy Blood and Tissue 
kit (Qiagen, Hilden, Germany) was used for DNA extraction 
following manufacturer protocol. DNA amplification and library 
preparation was conducted using polymerase chain reaction 
(PCR) targeting the V1 to V3 hypervariable regions of the 16S rRNA 
bacterial gene for identification of bacteria. Modified universal 
primers 27F (5′-Adapter/Index/AGAGTTTGATCCTGGCTCAG) 
and 519R (5′-Adapter/Index/GTATTACCGCGGCTGCTG) 
including TruSeq indices and adapters were used to produce 
sequencing libraries, using Accuprime Taq high fidelity DNA 
polymerase (LifeTechnologies, Carlsbad, CA). Conditions for 
PCR reaction were set at an annealing temperature of 58  °C 
for 30 cycles. Gel electrophoresis was used to confirm quality 
and presence of PCR product. Purification and quantification 
of resulting PCR product was conducted using AmPure beads 
and Nanodrop 1000 spectrophotometer (Agencourt, Beverly, 
MA and ThermoScientific, Wilmington, DE) as well as real-time 
PCR on LightCycler 480 system (Roche Diagnostics, Mannheim, 
Germany). Libraries were sequenced at the United States Meat 
Animal Research Center (USDA-ARS-USMARC, Clay Center, NE) 
by the Illumina MiSeq platform (Illumina, Inc., San Diego, CA) 
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with the 2 × 300, v3 600 cycle kit. For sequencing controls, PhiX 
was used as a positive control and sterile saline, used for flush 
collections, as a negative control.

Sequence Reading and Analysis

Quantitative Insights Into Microbial Ecology (QIIME) version 
1.9.1 (Caporaso et al., 2010) and Mothur version 1.36.1 (Schloss 
et al., 2009) programs were used to process resulting sequence 
reads. Quality filtering was conducted on the Galaxy server to 
retain all sequences with quality scores ≥ Q 25. Adapter and 
index sequences were trimmed from sequences and sequences 
< 300  bp were removed from analysis. Using the usearch61 
command (Edgar, 2010), chimeric sequences were identified and 
removed. Identified chloroplast and mitochondria sequences 
were removed from analyses. Samples were then subsampled 
down to ~30,000 sequences to remove sequence depth bias. 
In order to perform taxonomic classification, operational 
taxonomic units (OTUs) were first selected with a pairwise 
identity threshold of 97% using UCLUST in QIIME. Taxonomy 
assignment then occurred using UCLUST and the Greengenes 
v13_8 16S rRNA database (Caporaso et al., 2010).

Progesterone Assay

Progesterone RIA was performed according to the previously 
described protocol (Pohler et al., 2016) using a double-antibody 
RIA kit (MP Biomedicals, Santa Ana, CA). A  standard curve 
(ranging from 0 to 50  ng/mL) was generated to determine 
sample concentrations and in-house controls were used for 
quality control. Inter- and intra-assay CV were less than 10%.

Statistical Analysis

All analyses were separated between uterine and vaginal data 
and did not compare the 2 environments. Samples with an 

observed OTU value < 10 were removed from analysis. Bacterial 
taxa abundances were non-normally distributed and could not 
be transformed to achieve a normal distribution. Nonparametric 
ANOVA in SAS 9.4 was used for all bacterial abundance data 
with the independent variables day of protocol or pregnancy 
status. Significance was determined by Wilcoxon exact test 
for comparisons between pregnancy statuses and Kruskal–
Wallis test for comparisons among days of the protocol, with 
the Benjamini–Hochberg FDR multiple test correction (Weiss 
et  al., 2017). Days postpartum and age were not included in 
final model as they were determined to have no significant 
effect. Correlations were performed in SAS 9.4 using Pearson 
correlation. Significance was determined by P ≤ 0.05 for all 
analyses. 

Results

Sequence Information

As reported in Ault et  al. (2019), 10,448,316 total sequences 
resulted after chimera removal and quality control. An 
average of 92,463  ± 2,976 sequences were present per sample 
with number of sequences ranging from 42 to 232,160 among 
individual samples.

Phylum Level Taxonomic Composition

Among all samples, 34 total phyla were detected. Figure 1 
presents the phyla relative abundance in the uterus and vagina 
of pregnant or nonpregnant cows over time.

Between resulting pregnant and nonpregnant cows
Firmicutes was the most abundant phyla across all samples, 
but no significant differences in the relative abundance was 

Figure 1. Relative abundance of phyla. A total of 34 phyla were detected among all samples. Samples were grouped by day, uterus or vagina, and pregnancy status. O 

represents nonpregnant cows and P represents pregnant cows.
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observed between pregnant and nonpregnant cows in the uterus 
or vagina. The most significant differences in relative abundance 
of phyla between resulting pregnant and nonpregnant cows 
occurred at day −9 in the uterus with Bacteroidetes (P = 0.05), 
Actinobacteria (P  =  0.05), Spirochaetes (P  =  0.05), Fusobacteria 
(P  =  0.009), and unassigned taxa (P  =  0.03; Table 1). Only 3 
phyla were significantly different at day −21 and day −2 in the 
uterus between pregnant and nonpregnant cows with Thermi 
(P  =  0.005), Acidobacteria (P  =  0.03), and FBP (P  =  0.05) at day 
−21, and Actinobacteria (P = 0.005), Fibrobacteres (P = 0.02), and 
unassigned taxa (P  =  0.009) at day −2 (Table 1). In the vagina, 
only 2 phyla were significantly different with Verrucomicrobia 
(P = 0.01) and Fusobacteria (P = 0.03) at day −9 and Tenericutes 
(P = 0.03) and Acidobacteria (P = 0.05) at day −2 between resulting 
pregnant and nonpregnant cows (Table 1); no significant 
differences between pregnant and nonpregnant cows in phyla 
relative abundance were detected at day −21.

Days of the TAI protocol
The most abundant phyla, Firmicutes, significantly decreased 
over time in the uterus of pregnant (P = 0.04) and nonpregnant 
(P = 0.0002) cows as well as in the vagina of nonpregnant cows 
over time (P = 0.03; Table 2). When observing the change in phyla 
relative abundance over time of the synchronization protocol, 
numerous differences occurred in the uterus and vagina of 
resulting pregnant and nonpregnant animals (Table 2).

Genus Level Taxonomic Composition

At the genus level, 792 total genera were detected among all 
samples. Figure 2 presents the genera relative abundance in 
the uterus or vagina of resulting pregnant or nonpregnant cows 
over time.

Between resulting pregnant and nonpregnant cows
Relative abundances for each significantly different genera 
between pregnant and nonpregnant cows in the uterus and vagina 
at each day of the protocol are listed in Supplementary Tables 
1–6. The undetermined genus of the family Ruminococcaceae 
had the greatest abundance of all samples, differing between 
pregnant and nonpregnant cows only at day −21 in the vagina. 
The most differences in genera relative abundance between 
pregnant and nonpregnant cows, occurred at day −2. The 

genera in the uterus at day −2 in pregnant cows with relative 
abundance greater than 1%, other than the undetermined genus 
of the family Ruminococcaceae, included the classified genera 
of Ureaplasma, Helcococcus, Bacteroides, 5-7N15, and Oscillospira, 
as well as unassigned genera of order Burkholderiales, order 
Clostridiales, family Bacteroidaceae, family Lachnospiraceae, 
order Bacteroidales, and family Rikenellaceae. In nonpregnant 
cows, Corynebacterium had the greatest abundance in the 
uterus at day −2 (9.62 ± 4.97%) and a significantly lower relative 
abundance (0.50  ± 0.36%) in the uterus of pregnant cows 
(P = 0.003). Genera with relative abundance greater than 1% in the 
uterus at day −2 of nonpregnant cows that significantly differed 
from pregnant cows, other than Corynebacterium, included 
classified genera Staphylococcus (P = 0.0002), Prevotella (P = 0.03), 
Microbacterium (P = 0.01), Butyrivibrio (P = 0.05), Ralstonia (P = 0.01), 
and unassigned genera from family Alcaligenaceae (P = 0.0001), 
and family Comamonadaceae (P  =  0.02; Table 3). Interestingly, 
these genera in resulting nonpregnant cows with greater than 
1% relative abundance had a relative abundance less than 1% 
in resulting pregnant cows (Table 3). Fewer differences in the 
relative abundances of genera occurred between pregnant and 
nonpregnant cows in both the uterus and vagina at day −21 
(Supplementary Tables 1 and 4) and day −9 (Supplementary 
Tables 2 and 5) compared to day −2 in the uterus (Table 3; 
Supplementary Table 3)

Days of the TAI protocol
The most abundant genera detected, undetermined from the 
family Ruminococcaceae, significantly changed over time 
in the uterus and vagina of both pregnant and nonpregnant 
animals (P < 0.05). Numerous other genera relative abundances 
significantly changed over the duration of the protocol 
(Supplementary Tables 7–10).

Circulating Progesterone Concentrations and 
Relative pH Correlation to Bacteria Phyla

As reported in Ault et al. (2019), day −21 (2.34 ± 0.62 ng/mL vs. 
2.2 ± 0.74 ng/mL), day −2 (6.11 ± 1.81 ng/mL vs. 4.76 ± 1.77 ng/
mL), and day 0 (0.83  ± 0.31  ng/mL vs. 0.31  ± 0.09  ng/mL) 
circulating progesterone concentrations were not significantly 
different between resulting pregnant and nonpregnant animals 
as expected. At day −9, however, progesterone was greater in 

Table 1. Percent relative abundance of significant phyla (mean ± SEM) between nonpregnant and pregnant cows in the uterus and vagina at 
each day1,2

Type Day Phylum Nonpregnant Pregnant P-value

Uterine −21 Thermi 0.003 ± 0.001 0.025 ± 0.014 0.005
Acidobacteria 0.002 ± 0.001 0.011 ± 0.006 0.029

Uterine −9 Bacteroidetes 18.257 ± 0.636 16.449 ± 0.832 0.047
Actinobacteria 2.346 ± 0.717 3.800 ± 0.698 0.047
Spirochaetes 0.029 ± 0.004 0.026 ± 0.009 0.049
Unassigned 0.003 ± 0.001 0.010 ± 0.003 0.027
Fusobacteria 0.002 ± 0.001 0.010 ± 0.009 0.009

Uterine −2 Actinobacteria 14.403 ± 7.360 1.338 ± 0.761 0.005
Fibrobacteres 0.271 ± 0.213 0.041 ± 0.034 0.018
Unassigned 0.009 ± 0.004 0.001 ± 0.001 0.009

Vaginal −9 Fusobacteria 0.019 ± 0.015 ND 0.029
Verrucomicrobia 0.005 ± 0.003 0.019 ± 0.005 0.010

Vaginal −2 Tenericutes 2.547 ± 1.195 1.010 ± 0.167 0.032
Acidobacteria 0.009 ± 0.005 0.002 ± 0.001 0.053

1Significance determined by P ≤ 0.05. No significant differences were detected at day −21 in the vagina.
2ND: not detectable at current depth.
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nonpregnant cows than pregnant cows (P = 0.01; 7.58 ± 1.30 ng/
mL vs. 3.83 ± 0.68 ng/mL), but no day × status was observed. In 
addition, correlation of circulating progesterone concentration 
to the relative abundance of phyla indicated significance with 
Firmicutes. In the vagina of nonpregnant cows, as circulating 
progesterone concentration decreased, the relative abundance 
of Firmicutes increased at both day −9 (r = −0.79, P = 0.02) and 
day −2 (r  =  −0.81, P  =  0.004). At day −2, however, an increase 
in progesterone was significantly correlated to an increase 
in relative abundance of Proteobacteria in the vagina of 
nonpregnant cows (r = 0.70, P = 0.03).

Regardless of the day of the TAI protocol, the uterus had a 
lower relative pH, with means ranging from 5.86 ± 0.11 to 6.06 ± 
0.09, compared to the vagina with means ranging from 6.31 ± 
0.09 to 7.04 ± 0.17. In the uterus, no effect of day or status was 
detected on relative uterine pH. Although no significant day × 
status occurred, uterine relative pH numerically increased in 
resulting nonpregnant cows from 5.86 ± 0.11 at day −21 to 6.06 ± 
0.09 at day −2 and decreased in resulting pregnant cows from 
6.04  ± 0.20 at day −21 to 5.92  ± 0.13 at day −2. In the vagina, 
no overall effect of status or day × status on relative pH was 
detected (P > 0.05) between resulting nonpregnant and pregnant 
cows at day −21 (7.04 ± 0.17 vs. 6.76 ± 0.24), day −9 (6.31 ± 0.09 

vs. 6.29 ± 0.11), or day −2 (6.69 ± 0.14 vs. 6.58 ± 0.14). Regardless 
of pregnancy status, vaginal pH changed significantly overtime 
(P  <  0.0001) with the lowest relative pH on day −9 (6.30  ± 
0.07) compared to day −21 (6.90 ± 0.15; P = 0.0002) and day −2 
(6.63 ± 0.10; P = 0.0009). Additionally, pH values were tested for 
correlation with genera abundances in the uterus and vagina. 
In the uterus, genera Mogibacterium (r  =  −0.25, P  =  0.057) and 
unassigned genera from the family Lachnospiraceae (r = −0.35, 
P  =  0.008) and family Clostridiaceae (r  =  −0.27, P  =  0.04) were 
negatively correlated with pH. As the abundances of these 
genera increased, uterine pH decreased. In the vagina, however, 
genera Clostridium (r = 0.28, P = 0.04), unassigned genera from the 
family Lachnospiraceae (r = 0.31, P = 0.02), and 2 different genera 
from the unassigned from the order Clostridiales (r  =  0.30, 
P = 0.02 and r = 0.36, P = 0.007) were positively correlated to pH 
with an increase in abundance associated with an increase in 
pH.

Discussion
The uterine and vaginal bacterial communities of cattle have 
been determined to contain greater diversity compared to the 
human reproductive microbiome (Swartz et al., 2014; Ault et al., 

Table 2. Percent relative abundance of significant phyla (mean ± SEM) among protocol days in the uterus and vagina of nonpregnant and 
pregnant cows1,2

Type Status Phylum Day −21 Day −9 Day −2 P-value

Uterine Nonpregnant Firmicutes 61.301 ± 4.691 74.312 ± 2.225 36.020 ± 5.970 0.001
Proteobacteria 5.444 ± 2.101 3.336 ± 1.646 27.676 ± 9.456 0.013
Tenericutes 2.264 ± 0.541 0.932 ± 0.161 7.395 ± 6.402 0.027
Verrucomicrobia 0.221 ± 0.058 0.015 ± 0.003 0.115 ± 0.034 0.011
Fusobacteria 0.015 ± 0.005 0.002 ± 0.001 0.027 ± 0.015 0.033
Thermi 0.003 ± 0.001 0.069 ± 0.024 0.032 ± 0.013 0.043
OD1 0.001 ± 0.001 ND 0.014 ± 0.008 0.008
FBP ND 0.003 ± 0.002 ND 0.047

Uterine Pregnant Firmicutes 65.182 ± 3.127 69.480 ± 3.272 45.544 ± 9.283 0.043
Actinobacteria 3.709 ± 0.992 3.800 ± 0.698 1.338 ± 0.761 0.011
Lentisphaerae 0.514 ± 0.081 0.452 ± 0.064 0.255 ± 0.148 0.014
Fibrobacteres 0.301 ± 0.126 0.054 ± 0.016 0.041 ± 0.034 0.004
Spirochaetes 0.134 ± 0.035 0.026 ± 0.009 0.127 ± 0.079 0.037
Chloroflexi 0.034 ± 0.005 0.057 ± 0.015 0.018 ± 0.010 0.015
Unassigned 0.010 ± 0.004 0.010 ± 0.003 0.001 ± 0.001 0.006
WPS-2 0.005 ± 0.003 0.002 ± 0.001 ND 0.044
Armatimonadetes 0.002 ± 0.001 ND ND 0.015
OD1 ND ND 0.005 ± 0.003 0.047

Vaginal Nonpregnant Firmicutes 81.663 ± 1.533 79.483 ± 2.291 70.667 ± 3.842 0.032
Proteobacteria 1.248 ± 0.377 0.898 ± 0.283 6.626 ± 3.384 0.045
TM7 0.105 ± 0.034 0.025 ± 0.008 0.285 ± 0.078 0.001
Thermi 0.001 ± 0.001 0.016 ± 0.006 0.016 ± 0.007 0.033
Spirochaetes 0.051 ± 0.019 0.016 ± 0.005 0.126 ± 0.035 0.004
Acidobacteria ND 0.001 ± 0.001 0.009 ± 0.005 0.004
Planctomycetes 0.037 ± 0.018 0.008 ± 0.003 0.081 ± 0.011 0.005
Verrucomicrobia 0.180 ± 0.138 0.005 ± 0.003 0.175 ± 0.065 0.001
Fibrobacteres 0.043 ± 0.018 0.019 ± 0.008 0.121 ± 0.048 0.034
OD1 ND ND 0.071 ± 0.050 0.027

Vaginal Pregnant Proteobacteria 0.959 ± 0.152 1.048 ± 0.354 1.968 ± 0.358 0.014
TM7 0.084 ± 0.023 0.046 ± 0.019 0.317 ± 0.118 0.020
Planctomycetes 0.014 ± 0.006 0.006 ± 0.003 0.076 ± 0.016 0.001
Verrucomicrobia 0.079 ± 0.038 0.019 ± 0.005 0.202 ± 0.094 0.026
Unassigned 0.012 ± 0.003 0.003 ± 0.001 0.003 ± 0.001 0.018
SR1 0.012 ± 0.011 ND ND 0.047
Synergistetes 0.002 ± 0.001 ND ND 0.015

1Significance determined by P ≤ 0.05.
2ND: not detectable at current depth.

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article-abstract/97/10/4305/5525064 by C

olum
bia U

niversity user on 29 April 2020



4310 | Journal of Animal Science, 2019, Vol. 97, No. 10

2019). Throughout the estrous cycle, the diversity of bacterial 
communities significantly decreases as the reproductive 
tract environment prepares for pregnancy (Ault et  al., 2019). 
The shift occurring in the diversity of the bacteria present 
leads to differences in the taxonomic composition of these 
communities, potentially affecting fertility. In the current study, 

multiple genera that have previously been determined to be 
commonly pathogenic differed between resulting pregnant and 
nonpregnant cows. These genera were determined to be present 
in the uterus at day −2 with abundances greater than 1% in cows 
that did not become pregnant, but these same bacteria were 
present in less than 1% in cows that became pregnant. Clemmons 
et al. (2017) found Corynebacterium as the most abundant genus 
in the uterus 2 d prior to TAI in nonpregnant cows. Previously, 
Corynebacterium was determined to be highly abundant in 
postpartum cows that had developed uterine infections and led 
to negative effects on the ability to conceive another pregnancy 
(Ruder et al., 1981). The present study found significantly lower 
abundances of Corynebacterium in postpartum cows that were 
able to develop a pregnancy, supporting previous evidence 
of Cornyebacterium's potential negative effects on fertility. In 
addition, results indicated Staphylococcus as the second most 
abundant genus detected in the uterus of nonpregnant cows 
at day −2, which was also significantly less in the uterus of 
pregnant cows at day −2. Staphylococcus is often found to be 
present in the uterus of postpartum cows that develop acute 
metritis and known as the most common pathogen causing 
mastitis (Vasudevan et  al., 2003; Otero and Nader-Macías, 
2006). Unexpectedly, Ureaplasma and Helcococcus genera had the 
greatest abundance detected in the uterus of pregnant cows at 

Table 3. Significantly different genera between nonpregnant and 
pregnant cows at day −2 in the uterus with a relative abundance 
greater than 1%1

Genus Nonpregnant Pregnant P-value

Corynebacterium 9.623 ± 4.974 0.499 ± 0.358 0.003
Family Alcaligenaceae 9.491 ± 9.407 0.013 ± 0.011 0.001
Staphylococcus 3.283 ± 2.895 0.024 ± 0.018 0.001
Prevotella 2.819 ± 2.613 0.032 ± 0.019 0.031
Microbacterium 2.219 ± 2.185 0.009 ± 0.007 0.009
Butyrivibrio 1.363 ± 0.433 0.789 ± 0.388 0.049
Ralstonia 1.353 ± 0.780 0.041 ± 0.023 0.007
Family 

Comamonadaceae
1.130 ± 0.482 0.341 ± 0.214 0.023

1All genera relative abundances that significantly differ between 
nonpregnant and pregnant cows at day −2 in the uterus are 
presented in Supplementary Table 5.

Figure 2. Relative abundance of genera. A  total of 792 genera were detected among all samples. The top 30 most abundant genera are presented with the Other 

category including all genera below the top 30 most abundant genera detected. Samples were grouped by the day, uterus or vagina, and pregnancy status. O represents 

nonpregnant cows and P represents pregnant cows
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day −2 but did not significantly differ between pregnant and 
nonpregnant cows. Previously, these bacteria have been shown 
to have infectious potential and are a factor in the development 
of uterine metritis with the potential to lead to reproductive 
issues such as infertility or abortion in cattle (Vasconcellos 
Cardoso et al., 2000). Similar results to the current study were 
found by Jeon et al. (2015) with increased Ureaplasma correlated 
to a healthier uterine environment than those that developed 
metritis after calving. Further research needs to be conducted 
to determine the specific species level differences and how they 
relate to the development of uterine disease or presence in the 
healthy uterus. It is important to note that the current study 
cannot rule out effects of repeated flushing of the reproductive 
tract prior to TAI. A recent study by Martins et al. (2018), reported 
repeated flushing of the reproductive tract prior to embryo 
transfer, led to decreased pregnancy rates. Further, there is the 
possibility that the observed bacterial communities may be a 
result of bacteria introduced from previous pregnancies since all 
animals in the current study were multiparous; however, these 
experiments were designed to minimize these effects.

The indicated presence of pathogenic bacteria in 
the reproductive tract may have negative effects on the 
development and maintenance of pregnancy; however, other 
present bacteria may be contributing to a healthy or optimal 
reproductive tract environment. The unassigned genera from 
the family Ruminococcaceae was determined to have the 
greatest abundance in the reproductive tract in the current 
study. Although the specific species present has yet to be 
classified, the Ruminococcaceae family of bacteria is known 
to be highly abundant in the gastrointestinal tract of healthy 
humans and cattle (Flint et  al., 2012; Rajilić-Stojanović and 
de Vos, 2014; Mao et  al., 2015). These bacteria contribute to 
carbohydrate degradation resulting in the production of short-
chain fatty acids (SCFA) such as butyrate (Forbes et  al., 2016; 
Zheng et  al., 2017). Butyrate has been previously determined 
to prevent local inflammation by increasing the population of 
regulator T cells (Tregs; Smith et al., 2013; Zhang et al., 2016). As 
the regulation of inflammation in the reproductive tract by Tregs 
has been demonstrated to be important for the establishment 
of pregnancy (Shima et  al., 2010) and to prevent rejection of 
the fetus, the high abundance of bacteria from the family 
Ruminococcaceae may be contributing fermentation products 
to regulate immune cell populations in the reproductive tract 
to maintain the proper inflammatory environment (Aluvihare 
et  al., 2004). Additionally, other bacteria present in lower 
abundances may also have positive effects on the reproductive 
tract environment. Although Lactobacillus abundance is low in 
the reproductive tract of cattle, as confirmed by the current 
study, these bacteria may be beneficial to the reproductive tract 
environment. Genís et al. (2018) used strains of Lactobacillus as a 
probiotic administered into the vagina and uterus of dairy cows 
prior to calving. They found cows treated with Lactobacillus had 
a lower incidence of metritis, suggesting lactic acid-producing 
bacteria may provide benefits to the reproductive tract health 
and fertility (Genís et al., 2018).

The overall environment of the uterus plays a critical role in 
proper sperm transport for successful fertilization. The present 
study indicated a decrease in uterine pH leading up to TAI in 
cows that became pregnant, but an increase in pH in those who 
failed to conceive. These results support evidence that a lower 
uterine pH at the time of sperm deposition may be beneficial to 
fertilization. Studies in cattle have shown that sperm motility is 
increased in higher pH environments and inhibited by a lower 
pH environment, leading to an increased life span (Jones and 

Bavister, 2000). In the current study, vaginal pH was greater than 
uterine pH prior to breeding which may allow for a favorable 
environment for sperm ascension into the uterus during natural 
breeding as sperm is deposited into the vagina. Additionally, a 
decrease in uterine pH at estrus has been shown to lead to a 
favorable environment for sperm to reside prior to fertilization 
of the oocyte, contributing to increased pregnancy rates (Perry 
and Perry, 2008a, 2008b). The relationship between the change 
in pH and bacterial communities in the reproductive tract has 
not previously been evaluated in bovine. Interestingly, our study 
found significant correlations of bacterial genera associated with 
increased relative vaginal pH, with other bacteria associated 
with decreased relative uterine pH. Although the current study 
does not report true pH measurements, rather the relative 
change in pH, the decreased species number and phylogenetic 
diversity with the change in abundances of bacteria occurring 
in the uterus leading to TAI may contribute to the change in pH. 
Previous studies in humans determined estrogen stimulates 
epithelial cells of the reproductive tract to produce glycogen, a 
fuel source for Lactobacillus, which dominates the reproductive 
microbiota (Boskey et al., 1999; Lamont et al., 2011; Ravel et al., 
2011; Brotman et  al., 2014). Boskey et  al. (1999) indicated the 
glycogen produced is sufficient for Lactobacillus to produce a high 
concentration of lactic acid to maintain a low pH environment, 
suggesting the microbiota are the major contributor to the pH 
of the reproductive tract to potentially protect against pathogen 
colonization (Eschenbach et al., 1989; Boskey et al., 1999). Future 
studies may be able to use bacteria known to lower pH, such 
as Lactobacillus, in probiotic form to manipulate the microbiome 
of the bovine reproductive tract and evaluate the effect on 
improving pregnancy establishment.

In addition to pH, hormone concentrations have been suggested 
to affect the presence of some bacterial species (Sandrini et al., 
2015; Org et al., 2016). Otero et al. (1999) found greater abundances 
of bacteria in bovine bacterial cultures in the presence of high 
estrogen, or low progesterone, suggesting bacterial community 
abundances shift through different phases of the estrous cycle. 
Similarly, our results indicated the shift of Firmicutes in the 
vagina was correlated to progesterone concentration, with 
decreased progesterone indicating an increase in Firmicutes. In 
contrast, an increase in Proteobacteria relative abundance in the 
vagina was correlated to an increase in progesterone, suggesting 
the response to hormonal concentrations may differ by species. 
No differences in progesterone concentration were detected in 
the current study between pregnant and nonpregnant cows at 
day −21, day −2, or day 0 indicating a physiological response to the 
protocol prior to breeding and no effect on the bacteria differences 
observed at each day. The shifts in hormonal concentrations 
throughout the estrous cycle, however, may influence the change 
in bacterial abundances over time. Further research is necessary 
to determine the mechanisms contributing to the fluctuations 
in the reproductive tract microbiome and circulating or local 
hormone concentrations.

In conclusion, the taxonomic composition in the uterus and 
vagina shifts in the relative abundance of bacteria throughout 
the TAI synchronization protocol. The bacterial diversity was 
previously determined to change over time in the uterus 
(Ault et al., 2019), resulting in differences in phyla and genera 
relative abundances. Although various factors may affect the 
development and maintenance of pregnancy, our study suggests 
differences in bacterial abundances prior to breeding may affect 
the reproductive tract environment potentially affecting fertility 
outcomes. Future research should determine potential causes 
of altered bacterial abundances shifting toward a pathogenic 
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microbiome preventing the development and maintenance 
of pregnancy, or toward a healthy microbiome supporting a 
successful pregnancy. Additional research may evaluate the use 
of probiotics to potentially maintain a healthy microbiome in the 
reproductive tract to reduce fertility issues and help producers 
improve their herd's reproductive efficiency.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.
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