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Abstract 

Background  Maternal diet quality and quantity have significant impacts on both maternal and fetal health 
and development. The composition and function of the maternal gut microbiome is also significantly influenced 
by diet; however, little is known about the impact of gestational nutrient restriction on the bovine maternal micro-
biome during early gestation, which is a critical stage for maternal microbiome-mediated fetal programming to take 
place. The objective of the present study was to evaluate the impacts of diet restriction and one-carbon metabolite 
(OCM) supplementation during early gestation on maternal ruminal, vaginal, and blood microbiota in cattle. Thirty-
three beef heifers (approx. 14 months old) were used in a 2 × 2 factorial experiment with main factors of target gain 
(control [CON]; targeted 0.45 kg/d gain vs restricted [RES]; targeted − 0.23 kg/d gain), and OCM supplementation 
(+ OCM vs − OCM; n = 8/treatment; except n = 9 for RES–OCM). Heifers were individually fed, starting treatment 
at breeding (d 0) and concluding at d 63 of gestation. Ruminal fluid and vaginal swabs were collected on d − 2, d 35, 
and d 63 (at necropsy) and whole blood was collected on d 63 (necropsy). Bacterial microbiota was assessed using 
16S rRNA gene (V3–V4) sequencing.

Results  Overall ruminal microbiota structure was affected by gain, OCM, time, and their interactions. The RES heifers 
had greater microbial richness (observed ASVs) but neither Shannon nor Inverse Simpson diversity was significantly 
influenced by gain or OCM supplementation; however, on d 63, 34 bacterial genera showed differential abundance 
in the ruminal fluid, with 25 genera enriched in RES heifers as compared to CON heifers. In addition, the overall 
interaction network structure of the ruminal microbiota changed due to diet restriction. The vaginal microbiota com-
munity structure was influenced by gain and time. Overall microbial richness and diversity of the vaginal microbiota 
steadily increased as pregnancy progressed. The vaginal ecological network structure was distinctive between RES 
and CON heifers with genera-genera interactions being intensified in RES heifers. A relatively diverse bacterial com-
munity was detected in blood samples, and the composition of the blood microbiota differed from that of ruminal 
and vaginal microbiota.

Conclusion  Restricted dietary intake during early gestation induced significant alterations in the ruminal microbiota 
which also extended to the vaginal microbiota. The composition of these two microbial communities was largely 
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unaffected by OCM supplementation. Blood associated microbiota was largely distinctive from the ruminal and vagi-
nal microbiota.

Keywords  Dietary restriction, Maternal microbiota, Beef cattle, One carbon metabolite supplementation, Rumen, 
Vagina, Blood

Introduction
Recent work on developmental programming in livestock 
species has begun to unveil that just as in humans, stim-
uli and aberrations during gestation can lead to lifelong 
alterations that can impact the productivity and efficiency 
of food-producing animals, including cattle [87]. Increas-
ing evidence indicates that the homeostatic mechanisms 
which regulate the utilization of nutrients for growth and 
development in animals can be programmed in utero and 
that maternal nutrition may be a central stimulus for pro-
gramming events [17]. Irregularities in maternal nutri-
tion, especially malnutrition, during pregnancy are not 
uncommon in cattle production systems, especially in 
extensive grazing systems, where the quality and quantity 
of feed resources are influenced by seasonal variations 
[17, 20, 109]. Changes in nutrient supply not only impact 
the dam, but these changes can extend to the developing 
fetus and may affect organogenesis, DNA synthesis, cel-
lular differentiation, and DNA methylation [42, 68]. As a 
result, the growth trajectories and physiology and metab-
olism of the resulting offspring are modified [42].

While maternal nutrition and its impacts on fetal pro-
gramming are increasingly recognized [8, 86, 98, 108], the 
impact of maternal nutrition-mediated gut microbiome 
alterations during pregnancy on fetal programming and 
offspring health and disease remains elusive [71]. Mater-
nal gut microbiota has the great potential to influence 
fetal programming and feto-maternal microbial crosstalk 
[4, 46, 48], both of which may have extended influences 
on resulting offspring that modify their future health and 
production potential. In addition, the gut microbiome 
is critical in maintaining dam health and energy supply 
[91]. Alterations of the gut microbiota composition are 
likely to lead to changes in microbial metabolite produc-
tion. Microbial metabolites are used as signaling mole-
cules to shape the host immune system and modulate the 
host’s metabolic pathways [51, 75]. Maternal metabolites 
can also be transferred to the developing fetus, where 
they also act as signaling molecules that regulate proper 
neurodevelopment [102] as well as program offspring 
energy homeostasis [51].

The maternal gut microbiota is not the sole microbial 
population that can influence developmental outcomes 
of offspring, but the reproductive microbiota holds an 
important role as well. The vaginal microbiota during 
pregnancy can protect the uterus from pathogen invasion 

through the production of antimicrobial agents such as 
lactic acid, or through biofilm formation which can add 
additional protection alongside the cervicovaginal mucus 
[3]. Although the vaginal microbiota is also well under-
stood to be a seeding source for the offspring microbi-
ome, especially during parturition, it may also seed the 
uterus prior to gestation, possibly influencing the fetal 
microbiome in utero [5, 40, 71]. Given that the maternal 
gut microbiota has the potential to influence fetal devel-
opment, gastrointestinal, and distal microbial ecosystems 
such as the vagina through microbial metabolic activ-
ity and multiple gut-organ axes [e.g. microbiome-gut-
reproductive axis [107], maternal–fetal gut axis [72]]; 
establishing how moderate changes in maternal nutrition 
during gestation impacts the maternal gut and repro-
ductive microbiome is important. In the present study, 
we evaluated the impact of dietary restriction and OCM 
supplementation during early gestation on the mater-
nal ruminal, vaginal, and blood microbiota in beef cat-
tle. Of note, the rationale behind the inclusion of OCM 
supplementation in this study was that it would mitigate 
the negative impacts of restricted diet during the critical 
window of time on fetal programming and subsequent 
offspring growth and efficiency by improving epigenetic 
modification-mediated biological functions in utero. 
Considering the increased reports on the presence of 
microbial community in blood [19, 80, 100], and hypoth-
eses that blood could be a route of transfer for microbes 
from the gut to extra-intestinal microbial niches, and 
from the dam to the uterus and placenta [38, 41, 71], we 
characterized microbial DNA from whole blood obtained 
from heifers in this study. Therefore, our objective was to 
evaluate the impacts of diet restriction and one-carbon 
metabolite supplementation during the first 63  days of 
gestation on maternal ruminal, vaginal, and blood micro-
biota in beef cattle.

Materials and methods
All experimental procedures were approved by the North 
Dakota State University (NDSU; Fargo, ND, USA) Insti-
tutional Animal Care and Use Committee (protocol ID: 
21,049).

Experimental design and animal husbandry
Thirty-three beef heifers (approximately 14-months 
old; initial body weight of 398 ± 32  kg) were randomly 
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assigned to a 2 × 2 factorial experiment in which two 
planes of nutrition (feed intake) and two levels of strate-
gic OCM supplementation were evaluated (Fig. 1). Heif-
ers were assigned to receive either a control intake diet 
(CON) which targeted an average daily gain (ADG) of 
0.45 kg/day, or a restricted intake diet (RES), which tar-
geted an ADG of − 0.23 kg/day. Half of the heifers in both 
dietary groups received an OCM supplement (+ OCM), 
which consisted of rumen-protected methionine (7.4  g/
day; Smartamine M, Addiseo) and rumen-protected 
choline (44.4  g/day; ReaShure, Blachem) fed daily via a 
fine-ground corn carrier, as well as weekly intramuscu-
lar injections of folate (320 mg) and vitamin B12 (10 mg). 
The heifers that did not receive the OCM supplement 
(− OCM) were fed only the corn carrier and received 
weekly injections of saline. In addition to treatment 
diets, heifers were fed a basal diet (dry matter basis) con-
sisting of 9% corn silage, 31% ground corn, 15% alfalfa, 
and 45% alfalfa/grass hay mix. Heifers were assigned to 
treatment groups at the time of breeding (d 0) and were 
individually fed using electronic Calan gate feeding sys-
tems (American Calan; Northwood, NH, USA) at the 
NDSU Animal Nutrition and Physiology Center (ANPC; 
Fargo, ND, USA). Diet allotments were adjusted weekly 
based on animal weights. Heifers underwent a 7-day 

Select Synch + CIDR estrus synchronization protocol as 
detailed previously [58, 105]. On d 0 which was 2  days 
after CIDR removal, heifers were artificially inseminated 
using female-sexed semen from a single sire. Of note, 
about 120 heifers originated from a single farm were 
synchronized and bred, but 73 heifers that became preg-
nant were remained in the study. Heifers were managed 
on their respected dietary treatments until harvest on d 
63 (± 2) of gestation. Vaginal and ruminal fluid samples 
were collected on d − 2, 35, and 63, while blood samples 
were collected only on d 63 at the time of harvest. Of 
note, this study was designed up until d 63 of gestation, 
as this period of gestation in cattle encompasses organo-
genesis and peak primary myogenesis, which are sen-
sitive to even moderate nutrient restriction at this time 
[17]. Heifers were sampled at d − 2 in order to collect a 
baseline sample prior to treatment and pregnancy, and 
samples were again collected at d 35 after pregnancy was 
confirmed.

Ruminal fluid, vaginal, and blood sampling
Ruminal fluid was collected on d − 2 and 35 in a similar 
method as described previously [6, 107]. Briefly, heifers 
were restrained in a hydraulic cattle chute and a metal 
speculum was placed in the mouth so that a flexible PVC 

Fig. 1  Schematic overview of the experimental design including dietary gain, OCM supplmentation, and sampling timeline
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stomach tube could be passed through the esophagus 
and into the rumen. The tube was worked through the 
ruminal mat and then a light vacuum was applied to col-
lect the ruminal fluid. Ruminal fluid was collected into 
a clean, side-arm Erlenmeyer flask, gently swirled, and 
approximately 40  mL of ruminal fluid was immediately 
aliquoted into a sterile 50-mL falcon tube and flash fro-
zen on dry ice. To avoid cross-contamination between 
animals, separate collection tubes and flasks were used 
for each heifer and were cleansed with a bleach solution 
after each use. Ruminal fluid samples were transported to 
the laboratory and stored at − 80  °C until DNA extrac-
tion. Ruminal fluid on d 63 was collected during necropsy 
using a new, sterile 50 mL syringe and a 16-gauge needle 
to draw ruminal fluid from the rumen.

Vaginal swabs were collected on d − 2 and 35 using the 
same techniques described previously [6]. The exterior of 
the vulva was sprayed with 70% ethanol and wiped clean 
using a paper towel. Using a gloved hand, the left and 
right labia were held open, while a sterile cotton tipped 
swab (Puritan, Guilford, ME, USA) was gently inserted 
into the vagina and swirled four times. The swab was 
carefully removed and placed in a Whirl–Pak bag and 
stored on ice until transferred to the laboratory, where 
they were then stored at − 80  °C until genomic DNA 
extraction. On d 63, vaginal swabs were collected in the 
same manner, however, they were collected after the ani-
mal was euthanized. Ambient air swabs were collected 
during sampling to account for any environmental con-
tamination by holding a cotton tipped swab to the air and 
swirling around the collection area. These control swabs 
were included in the DNA extraction and 16S rRNA gene 
sequencing steps as well.

Blood samples were collected from each heifer at the 
time of exsanguination using sterile 50-mL falcon tubes 
and free catch. Blood samples were left whole and imme-
diately flash frozen on dry ice, transferred to the labora-
tory, and stored at − 80 °C until genomic DNA extraction.

It is important to highlight that day 63 samples were 
collected immediately upon animal euthanasia. Heifers 
were harvested at the USDA inspected North Dakota 
State University Meat Laboratory (Fargo, ND, USA), and 
sample collection took place on the harvest floor as well 
as a designated sample processing area that was con-
nected to the harvest floor. While this creates a limitation 
to this study, samples were collected after euthanasia to 
minimize handling and potential discomfort to the ani-
mal prior to harvest.

Of note, the sampling time points d− 2 and d 35 were 
chosen in the present study as the heifers were brought 
to the chute for CIDR removal (day − 2), and pregnancy 
determination (day 35 post breeding). Sampling on d 
63 was performed when the dams were euthanized for 

fetal harvesting. Day 63 of gestation was determined 
for fetal harvesting as it was considered a timepoint of 
importance for other major response variables in the 
experiment. Primary myogenesis in bovine fetus peaks at 
approximately 2 months of gestation [29].

DNA extraction from ruminal fluid, vaginal swabs, 
and blood
DNA was extracted from the ruminal fluid using a Qia-
gen DNeasy PowerLyzer PowerSoil kit (Qiagen Inc., Ger-
mantown, MD, USA) according to the manufacturer’s 
protocol with some modifications as outlined by our pre-
vious publications [6, 107]. Briefly, ruminal fluid samples 
were removed from the − 80  °C freezer and thawed in a 
37 °C water bath. Working with a single sample at a time, 
the 50-mL centrifuge tube (VWR International, Radnor, 
PA, USA) of ruminal fluid was thoroughly vortexed, and 
an aliquot was immediately transferred to a sterile 2-mL 
microfuge tube and stored on ice until all samples had 
been aliquoted. Then, the 2-mL microfuge tubes were 
centrifuged at 20,000×g for 10  min at 4  °C to pellet the 
sample. The supernatant was removed, and the sample 
was resuspended in 750  µl of PowerBead solution from 
the DNeasy PowerLyzer PowerSoil Kit. All subsequent 
steps were performed according to the manufacturer 
instructions. Negative extraction controls were included 
each time a new extraction kit was opened and included 
in the 16S rRNA gene sequencing.

Genomic DNA from vaginal swabs were extracted 
using a Qiagen DNeasy Blood and Tissue Kit (Qiagen 
Inc., Germantown, MD, USA) according to manufac-
turer’s instruction with modifications as outlined previ-
ously [105, 107]. DNA from the environmental control 
swabs were extracted alongside the vaginal swabs. Nega-
tive extraction controls of sterile molecular biology grade 
water (Corning, Corning, NY, USA) were included each 
time a new extraction kit was opened and were included 
in the 16S rRNA gene sequencing.

DNA was extracted from whole bovine blood samples 
using a Qiagen DNeasy Blood and Tissue Kit (Qiagen 
Inc., Germantown, MD, USA) using the following modi-
fications. Blood samples were removed from the − 80 °C 
freezer and thawed in a 37 °C water bath. Once thawed, 
samples were kept on ice. The blood sample was thor-
oughly vortexed and approximately 100 mg of blood was 
transferred into the 2-mL microfuge tube on the scale. 
Weight rather than volume was used for measurement 
due to the clotting of untreated blood. Once all samples 
were aliquoted, enzymatic lysis buffer (20 mM Tris–HCl 
[pH 8.0], 2 mM sodium EDTA, and 1.2% Triton X-100), 
also containing 100  mg/mL lysozyme and 25,000 U/mL 
mutanolysin, was added to the sample in the microfuge 
tube. Samples were thoroughly vortexed and incubated 
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at 37  °C for 1  h with agitation at 800  rpm. Following 
this incubation step, 25  µL of proteinase K and 400  µl 
of Buffer AL (without added ethanol) were added to the 
sample and vortexed. Samples were then incubated at 
56  °C for 30  min with agitation at 800  rpm. Following 
this incubation, approximately 400 mg of sterile 0.1-mm 
zirconia-silica beads (BioSpec Products, Bartlesville, 
OK, USA), were added to each sample, which were then 
placed in a FastPrep-24 Classic bead beater (MP Biomed-
icals, Irvine, CA, USA). Samples were mechanically lysed 
at 6.0  m/s for 40  s for two cycles. Samples were centri-
fuged at 13,000×g for 5  min and 400  µL of supernatant 
was transferred to a new sterile microfuge tube. To this 
new tube, 400 µL of 100% molecular ethanol was added 
and vortexed. The remaining steps were followed accord-
ing to the DNeasy Blood and Tissue kit protocol.

The concentration of all extracted DNA was measured 
using a NanoDrop OneC Microvolume UV–Vis Spectro-
photometer (ThermoFisher Scientific, Waltham, MA, 
USA) followed by further quantification using the Quant-
iT PicoGreen dsDNA Assay Kit (ThermoFisher Scientific, 
Waltham, MA, USA). DNA was stored at − 20  °C until 
16S rRNA gene sequencing.

16S rRNA gene sequencing and analysis
Amplification and sequencing of the 16S rRNA gene in 
ruminal fluid, vaginal, and blood samples was performed 
at Novogene (Tianjin, China). A total of 205 samples, 
including 5 environmental and negative DNA extraction 
controls were sequenced. The V3-V4 region of the bac-
terial 16S rRNA gene was amplified using the 341F (5’-
CCT​AYG​GGRBGCASCAG-3′) and 806R (5’-GGA​CTA​
CNNGGG​TAT​CTAAT-3′) primers [16]. The 16S rRNA 
gene libraries were sequenced on an Illumina Novaseq 
6000 instrument (Illumina Inc., San Diego, CA, United 
States) with a SP flow cell (2 × 250  bp) as previously 
described [6, 105, 107]. The resulting 16S rRNA gene 
sequences were processed using DADA2 v. 1.26.0 [14] in 
R (v. 4.2.3). Primer sequences were removed from the 16S 
rRNA gene using Cutadapt v. 4.3 [66]. The forward reads 
were truncated at 224  bp and merged with a minimum 
overlap of 12  bp. Chimeric sequences were removed, 
and taxonomy was assigned to the generated amplicon 
sequence variants (ASVs) using the naïve Bayesian RDP 
classifier [103] and the SILVA SSU release 138.1 database 
[82]. Amplicon sequencing variants (ASVs) were consid-
ered to be likely contaminants and removed if they were 
more abundant in the negative controls on average than 
within the ruminal and vaginal samples. These negative 
controls included DNA extraction controls as well as 
unused swabs left open in the room/farm where sample 
collection took place. ASVs classified as chloroplasts, 
mitochondria, or eukaryote in origin were removed prior 

to downstream analysis as they were considered contami-
nation. To account for uneven sequence depth, samples 
were randomly subsampled to prior to 57,832, 5615, 
and 6000 for ruminal fluid, vaginal, and blood samples, 
respectively, prior to calculation of microbial diversity 
measures. Richness (number of ASVs per sample), Shan-
non diversity, inverse Simpson’s diversity, and Bray–Cur-
tis dissimilarities were calculated in R using Phyloseq v. 
1.44.0 [69] and vegan v. 2.6.4 [77]. All 16S rRNA gene 
sequences can be found in the NCBI sequence read 
archive under BioProject PRJNA1033356.

Statistical analysis
The effect of dietary restriction and OCM supplemen-
tation on microbial community structure was assessed 
using the Bray–Curtis dissimilarities and PERMANOVA 
(adonis2 function) using vegan in R. The R package 
pairwiseAdonis v. 0.4 [67] was utilized to compare the 
Bray–Curtis dissimilarities within sampling times for the 
ruminal fluid and vaginal samples and the P values were 
corrected for multiple comparisons using the Benjamini–
Hochberg procedure. Differentially abundant phyla and 
genera between the two levels of gain were identified 
using MaAsLin2 v. 1.8.0 [65] in R. Only genera with a 
relative abundance of 0.1% or greater were included. Data 
on the microbial richness (number of ASVs) and diversity 
indices of the ruminal fluid and vaginal microbiota were 
analyzed as repeated measurements in 2 × 2 factorial 
treatment arrangement using the generalized liner mixed 
model estimation procedure (PROC GLIMMIX) in SAS 
(v. 9.4, SAS Institute Inc., Cary, NC, United States). 
The data was first analyzed with fixed effects of gain, 
OCM supplementation, day, gain × OCM, gain × day, 
OCM × day, gain × OCM × day. After observing no signif-
icant OCM effects on microbial richness and diversity of 
both ruminal and vaginal microbiota, the data was com-
pared between RES and CON heifers over time. For this, 
the OCM was removed from the model and the fixed 
effects of gain, day, and gain × day were included in the 
model. Means between different treatment groups were 
compared using LSMEANS statement. Statistical signifi-
cance was considered at P < 0.05.

Results
16S rRNA gene sequencing results summary
After processing and quality filtering, the average num-
ber of sequences per sample were 83,715 ± 1267 (SEM), 
65,968 ± 4528, and 31,115 ± 6590 for the ruminal, vaginal, 
and blood samples, respectively. These sequencing reads 
were classified into 30 phyla (1 archaeal and 29 bacterial 
phyla).
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Effects of dietary restriction and OCM supplementation 
on the ruminal microbiota
To determine the effects of feeding a restricted intake diet 
with and without OCM supplementation on the rumi-
nal microbiota in early gestating heifers, we investigated 
the changes in microbial community structure, richness, 
diversity, and composition on d − 2 (prior to breeding), 
35, and 63. There was a significant effect of restricted 
dietary intake on the ruminal microbial community by 
d 35 (R2 = 0.05, P = 0.03) and d 63 (R2 = 0.15, P < 0.0001; 
Fig. 2A), as well as a significant effect due to day (R2 = 0.2, 
P < 0.0001) and interactions (R2 = 0.08, P = 0.0004; Sup-
plementary Fig.  1A). Significant alterations in microbial 
richness (ASVs) associated with time (P = 0.0007) and 
restricted gain (P = 0.005) were detected. Overall micro-
bial richness was greater in RES heifers compared to 
CON heifers (mean ASVs 2900 vs 2737; P = 0.005). Mean 
ASVs were greater in RES heifers than CON heifers on 
d 63 (P < 0.05; Fig.  2B). Shannon and Inverse Simpson 
diversity indices did not differ between RES or CON 
heifers (P ≥ 0.20; Fig. 2B), nor did supplementation with 
OCM affect microbial community richness or diversity 
(P > 0.05; Supplementary Fig. 1B).

At a compositional level, a total of 23 different bacte-
rial phyla were detected in the ruminal fluid with the 
seven most relatively abundant phyla accounting for over 
99% of the 16S rRNA gene sequences. At each sampling 
timepoint (d − 2, 35, and 63) the phyla Bacteroidota, Fir-
micutes, and Euryarchaeota were the most abundant, 
respectively. Other phyla such as Proteobacteria, Act-
inobacteriota, Thermoplasmatota, Fibrobacterota, and 
Patescibacteria made up the remaining fraction of the top 
7 predominant phyla (Fig.  2C). The relative abundance 
of Firmicutes, Actinobacteriota, and Chloroflexi was 
increased in RES heifers on d 63 (P < 0.05; Fig. 2D). There 
were 34 differentially abundant bacterial genera identi-
fied in the rumen microbiota between RES and CON 
heifers on d 63 with 25 genera enriched in the RES heif-
ers and 9 more relatively abundant in the CON heifers 
(Fig.  3). Among the genera enriched in the RES heifers 
were Butyrivibrio, Eubacterium hallii group, Rumini-
clostridium, and Christensenellaceae R7 and Ruminococ-
cus, Prevotella, and Lachnospiraceae AC2044 in the CON 
heifers.

Ecological network modeling based on the interactions 
between genera was performed to evaluate the impact of 
restricted diet on the overall interaction network of the 
ruminal microbiota. As shown in the network plots of 
CON and RES (Fig. 4), a distinctive genera-genera inter-
action network structure was observed between CON 
(Fig.  4A) and RES (Fig.  4B) heifers. Compared to heif-
ers on the control intake diet, more intensified interac-
tions occurred among the bacterial genera in RES heifers 

with the majority of these interactions centering mainly 
on two hubs (Fig.  4B). Despite the overall interaction 
network structure being less intense in CON heifers, 
the total number of hubs connecting the interactions 
between the genera were significantly greater than that of 
RES heifers. The overall proportion of positive and nega-
tive interactions between genera was found to be equal in 
both network models.

Effects of dietary restriction and OCM supplementation 
on the vaginal microbiota
The vaginal microbiota also underwent significant 
changes over the course of 63  days of gestation. While 
there was no distinction in microbial community struc-
ture between CON or RES or OCM supplementation 
on d − 2 and 35, by day 63 there was an effect due to 
gain (R2 = 0.02, P = 0.02), day (R2 = 0.34, P < 0.0001), and 
interaction (R2 = 0.06, P > 0.05; Supplementary Fig.  2A; 
Fig.  5A). Microbial richness in the vagina was signifi-
cantly affected by sampling time (P < 0.0001), but not 
by restricted gain (P = 0.46) or OCM supplementation 
(P = 0.71) (Supplementary Fig.  2B). Microbial diversity 
(Shannon and Inverse Simpson diversity) was also sig-
nificantly altered during the first 63  days of gestation 
(P < 0.0001; Fig.  5B). Both microbial richness and diver-
sity increased steadily as the pregnancy progressed. How-
ever, no significant difference (P > 0.05) was observed for 
microbial richness and diversity metrics between the 
RES and CON groups with or without OCM supplemen-
tation at any of the three timepoints (d − 2, 35 and 63) 
evaluated.

Of the 30 different bacterial phyla identified, the top 
seven most relatively abundant phyla at each sampling 
time included Firmicutes, Actinobacteriota, Bacteroi-
dota, Euryarchaeota, Proteobacteria, Campylobacterota, 
Fusobacteriota, and Deinococcota (Fig.  5C). Among 
these most predominant phyla, an increased relative 
abundance of Actinobacteriota, and a reduced rela-
tive abundance of Proteobacteria and Fusobacteria were 
detected in RES heifers as compared to CON heifers on 
d 63 (P < 0.05; Fig. 5D). There were no significant differ-
entially abundant genera identified in the vaginal micro-
biota between CON and RES heifers (P > 0.05).

Ecological network modeling revealed a noticeable dif-
ference in the interaction network structure of vaginal 
microbiota between CON (Fig.  6A) and RES (Fig.  6B) 
heifers. Similar to the network structure observed in 
the ruminal microbiota of RES heifers, the genera-gen-
era interactions in the vaginal microbiota of RES heif-
ers were relatively more intense which can be observed 
by the greater number of genera retained in the model 
as compared to CON heifers. The total number of hubs 
observed in the CON model was slightly greater than 
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Fig. 2  A Principle coordinates analysis (PCoA) plot of the Bray Curtis dissimilarities for the ruminal fluid microbiota comparing gain 
across timepoints. B Alpha diversity indices of the ruminal fluid microbiota comparing gain across sample days. (InvSimpson diversity refers 
to Inverse Simpson diversity index). C The seven most relatively abundant phyla in the ruminal fluid microbiota across each timepoint. D Phyla 
whose relative abundance was significantly different between dietary gain (P < 0.05) CON (n = 16), RES (n = 17) groups on d 63
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Fig. 3  Thirty-four genera within the ruminal fluid microbiota were differentially abundant between dietary gain on d 63 (P < 0.05)
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in the RES model where a majority of the interactions 
between genera were centered on one hub. The overall 
proportion of positive and negative interactions between 

genera appeared to be equal in the RES model, whereas 
there appears to be more positive interactions than nega-
tive interactions between genera in the CON model.

Fig. 4  Ecological network of observed bacterial genera in ruminal fluid microbiota of CON (A) and RES (B) heifers
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Fig. 5  A PCoA plot of the Bray Curtis dissimilarities for the vaginal microbiota comparing gain across timepoints. B Alpha diversity indices 
of the vaginal microbiota comparing gain across timepoints. C Top 7 most relatively abundant phyla in the vaginal microbiota across sample days. D 
Phyla whose relative abundance was significantly different between dietary gain (P < 0.05) CON (n = 16), RES (n = 17) on d 63
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Fig. 6  Ecological network of observed microbial genera in the vaginal microbiota of CON (A) and RES (B) heifers
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Effects of dietary restriction and OCM supplementation 
on the blood microbiota
Only 22 out of 32 blood samples collected on d 63 were 
successfully sequenced and 23 different bacterial phyla 
were detected from these sequenced samples. The domi-
nant phyla present in the blood samples were Actino-
bacteriota (38.7%), Firmicutes (35.3%), Proteobacteria 
(18.6%), Bacteroidota (5.5%), Cyanobacteria (0.5%), 
Fusobacteriota (0.4%), and Verrucomicrobiota (0.2%) 
(Fig.  7C). At a genus level, a total of 358 genera were 
identified, with Mycoplasma, Cutibacterium, Sphingo-
monas, Corynebacterium, and Escherichia-Shigella being 
the relatively most dominant genera (Fig. 7D). The micro-
bial community structure (R2 = 0.05, P = 0.67; Fig.  7A), 
species richness and microbial diversity (Fig.  7B) of the 
blood microbiota were not different (P > 0.05) between 
the CON and RES heifers. We did not identify any differ-
entially abundant phyla or genera between the two group 
of heifers (P > 0.05).

Similarities and differences among the ruminal fluid, 
vaginal, and blood microbiota
Given the possibility that the gut microbiota may supply 
some of the members of the female reproductive microbi-
ota, and that blood may be a source of transport microbes 
in the body, we next evaluated the similarity among the 
ruminal, vaginal and blood microbiota. For this, we iden-
tified shared and unique ASV’s among the three sample 
types as shown in the Venn diagram (Fig.  8A). Rumi-
nal fluid harbored the highest number of ASVs (90,548 
ASVs), followed by the vagina (15,159 ASVs), and blood 
(1974 ASVs). A very small portion (286 ASVs) of the total 
ASVs was shared among all three sample types (Fig. 8A). 
Interestingly, the blood and ruminal fluid shared a greater 
number of ASVs than the vagina and ruminal fluid (845 
vs 599) and even fewer were shared between blood and 
the vagina (519; Fig. 8A). According to the heatmap of the 
100 most abundant ASVs (Fig. 8B), there is clear variation 
in the frequency and abundance of taxa present in the 
blood, ruminal fluid, and vaginal swab samples (Fig. 8B). 
Only ASV8 (Corynebacterium xerosis) was present in the 
majority of the three sample types with relatively similar 
abundance and frequency.

Two taxa including ASV1 (Cutibacterium acne) and 
ASV6 (Clostridium sensu stricto 1) were more exclusively 
present in the blood and vagina. The vast majority of the 
ASVs present in ruminal fluid samples were absent in 
vaginal and blood samples, and these ASVs were within 
the Prevotella, Rikenellaceae RC9, and Methanobrevi-
bacter genera. Among the 26 ASVs identified in at least 
50% of all blood, ruminal fluid, and vaginal swab sam-
ples across all sampling timepoints (Table  1), 5 ASVs 
were found in at least 55% of all samples. Only one ASV 

– ASV62 (Lachnospiraceae NK3A20 group) and ASV31 
(unidentified Ruminococcus species) were identified in 
at least 70% and 65% of all samples, respectively. Overall, 
bacterial taxa found in blood samples are distinct from 
ruminal and vaginal sample associated taxa at higher tax-
onomic resolution.

Discussion
Perturbed maternal nutrition during critical develop-
mental windows in gestation can have long-term impacts 
on postnatal calf growth and production efficiency via 
negatively influencing in utero fetal programming [18, 26, 
85]. Recent developments derived from rodent animals 
and humans suggest that the maternal gut microbiota 
is involved in metabolic [51] and neurological [97, 102] 
programming of offspring beginning at the embryonic 
stage. These developments further support the notion of 
the microbiome involvement in the developmental ori-
gins of health and disease (DOHaD) [4, 95, 96]. Despite 
the known intimate relationship between the diet and 
gut microbiome and host health [92], the impact of per-
turbed nutrition on the gut microbiota and gut micro-
biota-mediated fetal programming in cattle remains 
elusive. In this study, we evaluated the effects of maternal 
nutrition (restricted dietary intake) and OCM supple-
mentation from breeding to d 63 of gestation on mater-
nal ruminal, vaginal and blood microbiota in beef cattle.

Our 16S rRNA gene sequencing results revealed that 
the ruminal microbiota underwent changes during the 
first 63 days of pregnancy due to time and restricted gain. 
While the impact of pregnancy on the ruminal micro-
biota in cattle has less been characterized, there is an 
ample evidence from human research showing that the 
maternal gut microbiota undergoes profound changes 
over the course of pregnancy [22, 55, 76, 93]. As preg-
nancy progresses from the 1st to the 3rd trimester, the 
maternal gut microbiota of women becomes less diverse 
[55], but increases in microbial cell density [22]. In the 
present study, ruminal microbiota diversity remained sta-
ble while overall community structure and species rich-
ness changed from pre-breeding to day 63 of pregnancy. 
Overall species richness decreased as pregnancy pro-
gressed during the course of this study. Such changes in 
the ruminal microbiota following pregnancy might par-
tially be driven by the increased metabolic demands from 
the developing fetus [21, 93].

Diet is the most important factor shaping the ruminal 
microbiota [43]. Diet composition and eating patterns 
have profound impact on the composition and func-
tion of the gut microbiota [54] including ruminal micro-
biota [104]. The impact of caloric restriction on the gut 
microbiota in humans has been well documented [50, 
89]. Thus, the significant impact of restricted diet on 
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Fig. 7  Blood microbiota of pregnant heifers receiving diets of either a restricted (RES) or control (CON) level of gain (n = 22) on day 63 of gestation. 
A Principal coordinates analysis (PCoA) plot of the Bray Curtis dissimilarities for the blood microbiota of heifers comparing gain (RES: n = 9; CON: 
n = 8). B Alpha diversity indices of the blood microbiota of heifers comparing gain (RES: n = 9; CON: n = 8). C The seven most relatively abundant 
microbial phyla in blood compared by gain. D The 20 most relatively abundant genera in all blood samples irrespective of gain or treatment



Page 14 of 22Luecke et al. Animal Microbiome            (2024) 6:48 

Fig. 8  A Venn diagram depicting the number of shared and unique ASVs in the ruminal fluid, vagina, and blood independent of dietary treatment. 
B Heat map showing the 100 most abundant ASVs overall by sample type
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the ruminal microbiota of RES heifers was expected. 
The effects associated with restricted diet on the rumi-
nal microbiota structure and composition were the most 
evident on d 63 of gestation. On d 63, beta diversity of 
the ruminal microbiota diverged between RES and CON 
heifers, and microbial richness was increased in RES heif-
ers. Likewise, species richness of the ruminal microbiota 
in lambs fed a diet with low (9.2  MJ/kg) metabolizable 
energy was higher than the lambs fed a diet containing 
a higher metabolizable energy (10.4 MJ/kg; [104]). In the 
present study, composition of the diet given to RES and 
CON heifers was the same, but the daily energy intake 
resulting from the diet restriction may have promoted 
an increase in richness of the ruminal microbiota in RES 
heifers in order to extract more energy from the diet to 
meet the energy demand by both ruminal microbes and 
the host. Another factor that could attributed to the dif-
ference in species richness of the ruminal microbiota 
observed between RES and CON heifers might be due to 
the difference in the ruminal fluid volume resulting from 
the different amounts of feed ingested into the rumen 
between the two groups. Caloric restricted diet [94] and 
time-restricted eating (TRE; [81] have been reported to 

be associated with increased alpha diversity in the human 
gut microbiota. A meta-analysis done by Pieczyńska-
Zając also observed that TRE and fasting did not influ-
ence the alpha diversity of the gut microbiota in rodent 
animals, but enhanced microbial fluctuation [81]. We 
did not observe the impact of restricted diet on Shannon 
diversity indices of the ruminal microbiota.

The alterations in the relative abundance of phylum 
and genera observed in RES heifers on d 63 highlights 
significant modulation of the taxonomic composition 
of the ruminal microbiota due to restricted intake. 
Firmicutes, Actinobacteriota and Chloroflexi were 
enriched following 63 days of restricted dietary intake. 
Firmicutes is one of the most dominant phyla found in 
the rumen [44] and human gut [45], and it is the phy-
lum most frequently reported to be affected by diet 
restriction and eating patterns [50]. In the mouse gut, 
the abundance of Firmicutes increased following inter-
mittent fasting [13] while it was reduced in both the 
rodent and human gut when the hosts subjected to 
caloric intake reduced ad  libitum intake by 10 to 30% 
[50]. Increased abundance of Firmicutes in the rumen 
has been associated with increased average daily gains 

Table 1  Amplicon sequence variants (ASVs) identified in at least 50% of ruminal fluid, vaginal, and blood microbiota samples obtained 
from heifers on d − 2, 35, and 63

ASV Taxonomic Assignment 50% 55% 60% 65% 70%
ASV62 k_Bacteria; p_Firmicutes; c_Clostridia; o_Lachnospirales; f_Lachnospiraceae; g_Lachnospiraceae 

NK3A20 group; s_NA
ASV31 k_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Ruminococcaceae; g_Ruminococcus; s_NA
ASV65 k_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Ruminococcaceae; g_Ruminococcus; s_NA
ASV2 k_Archaea; p_Euryarchaeota; c_Methanobacteria; o_Methanobacteriales; f_Methanobactiaceae; 

g_Methanobrevibacter; s_NA
ASV4 k_Archaea; p_Euryarchaeota; c_Methanobacteria; o_Methanobacteriales; f_Methanobacteriaceae; 

g_Methanobrevibacter; s_ruminantium
ASV9 k_Archaea; p_Euryarchaeota; c_Methanobacteria; o_Methanobacteriales; f_Methanobacteriaceae; 

g_Methanobrevibacter; s_NA
ASV12 k_Archaea; p_Euryarchaeota; c_Methanobacteria; o_Methanobacteriales; f_Methanobacteriaceae; 

g_Methanobrevibacter; s_NA
ASV13 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_p-251-o5; g_NA; s_NA
ASV15 k_Bacteria; p_Firmicutes; c_Clostridia; o_Lachnospirales; f_Lachnospiraceae; g_Lachnobacterium; 

s_bovis
ASV18 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Rikenellaceae; g_Rikenellaceae RC9 gut 

group; s_NA
ASV19 k_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Oscillospiraceae; g_NK4A214 group; s_NA
ASV22 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Prevotellaceae; g_Prevotella; s_NA
ASV25 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Rikenellaceae; g_Rikenellaceae RC9 gut 

group; s_NA
ASV28 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Prevotellaceae; g_Prevotella; s_NA
ASV32 k_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Oscillospiraceae; g_NK4A214 group; s_NA
ASV33 k_Archaea; p_Euryarchaeota; c_Methanobacteria; o_Methanobacteriales; f_Methanobacteriaceae; 

g_Methanobrevibacter; s_NA
ASV35 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Prevotellaceae; g_Prevotellaceae UCG-

001; s_NA
ASV37 k_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Prevotellaceae; g_Prevotella; s_NA

Blue shaded color represents the presence of the ASV at % of total samples
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in beef steers [74] and milk-fat yield in dairy cattle [47], 
suggesting its positive correlation with feed efficiency 
[74]. The change in Firmicutes abundance results in 
change to the Firmicutes-to-Bacteroidetes ratio, which 
has previously been correlated with enhanced feed 
efficiency in sheep [110] and cattle [47]. There is little 
evidence showing either positive or negative correla-
tions of phyla Actinobacteriota or Chloroflexi in cattle 
or other ruminant species. Nevertheless, Firmicutes 
enrichment induced by restricted gain may reflect tax-
onomic changes in the ruminal microbiota that might 
indicate re-assembly towards a more efficient energy 
extraction state to maximize limited feed ingestion. 
This notion is further supported by the alterations of 
the abundance of 34 bacterial genera, in which 25 of 
them become more abundant in RES heifers on d 63. 
Many of these bacterial genera enriched in RES heifers 
have been reported to have positive associations with 
animal health and feed efficiency. Among the enriched 
genera were SCFA producers including Butyrivibrio 
[the main butyrate-producing genus in the rumen [78]], 
Christensenellaceae R-7 group [acetate and butyrate 
producers in the rumen [9] that are also associated with 
increased feed efficiency [9, 33, 79]], and the acetate 
producing genus Acetitomacum [39]. The SCFAs pro-
duced from the gut microbiota have many important 
roles such as serving as an energy source to the host, 
and acting as signaling molecules between the gut and 
extraintestinal organs [15] and regulating the central 
appetite [37]. Potentially, RES heifers harbored greater 
abundance of SCFA producers in their rumen as com-
pared to CON heifers as to modulate their appetite to 
adapt to the restricted caloric intake and/or to reduce 
fat accumulation. Acetate can reduce appetite via a 
central homeostatic mechanism [37], and butyrate can 
suppress insulin-mediated fat accumulation by SCFA 
receptor GPR43 (G protein coupled receptor) [52]. 
Another important factor driving the enrichment of 
SCFA producing bacteria in the rumen of RES pregnant 
heifers might be due to increased demand for SCFAs 
by the growing fetus. In rodent animal models, it has 
been demonstrated that the SCFAs produced from the 
maternal gut microbiota are provided to embryos via 
maternal circulation where they involve in regulation 
of fetal glucose homeostasis via the SCFA-GPR41/ 43 
axis and imparting resistance to obesity in the offspring 
[51]. The maternal gut microbiota derived SCFAs are 
also involved in the regulation of fetal neurodevelop-
ment [102]. In the present study we did not measure 
the SCFA production in the rumen of these pregnant 
heifers. However, our results point out that the rumi-
nal bacteria associated with SCFAs might be key mem-
bers affected by restricted dietary intake and maternal 

nutrition perturbations in early gestation. The impli-
cations of SCFA production in early gestation on fetal 
programming and maternal health warrants further 
investigation.

Some of the genera whose relative abundance was 
altered by restricted dietary intake on d 63 of gestation 
including Lachnospiraceae, Prevotella, and Ruminococ-
cus are often positively or negatively associated with 
feed efficiency in cattle [33, 60, 61]. In addition to the 
changes observed in the relative abundance of 34 gen-
era, overall genera-genera interaction network structure 
was also influenced by 63 days of restricted dietary intake 
(Fig.  4, resulting in more intense interactions that are 
centered around fewer hubs as compared to CON heif-
ers. It is challenging to make inferences on the biological 
implications of the altered interaction network structure 
observed in RES heifers; however, active interactions 
between different microbial species are important for 
maintaining the stability and functional features of the 
microbiota associated with the gastrointestinal [25, 35] 
and respiratory tract [7]. Intensive interactions with bal-
anced positive (cooperation) and negative (competition) 
proportions are positively associated with the functional 
activities and stability of the gut microbiota [31, 34, 101]. 
Accordingly, the intensified interactions between the 
ruminal genera of RES heifers may be an indication of a 
positive shift in the ruminal ecology in response to die-
tary intake restriction. Taken all together, restricted diet 
intake from breeding to 63 days of gestation resulted in 
significant alterations in maternal ruminal microbiota, 
which are characterized by the community structure, 
species richness, and composition at the phyla and gen-
era level, and overall interaction network structure. How 
such microbial compositional and interaction network 
structural alterations that accompanied restricted dietary 
intake during the first trimester, which as a reminder, is 
a critical window of developmental programming events 
relating to skeletal muscle formation, organogenesis, and 
metabolic and neurodevelopment [10, 18, 23, 68, 86], 
should be the focus of feature research.

Supplementation of OCM from breeding to d 63 of 
gestation had minimal effect on the ruminal microbiota. 
Supplementation of OCM in this study was designed to 
test its ability to mitigate the undesired impact of the 
restricted dietary intake on fetal programming events. 
Immediately following fertilization, major epigenetic 
modifications including demethylation of paternal and 
maternal DNA, and embryonic genome re-methylation 
takes place [59, 70, 73]. These epigenetic events require 
adequate amount of OCM as they are essential for syn-
thesis of the methyl donor S-adenosylmethionine (SAM), 
used for DNA and histone methylation [2, 56]. One-car-
bon metabolites such as folate, butyrate, and vitamin B12 
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can be produced by microbial fermentation in the gut 
[49, 56, 75]; however, three essential B vitamins [folate 
(B9), B12, and B6) utilized in the folate cycle are not sup-
plied in sufficient amounts in the diet and must be sup-
plied through de novo synthesis by the gut microbiota 
[56]. To the best of the author’s knowledge, this is the 
first study to evaluate the impact of OCM supplementa-
tion on maternal ruminal microbiota in cattle. While the 
impact on the dam’s ruminal microbiota was not evalu-
ated, one study reported that rumen-protected methio-
nine supplementation during the last 28 days of gestation 
resulted in alterations of the fecal microbiota of Holstein 
dairy calves, which were characterized by the enrichment 
of butyrate-producing bacteria, and microbial functional 
genes associated with antibiotic biosynthesis pathways 
[30]. There are several factors that could contribute to the 
resistance of ruminal microbiota modulation by OCM 
supplementation in the present study. One of which 
might be due to the rumen-protective coating of the cho-
line and methionine, which limits microbial degradation 
of these OCMs in the rumen; thereby leading to negligi-
ble dietary influence. Another factor may be due to the 
robustness and resilient nature of the mature ruminal 
microbiota in these pregnant heifers (> 14  months old; 
[24, 106]. The dose of OCM supplementation may not 
have been high enough to induce changes in the rumi-
nal microbiota, or noticeable alterations of the rumi-
nal microbiota composition induced by OCM may take 
longer and be evident in the mid to late gestation periods.

Although the extent of dietary restriction from breed-
ing to 63 days of gestation on vaginal microbiota is not as 
extensive as what was observed in the ruminal microbi-
ota, it is interesting to detect a distinct community struc-
ture, altered phylum abundance, and different interaction 
network structure in the vaginal microbiota of RES heif-
ers as compared to CON heifers on d 63. The effects of 
diet and eating patterns on vaginal microbiota had largely 
been underexamined in both humans [88] and livestock 
animals. However, considering the increased apprecia-
tion of the role of vaginal microbiota in protecting the 
pregnant uterus from pathogen invasion [3], from spon-
taneous preterm birth [36], as well as its role as a micro-
bial seeding source of offspring perinatally [5, 40, 71], 
the dietary impact on the vaginal microbiota particularly 
during early gestation in cattle deserves full scale investi-
gation. Diet could indirectly influence the vaginal micro-
biota through modulation of the immune system and the 
availability of micronutrients such as vitamins and min-
erals involved in overall host health [3, 11]. Additionally, 
changes in the gut microbiome due to dietary changes 
could alter the vaginal microbiome through the transfer 
of fecal microbiota to the vagina given the proximity of 
the anus to the vulva in cattle [57]. Our group recently 

observed significant alterations of the vaginal microbiota 
composition and diversity following 112 days of feeding 
two different high concentrate diets in beef heifers [107]. 
While we are unable to provide clear insights into the 
mechanisms of modulation of the vaginal microbiota by 
restricted dietary intake and OCM supplementation, our 
results show that maternal nutrition and caloric restric-
tion during early pregnancy can influence vaginal micro-
biota of cattle.

Future research is warranted to investigate the effects of 
vaginal microbiota alterations on fetal programming due 
to restricted diet intake, and on feto-maternal crosstalk 
and offspring microbiome development. Focus should be 
given to the impact of altered relative abundance of the 
main bacterial phyla implicated in reproductive health, 
pregnancy maintenance, and offspring microbial seeding. 
In the present study, we observed changes in the vaginal 
microbiota characterized by the increase in the phyla 
Actinobacteriota and decrease of Proteobacteria and 
Fusobacteria of RES heifers. These three phyla are impor-
tant members of the microbial communities in the vagina 
and uterus of cattle, and their presence has been reported 
in fetal samples [63, 71]. These phyla are also dominant 
phyla correlated with gut, reproductive, and respiratory 
tract-associated microbiota of newborn calves [62].

Our results also revealed that vaginal microbiota of 
pregnant heifers underwent significant changes imme-
diately after fertilization which can be seen by the sharp 
increase in species richness, and diversity (Shannon and 
Inverse Simpson diversity) from pre-breeding to 35 days 
post-breeding, followed by further increase from d 35 to 
d 63. Vaginal microbiota in women has been reported 
to undergo significant changes over the course of preg-
nancy [1, 64, 84]. In contrast to our findings, other stud-
ies reported that species richness and diversity of vaginal 
microbiota reduced as pregnancy progressed in women 
[1, 64]. One of the explanations for such change is to pro-
tect both mother and the fetus from pathogen invasion 
by reducing the pH, which can be initiated by increased 
lactic acid production and immune modulation [28, 84]. 
A healthy vaginal microbiota in women is typically char-
acterized by a low-diversity microbial community mainly 
dominated by lactic acid-producing Lactobacillus [12]. 
The increased richness and diversity of the vaginal micro-
biota have been associated with spontaneous preterm 
birth [36]. Our results suggest that vaginal microbiota 
in cattle increases in richness and diversity following 
impregnation and throughout the first 63 days of gesta-
tion. Whether the increased richness and diversity of the 
maternal vaginal microbiota remains throughout the 2nd 
and 3rd trimester is a question for future studies.

Increasing evidence derived from humans and sheep 
revealed the presence of microbial DNA signatures 
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in blood samples, suggesting the presence of blood-
associated microbiota [19, 27, 80, 90]. Although the 
hypothetical presence of a unique microbiome specific 
to the blood is not supported by the results of recent 
large-scale study conducted to evaluate the blood 
microbiota of healthy individuals (n = 9770; [99], it 
was identified that the bloodstream of healthy indi-
viduals contains DNA from more than 100 different 
microbial species, and the bloodstream allows these 
microbes to move between different body sites includ-
ing the gut, mouth, and urogenital tract. These iden-
tified microbial species were distinct from pathogens 
detected in hospital blood cultures. Replication rate 
analyses revealed that some of these microbes might 
be live and can replicate actively in the blood stream 
[99]. Yet, it is still debated if there is a self-sustaining 
and unique microbial community in the bloodstream 
of healthy animals. However, the presence of periph-
eral blood mononuclear cell-associated microbiota 
in goats has recently been reported [80]. Given that 
the blood may serve as a microbial transfer medium 
from the gut to extra-gastrointestinal microbial niches 
including the uterus, we were interested in characteri-
zation of the microbial DNA from whole blood of both 
RES and CON pregnant heifers at d 63. We identified 
microbial DNA signatures of bacterial species within 
23 different phyla, and 358 different genera. All top 7 
phyla and the majority of top 20 genera (Fig. 7C and D) 
are commonly present in the rumen (e.g. Rikenellaceae 
RC9 gut group), reproductive (e.g. Cutibacterium) and 
respiratory (e.g. Mycoplasma) tracts of cattle. While 
the phyla and genera level taxonomic composition 
of the blood microbiota supports the notion by Tan 
and colleagues [99] that the blood may not harbor 
blood specific microbiota, but instead harbors tran-
sient microbes using the bloodstream to translocate 
between the gut and extra-gastrointestinal microbial 
niches, our results presented in the Venn diagram 
(Fig.  8A), heatmap (Fig.  8B) and potential core ASVs 
table (Table  1) suggest otherwise. We identified over 
1900 ASVs unique to the blood and not found in the 
ruminal and vaginal samples, and only 2 ASVs (ASV62 
and 31) were shared by more than 65% of all ruminal, 
vaginal and blood samples. As shown in the heatmap, 
the ASVs found in blood are distinctively different in 
terms of frequency and relative abundance from the 
ASVs found in the ruminal fluid. This suggests that 
the ruminal microbiota may not be the only seeding 
source for the microbes present in the blood stream. 
Other microbial sources such as the hindgut [83], oral 
[53], and urogenital tract [32] associated microbial 
communities may contribute microbes. No effects 

of restricted dietary intake were observed on blood 
microbial community composition and diversity.

Conclusion
Significant effects of restricted gain from breeding to 
63 days of gestation were observed on the community 
structure, microbial richness, composition, and inter-
action network structure of the ruminal microbiota in 
pregnant heifers, while the maternal ruminal micro-
biota remained unaffected by the supplementation of 
OCM. Overall community structure, diversity and com-
position of the maternal ruminal microbiota altered 
in response to pregnancy during the first trimester. 
Restricted gain affected the vaginal microbiota (com-
munity structure, phyla abundance, and interaction 
network structure) on d 63. Maternal vaginal micro-
biota underwent significant changes as pregnancy pro-
gressed and these changes included dramatic increase 
in microbial richness and diversity immediately follow-
ing fertilization. Twenty-three different bacterial phyla 
and 358 different genera were identified from the whole 
blood samples collected on d 63, and the majority of 
the bacterial ASVs found in blood were unique and not 
shared by ruminal and vaginal microbiota. Blood asso-
ciated microbiota did not differ between RES and CON 
heifers. Overall, these results indicate that maternal 
nutritional alterations during early gestation can not 
only impact the gut microbiome, but its effects could 
extend to the reproductive microbiota, calling for the 
further investigation of the impact of diet and intake 
restriction associated maternal microbiota alterations 
on developmental programming of offspring, as well as 
the maternal seeding of the fetal microbiota in utero.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s42523-​024-​00335-2.

Additional file1

Acknowledgements
The authors gratefully acknowledge the support from the employees of the 
NDSU Animal Nutrition and Physiology Center and Meat Lab. Mention of a 
trade name, proprietary product, or specific agreement does not constitute a 
guarantee or warranty by the USDA and does not imply approval to the inclu-
sion of other products that may be suitable. USDA is an equal opportunity 
provider and employer.

Author contributions
Conceiving the idea, designing the study, and providing supervision: AKW, 
CRD, JSC, MSC, and SA. Cattle management and sample collection: AKW, CRD, 
JSC, SA, KNS. Sample processing: SML and KNS. Data processing, bioinformat-
ics, and statistical analysis: DBH, GA, SA, SML. Manuscript writing: SML and 
SA. Manuscript review, editing, and finalizing: SML, GA, DBH, KNS, MSC, AKW, 
CRD, JSC, SA. All authors have read and agreed to the published version of the 
manuscript.

https://doi.org/10.1186/s42523-024-00335-2
https://doi.org/10.1186/s42523-024-00335-2


Page 19 of 22Luecke et al. Animal Microbiome            (2024) 6:48 	

Funding
The microbial work presented in this study was funded by the North Dakota 
Agricultural Experiment Station as part of a start-up package for S.A. Animal 
procurement and management was supported by the Agriculture Food and 
Resource Initiative [Award Number 2018-07055-2009] from the USDA National 
Institute of Food and Agriculture.

Availability of data and materials
Raw sequence data is available on the NCBI Sequence Read Archive under 
BioProject accession PRJNA1033356. Other data supporting the findings of 
this study are presented within the paper and in the supplementary informa-
tion files.

Declarations

Competing interests
The authors declare no competing interests.

Author details
1 Department of Microbiological Sciences, North Dakota State University, 
Fargo, ND, USA. 2 Lacombe Research and Development Centre, Agriculture 
and Agri-Food Canada, Lacombe, AB, Canada. 3 USDA, ARS, U.S. Meat Animal 
Research Center, Clay Center, NE, USA. 4 Department of Animal Sciences, 
and Center for Nutrition and Pregnancy, North Dakota State University, Fargo, 
ND, USA. 

Received: 20 December 2023   Accepted: 19 August 2024

References
	 1.	 Aagaard K, Riehle K, Ma J, Segata N, Mistretta TA, Coarfa C, Raza S, 

Rosenbaum S, Van den Veyver I, Milosavljevic A, Gevers D, Huttenhower 
C, Petrosino J, Versalovic J. A metagenomic approach to characteriza-
tion of the vaginal microbiome signature in pregnancy. PLoS ONE. 
2012;7(6):e36466. https://​doi.​org/​10.​1371/​journ​al.​pone.​00364​66.

	 2.	 Abuawad A, Bozack AK, Saxena R, Gamble MV. Nutrition, one-carbon 
metabolism and arsenic methylation. Toxicology. 2021;457:152803. 
https://​doi.​org/​10.​1016/j.​tox.​2021.​152803.

	 3.	 Adnane M, Chapwanya A. A review of the diversity of the genital tract 
microbiome and implications for fertility of cattle. Animals (Basel). 
2022;12(4):460. https://​doi.​org/​10.​3390/​ani12​040460.

	 4.	 Amat S, Dahlen CR, Swanson KC, Ward AK, Reynolds LP, Caton JS. Bovine 
animal model for studying the maternal microbiome. Front Microbiol. 
2022;13:854453. https://​doi.​org/​10.​3389/​fmicb.​2022.​854453.

	 5.	 Amat S, Holman DB, Schmidt K, McCarthy KL, Dorsam ST, Ward AK, 
Borowicz PP, Reynolds LP, Caton JS, Sedivec KK, Dahlen CR. Charac-
terization of the microbiota associated with 12-week-old bovine 
fetuses exposed to divergent in utero nutrition. Front Microbiol. 
2021;12:771832. https://​doi.​org/​10.​3389/​fmicb.​2021.​771832.

	 6.	 Amat S, Holman DB, Schmidt K, Menezes ACB, Baumgaertner F, Wind-
ers T, Kirsch JD, Liu T, Schwinghamer TD, Sedivec KK, Dahlen CR. The 
nasopharyngeal, ruminal, and vaginal microbiota and the core taxa 
shared across these microbiomes in virgin yearling heifers exposed 
to divergent in utero nutrition during their first trimester of gestation 
and in pregnant beef heifers in response to mineral supplementation. 
Microorganisms. 2021;9(10):2011. https://​doi.​org/​10.​3390/​micro​organ​
isms9​102011.

	 7.	 Amat S, Timsit E, Workentine M, Schwinghamer T, van der Meer F, Guo 
Y, Alexander TW. A single intranasal dose of bacterial therapeutics to 
calves confers longitudinal modulation of the nasopharyngeal micro-
biota: a pilot study. mSystems. 2023;8(2):e0101622. https://​doi.​org/​10.​
1128/​msyst​ems.​01016-​22.

	 8.	 Anas M, Diniz WJS, Menezes ACB, Reynolds LP, Caton JS, Dahlen CR, 
Ward AK. Maternal mineral nutrition regulates fetal genomic program-
ming in cattle: a review. Metabolites. 2023;13(5):593. https://​doi.​org/​10.​
3390/​metab​o1305​0593.

	 9.	 Andrade BGN, Bressani FA, Cuadrat RRC, Cardoso TF, Malheiros JM, de 
Oliveira PSN, Petrini J, Mourão GB, Coutinho LL, Reecy JM, Koltes JE, 

Neto AZ, de Medeiros SR, Berndt A, Palhares JCP, Afli H, Regitano LCA. 
Stool and ruminal microbiome components associated with methane 
emission and feed efficiency in Nelore beef cattle. Front Genet. 
2022;13:812828. https://​doi.​org/​10.​3389/​fgene.​2022.​812828.

	 10.	 B Menezes AC, McCarthy KL, Kassetas CJ, Baumgaertner F, Kirsch JD, 
Dorsam ST, Neville TL, Ward AK, Borowicz PP, Reynolds LP, Sedivec KK, 
Forcherio JC, Scott R, Caton JS, Dahlen CR. Vitamin and mineral supple-
mentation and rate of gain in beef heifers I: effects on dam hormonal 
and metabolic status, fetal tissue and organ mass, and concentration of 
glucose and fructose in fetal fluids at d 83 of gestation. Animals (Basel). 
2022;12(14):1757. https://​doi.​org/​10.​3390/​ani12​141757.

	 11.	 Barrientos-Durán A, Fuentes-López A, de Salazar A, Plaza-Díaz J, García 
F. Reviewing the composition of vaginal microbiota: inclusion of nutri-
tion and probiotic factors in the maintenance of Eubiosis. Nutrients. 
2020;12(2):419. https://​doi.​org/​10.​3390/​nu120​20419.

	 12.	 Baud A, Hillion KH, Plainvert C, Tessier V, Tazi A, Mandelbrot L, Poyart C, 
Kennedy SP. Microbial diversity in the vaginal microbiota and its link to 
pregnancy outcomes. Sci Rep. 2023;13(1):9061. https://​doi.​org/​10.​1038/​
s41598-​023-​36126-z.

	 13.	 Beli E, Yan Y, Moldovan L, Vieira CP, Gao R, Duan Y, Prasad R, Bhatwadekar 
A, White FA, Townsend SD, Chan L, Ryan CN, Morton D, Moldovan 
EG, Chu FI, Oudit GY, Derendorf H, Adorini L, Wang XX, Evans-Molina 
C, Mirmira RG, Boulton ME, Yoder MC, Li Q, Levi M, Busik JV, Grant 
MB. Restructuring of the gut microbiome by intermittent fasting 
prevents retinopathy and prolongs survival in db/db mice. Diabetes. 
2018;67(9):1867–79. https://​doi.​org/​10.​2337/​db18-​0158.

	 14.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. 
DADA2: high-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13(7):581–3. https://​doi.​org/​10.​1038/​nmeth.​3869.

	 15.	 Canfora EE, Jocken JW, Blaak EE. Short-chain fatty acids in con-
trol of body weight and insulin sensitivity. Nat Rev Endocrinol. 
2015;11(10):577–91. https://​doi.​org/​10.​1038/​nrendo.​2015.​128.

	 16.	 Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, 
Turnbaugh PJ, Fierer N, Knight R. Global patterns of 16S rRNA diversity 
at a depth of millions of sequences per sample. Proc Natl Acad Sci USA. 
2011;108(Suppl 1):4516–22. https://​doi.​org/​10.​1073/​pnas.​10000​80107.

	 17.	 Caton JS, Crouse MS, McLean KJ, Dahlen CR, Ward AK, Cushman RA, 
Grazul-Bilska AT, Neville BW, Borowicz PP, Reynolds LP. Maternal peri-
conceptual nutrition, early pregnancy, and developmental outcomes in 
beef cattle. J Anim Sci. 2020;98(12):skaa358. https://​doi.​org/​10.​1093/​jas/​
skaa3​58.

	 18.	 Caton JS, Crouse MS, Reynolds LP, Neville TL, Dahlen CR, Ward AK, 
Swanson KC. Maternal nutrition and programming of offspring energy 
requirements. Transl Anim Sci. 2019;3(3):976–90. https://​doi.​org/​10.​
1093/​tas/​txy127.

	 19.	 Cheng HS, Tan SP, Wong DMK, Koo WLY, Wong SH, Tan NS. The blood 
microbiome and health: current evidence, controversies, and chal-
lenges. Int J Mol Sci. 2023;24(6):5633. https://​doi.​org/​10.​3390/​ijms2​
40656​33.

	 20.	 Chilliard Y, Bocquier F, Doreau M. Digestive and metabolic adaptations 
of ruminants to undernutrition, and consequences on reproduction. 
Reprod Nutr Dev. 1998;38(2):131–52. https://​doi.​org/​10.​1051/​rnd:​19980​
201.

	 21.	 Codagnone MG, Stanton C, O’Mahony SM, Dinan TG, Cryan JF. Micro-
biota and neurodevelopmental trajectories: role of maternal and early-
life nutrition. Ann Nutr Metab. 2019;74(Suppl 2):16–27. https://​doi.​org/​
10.​1159/​00049​9144.

	 22.	 Collado MC, Isolauri E, Laitinen K, Salminen S. Distinct composition of 
gut microbiota during pregnancy in overweight and normal-weight 
women. Am J Clin Nutr. 2008;88(4):894–9. https://​doi.​org/​10.​1093/​ajcn/​
88.4.​894.

	 23.	 Costa TC, Gionbelli MP, Duarte MS. Fetal programming in ruminant 
animals: understanding the skeletal muscle development to improve 
meat quality. Anim Front. 2021;11(6):66–73. https://​doi.​org/​10.​1093/​af/​
vfab0​61.

	 24.	 Costa-Roura S, Villalba D, Balcells J, De la Fuente G. First steps into rumi-
nal microbiota robustness. Animals (Basel). 2022;12(18):2366. https://​
doi.​org/​10.​3390/​ani12​182366.

	 25.	 Coyte KZ, Rakoff-Nahoum S. Understanding competition and 
cooperation within the mammalian gut microbiome. Curr Biol. 
2019;29(11):R538–44. https://​doi.​org/​10.​1016/j.​cub.​2019.​04.​017.

https://doi.org/10.1371/journal.pone.0036466
https://doi.org/10.1016/j.tox.2021.152803
https://doi.org/10.3390/ani12040460
https://doi.org/10.3389/fmicb.2022.854453
https://doi.org/10.3389/fmicb.2021.771832
https://doi.org/10.3390/microorganisms9102011
https://doi.org/10.3390/microorganisms9102011
https://doi.org/10.1128/msystems.01016-22
https://doi.org/10.1128/msystems.01016-22
https://doi.org/10.3390/metabo13050593
https://doi.org/10.3390/metabo13050593
https://doi.org/10.3389/fgene.2022.812828
https://doi.org/10.3390/ani12141757
https://doi.org/10.3390/nu12020419
https://doi.org/10.1038/s41598-023-36126-z
https://doi.org/10.1038/s41598-023-36126-z
https://doi.org/10.2337/db18-0158
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1093/jas/skaa358
https://doi.org/10.1093/jas/skaa358
https://doi.org/10.1093/tas/txy127
https://doi.org/10.1093/tas/txy127
https://doi.org/10.3390/ijms24065633
https://doi.org/10.3390/ijms24065633
https://doi.org/10.1051/rnd:19980201
https://doi.org/10.1051/rnd:19980201
https://doi.org/10.1159/000499144
https://doi.org/10.1159/000499144
https://doi.org/10.1093/ajcn/88.4.894
https://doi.org/10.1093/ajcn/88.4.894
https://doi.org/10.1093/af/vfab061
https://doi.org/10.1093/af/vfab061
https://doi.org/10.3390/ani12182366
https://doi.org/10.3390/ani12182366
https://doi.org/10.1016/j.cub.2019.04.017


Page 20 of 22Luecke et al. Animal Microbiome            (2024) 6:48 

	 26.	 Crouse MS, Greseth NP, McLean KJ, Crosswhite MR, Pereira NN, Ward 
AK, Reynolds LP, Dahlen CR, Neville BW, Borowicz PP, Caton JS. Maternal 
nutrition and stage of early pregnancy in beef heifers: impacts on 
hexose and AA concentrations in maternal and fetal fluids. J Anim Sci. 
2019;97(3):1296–316. https://​doi.​org/​10.​1093/​jas/​skz013.

	 27.	 D’Aquila P, Giacconi R, Malavolta M, Piacenza F, Bürkle A, Villanueva MM, 
Dollé MET, Jansen E, Grune T, Gonos ES, Franceschi C, Capri M, Grubeck-
Loebenstein B, Sikora E, Toussaint O, Debacq-Chainiaux F, Hervonen A, 
Hurme M, Slagboom PE, Schön C, Bernhardt J, Breusing N, Passarino G, 
Provinciali M, Bellizzi D. Microbiome in blood samples from the general 
population recruited in the MARK-AGE project: a pilot study. Front 
Microbiol. 2021;12:707515. https://​doi.​org/​10.​3389/​fmicb.​2021.​707515.

	 28.	 Di Simone N, Santamaria Ortiz A, Specchia M, Tersigni C, Villa P, Gasbar-
rini A, Scambia G, D’Ippolito S. Recent insights on the maternal micro-
biota: impact on pregnancy outcomes. Front Immunol. 2020;11:528202. 
https://​doi.​org/​10.​3389/​fimmu.​2020.​528202.

	 29.	 Du M, Tong J, Zhao J, Underwood KR, Zhu M, Ford SP,  Nathanielsz PW. 
Fetal programming of skeletal muscle development in ruminant ani-
mals. J. Anim. Sci. 2010;88(13 Suppl):E51–E60. https://​doi.​org/​10.​2527/​
jas.​2009-​2311

	 30.	 Elolimy A, Alharthi A, Zeineldin M, Parys C, Helmbrecht A, Loor JJ. Sup-
ply of methionine during late-pregnancy alters fecal microbiota and 
metabolome in neonatal dairy calves without changes in daily feed 
intake. Front Microbiol. 2019;10:2159. https://​doi.​org/​10.​3389/​fmicb.​
2019.​02159.

	 31.	 Fiegna F, Moreno-Letelier A, Bell T, Barraclough TG. Evolution of species 
interactions determines microbial community productivity in new 
environments. ISME J. 2015;9(5):1235–45. https://​doi.​org/​10.​1038/​ismej.​
2014.​215.

	 32.	 Flores-Mireles AL, Walker JN, Caparon M, Hultgren SJ. Urinary tract infec-
tions: epidemiology, mechanisms of infection and treatment options. 
Nat Rev Microbiol. 2015;13(5):269–84. https://​doi.​org/​10.​1038/​nrmic​
ro3432.

	 33.	 Fonseca PAS, Lam S, Chen Y, Waters SM, Guan LL, Cánovas A. Multi-
breed host rumen epithelium transcriptome and microbiome associa-
tions and their relationship with beef cattle feed efficiency. Sci Rep. 
2023;13(1):16209. https://​doi.​org/​10.​1038/​s41598-​023-​43097-8.

	 34.	 Foster KR, Bell T. Competition, not cooperation, dominates interactions 
among culturable microbial species. Curr Biol. 2012;22(19):1845–50. 
https://​doi.​org/​10.​1016/j.​cub.​2012.​08.​005.

	 35.	 Foster KR, Schluter J, Coyte KZ, Rakoff-Nahoum S. The evolu-
tion of the host microbiome as an ecosystem on a leash. Nature. 
2017;548(7665):43–51. https://​doi.​org/​10.​1038/​natur​e23292.

	 36.	 Freitas AC, Bocking A, Hill JE, Money DM, VR Group. Increased richness 
and diversity of the vaginal microbiota and spontaneous preterm birth. 
Microbiome. 2018;6(1):117. https://​doi.​org/​10.​1186/​s40168-​018-​0502-8.

	 37.	 Frost G, Sleeth ML, Sahuri-Arisoylu M, Lizarbe B, Cerdan S, Brody L, Ana-
stasovska J, Ghourab S, Hankir M, Zhang S, Carling D, Swann JR, Gibson 
G, Viardot A, Morrison D, Louise Thomas E, Bell JD. The short-chain fatty 
acid acetate reduces appetite via a central homeostatic mechanism. 
Nat Commun. 2014;5:3611. https://​doi.​org/​10.​1038/​ncomm​s4611.

	 38.	 Funkhouser LJ, Bordenstein SR. Mom knows best: the universality 
of maternal microbial transmission. PLoS Biol. 2013;11(8):e1001631. 
https://​doi.​org/​10.​1371/​journ​al.​pbio.​10016​31.

	 39.	 Greening RC, Leedle JA. Enrichment and isolation of Acetitomaculum 
ruminis, gen. nov., sp. nov.: acetogenic bacteria from the bovine rumen. 
Arch Microbiol. 1989;151(5):399–406. https://​doi.​org/​10.​1007/​BF004​
16597.

	 40.	 Guzman CE, Wood JL, Egidi E, White-Monsant AC, Semenec L, Grom-
men SVH, Hill-Yardin EL, De Groef B, Franks AE. A pioneer calf foetus 
microbiome. Sci Rep. 2020;10(1):17712. https://​doi.​org/​10.​1038/​
s41598-​020-​74677-7.

	 41.	 Han YW. Fusobacterium nucleatum: a commensal-turned pathogen. 
Curr Opin Microbiol. 2015;23:141–7. https://​doi.​org/​10.​1016/j.​mib.​2014.​
11.​013.

	 42.	 Harvey KM, Cooke RF, Moriel P. Impacts of nutritional management 
during early postnatal life on long-term physiological and productive 
responses of beef cattle. Front Anim Sci. 2021;2:730356. https://​doi.​org/​
10.​3389/​fanim.​2021.​730356.

	 43.	 Henderson G, Cox F, Ganesh S, Jonker A, Young W, Janssen PH, Collabo-
rators GRC. Rumen microbial community composition varies with diet 

and host, but a core microbiome is found across a wide geographical 
range. Sci Rep. 2015;5:14567. https://​doi.​org/​10.​1038/​srep1​4567.

	 44.	 Holman DB, Gzyl KE. A meta-analysis of the bovine gastrointestinal tract 
microbiota. FEMS Microbiol Ecol. 2019;95(6):fiz072. https://​doi.​org/​10.​
1093/​femsec/​fiz072.

	 45.	 Hou K, Wu ZX, Chen XY, Wang JQ, Zhang D, Xiao C, Zhu D, Koya JB, Wei 
L, Li J, Chen ZS. Microbiota in health and diseases. Signal Transduct 
Target Ther. 2022;7(1):135. https://​doi.​org/​10.​1038/​s41392-​022-​00974-4.

	 46.	 Hummel GL, Austin K, Cunningham-Hollinger HC. Comparing the 
maternal-fetal microbiome of humans and cattle: a translational assess-
ment of the reproductive, placental, and fetal gut microbiomes. Biol 
Reprod. 2022;107(2):371–81. https://​doi.​org/​10.​1093/​biolre/​ioac0​67.

	 47.	 Jami E, White BA, Mizrahi I. Potential role of the bovine rumen micro-
biome in modulating milk composition and feed efficiency. PLoS ONE. 
2014;9(1):e85423. https://​doi.​org/​10.​1371/​journ​al.​pone.​00854​23.

	 48.	 Jašarević E, Hill EM, Kane PJ, Rutt L, Gyles T, Folts L, Rock KD, Howard 
CD, Morrison KE, Ravel J, Bale TL. The composition of human vaginal 
microbiota transferred at birth affects offspring health in a mouse 
model. Nat Commun. 2021;12(1):6289. https://​doi.​org/​10.​1038/​
s41467-​021-​26634-9.

	 49.	 Jiménez-Chillarón JC, Díaz R, Martínez D, Pentinat T, Ramón-Krauel M, 
Ribó S, Plösch T. The role of nutrition on epigenetic modifications and 
their implications on health. Biochimie. 2012;94(11):2242–63. https://​
doi.​org/​10.​1016/j.​biochi.​2012.​06.​012.

	 50.	 Kern L, Kviatcovsky D, He Y, Elinav E. Impact of caloric restriction on the 
gut microbiota. Curr Opin Microbiol. 2023;73:102287. https://​doi.​org/​
10.​1016/j.​mib.​2023.​102287.

	 51.	 Kimura I, Miyamoto J, Ohue-Kitano R, Watanabe K, Yamada T, Onuki 
M, Aoki R, Isobe Y, Kashihara D, Inoue D, Inaba A, Takamura Y, Taira S, 
Kumaki S, Watanabe M, Ito M, Nakagawa F, Irie J, Kakuta H, Shinohara M, 
Iwatsuki K, Tsujimoto G, Ohno H, Arita M, Itoh H, Hase K. Maternal gut 
microbiota in pregnancy influences offspring metabolic phenotype in 
mice. Science. 2020. https://​doi.​org/​10.​1126/​scien​ce.​aaw84​29.

	 52.	 Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, Terasawa K, 
Kashihara D, Hirano K, Tani T, Takahashi T, Miyauchi S, Shioi G, Inoue H, 
Tsujimoto G. The gut microbiota suppresses insulin-mediated fat accu-
mulation via the short-chain fatty acid receptor GPR43. Nat Commun. 
2013;4:1829. https://​doi.​org/​10.​1038/​ncomm​s2852.

	 53.	 Kitamoto S, Nagao-Kitamoto H, Hein R, Schmidt TM, Kamada N. The 
bacterial connection between the oral cavity and the gut diseases. 
J Dent Res. 2020;99(9):1021–9. https://​doi.​org/​10.​1177/​00220​34520​
924633.

	 54.	 Klingbeil E, de La Serre CB. Microbiota modulation by eating patterns 
and diet composition: impact on food intake. Am J Physiol Regul Integr 
Comp Physiol. 2018;315(6):R1254–60. https://​doi.​org/​10.​1152/​ajpre​gu.​
00037.​2018.

	 55.	 Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Bäckhed HK, 
Gonzalez A, Werner JJ, Angenent LT, Knight R, Bäckhed F, Isolauri E, 
Salminen S, Ley RE. Host remodeling of the gut microbiome and meta-
bolic changes during pregnancy. Cell. 2012;150(3):470–80. https://​doi.​
org/​10.​1016/j.​cell.​2012.​07.​008.

	 56.	 Krautkramer KA, Fan J, Bäckhed F. Gut microbial metabolites as multi-
kingdom intermediates. Nat Rev Microbiol. 2021;19(2):77–94. https://​
doi.​org/​10.​1038/​s41579-​020-​0438-4.

	 57.	 Laguardia-Nascimento M, Branco KM, Gasparini MR, Giannattasio-Ferraz 
S, Leite LR, Araujo FM, Salim AC, Nicoli JR, de Oliveira GC, Barbosa-
Stancioli EF. Vaginal microbiome characterization of Nellore cattle using 
metagenomic analysis. PLoS ONE. 2015;10(11):e0143294. https://​doi.​
org/​10.​1371/​journ​al.​pone.​01432​94.

	 58.	 Lamb GC, Dahlen CR, Larson JE, Marquezini G, Stevenson JS. Control of 
the estrous cycle to improve fertility for fixed-time artificial insemina-
tion in beef cattle: a review. J Anim Sci. 2010;88(13 Suppl):E181–92. 
https://​doi.​org/​10.​2527/​jas.​2009-​2349.

	 59.	 Li E. Chromatin modification and epigenetic reprogramming in mam-
malian development. Nat Rev Genet. 2002;3(9):662–73. https://​doi.​org/​
10.​1038/​nrg887.

	 60.	 Liu Y, Wu H, Chen W, Liu C, Meng Q, Zhou Z. Rumen microbiome and 
metabolome of high and low residual feed intake Angus heifers. Front 
Vet Sci. 2022;9:812861. https://​doi.​org/​10.​3389/​fvets.​2022.​812861.

	 61.	 Lopes DRG, de Souza Duarte M, La Reau AJ, Chaves IZ, de Oliveira 
Mendes TA, Detmann E, Bento CBP, Mercadante MEZ, Bonilha SFM, 

https://doi.org/10.1093/jas/skz013
https://doi.org/10.3389/fmicb.2021.707515
https://doi.org/10.3389/fimmu.2020.528202
https://doi.org/10.2527/jas.2009-2311
https://doi.org/10.2527/jas.2009-2311
https://doi.org/10.3389/fmicb.2019.02159
https://doi.org/10.3389/fmicb.2019.02159
https://doi.org/10.1038/ismej.2014.215
https://doi.org/10.1038/ismej.2014.215
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.1038/s41598-023-43097-8
https://doi.org/10.1016/j.cub.2012.08.005
https://doi.org/10.1038/nature23292
https://doi.org/10.1186/s40168-018-0502-8
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1371/journal.pbio.1001631
https://doi.org/10.1007/BF00416597
https://doi.org/10.1007/BF00416597
https://doi.org/10.1038/s41598-020-74677-7
https://doi.org/10.1038/s41598-020-74677-7
https://doi.org/10.1016/j.mib.2014.11.013
https://doi.org/10.1016/j.mib.2014.11.013
https://doi.org/10.3389/fanim.2021.730356
https://doi.org/10.3389/fanim.2021.730356
https://doi.org/10.1038/srep14567
https://doi.org/10.1093/femsec/fiz072
https://doi.org/10.1093/femsec/fiz072
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1093/biolre/ioac067
https://doi.org/10.1371/journal.pone.0085423
https://doi.org/10.1038/s41467-021-26634-9
https://doi.org/10.1038/s41467-021-26634-9
https://doi.org/10.1016/j.biochi.2012.06.012
https://doi.org/10.1016/j.biochi.2012.06.012
https://doi.org/10.1016/j.mib.2023.102287
https://doi.org/10.1016/j.mib.2023.102287
https://doi.org/10.1126/science.aaw8429
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1177/0022034520924633
https://doi.org/10.1177/0022034520924633
https://doi.org/10.1152/ajpregu.00037.2018
https://doi.org/10.1152/ajpregu.00037.2018
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1371/journal.pone.0143294
https://doi.org/10.1371/journal.pone.0143294
https://doi.org/10.2527/jas.2009-2349
https://doi.org/10.1038/nrg887
https://doi.org/10.1038/nrg887
https://doi.org/10.3389/fvets.2022.812861


Page 21 of 22Luecke et al. Animal Microbiome            (2024) 6:48 	

Suen G, Mantovani HC. Assessing the relationship between the rumen 
microbiota and feed efficiency in Nellore steers. J Anim Sci Biotechnol. 
2021;12(1):79. https://​doi.​org/​10.​1186/​s40104-​021-​00599-7.

	 62.	 Luecke SM, Holman DB, Schmidt KN, Gzyl KE, Hurlbert JL, Menezes 
ACB, Bochantin KA, Kirsch JD, Baumgaertner F, Sedivec KK, Swanson 
KC, Dahlen CR, Amat S. Whole-body microbiota of newborn calves and 
their response to prenatal vitamin and mineral supplementation. Front 
Microbiol. 2023. https://​doi.​org/​10.​3389/​fmicb.​2023.​12076​01.

	 63.	 Luecke SM, Webb EM, Dahlen CR, Reynolds LP, Amat S. Seminal and 
vagino-uterine microbiome and their individual and interactive effects 
on cattle fertility. Front Microbiol. 2022;13:1029128. https://​doi.​org/​10.​
3389/​fmicb.​2022.​10291​28.

	 64.	 MacIntyre DA, Chandiramani M, Lee YS, Kindinger L, Smith A, 
Angelopoulos N, Lehne B, Arulkumaran S, Brown R, Teoh TG, Holmes E, 
Nicoholson JK, Marchesi JR, Bennett PR. The vaginal microbiome during 
pregnancy and the postpartum period in a European population. Sci 
Rep. 2015;5:8988. https://​doi.​org/​10.​1038/​srep0​8988.

	 65.	 Mallick H, Rahnavard A, McIver LJ, Ma S, Zhang Y, Nguyen LH, Tickle TL, 
Weingart G, Ren B, Schwager EH, Chatterjee S, Thompson KN, Wilkinson 
JE, Subramanian A, Lu Y, Waldron L, Paulson JN, Franzosa EA, Bravo HC, 
Huttenhower C. Multivariable association discovery in population-scale 
meta-omics studies. PLoS Comput Biol. 2021;17(11):e1009442. https://​
doi.​org/​10.​1371/​journ​al.​pcbi.​10094​42.

	 66.	 Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet J. 2011. https://​doi.​org/​10.​14806/​ej.​17.1.​200.

	 67.	 Martinez Arbizu P. Pairwiseadonis: Pairwise multilevel comparison using 
adonis No. R package version 00,1; 2017.

	 68.	 McCarthy KL, Menezes ACB, Kassetas CJ, Baumgaertner F, Kirsch JD, 
Dorsam ST, Neville TL, Ward AK, Borowicz PP, Reynolds LP, Sedivec KK, 
Forcherio JC, Scott R, Caton JS, Dahlen CR. Vitamin and mineral supple-
mentation and rate of gain in beef heifers II: effects on concentration 
of trace minerals in maternal liver and fetal liver, muscle, allantoic, and 
amniotic fluids at day 83 of gestation. Animals (Basel). 2022;12(15):1925. 
https://​doi.​org/​10.​3390/​ani12​151925.

	 69.	 McMurdie PJ, Holmes S. phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS ONE. 
2013;8(4):e61217. https://​doi.​org/​10.​1371/​journ​al.​pone.​00612​17.

	 70.	 Messerschmidt DM, Knowles BB, Solter D. DNA methylation dynamics 
during epigenetic reprogramming in the germline and preimplantation 
embryos. Genes Dev. 2014;28(8):812–28. https://​doi.​org/​10.​1101/​gad.​
234294.​113.

	 71.	 Messman RD, Lemley CO. Bovine neonatal microbiome origins: a 
review of proposed microbial community presence from conception to 
colostrum. Transl Anim Sci. 2023;7(1):txad057. https://​doi.​org/​10.​1093/​
tas/​txad0​57.

	 72.	 Miko E, Csaszar A, Bodis J, Kovacs K. The maternal-fetal gut microbiota 
axis: physiological changes, dietary influence, and modulation possibili-
ties. Life (Basel). 2022. https://​doi.​org/​10.​3390/​life1​20304​24.

	 73.	 Morgan HD, Santos F, Green K, Dean W, Reik W. Epigenetic reprogram-
ming in mammals. Hum Mol Genet. 2005;14:R47-58. https://​doi.​org/​10.​
1093/​hmg/​ddi114.

	 74.	 Myer PR, Smith TP, Wells JE, Kuehn LA, Freetly HC. Rumen microbiome 
from steers differing in feed efficiency. PLoS ONE. 2015;10(6):e0129174. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01291​74.

	 75.	 Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, Pet-
tersson S. Host-gut microbiota metabolic interactions. Science. 
2012;336(6086):1262–7. https://​doi.​org/​10.​1126/​scien​ce.​12238​13.

	 76.	 Nuriel-Ohayon M, Neuman H, Koren O. Microbial changes during 
pregnancy, birth, and infancy. Front Microbiol. 2016;7:1031. https://​doi.​
org/​10.​3389/​fmicb.​2016.​01031.

	 77.	 Oksanen J, Blanchet F, Kindt R, Legendre P, et al. Vegan:community ecol-
ogy package. 2013.

	 78.	 Palevich N, Kelly WJ, Leahy SC, Altermann E, Rakonjac J, Attwood GT. 
The complete genome sequence of the rumen bacterium. Stand 
Genomic Sci. 2017;12:72. https://​doi.​org/​10.​1186/​s40793-​017-​0285-8.

	 79.	 Perea K, Perz K, Olivo SK, Williams A, Lachman M, Ishaq SL, Thomson J, 
Yeoman CJ. Feed efficiency phenotypes in lambs involve changes in 
ruminal, colonic, and small-intestine-located microbiota. J Anim Sci. 
2017;95(6):2585–92. https://​doi.​org/​10.​2527/​jas.​2016.​1222.

	 80.	 Peña-Cearra A, Belanche A, Gonzalez-Lopez M, Lavín JL, Pascual-Itoiz M, 
Jiménez E, Rodríguez H, Aransay AM, Anguita J, Yáñez-Ruiz DR, Abecia L. 

Peripheral blood mononuclear cells (PBMC) microbiome is not affected 
by colon microbiota in healthy goats. Anim Microbiome. 2021;3(1):28. 
https://​doi.​org/​10.​1186/​s42523-​021-​00091-7.

	 81.	 Pieczyńska-Zając JM, Malinowska A, Łagowska K, Leciejewska N, 
Bajerska J. The effects of time-restricted eating and Ramadan fasting on 
gut microbiota composition: a systematic review of human and animal 
studies. Nutr Rev. 2023. https://​doi.​org/​10.​1093/​nutrit/​nuad0​93.

	 82.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies 
J, Glöckner FO. The SILVA ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Res. 
2013;41(D1):D590–6. https://​doi.​org/​10.​1093/​nar/​gks12​19.

	 83.	 Rakow A, Perka C, Trampuz A, Renz N. Origin and characteristics of 
haematogenous periprosthetic joint infection. Clin Microbiol Infect. 
2019;25(7):845–50. https://​doi.​org/​10.​1016/j.​cmi.​2018.​10.​010.

	 84.	 Rasmussen MA, Thorsen J, Dominguez-Bello MG, Blaser MJ, Mortensen 
MS, Brejnrod AD, Shah SA, Hjelmsø MH, Lehtimäki J, Trivedi U, Bisgaard 
H, Sørensen SJ, Stokholm J. Ecological succession in the vaginal micro-
biota during pregnancy and birth. ISME J. 2020;14(9):2325–35. https://​
doi.​org/​10.​1038/​s41396-​020-​0686-3.

	 85.	 Reynolds LP, Borowicz PP, Caton JS, Crouse MS, Dahlen CR, Ward AK. 
Developmental programming of fetal growth and development. Vet 
Clin North Am Food Anim Pract. 2019;35(2):229–47. https://​doi.​org/​10.​
1016/j.​cvfa.​2019.​02.​006.

	 86.	 Reynolds LP, Diniz WJS, Crouse MS, Caton JS, Dahlen CR, Borowicz PP, 
Ward AK. Maternal nutrition and developmental programming of 
offspring. Reprod Fertil Dev. 2022;35(2):19–26. https://​doi.​org/​10.​1071/​
RD222​34.

	 87.	 Reynolds LP, Vonnahme KA. Livestock as models for developmental 
programming. Anim Front. 2017;7(3):12–7. https://​doi.​org/​10.​2527/​af.​
2017-​0123.

	 88.	 Rosen EM, Martin CL, Siega-Riz AM, Dole N, Basta PV, Serrano M, Fett-
weis J, Wu M, Sun S, Thorp JM, Buck G, Fodor AA, Engel SM. Is prenatal 
diet associated with the composition of the vaginal microbiome? 
Paediatr Perinat Epidemiol. 2022;36(2):243–53. https://​doi.​org/​10.​1111/​
ppe.​12830.

	 89.	 Sbierski-Kind J, Grenkowitz S, Schlickeiser S, Sandforth A, Friedrich M, 
Kunkel D, Glauben R, Brachs S, Mai K, Thürmer A, Radonić A, Drechsel 
O, Turnbaugh PJ, Bisanz JE, Volk HD, Spranger J, von Schwartzenberg 
RJ. Effects of caloric restriction on the gut microbiome are linked with 
immune senescence. Microbiome. 2022;10(1):57. https://​doi.​org/​10.​
1186/​s40168-​022-​01249-4.

	 90.	 Schierwagen R, Alvarez-Silva C, Madsen MSA, Kolbe CC, Meyer 
C, Thomas D, Uschner FE, Magdaleno F, Jansen C, Pohlmann A, 
Praktiknjo M, Hischebeth GT, Molitor E, Latz E, Lelouvier B, Trebicka J, 
Arumugam M. Circulating microbiome in blood of different circula-
tory compartments. Gut. 2019;68(3):578–80. https://​doi.​org/​10.​1136/​
gutjnl-​2018-​316227.

	 91.	 Shastry RP, Rekha PD. Bacterial cross talk with gut microbiome and its 
implications: a short review. Folia Microbiol (Praha). 2021;66(1):15–24. 
https://​doi.​org/​10.​1007/​s12223-​020-​00821-5.

	 92.	 Singh RK, Chang HW, Yan D, Lee KM, Ucmak D, Wong K, Abrouk M, 
Farahnik B, Nakamura M, Zhu TH, Bhutani T, Liao W. Influence of diet on 
the gut microbiome and implications for human health. J Transl Med. 
2017;15(1):73. https://​doi.​org/​10.​1186/​s12967-​017-​1175-y.

	 93.	 Smid MC, Ricks NM, Panzer A, Mccoy AN, Azcarate-Peril MA, Keku TO, 
Boggess KA. Maternal gut microbiome biodiversity in pregnancy. Am J 
Perinatol. 2018;35(1):24–30. https://​doi.​org/​10.​1055/s-​0037-​16044​12.

	 94.	 Sowah SA, Milanese A, Schübel R, Wirbel J, Kartal E, Johnson TS, Hirche 
F, Grafetstätter M, Nonnenmacher T, Kirsten R, López-Nogueroles 
M, Lahoz A, Schwarz KV, Okun JG, Ulrich CM, Nattenmüller J, von 
Eckardstein A, Müller D, Stangl GI, Kaaks R, Kühn T, Zeller G. Calorie 
restriction improves metabolic state independently of gut microbiome 
composition: a randomized dietary intervention trial. Genome Med. 
2022;14(1):30. https://​doi.​org/​10.​1186/​s13073-​022-​01030-0.

	 95.	 Stiemsma LT, Michels KB. The role of the microbiome in the develop-
mental origins of health and disease. Pediatrics. 2018. https://​doi.​org/​
10.​1542/​peds.​2017-​2437.

	 96.	 Stinson LF. Establishment of the early-life microbiome: a DOHaD per-
spective. J Dev Orig Health Dis. 2020;11(3):201–10. https://​doi.​org/​10.​
1017/​S2040​17441​90005​88.

https://doi.org/10.1186/s40104-021-00599-7
https://doi.org/10.3389/fmicb.2023.1207601
https://doi.org/10.3389/fmicb.2022.1029128
https://doi.org/10.3389/fmicb.2022.1029128
https://doi.org/10.1038/srep08988
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.3390/ani12151925
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1101/gad.234294.113
https://doi.org/10.1101/gad.234294.113
https://doi.org/10.1093/tas/txad057
https://doi.org/10.1093/tas/txad057
https://doi.org/10.3390/life12030424
https://doi.org/10.1093/hmg/ddi114
https://doi.org/10.1093/hmg/ddi114
https://doi.org/10.1371/journal.pone.0129174
https://doi.org/10.1126/science.1223813
https://doi.org/10.3389/fmicb.2016.01031
https://doi.org/10.3389/fmicb.2016.01031
https://doi.org/10.1186/s40793-017-0285-8
https://doi.org/10.2527/jas.2016.1222
https://doi.org/10.1186/s42523-021-00091-7
https://doi.org/10.1093/nutrit/nuad093
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.cmi.2018.10.010
https://doi.org/10.1038/s41396-020-0686-3
https://doi.org/10.1038/s41396-020-0686-3
https://doi.org/10.1016/j.cvfa.2019.02.006
https://doi.org/10.1016/j.cvfa.2019.02.006
https://doi.org/10.1071/RD22234
https://doi.org/10.1071/RD22234
https://doi.org/10.2527/af.2017-0123
https://doi.org/10.2527/af.2017-0123
https://doi.org/10.1111/ppe.12830
https://doi.org/10.1111/ppe.12830
https://doi.org/10.1186/s40168-022-01249-4
https://doi.org/10.1186/s40168-022-01249-4
https://doi.org/10.1136/gutjnl-2018-316227
https://doi.org/10.1136/gutjnl-2018-316227
https://doi.org/10.1007/s12223-020-00821-5
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1055/s-0037-1604412
https://doi.org/10.1186/s13073-022-01030-0
https://doi.org/10.1542/peds.2017-2437
https://doi.org/10.1542/peds.2017-2437
https://doi.org/10.1017/S2040174419000588
https://doi.org/10.1017/S2040174419000588


Page 22 of 22Luecke et al. Animal Microbiome            (2024) 6:48 

	 97.	 Sun Z, Lee-Sarwar K, Kelly RS, Lasky-Su JA, Litonjua AA, Weiss ST, Liu 
YY. Revealing the importance of prenatal gut microbiome in offspring 
neurodevelopment in humans. EBioMedicine. 2023;90:104491. https://​
doi.​org/​10.​1016/j.​ebiom.​2023.​104491.

	 98.	 Syring JG, Crouse MS, Neville TL, Ward AK, Dahlen CR, Reynolds LP, Boro-
wicz PP, McLean KJ, Neville BW, Caton JS. Concentrations of vitamin B12 
and folate in maternal serum and fetal fluids, metabolite interrelation-
ships, and hepatic transcript abundance of key folate and methionine 
cycle genes: the impacts of maternal nutrition during the first 50 d of 
gestation. J Anim Sci. 2023. https://​doi.​org/​10.​1093/​jas/​skad1​39.

	 99.	 Tan CCS, Ko KKK, Chen H, Liu J, Loh M, Chia M, Nagarajan N, SKH 
Consortium. No evidence for a common blood microbiome based 
on a population study of 9,770 healthy humans. Nat Microbiol. 
2023;8(5):973–85. https://​doi.​org/​10.​1038/​s41564-​023-​01350-w.

	100.	 Velmurugan G, Dinakaran V, Rajendhran J, Swaminathan K. Blood micro-
biota and circulating microbial metabolites in diabetes and cardiovas-
cular disease. Trends Endocrinol Metab. 2020;31(11):835–47. https://​doi.​
org/​10.​1016/j.​tem.​2020.​01.​013.

	101.	 Venturelli OS, Carr AC, Fisher G, Hsu RH, Lau R, Bowen BP, Hromada S, 
Northen T, Arkin AP. Deciphering microbial interactions in synthetic 
human gut microbiome communities. Mol Syst Biol. 2018;14(6):e8157. 
https://​doi.​org/​10.​15252/​msb.​20178​157.

	102.	 Vuong HE, Pronovost GN, Williams DW, Coley EJL, Siegler EL, 
Qiu A, Kazantsev M, Wilson CJ, Rendon T, Hsiao EY. The maternal 
microbiome modulates fetal neurodevelopment in mice. Nature. 
2020;586(7828):281–6. https://​doi.​org/​10.​1038/​s41586-​020-​2745-3.

	103.	 Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for 
rapid assignment of rRNA sequences into the new bacterial taxonomy. 
Appl Environ Microbiol. 2007;73(16):5261–7. https://​doi.​org/​10.​1128/​
AEM.​00062-​07.

	104.	 Wang Q, Wang Y, Wang X, Dai C, Tang W, Li J, Huang P, Li Y, Ding X, 
Huang J, Hussain T, Yang H, Zhu M. Effects of dietary energy levels on 
rumen fermentation, microbiota, and gastrointestinal morphology in 
growing ewes. Food Sci Nutr. 2020;8(12):6621–32. https://​doi.​org/​10.​
1002/​fsn3.​1955.

	105.	 Webb EM, Holman DB, Schmidt KN, Pun B, Sedivec KK, Hurlbert JL, 
Bochantin KA, Ward AK, Dahlen CR, Amat S. Sequencing and culture-
based characterization of the vaginal and uterine microbiota in beef 
cattle that became pregnant or remained open following artificial 
insemination. Microbiol Spectr. 2023. https://​doi.​org/​10.​1128/​spect​rum.​
02732-​23.

	106.	 Weimer PJ. Redundancy, resilience, and host specificity of the ruminal 
microbiota: implications for engineering improved ruminal fermenta-
tions. Front Microbiol. 2015;6:296. https://​doi.​org/​10.​3389/​fmicb.​2015.​
00296.

	107.	 Winders TM, Holman DB, Schmidt KN, Luecke SM, Smith DJ, Neville 
BW, Dahlen CR, Swanson KC, Amat S. Feeding hempseed cake alters 
the bovine gut, respiratory and reproductive microbiota. Sci Rep. 
2023;13(1):8121. https://​doi.​org/​10.​1038/​s41598-​023-​35241-1.

	108.	 Wu G, Bazer FW, Cudd TA, Meininger CJ, Spencer TE. Maternal nutrition 
and fetal development. J Nutr. 2004;134(9):2169–72. https://​doi.​org/​10.​
1093/​jn/​134.9.​2169.

	109.	 Xue Y, Lin L, Hu F, Zhu W, Mao S. Disruption of ruminal homeostasis by 
malnutrition involved in systemic ruminal microbiota-host interactions 
in a pregnant sheep model. Microbiome. 2020;8(1):138. https://​doi.​org/​
10.​1186/​s40168-​020-​00916-8.

	110.	 Zhang YK, Zhang XX, Li FD, Li C, Li GZ, Zhang DY, Song QZ, Li XL, Zhao 
Y, Wang WM. Characterization of the rumen microbiota and its relation-
ship with residual feed intake in sheep. Animal. 2021;15(3):100161. 
https://​doi.​org/​10.​1016/j.​animal.​2020.​100161.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.ebiom.2023.104491
https://doi.org/10.1016/j.ebiom.2023.104491
https://doi.org/10.1093/jas/skad139
https://doi.org/10.1038/s41564-023-01350-w
https://doi.org/10.1016/j.tem.2020.01.013
https://doi.org/10.1016/j.tem.2020.01.013
https://doi.org/10.15252/msb.20178157
https://doi.org/10.1038/s41586-020-2745-3
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1002/fsn3.1955
https://doi.org/10.1002/fsn3.1955
https://doi.org/10.1128/spectrum.02732-23
https://doi.org/10.1128/spectrum.02732-23
https://doi.org/10.3389/fmicb.2015.00296
https://doi.org/10.3389/fmicb.2015.00296
https://doi.org/10.1038/s41598-023-35241-1
https://doi.org/10.1093/jn/134.9.2169
https://doi.org/10.1093/jn/134.9.2169
https://doi.org/10.1186/s40168-020-00916-8
https://doi.org/10.1186/s40168-020-00916-8
https://doi.org/10.1016/j.animal.2020.100161

	Effects of dietary restriction and one-carbon metabolite supplementation during the first 63 days of gestation on the maternal gut, vaginal, and blood microbiota in cattle
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Experimental design and animal husbandry
	Ruminal fluid, vaginal, and blood sampling
	DNA extraction from ruminal fluid, vaginal swabs, and blood
	16S rRNA gene sequencing and analysis
	Statistical analysis

	Results
	16S rRNA gene sequencing results summary
	Effects of dietary restriction and OCM supplementation on the ruminal microbiota
	Effects of dietary restriction and OCM supplementation on the vaginal microbiota
	Effects of dietary restriction and OCM supplementation on the blood microbiota
	Similarities and differences among the ruminal fluid, vaginal, and blood microbiota

	Discussion
	Conclusion
	Acknowledgements
	References


