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Abstract
Background: The dam is considered an important source of microbes for the calf; consequently, the
development of calf microbiota may vary with farming system due to differences between the contact the
calf has with the dam. The objective of this study was to characterise the early changes in the
composition of oral and faecal microbiota in beef and dairy calves (N = 10) using high-throughput
sequencing of the 16S rRNA gene. The microbiota of calves was compared to selected anatomical niches
on their dams which were likely to contribute to the vertical transfer of microbes.

Results: A total of 14,125 amplicon sequence variants (ASVs) were identi�ed and taxonomically
assigned. The oral microbiota of calves and their dams were composed of more similar microbes after
the �rst four weeks of life than immediately after calving. The faecal microbiota of four-week old calves
was composed of microbes which were more similar to those found in the oral microbiota of calves and
adult cows than the faecal microbiota of adult cows. Speci�c ASVs were identi�ed in the oral microbiota
of four-week old calves that were also present in cow niches at calving, whereas very few ASVs were
present in the calf faecal microbiota at four-weeks of age were present in any adult cow niche at calving.
These results were observed in both beef and dairy calves.

Conclusions: We did not observe any marked differences in the maturation of the oral and faecal
microbiota between beef or dairy calves, despite dairy calves having very limited contact with their dam.
This suggests the development of gastrointestinal microbiota in calves may not be affected by continued
vertical transmission of microbes from the dam. Although the calf faecal microbiota changed over the
�rst four-weeks of life, it was composed of microbes which were phylogenetically closer to those in the
oral microbiota of calves and adult cows than the faeces of adult cows. There was little evidence of
persistent microbial seeding of the calf faeces from anatomical niches on the cow at calving in either
beef or dairy animals.

Background
The gastrointestinal microbiota of the neonatal calf includes over 900 species of bacteria and varies both
within and between populations [1–3]; the gastrointestinal microbiota has been associated with
differences in growth rates, nutrient utilization and disease susceptibility [4–7]. Initial colonization of the
gastrointestinal tract occurs during parturition due to exposure to microbes present in the dam’s faeces
and vagina, followed by further opportunity for vertical transfer of maternal microbes when the dam licks
the calf and when the calf feeds from the dam [1, 8, 9]. It is possible that the colonization of the bovine
foetus occurs prior to parturition [8], but results are not de�nitive and the existence of an intra-uterine or
placental microbiome is controversial in humans [10–14]. Following initial colonization, the
gastrointestinal microbiota continues to develop, in�uenced primarily by environmental factors such as
diet and exposure to antimicrobials [5, 15, 16], until it reaches a relatively steady state in adult animals
[17, 18].
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The vertical transmission of maternal microbiota to the neonate has been documented in many species
in the animal kingdom [19]. The maternal in�uence on the early colonization of the infant gastrointestinal
tract has been extensively described in humans [20–27]. Bacteria present in the mother’s faeces are
considered the primary source of infant gastrointestinal microbiota [21, 25], but differences observed
between infants born vaginally and by caesarean-section also implicate the vaginal microbiota as a
potentially important source of microbes [28–30]. Vertical transfer between mother and infant has also
been demonstrated via the teat-skin and breastmilk [31, 32]. In dairy cattle, studies have highlighted
similarities between the neonatal gastrointestinal microbiota and the microbiota of the dam’s faeces,
vagina, teat-skin, saliva and colostrum [1, 8, 9, 33]. In this context, similarities between dam and calf
microbiota are interpreted as a likely indication of vertical microbial transfer. These studies report
differences between which anatomical niches may play signi�cant roles in the development of the
neonatal microbiome.

Beef calves born on cow-calf suckler systems are left with the dam until weaning, whereas it is common
practice for calves born on dairy farms to be removed from the dam following parturition and then
housed separately and fed arti�cial milk replacer. The immediate removal of the calf from the dam in
dairy production systems may therefore limit the vertical transfer of microbes. Differences have been
reported in the diversity of the rumen microbiome between goat kids reared separately from the dam
compared to kids kept with the dam [34]. This may be a consequence of feeding arti�cial milk replacer
compared to the dam’s milk, and this has also been shown to in�uence the neonatal gastrointestinal
microbiota in calves and humans [16, 35]. Therefore, management practices on beef and dairy farming
systems could promote different microbiota development between beef and dairy calves.

The objectives of this study were to characterise the early maturation of oral and faecal microbiota in
beef and dairy calves. Additionally, we compare the calf microbiota to select anatomical niches on their
dams which may contribute to the vertical transfer of microbes.

Results
Study population Samples were collected from �ve beef cows and �ve dairy cows over three time points,
and from their respective calves on two occasions. The mean parity of beef cows at enrolment was 2.8
(range: 1 - 5) and 2.0 in dairy cows (range: 1 - 3). On the beef farm the average time from the �rst
sampling point until calving was 30.4 days (range: 29 - 33 days) and on the dairy farm the average was
56.4 days (range: 53 - 60 days). The second sampling point was within twelve hours of calving in all
cases (mean: 7.25 hours). The average time between calving and the �nal sampling point was 26.6 days
on the beef farm (range: 24 – 28 days) and 24.8 days on the dairy farm (range: 21 – 30 days).
Sequencing results and quality control The number of reads per sample are summarised in
Supplementary Table 1. All DNA extraction negative controls were ampli�ed and sequenced. No reads
were observed in two of these negative control samples and the number of reads in other negative
controls were generally very low (<110 reads), except the calf oral negative control which had 508 reads.
All negative control samples had considerably fewer reads than the majority of samples, therefore the
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degree of contamination during DNA extraction was considered very low and these sequences were not
�ltered out prior to analysis. Negative controls inlcuded during the PCR steps indicated that no
contamination had occurred at this stage. The number of reads per sample was variable within and
between sample types. Only one sample (milk) failed to produce any reads, while the remaining samples
yielded a total of 7,177,398 reads following quality control. Excluding the negative controls and negative
milk sample, the median number of reads per sample was 32,444 (IQR: 17,812). A total of 14,125
amplicon sequence variants (ASVs) were identi�ed and taxonomically assigned. Across all samples, the
average number of reads not classi�ed was 8.3% at phylum level (SD: 2.34%), 9.9% at family level (SD:
23.8%); and 18.3% at genus level (SD: 22.3%). Taxonomic anlaysis was primarily conducted at family
level because it would minimise the information lost due to unclassi�ed samples at genera level,
although descriptions at this level may slightly in�ate similarities between samples. The number of
unique ASVs per sample ranged from 9 to 2,691 (median: 432, IQR: 446). Taxonomy The relative
abundance of the 25 most common families across all samples is displayed in Figure 1; summary
statistics of the relative abundance of each family in all samples are provided in Additional Data 1.
Changes in average relative abundances are just presented descriptively, changes over time and
comparisons between groups should be interpreted with caution due to the small number of individuals
in each group. We did not conduct statistical tests to assess changes in relative abundance due to the
low statistical power, inter-individual variability, and large number of relevant comparisons [36]. The most
abundant phyla in the oral and faecal microbiota of both cows and calves were Proteobacteria,
Firmicutes, Actinobacteria and Bacteroidetes; the changes in the relative abundance of these phyla
between calving and four-weeks are displayed in Supplementary Figure 1. Proteobacteria was the most
abundant phylum in the oral microbiota of calves. Within this phylum, Pasteurellaceae had the highest
mean relative abundance in both beef and dairy calves at calving. By four weeks there was a marked
decrease in its average relative abundance in dairy calves (26.3% to 5.7%) which was less substantial in
beef calves (25.5% to 11.3%). The overall, average relative abundance of Pasteurellaceae in the oral
microbiota of adult cows was 11.7%. The overall relative abundance of Moraxellaceae in the oral
microbiota of adult cows was 23.3% in beef cows and 6.9% in dairy cows. There was a marked increase
between calving and four weeks in beef calves (4.4% to 19.2%) whereas the average relative abundance
in dairy calves decreased from 11.9% to 4.2%. Another family in the Proteobacteria phylum, Neisseriaceae
(predominantly Alysiella genus), generally had a higher overall relative abundance in adult beef cows
(12.8%) than adult dairy cows (6.5%) and also showed a much greater increase over the �rst four weeks
of life in beef calves, 1.0% to 21.1%, than observed in dairy calves, 3.5% to 12.8%. In calf faeces, the
relative abundance of Proteobacteria decreased between calving and four-week of age. This change was
driven in part by changes in the relative abundance of Enterobacteriaceae, particularly Escherichia-
Shigella. This genus had a mean relative abundance of 18.1% in beef calves and 9.5% in dairy calves at
calving, but dropped by four weeks to 2.8% and 3.2% respectively; it was considerably lower in all adult
faecal samples (<0.05%). Firmicutes was the predominant phylum in the faecal microbiota of calves and
adult cows. In calves, the most abundant family within the Firmicutes phylum at calving was
Streptococcaceae (relative abundance: 18.9%) in beef calves and Staphylococcaceae (relative
abundance: 26.1%) in dairy calves. By four-weeks of age both of these families had markedly decreased:
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Streptococcaceae was 0.6% in beef calves and 2.2% in dairy calves; Staphylococcaceae was absent in
both beef and dairy calf faeces. Overall, the most abundant family in adult faecal samples was
Ruminococcaceae (34.5%); it was present in a lower relative abundance at calving in both beef and dairy
calves (8.0% and 2.2% respectively). After four weeks, Ruminococcaceae had increased in beef calves to
38.7%, a similar relative abundance to adult cows, but only to 14.7% in dairy calves. Another family in the
Firmicutes phylum, Lachnospiraceae, was present at an average relative abundance of 8.9% in the faeces
of adult cows and increased comparably in both beef and dairy calves from an initially low relative
abundance (<2%) to 17.8% and 19.8% in beef and dairy calves respectively. The colostrum samples and
particularly milk samples tended to have a low number of reads compared to other samples
(Supplementary Table 1). Furthermore, these samples had a higher proportion of unclassi�ed reads than
other sample types (Figure 1), therefore the relative abundance of families in these samples should be
interpreted with particular caution. The families that were present at a relative abundance >2% in more
than one milk or colostrum sample were Staphylococceae (mean: 5.4%), Ruminococcaceae (mean: 4.0%)
and Lachnospiraceae (mean: 1.7%). Moraxellaceae was found in a high relative abundance on the teat-
skin of beef cows (mean: 15.0%) but not dairy cows (mean: 1.9%). Ruminococcaceae were present in
high relative abundances on the teat-skin of all adult cows although higher in dairy cows than beef cows:
27.8% and 9.6% respectively. Ruminococceae was the family with the highest average relative abundance
in the vaginal samples of all cows, but it was higher in dairy cows (mean: 34.9%) than beef cows (mean:
20.0%). Streptococcaceae was present at the highest average relative abundance in the vaginal
microbiota of freshly calved beef and dairy cows, 17.3% and 12.6% respectively, compared to the pre- and
postpartum time points where the average relative abundance was 4.3%. The archaea family with the
highest relative abundance was Methanobacteriaceae which was found at the highest relative
abundances in the oral, vaginal and faecal microbiota of adult cows: 1.6%; 1.3%, and 1.4% respectively. It
increased in the oral microbiota of calves over the �rst four weeks of life in both beef (0.04% to 0.8%) and
dairy (0.5% to 1.2%) calves, and it increased in the faeces of dairy calves (0.2% to 1.6%) but not beef
calves (0.1% at both time points). Diversity analyses Rarefection curves demonstrated a pleateau in
Shannon diversity index at approximately 12,000 sequences per sample, therefore we excluded samples
below this threshold from subsequent alpha- and beta-diversity anlayses. Alpha-diversity was assessed
by calculating the Shannon diversity index for each sample (Supplementary Table 1). The rarefection
threshold excluded all but two milk and two colostrum samples resulting in small numbers in these
groups, therefore these sample types were excluded from further analysis. Due to the small number of
animals in each group, the average and distribution of alpha-diversity in each sample type are displayed
(Figure 2), but pairwise statistical comparisons were considered to be of limited value. The beta-diversity
between samples was assesed by calculating weighted and unweighted UniFrac distances, and Bray-
Curtis dissimilarities. Preliminary Principal Coordinates Analysis (PCoA) included the milk and colostrum
samples which exceeded the rarefaction threshold and indicated that there appeared to be a difference
between the microbiota of the teat skin and milk/colostrum (Supplementary Figure 2). Milk and
colostrum samples were then excluded, and the PCoA repeated which allowed better appreciation of
sample clustering. Unweighted UniFrac distances were chosen as the primary metric of beta-diversity
because they directly addressed the study objective to assess potential microbial sharing between cows
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and calves. Futhermore, this is an appropriate metric to compare samples from different microbial
environments. PCoA using unweighted UniFrac distances displayed clear clustering of samples, which
illustrated the qualitative phylogenetic similarities between different sample types (Figures 3 and 4).
PCoA using weighted UniFrac distances were skewed by a small number of samples. These outlying
samples were not �ltered out for this analysis because they included faecal samples from newborn
calves and therefore would have undermined the aims of this study. In newborn calves the faecal and
oral microbiota were loosely clustered but became more closely related at four weeks of age. At four-
weeks of age the faecal microbiota of beef calves, showed very little inter-sample variability and distinct
clusters of beef and dairy calves were apparent. The microbes in the faecal microbiota of calves
appeared to be phylogenetically different from those constituting the faecal microbiota of adult cows.
Vaginal microbiota of adult cows appeared to cluster, but more diffusely than the faecal microbiota
which clustered tightly. The teat samples from beef and dairy cows formed distinct clusters, and the teat
skin microbiota appeared to be similar to faecal microbiota from dairy cows, but this was less apparent
in beef cows. Permutational analysis of variance (PERMANOVA) of weighted and unweighted UniFrac
distance matrices between animal type and age, sampling timepoint and sample type indicated
signi�cant differences which are demonstrated by the clustering in PCoA plots (weighted UniFrac
distances: pseudo-F = 6.452, P value = 0.001; unweighted UniFrac distances: pseudo-F = 46.025, P value
= 0.001). Pairwise statistical comparisons in beta-diversity metrics were not conducted for reasons
outlined previously, namely: small sample size, inter-individual variability, and large number of relevant
comparisons. Set analysis Set analysis was performed to determine common ASVs in different sample
types limited to ASVs with a relative abundance above 0.01% across samples of that type. The shared
ASVs between sampling sites are displayed in Figures 5 and 6 and Supplementary Figure 3. The families
represented by the ASVs in these intersections are provided in Supplementary Tables 2 - 7. There were
ASVs identi�ed in the oral microbiota of beef and dairy calves at four-weeks old which were also present
in anatomical niches of the cow at calving, with the exception of dairy cow faeces. The oral microbiota of
calves at four-weeks of age had a large number of ASVs which were also present in the cow oral
microbiota at calving, but no other niches. In beef animals, the most prevalent families represented by
these common ASVs were Streptococcaceae and Pasteurellaceae; these families had a mean relative
abundance in the oral microbiota of four-week old calves of 15.3% and 11.2% respectively. In dairy
animals the most prevalent family represented by these common ASVs was Neisseriaceae, followed by
Streptococcaceae and Pasteurellaceae; these families had a mean relative abundance in the oral
microbiota of four-week old dairy calves of 12.8%, 7.3%, and 5.7% respectively. A smaller number of ASVs
were exclusively present in the oral microbiota of calves at four-weeks of age and the oral microbiota of
both cows and calves at calving. In beef animals, the most represented family in this intersection was
Moraxellaceae, which had a relative abundance of 19.2% in the oral microbiota of four-week old calves; in
dairy animals the most represented family was Streptococcaceae. At calving there were a large number
of ASVs that were common to the microbiota of calf faeces and the adult cow vagina, faeces, and teat-
skin. In both beef and dairy animals these ASVs were dominated by Ruminococcaceae and Rikenellaceae
families. These ASVs were not present in the faecal microbiota of four-week old calves, which had very
few, if any, ASVs which were also present in adult cow niches at calving.
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Discussion
The objectives of this study were to characterise the early maturation of oral and faecal microbiota in
beef and dairy calves, and to highlight if microbes may have been shared between anatomical niches on
the dam and their calves. By four-weeks of age, the oral microbiota of calves was composed of microbes
which were more similar to those found in the oral microbiota of adult cows, whereas the faecal
microbiota was composed of microbes which bore little resemblance to those in the faeces of adult
cows. This was similar in both beef and dairy calves despite dairy calves having no contact with their
dam after the �rst few hours of life. This suggests the development of the gastrointestinal microbiota in
calves may not be dependent on continued maternal contact.

Oral microbiota changes in calves and cows

The oral microbiota of newborn calves changed in the �rst four weeks of life to contain microbes which
were similar to those found in the oral microbiota of adult cows. This was also described by Alipour et al.
(2018) in calves which were separated from the dam 24 hours after parturition [8]. In our study, this trend
occurred in both beef and dairy calves and therefore did not appear to be affected by whether or not the
calf was separated from the dam. PCoA indicated there were separate beef and dairy clusters in oral
microbiota at four-weeks of age (Figure 4), but both appeared to contain microbes which were similar to
those in the adult cow oral microbiota. Additionally, set analysis indicated that in beef and dairy calves,
the oral microbiota at four-weeks of age had a large number of ASVs exclusively in common with the cow
oral microbiota at calving (Figure 5), which included families which had the greatest relative abundance
in the calf oral microbiota such as Neisseriaceae, Streptococcaceae and Pasteurellaceae. These
differences also support the assertion that the oral microbiota of calves progresses towards the adult
microbiota over the �rst four weeks of life, in a similar manner in both beef and dairy calves. The number
of ASVs that were present exclusively in both the four-week old calf oral microbiota and the oral
microbiota of the cow at calving was greater in beef animals than dairy animals. This may suggest that
more microbial transfer occurred between the cow and calf oral microbiota in beef animals than dairy
animals immediately postpartum, possibly re�ecting the reported differences in mothering behaviours
between beef and dairy breeds [37].

The similarity between cow and calf oral microbiota appeared to be loosely dependent on the sampling
time point, although there was a moderate degree of inter-animal variation in these samples. The oral
microbiota of the newborn calf contained microbes which were most similar to those in oral microbiota
of the cow at calving, whereas at four-weeks of age the calf oral microbiota constituted microbes were
more similar to those in the cow oral microbiota at four-weeks postpartum, and indeed 4-8 weeks
prepartum. There were a large number of ASVs in the oral microbiota of adult cows at calving which were
not present in the oral microbiota in pre- or postpartum samples (Supplementary Figure 3). This trend
could suggest that the newborn calf alters the oral microbiota of adult cows in the periparturient period,
although the oral or faecal microbiota of the calf do not appear to in�uence this, or the oral microbiota of
the cow changes for another reason.
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Oral microbiota of calves and teat-skin microbiota of cows

The changes in the relative abundances of Moraxellaceae in the calf oral microbiota over the �rst four
weeks of life were different in beef and dairy calves (4.4% to 19.2% in beef calves; 11.9% to 4.2% in dairy
calves). One explanation for the relative abundance of Moraxellaceae increasing in the oral microbiota of
beef calves, but decreasing signi�cantly in dairy calves, is the continued sharing of microbes between the
cow teat skin and calf oral cavity in beef cows through suckling. This is supported by the set analysis
which indicated that Moraxellaceae was the most prevalent family represented by the ASVs common to
both the cow teat skin and calf oral microbiota. The teat-skin of beef cows had a high relative abundance
of Moraxellaceae which was also high prepartum and therefore more likely to a be source of
Moraxellaceae in the oral microbiota of the calves, rather than a consequence. The relative abundance of
Moraxellaceae on the teat-skin of dairy cows was low, consistent with previous reports [38, 39].

Faecal microbiota changes in calves

The faecal microbiota of calves changed signi�cantly in the �rst four weeks of life, consistent with
previous studies [5, 6, 8, 9]. However, we observed limited phylogenetic similarity between microbes in the
faecal microbiota of calves and adult cows (Figures 3 and 4). Furthermore, the general changes in the
faecal microbiota of calves were similar in both beef and dairy animals, suggesting they may not be
in�uenced by continued cow-calf contact. 

There was a decrease in beta-diversity of faecal microbiota in beef and dairy calves by four-weeks of age,
as has been previously reported [5, 17, 33]. In general, microbes in faecal microbiota of all calves at four-
weeks of age were most similar to those in the oral microbiota of four-week old calves and adult cows.
This is consistent with a previous study [8], in which authors suggest the oral microbiota of the cow
seeds the faecal microbiota in calves. However, the set analysis indicated that few, if any, ASVs present in
the cow oral microbiota at calving persisted in the calf faeces four weeks later. Nevertheless, the
phylogenetic similarity between components of the calf faecal and adult oral microbiota appeared to be
comparable in both beef and dairy calves. This suggests that if seeding from cow to calf does occur, it
occurs in the �rst few hours after parturition before dairy calves are separated.

More dairy calves had a faecal microbiota that consisted of microbes similar to those in their oral
microbiota at four-weeks of age than beef calves, the same trend was also evident in the set analysis
(Figure 6). This could be a consequence of the more intensive housing conditions of dairy calves
compared to beef, the use of arti�cial feeding equipment, or due to behaviours such as navel sucking [40,
41].

Immediately after calving, there were a large number of ASVs that were common to the microbiota of calf
faeces and adult cow vagina, faeces, and teat-skin (Figure 5), but there was little, if any, indication of
these ASVs still being present in calf faeces at four-weeks of age. These results suggest that although
microbes may be transferred between multiple niches on the dam and the calf faeces at calving, they do
not persist, and it has been reported that the faecal microbiota of calves does not establish until after
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weaning [17]. Our results are in contrast to the results reported by Yeoman et al. (2018) who found
operational taxonomic units (OTUs) were common to multiple sites in the calf GIT and the dam vagina,
udder skin, and colostrum over the �rst three weeks of life, however, the degree of sharing appeared to
peak within the �rst week and then decline for faecal samples [1]. Lima et al. (2019) also found OTUs
were present in calf faeces at 3, 14 and 35 days old which were present in the faeces of the dam despite
prompt separation of the calf and dam [33]. It should be noted that caution is required when comparing
conclusions drawn from OTU analysis with ASV analysis, as OTU methods are less exact and more prone
to errors than ASV methods [42, 43].

Overall, the most abundant family in adult faecal samples was Ruminococcaceae, as reported by others
[9, 44], but it was present in a low relative abundance in newborn calves. After four weeks,
Ruminococcaceae had increased in beef calves to a similar relative abundance to adult cows but only to
approximately half the adult level in dairy calves. At four weeks the Ruminococcaceae genus with the
greatest relative abundance in calves was Faecalibacterium. The relative abundance of Faecalibacterium
was low (<0.01%) at calving in both beef and dairy calves but by four weeks, it was 11.9% in beef calves
but only 6.3% in dairy calves. A high prevalence of Faecalibacterium in the �rst week of life has
previously been associated with higher weight gains and a reduced risk of diarrhoea in dairy calves [6].

Vaginal microbiota

Set analysis indicated that only ASVs which were common to both the vaginal microbiota and the faecal
microbiota of the adult cow were also present in the oral or faecal microbiota of calves. It is therefore
di�cult to unravel which of these anatomical niches is most responsible for the potential transfer of
maternal microbes to the calf. Yeoman et al. (2018) observed common OTUs in both the vaginal
microbiota of the dam and the gastrointestinal tract of the calf [1], although the faecal microbiota of the
adult cow was not sampled. Within adult cows, the two anatomical niches which shared the greatest
number of different ASVs were the vaginal and faecal microbiota. It is possible that this is the result of
contamination during sampling but may also re�ect genuinely similar microbial environments in cattle
and other studies have also reported the microbiota of the faeces and vaginal mucosa to be
compositionally similar [8, 33].

Colostrum microbiota

There were a large number of ASVs common to the calf oral and faecal microbiota at calving that were
present in dam samples including colostrum. In beef animals, these included 20 ASVs which were
exclusively present in cow colostrum and the calf oral and faecal microbiota. By four-weeks, however,
there were no ASVs present in calf faecal and oral microbiota that were present in the colostrum unless
they were also present in other adult cow niches at calving (Figure 5). In dairy animals, the only ASVs that
were common to the faecal and oral microbiota of newborn dairy calves and dairy cow colostrum were
also present in the teat skin and oral microbiota of dairy cows and by four weeks of age very few, if any,
of these ASVs were still present. There is, therefore, nothing in these results to suggest the calf
gastrointestinal tract is seeded exclusively from colostrum. This is consistent with the �ndings reported
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by Klein-Jöbstl et al. (2019) [9] but in contrast to a previous study which suggested microbes in colostrum
contribute to the gastrointestinal microbiota for the �rst weeks of life [1]. It is possible that microbes
which do not persist in the gastrointestinal microbiota are still relevant to the development of the immune
system; the gastrointestinal microbiota has been shown to be highly correlated with mucosal gene
expression in calves, speci�cally genes that are related to immune function [45]. Therefore, transient
changes in the gastrointestinal microbiota may have longer-lasting effects.

Study limitations

A limitation of this study was the small number of animals included, unfortunately this is a common
problem in many microbiome studies in cattle [1, 8, 9, 46–48]. The limited power reduces the scope of our
study to perform robust statistical analysis which could provide more conclusive results. Additionally, the
study design limited the interpretation of results speci�c to the in�uence of the dam on the microbiota of
calves. The study was designed to describe the changes in cows and calves in the periparturient period
on different farming systems. The beef and dairy farms used in this study employed different, but typical,
approaches to calf management and therefore the opportunity existed to explore the in�uence of the
dam, but important factors such environment, breed and diet were not able to be controlled.

Faecal swabs, and to a lesser extent oral swabs, are frequently used as the basis of exploring the
microbiome of the calf gastrointestinal tract. Studies which used more invasive techniques indicate
similarities between faecal samples and other gastrointestinal niches such as the colon and caecum, but
little similarity to proximal intestines [1, 5, 46]. Equally, a high degree of correlation between the oral and
rumen microbiota was described by Tapio et al. (2016) [47]; although oral samples in that study were
collected immediately following regurgitation which was not the case in our study. Using oral and faecal
samples to assess gastrointestinal microbiota is a compromise between invasive sampling, which
provide the most precise results, and non-invasive sampling which allows animals to be sampled
repeatedly over time in farm production settings [5]. Changes in relative abundances should be
interpreted cautiously and not con�ated with absolute abundances; furthermore, comparing sample
composition based on family can create erroneous impressions of similarities compared to comparisons
made with lower taxonomic levels. Finally, if ASVs were identi�ed in different microbial niches in cows
and calves it was inferred that this represented common, and possibly shared, microbes. However, this
assertion is based on 16S rRNA sequencing which is less accurate than strain-level metagenomic
techniques which have been used to more robustly demonstrate the vertical transmission of speci�c
bacterial strains in humans [21].

Conclusions
There were no marked differences between the development of the oral and faecal microbiota in beef or
dairy calves during the �rst four weeks of life. This suggests that continued contact with the dam has
little in�uence on the early maturation of oral and faecal microbiota.
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The oral microbiota of calves matured more quickly than the faecal microbiota and by four-weeks of age
contained similar microbes to those in the oral microbiota of adult cows. The microbiota of calf faeces
changed over the �rst four-weeks of life, but microbial constituents bore little resemblance to those in the
faeces of adult cows. Any maternal in�uence on these changes must have occurred immediately post-
partum as there were few differences between the trends observed in beef and dairy calves, despite dairy
calves having limited contact with their dam.

ASVs were present in the microbiota of both the calf and dam at calving, but after four weeks more were
still present in the oral microbiota of calves than their faecal microbiota. This trend was observed in both
beef and dairy calves and may suggest that immediately after calving the dam shares more microbes
with the calf oral microbiota than the faecal microbiota. Microbes identi�ed in cow colostrum were also
present in calf faeces at calving, but none were still present in calf faeces by four-weeks of age
suggesting colostrum did not have a persistent seeding effect on the faecal microbiota of neonatal
calves.

Methods
Farm description

Sample collection took place between February and May 2018 on the two University of Liverpool farms
located in Cheshire in the United Kingdom. The dairy farm is an all year-round calving herd which milks
200 Holstein cows, three times daily, through a 12-a-side herringbone parlour. All cows and heifers are
bred following arti�cial insemination, the majority following observed oestrus. Cows are bred with
Holstein semen initially followed by beef semen if inseminations are unsuccessful. Milking cows are
housed in one freestall barn on concrete cubicles with mattresses and sawdust. Cows in the �rst two
weeks of lactation are loose housed on a straw yard and milked twice daily. Dry cows are kept in far-off
and close-up groups, both on straw yards, with cows moving into the close-up group approximately 30
days prior to expected calving; pregnant heifers join the close-up dry cow group at the equivalent
timepoint. All cows are dried off 60 days prior to expected calving with internal test sealant (Orbeseal Dry
Cow Intramammary Suspension, Zoetis) and, depending on their clinical mastitis and somatic cell count
history, antibiotic dry cow therapy (Ubro Red Dry Cow Intramammary Suspension, Boehringer Ingelheim).

Cows are moved into an adjacent group calving pen during the �rst stage of parturition which is re-
bedded with straw between animals. Calves are fed 3L fresh colostrum from the dam via an oesophageal
feeding tube within three hours of birth and the calf’s navel is dipped into iodine solution. Calves are
removed from the dam within six hours of birth and housed in individual calf hutches for ten days
followed by housing in groups of six calves until weaning at ten weeks old. Calves are fed arti�cial milk
replacer twice daily corresponding to 10% of bodyweight, with hay, starter feed and fresh water freely
available.
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The beef farm is a herd of 16 Hereford cows with a nine-week calving period which begins on 1st April.
Cows are initially bred with �xed-timed arti�cial insemination and then run with a Hereford bull. Cows are
loose housed on straw yards over winter and fed grass silage; they are grazed over summer. Cows calve
outside across multiple paddocks with three or fewer cow-calf pairs per paddock; cow-calf pairs are
mixed once all calves are over four weeks old. Neonatal calves are monitored to ensure they have been
seen suckling the dam and the calf’s navel is dipped into iodine solution within six hours of birth.

Enrolment

All primiparous and multiparous cows were enrolled if they had an expected calving date in April 2018,
unless the cow was lame in which case they were excluded. Cow-calf pairs were subsequently excluded
from the study if parturition had required intervention from farm staff, more than a single calf had been
born, cow compliance affected sample collection at any stage, the time between calving the �rst
sampling timepoint exceeded 12 hours, or if the cow or calf had required antibiotic treatment during the
study period, with the exception of antibiotic dry cow therapy. Additionally, only dairy cows which had a
Holstein calf were included. The number of samples which could be processed was limited to �ve cow-
calf pairs from each farm, so sample collection ceased once this number had been reached.

Sample Collection

Five anatomical niches were sampled in each adult cow: teat-skin, milk, vaginal mucosa, faeces, and oral
mucosa; in calves only oral mucosa and faeces were sampled. Adult dairy cows were sampled at drying
off, approximately eight weeks prior to calving, and adult beef cows were sampled four weeks prior to
calving. Adult cows were sampled again within 12 hours of calving along with faecal and oral swabs
from their calves; samples were collected from cows and calves for a �nal time 3-4 weeks later.

Teat-skin around the teat ori�ce was sampled in all cows: dry paper towel was used to remove gross
contamination and a single swab was rubbed �rmly around teat ori�ce of all four teats sequentially. The
vagina was sampled in all cows: dry paper towel was used to remove gross contamination from the vulva
which was then parted to allow the swab to be inserted to the midpoint of the vagina, rubbed against the
vaginal mucosa for several seconds and removed without contact with the vulva. Milk or colostrum
samples were collected from all cows at each time point with the exceptions of beef cows prior to calving
because they were not lactating. Prior to milk or colostrum collection, each teat was cleaned with dry
paper towel to remove gross contamination, 3-4 streams of milk was expressed and discarded, and pre-
milking teat disinfectant was applied to each teat. After 30 seconds each teat was dried with paper towel
and the teat end scrubbed with gauze soaked in surgical spirit. Gloves were changed at this stage and an
additional three streams of milk discarded; milk was then expressed into a sterile Falcon tube. Samples
from each quarter were collected and stored separately. The oral cavity was sampled in cows and calves:
the mouth was opened, and the swab rubbed against the dorsal tongue for several seconds until it was
soaked with saliva. Finally, faecal swabs were collected from all cows and calves by inserting the swab
into the rectum until it was soaked in faeces. The order of sample collection was always maintained,
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starting with the cow: teat-skin, milk or colostrum, vaginal mucosa, faeces, and �nally the oral mucosa.
Samples were then collected from the calf, �rst the oral swab followed by the faecal. All samples were
taken by the same veterinary surgeon. Clean gloves were worn for each sample collected; the end of each
sterile cotton swab was snapped into a pre-labelled, sterile Eppendorf tube. All samples were placed into
ice and then transferred to -80°C storage within two hours.

DNA extraction

Following storage at -80°C for a maximum of two months, samples were thawed at room temperature
immediately prior to extraction. DNA extraction was conducted in batches by sample type and a negative
control was included in each DNA extraction batch, therefore a total of eight DNA extraction controls were
included. All extractions were completed using the Thermo Fisher PureLink™ Microbiome DNA
Puri�cation Kit (ThermoFisher Scienti�c) which utilizes chemical, heat and bead-beating cell lysis prior to
puri�cation. The swab was used directly as the source for DNA extractions from samples of the teat-skin,
vagina mucosa, oral mucosa and faeces (i.e. the end of the swab was placed directly into the �rst
reagent). The milk and colostrum samples were �rst pooled to create a composite sample, with equal
volumes from all four quarters, and a 500µL aliquot of this was used for the DNA extraction. The quantity
of DNA in each sample was measured following extraction using a Qubit 2.0 �uorometer (Invitrogen).

Amplicon production and bioinformatic analysis

Full details of the following steps are provided the Supplementary methods but are summarised below.
Previously described primers [49] were used to amplify the hypervariable V4 region of bacterial 16S rRNA.
A total of 35 cycles were used for each sample which included incorporation of barcodes as described in
the Illumina Nextera protocol. The amplicon libraries were sequenced on an Illumina MiSeq platform to
generate 2 x 250 bp paired end reads. The raw sequence pairs for each sample were processed for
analysis using a custom pipeline based on QIIME2 2018.11. Samples were assessed for quality control
which involved exclusion of short and chimeric sequences, and denoising. Amplicon sequence variants
(ASVs) were identi�ed, the phylogenetic relationship among the identi�ed ASVs was de�ned and ASVs
were taxonomically assigned. Descriptive analyses of sequencing results and taxonomic classi�cation
are presented using means/standard deviations and median/interquartile ranges calculated in Microsoft
Excel.

Samples were normalised at a rarefaction threshold of 12,000 sequences. Alpha-diversity was assessed
primarily by calculating the Shannon richness index [50]. Beta-diversity was initially explored by
calculating the Bray-Curtis dissimilarity, and Weighted and Unweighted UniFrac distances which were
calculated in QIIME [51, 52]. The principal coordinates analysis (PCoA) were plotted using EMPeror [53].
The compositional differences between non-rare�ed samples were assessed by permutational analysis
of variance (PERMANOVA) using R (R Core Team, Vienna, Austria).

Gneiss analysis was used to visualise ASV abundance between sample groups [54]. ASVs present in an
un�ltered ASV table of all samples was used to de�ne ASVs which were “present” in each sample group if
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its relative abundance across all samples of that group was greater than 0.01%. Intersections between
sets of ASVs were visualised using UpSet plots [55] and plotted using Intervene [56]. The taxonomy of the
ASVs present in these intersections were examined and considered in the context of their relative
abundance in each sample type.

Declarations
Ethics approval and consent to participate

The study was conducted following ethical approval from the University of Liverpool Veterinary Research
Ethics Committee (VREC587).

Consent for publication

Consent was obtained from participating farms prior to the start of the study.

Availability of data and material

The datasets generated and analysed during the current study are available at
https://www.ncbi.nlm.nih.gov/bioproject/625876 (Accession Number: PRJNA625876).

Competing interests

The authors declare that they have no competing interests.

Funding

The project was funded by the Institute of Veterinary Science, University of Liverpool. Work conducted at
the Centre for Genomic Research was part-funded by the Technology Directorate Strategy Group,
University of Liverpool. 

Authors' contributions

MB co-designed the study, collected the samples, performed laboratory work, performed data analysis,
and wrote the �rst draft of the manuscript. PR, EG and LL performed bioinformatics and data analysis.
RE performed laboratory work. JN co-supervised the study, performed data analysis, and critically
evaluated the manuscript. JO obtained the funding, co-designed and co-supervised the study, and
critically evaluated the manuscript. GO (corresponding author) co-designed the study, co-supervised the
study, assisted data analysis and critically evaluated the manuscript. All authors read and approved the
�nal version of the manuscript.

Acknowledgements

The authors would like to thank Marios Moschovas for his assistance with sample collection, and Veysel
Bey for his guidance and assistance with laboratory work.

https://www.ncbi.nlm.nih.gov/bioproject/625876


Page 15/25

Abbreviations
ASV, amplicon sequence variant; DNA, deoxyribonucleic acid; IQR, inter-quartile range; OTU, operational
taxonomic unit; PCoA, principal coordinates analysis; PCR, Polymerase chain reaction; PERMANOVA,
permutational analysis of variance; rRNA, ribosomal ribonucleic acid; SD, standard deviation

References
1. Yeoman CJ, Ishaq SL, Bichi E, Olivo SK, Lowe J, Aldridge BM. Biogeographical Differences in the

In�uence of Maternal Microbial Sources on the Early Successional Development of the Bovine
Neonatal Gastrointestinal tract. Sci Rep. 2018;8:3197. doi:10.1038/s41598-018-21440-8.

2. Kim M, Park T, Yu Z. Metagenomic investigation of gastrointestinal microbiome in cattle. Asian-
Australasian Journal of Animal Sciences. 2017;30:1515–28.

3. Klein-Jöbstl D, Schornsteiner E, Mann E, Wagner M, Drillich M, Schmitz-Esser S. Pyrosequencing
reveals diverse fecal microbiota in Simmental calves during early development. Front Microbiol.
2014;5:622.

4. Myer PR. Bovine Genome-Microbiome Interactions: Metagenomic Frontier for the Selection of
E�cient Productivity in Cattle Systems. mSystems. 2019;4:e00103-19.

5. Dias J, Marcondes MI, Souza SM de, da Mata e Silva BC, Noronha MF, Resende RT, et al. Bacterial
community dynamics across the gastrointestinal tracts of dairy calves during preweaning
development. Appl Environ Microbiol. 2018;84:2675–92.

�. Oikonomou G, Teixeira AGV, Foditsch C, Bicalho ML, Machado VS, Bicalho RC. Fecal microbial
diversity in pre-weaned dairy calves as described by pyrosequencing of metagenomic 16S rDNA.
Associations of Faecalibacterium species with health and growth. PLoS One. 2013;8:e63157.
doi:10.1371/journal.pone.0063157.

7. Gomez DE, Arroyo LG, Costa MC, Viel L, Weese JS. Characterization of the Fecal Bacterial Microbiota
of Healthy and Diarrheic Dairy Calves. J Vet Intern Med. 2017;31:928–39.

�. Alipour MJ, Jalanka J, Pessa-Morikawa T, Kokkonen T, Satokari R, Hynönen U, et al. The composition
of the perinatal intestinal microbiota in cattle. Sci Rep. 2018;8:10437.

9. Klein-Jöbstl D, Quijada NM, Dzieciol M, Feldbacher B, Wagner M, Drillich M, et al. Microbiota of
newborn calves and their mothers reveals possible transfer routes for newborn calves’
gastrointestinal microbiota. PLoS One. 2019;14.

10. de Goffau MC, Lager S, Sovio U, Gaccioli F, Cook E, Peacock SJ, et al. Human placenta has no
microbiome but can contain potential pathogens. Nature. 2019.

11. Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, et al. Stunted microbiota and
opportunistic pathogen colonization in caesarean-section birth. Nature. 2019;574:117–21.

12. Kuperman A, Zimmerman A, Hamadia S, Ziv O, Gurevich V, Fichtman B, et al. Deep microbial analysis
of multiple placentas shows no evidence for a placental microbiome. BJOG An Int J Obstet
Gynaecol. 2020;127:159–69.



Page 16/25

13. Stinson LF, Boyce MC, Payne MS, Keelan JA. The not-so-sterile womb: Evidence that the human fetus
is exposed to bacteria prior to birth. Front Microbiol. 2019;10 JUN:1124.

14. Jiménez E, Marín ML, Martín R, Odriozola JM, Olivares M, Xaus J, et al. Is meconium from healthy
newborns actually sterile? Res Microbiol. 2008;159:187–93.

15. Oultram J, Phipps E, Teixeira AG V., Foditsch C, Bicalho ML, Machado VS, et al. Effects of antibiotics
(oxytetracycline, �orfenicol or tulathromycin) on neonatal calves’ faecal microbial diversity. Vet Rec.
2015;177:vetrec-2015-103320. doi:10.1136/vr.103320.

1�. Dill-Mcfarland KA, Weimer PJ, Breaker JD, Suen G. Diet In�uences Early Microbiota Development in
Dairy Calves without Long-Term Impacts on Milk Production. 2019.

17. Dill-Mcfarland KA, Breaker JD, Suen G. Microbial succession in the gastrointestinal tract of dairy
cows from 2 weeks to �rst lactation. Sci Rep. 2017;7:40864.

1�. Rey M, Enjalbert F, Combes S, Cauquil L, Bouchez O, Monteils V. Establishment of ruminal bacterial
community in dairy calves from birth to weaning is sequential. J Appl Microbiol. 2014;116:245–57.

19. Funkhouser LJ, Bordenstein SR. Mom Knows Best: The Universality of Maternal Microbial
Transmission. PLoS Biol. 2013;11.

20. Asnicar F, Manara S, Zolfo M, Truong DT, Scholz M, Armanini F, et al. Studying Vertical Microbiome
Transmission from Mothers to Infants by Strain-Level Metagenomic Pro�ling. mSystems.
2017;2:e00164-16.

21. Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al. Mother-to-Infant Microbial Transmission
from Different Body Sites Shapes the Developing Infant Gut Microbiome. Cell Host Microbe.
2018;24:133-145.e5.

22. Jost T, Lacroix C, Braegger CP, Rochat F, Chassard C. Vertical mother-neonate transfer of maternal
gut bacteria via breastfeeding. Environ Microbiol. 2014;16:2891–904.

23. van Best N, Hornef MW, Savelkoul PHM, Penders J. On the origin of species: Factors shaping the
establishment of infant’s gut microbiota. Birth Defects Res Part C - Embryo Today Rev.
2015;105:240–51.

24. Fernández L, Langa S, Martín V, Maldonado A, Jiménez E, Martín R, et al. The human milk
microbiota: Origin and potential roles in health and disease. Pharmacol Res. 2013;69:1–10.

25. Korpela K, Costea P, Coelho LP, Kandels-Lewis S, Willemsen G, Boomsma DI, et al. Selective maternal
seeding and environment shape the human gut microbiome. Genome Res. 2018;28:561–8.

2�. Murphy K, Curley D, O’Callaghan TF, O’Shea C-A, Dempsey EM, O’Toole PW, et al. The Composition of
Human Milk and Infant Faecal Microbiota Over the First Three Months of Life: A Pilot Study. Sci Rep.
2017;7 July 2016:40597. doi:10.1038/srep40597.

27. McDonald B, McCoy KD. Maternal microbiota in pregnancy and early life. Science. 2019;365:984–5.

2�. Stinson LF, Payne MS, Keelan JA. A Critical Review of the Bacterial Baptism Hypothesis and the
Impact of Cesarean Delivery on the Infant Microbiome. Front Med. 2018;5 MAY:135.



Page 17/25

29. Biasucci G, Benenati B, Morelli L, Bessi E, Boehm G. Cesarean Delivery May Affect the Early
Biodiversity of Intestinal Bacteria. J Nutr. 2008;138:1796S-1800S.

30. Dominguez-Bello MG, De Jesus-Laboy KM, Shen N, Cox LM, Amir A, Gonzalez A, et al. Partial
restoration of the microbiota of cesarean-born infants via vaginal microbial transfer. Nat Med.
2016;22:250–3.

31. Dong TS, Gupta A. In�uence of Early Life, Diet, and the Environment on the Microbiome. Clinical
Gastroenterology and Hepatology. 2019;17:231–42.

32. Pannaraj PS, Li F, Cerini C, Bender JM, Yang S, Rollie A, et al. Association between breast milk
bacterial communities and establishment and development of the infant gut microbiome. JAMA
Pediatr. 2017;171:647–54.

33. Lima SF, de Souza Bicalho ML, Bicalho RC. The Bos taurus maternal microbiome: Role in
determining the progeny early-life upper respiratory tract microbiome and health. PLoS One. 2019;14.

34. Abecia L, Jiménez E, Martínez-Fernandez G, Martín-García AI, Ramos-Morales E, Pinloche E, et al.
Natural and arti�cial feeding management before weaning promote different rumen microbial
colonization but not differences in gene expression levels at the rumen epithelium of newborn goats.
PLoS One. 2017;12:e0182235.

35. Gregory KE, Samuel BS, Houghteling P, Shan G, Ausubel FM, Sadreyev RI, et al. In�uence of maternal
breast milk ingestion on acquisition of the intestinal microbiome in preterm infants. Microbiome.
2016;4:68.

3�. Voelkl B, Altman NS, Forsman A, Forstmeier W, Gurevitch J, Jaric I, et al. Reproducibility of animal
research in light of biological variation. Nature Reviews Neuroscience. 2020.

37. Le Neindre P. In�uence of Cattle Rearing Conditions and Breed on Social Relationships of Mother and
Young. 1989.

3�. Braem G, De Vliegher S, Verbist B, Piessens V, Van Coillie E, De Vuyst L, et al. Unraveling the
microbiota of teat apices of clinically healthy lactating dairy cows, with special emphasis on
coagulase-negative staphylococci. J Dairy Sci. 2013;96:1499–510. doi:10.3168/jds.2012-5493.

39. Falentin H, Rault L, Nicolas A, Bouchard DS, Lassalas J, Lamberton P, et al. Bovine Teat Microbiome
Analysis Revealed Reduced Alpha Diversity and Signi�cant Changes in Taxonomic Pro�les in
Quarters with a History of Mastitis. Front Microbiol. 2016;7:480. doi:10.3389/fmicb.2016.00480.

40. Costa JHC, von Keyserlingk MAG, Weary DM. Invited review: Effects of group housing of dairy calves
on behavior, cognition, performance, and health. J Dairy Sci. 2016;99:2453–67.

41. McGuirk SM. Disease Management of Dairy Calves and Heifers. Vet Clin North Am - Food Anim
Pract. 2008;24:139–53.

42. Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should replace operational
taxonomic units in marker-gene data analysis. ISME J. 2017;11:2639–43.

43. Caruso V, Song X, Asquith M, Karstens L. Performance of Microbiome Sequence Inference Methods
in Environments with Varying Biomass. mSystems. 2019;4.



Page 18/25

44. Hagey J V., Bhatnagar S, Heguy JM, Karle BM, Price PL, Meyer D, et al. Fecal Microbial Communities
in a Large Representative Cohort of California Dairy Cows. Front Microbiol. 2019;10 MAY:1093.

45. Liang G, Malmuthuge N, McFadden TB, Bao H, Griebel PJ, Stothard P, et al. Potential regulatory role
of microRNAs in the development of bovine gastrointestinal tract during early life. PLoS One. 2014;9.

4�. Mao S, Zhang M, Liu J, Zhu W. Characterising the bacterial microbiota across the gastrointestinal
tracts of dairy cattle: Membership and potential function. Sci Rep. 2015;5.

47. Tapio I, Shing�eld KJ, McKain N, Bonin A, Fischer D, Bayat AR, et al. Oral Samples as Non-Invasive
Proxies for Assessing the Composition of the Rumen Microbial Community. PLoS One.
2016;11:e0151220.

4�. Malmuthuge N, Griebel PJ, Guan LL. Taxonomic identi�cation of commensal bacteria associated
with the mucosa and digesta throughout the gastrointestinal tracts of preweaned calves. Appl
Environ Microbiol. 2014;80:2021–8.

49. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, et al. Global
patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc Natl Acad Sci.
2011;108 Supplement_1:4516–22.

50. Shannon CE. A Mathematical Theory of Communication. Bell Syst Tech J. 1948;27:379–423.

51. Bray JR, Curtis JT. An Ordination of the Upland Forest Communities of Southern Wisconsin. Ecol
Monogr. 1957;27:325–49.

52. Lozupone C, Knight R. UniFrac: A new phylogenetic method for comparing microbial communities.
Appl Environ Microbiol. 2005;71:8228–35.

53. Vázquez-Baeza Y, Pirrung M, Gonzalez A, Knight R. EMPeror: A tool for visualizing high-throughput
microbial community data. Gigascience. 2013;2.

54. Morton JT, Sanders J, Quinn RA, McDonald D, Gonzalez A, Vázquez-Baeza Y, et al. Balance Trees
Reveal Microbial Niche Differentiation. mSystems. 2017;2.

55. Lex A, Gehlenborg N, Strobelt H, Vuillemot R, P�ster H. UpSet: Visualization of intersecting sets. IEEE
Trans Vis Comput Graph. 2014;20:1983–92.

5�. Khan A, Mathelier A. Intervene: A tool for intersection and visualization of multiple gene or genomic
region sets. BMC Bioinformatics. 2017;18:287.

57. Marcel Martin. Cutadapt removes adapter sequences from high-throughput sequencing reads.
2011;EMBnet.17:5–7.

5�. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, interactive,
scalable and extensible microbiome data science using QIIME 2. Nature Biotechnology.
2019;37:852–7.

59. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol Biol Evol. 2013;30:772–80.

�0. Price MN, Dehal PS, Arkin AP. FastTree 2 - Approximately maximum-likelihood trees for large
alignments. PLoS One. 2010;5:e9490.



Page 19/25

�1. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-learn: Machine
learning in Python. J Mach Learn Res. 2011;12:2825–30.

Figures

Figure 1
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The relative abundance of taxonomic family in each group of samples. The mean relative abundance of
the most frequently classi�ed families across all samples. Less frequently identi�ed families are grouped
as “Other”. Unidenti�ed families are grouped as “Unclassi�ed”. The number of individual animals in each
group: each sample N = 5 unless no reads were produced, therefore “DNA extraction negative controls” N
= 6 and “4 weeks, dairy, cow, milk” N = 4.

Figure 2
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Shannon diversity index for each sample in beef (a) and dairy (b) animals. Beef and dairy animals are
plotted separately, faecal and oral samples from calves are compared between “Calving” (within 12 hours
of parturition) and “4 weeks” (four-weeks of age). Samples from adult cows are displayed as an average
across all three timepoints (six to eight weeks prepartum, within 12 hours of parturition, and four-weeks
postpartum). The number of individual animals in each group: calf samples N = 5 and adult cow samples
N = 15.

Figure 3
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Principal Coordinate Analysis (PCoA) of unweighted UniFrac distances at Calving. Beef animals are
represented by circles and dairy animals by triangles. The “Calving” timepoint is up to 12 hours after
parturition. The two plots display the same data but with different y-axes to display the three-dimensional
relationship between datapoints.

Figure 4
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Principal Coordinate Analysis (PCoA) of unweighted UniFrac distances at the four-weeks. Beef animals
are represented by circles and dairy animals by triangles. The four-week timepoint is four weeks after
parturition. The two plots display the same data but with different y-axes to display the three-dimensional
relationship between datapoints.

Figure 5
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UpSet plots of common assigned sequence variants (ASVs) between samples. Beef (a) and dairy (b)
animals are displayed separately. All cow samples collected at “Calving” (within 12 hours of parturition)
and the oral and faecal samples from calves collected at“Calving” and “4wk” (four-weeks of age) are
displayed. Only ASVs with an overall abundance across all samples of greater than 0.01% are included,
the 30 intersections which involve the greatest number of ASVs are displayed.

Figure 6
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UpSet plots of common assigned sequence variants (ASVs) between samples at 4 weeks postpartum.
Beef (a) and dairy (b) animals are displayed separately. All samples collected at “4wk” (four-weeks
postpartum) are displayed. Only ASVs with an overall abundance across all samples of greater than
0.01% are included, the 30 intersections which involve the greatest number of ASVs are displayed.
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