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Abstract

Background: The nutrition of calves from birth until weaning is predominantly from liquid (milk or milk-based)
feeds. Liquid feed allowances are often restricted during artificial rearing to accelerate the development of the
rumen by promoting solid feed intake. Liquid feeds bypass the rumen and are digested in the lower digestive tract,
however, the influence of different types of milk feeds, and their allowances, on the calf hindgut microbiota is not
well understood. In this study, faecal samples from 199 calves raised on three different allowances of milk replacer:
10% of initial bodyweight (LA), 20% of initial bodyweight (HA), and ad libitum (ADLIB), were collected just prior to
weaning. Bacterial community structures and fermentation products were analysed, and their relationships with calf
growth and health parameters were examined to identify potential interactions between diet, gut microbiota and
calf performance.

Results: Differences in the total concentrations of short-chain fatty acids were not observed, but higher milk
replacer allowances increased the concentrations of branched short-chain fatty acids and decreased acetate to
propionate ratios. The bacterial communities were dominated by Ruminococcaceae, Lachnospiraceae and
Bacteroides, and the bacterial diversity of the ADLIB diet group was greater than that of the other diet groups.
Faecalibacterium was over three times more abundant in the ADLIB compared to the LA group, and its abundance
correlated strongly with girth and body weight gains. Milk replacer intake correlated strongly with Peptococcus and
Blautia, which also correlated with body weight gain. Bifidobacterium averaged less than 1% abundance, however
its levels, and those of Clostridium sensu stricto 1, correlated strongly with initial serum protein levels, which are an
indicator of colostrum intake and passive transfer of immunoglobulins in early life.

Conclusions: Higher milk replacer intakes in calves increased hindgut bacterial diversity and resulted in bacterial
communities and short chain fatty acid profiles associated with greater protein fermentation. Increased abundances
of beneficial bacteria such as Faecalibacterium, were also observed, which may contribute to development and
growth. Moreover, correlations between microbial taxa and initial serum protein levels suggest that colostrum
intake in the first days of life may influence microbiota composition at pre-weaning.
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Background
Mature ruminants derive the majority of their energy
requirements from the end products of rumen fer-
mentation, short-chain fatty acids (SCFA), produced
during the digestion of feed. However, ruminants are
born with under-developed rumens and from birth
until weaning, are highly reliant on milk-based feeds
which bypass the rumen [1] and are largely digested
in the lower gut. Gastrointestinal disorders of the
lower gut are common in young ruminants and a
leading cause of morbidity and mortality of dairy
calves [2]. Thus, the microbial communities of the
lower gut are particularly important for pre-weaned
ruminants as they contribute to nutrition, gut devel-
opment and homeostasis. Moreover, it is increasingly
recognised that the influence of the intestinal micro-
biota extends beyond these activities, contributing
also to detoxification, immune system development,
behaviour, among other factors, thus having a
broader influence on growth, development, health
and wellbeing [3].
Characterisation of the calf intestinal microbiota is

generally undertaken through the analysis of faecal sam-
ples [4–7], though the characterisation of microbial
communities along the gastrointestinal tract is also com-
monly performed, which allows a comprehensive view of
the development of both foregut and hindgut communi-
ties in concert [8–10]. Diverse intestinal microbiota have
been detected within 30min of birth, where Proteobac-
teria comprised over 30% of 16S rRNA gene sequences
[7]. Over the following weeks, the community becomes
dominated by characteristic gut anaerobic phyla, Firmi-
cutes and Bacteroidetes [5, 7]. Diet has a large impact on
gut microbiota diversity [3, 11], but our understanding
of how different feeding practises used for calf rearing
impact the intestinal microbiota and function is rela-
tively limited. The inclusion of calf starter to a milk re-
placer diet increased the species richness of intestinal
microbiota in 49 day old calves [10], and differences in
the bacterial and archaeal intestinal communities were
observed between calves fed corn silage compared to
calves receiving concentrate-based starter diets [4].
Higher allowances of whole milk to calves promoted the
abundance of Faecalibacterium, a butyrate producer and
an important gut commensal in healthy animals, and
was associated with greater concentrations of caecal bu-
tyrate (Moon et al. unpubl. observation), which is used
by gut epithelial cells and contributes to gut develop-
ment and homeostasis. Faecalibacterium were also dom-
inant in the calf caecum and colon microbiota of 7-week
old calves [8], and were associated with greater weight
gains and lower incidences of diarrhoea in calves [5],
where their potential as a probiotic for calves is being
explored [12, 13].

In New Zealand’s dairy production systems, it is com-
mon practice for calves to be collected from their dams
within 24 h of birth and artificially reared in groups in
the absence of the dam using whole milk or milk re-
placers. Moreover, allowances of milk feeds are often re-
stricted to encourage greater intakes of solid feed (often
grain-based calf starters) to promote rumen develop-
ment and earlier weaning. An aim of calf feeding is to
promote pre-weaning growth of calves because faster
growth rates from higher allowances of milk feeds have
been associated with greater future milk yield in dairy
heifers [14]. There is increasing evidence that greater
pre-weaning growth and future milk yield of dairy
heifers could be attributed to the effects of milk feeds on
the development of the mammary gland and gastrointes-
tinal tract, including the gut microbiome [2, 15–17].
The present study builds upon the findings of Groe-

nendijk et al. (2018) who evaluated the effect of different
allowances (low, high and ad libitum) of milk replacer
dispensed using automated milk feeders, on the per-
formance of nearly 200 dairy heifer calves [18]. Calves
that had ad libitum access to milk replacer had greater
average daily gains compared to the high and low allow-
ance treatments and were associated with enhanced de-
velopment of the mammary gland during pre-weaning.
Therefore, we sought to understand the relationships be-
tween the gut microbiota and hindgut fermentation with
calf growth and health by characterising the faecal mi-
crobial communities and fermentation products. This
study provides further insights into the influence of milk
replacer allowance on the gut microbiota and their con-
tributions to calf growth and development prior to
weaning.

Results
The faecal microbiomes of the calves from our previous
study [18] were examined using faecal samples obtained
just prior to weaning. The low allowance (LA) group
were allowed milk replacer to a maximum of 10% (vol/
wt) of their initial body weight per day; the high allow-
ance (HA) group were allowed milk replacer to a max-
imum of 20% (vol/wt) of their initial body weight per
day; and the ad libitum (ADLIB) group were given ad
libitum access to milk replacer. All calves had ad libitum
access to calf starter.
The total faecal SCFA concentrations did not differ

among the treatment groups, but the branched short-
chain fatty acids (BSCFA), isobutyric acid and isovaleric
acid, were in higher concentrations in calves on the
ADLIB treatment (ANOVA, P < 0.001; Table 1). When
expressed as a percentage of the total SCFA concentra-
tion, all SCFAs differed significantly (ANOVA, P < 0.05;
Table 1). Acetic acid levels decreased with increasing al-
lowances of milk replacer, while propionic acid
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increased. Isobutyric, valeric and isovaleric acids all also
increased with increasing allowances of milk replacer.

Effect of milk replacer allowance on faecal bacterial
diversity
An average (± SEM) of 16,062 ± 490 high quality partial
bacterial 16S rRNA gene sequence reads per sample
were obtained after taxonomic assignment of reads using
the SILVA V132 database [19] and omission of low read
samples (< 3000 reads per sample). Overall, 35 bacterial

families of > 0.01% relative abundance (Table S1; Fig. 1),
and 108 genera of > 0.01% relative abundance (Table S2)
were identified. Ruminococcaceae, Lachnospiraceae, Bac-
teroidaceae, Prevotellaceae and Muribaculaceae were the
most dominant families across all treatment groups, to-
gether comprising over 60% of all reads on average, with
mean relative abundances varying between 3.4 to 24.6%
(Fig. 1). The relative abundances of the abundant fam-
ilies Ruminococcaceae, Prevotellaceae and Peptostrepto-
coccaceae differed significantly between the treatment

Table 1 Faecal SCFA measurements

VFAs LA HA ADLIB FDR1

Mean SEM2 Mean SEM Mean SEM

Concentration (mM)

Total SCFA 57.55 3.96 56.24 3.37 57.98 4.80 0.421

Acetic acid 40.61 2.68 39.21 2.56 37.09 2.77 0.378

Propionic acid 9.29 0.81 9.58 0.66 11.71 1.27 0.336

Butyric acid 5.29 0.61 3.89 0.32 4.61 0.62 0.159

Valeric acid 0.75 0.06 0.97 0.07 0.90 0.10 0.104

Isobutyric acid 0.89b 0.08 1.42a 0.13 1.85a 0.26 < 0.001***

Isovaleric acid 0.76b 0.08 1.20b 0.12 1.81a 0.31 < 0.001***

Acetate/propionate 5.03a 0.44 4.20ab 0.13 3.46b 0.17 < 0.001***

Proportion (%)

Acetic acid 71.40a 0.84 69.55a 0.80 65.12b 1.06 < 0.001***

Propionic acid 15.57b 0.57 16.92b 0.46 19.63a 0.65 < 0.001***

Butyric acid 8.54a 0.61 6.86b 0.30 7.33ab 0.39 0.0373*

Valeric acid 1.35b 0.10 1.76a 0.09 1.74a 0.16 < 0.001***

Isobutyric acid 1.73b 0.16 2.66a 0.24 3.22a 0.20 0.0193*

Isovaleric acid 1.47c 0.15 2.27b 0.22 3.02a 0.25 < 0.001***
1Permutational multivariate analysis of variance (PERMANOVA) was performed to test for differences between the LA (n = 33), HA (n = 26), and ADLIB (n = 28)
treatment groups. P-values were adjusted using the false discovery rate (FDR) method. Asterisks indicated FDR significance at P < 0.05 (*) and P < 0.001 (***). For
variables with FDR < 0.05, Fisher’s least significant difference test was performed and results are shown in superscript next to the mean values
2Standard error of the mean

Fig. 1 Barcharts of calf faecal microbiota compositions showing relative abundances of core family level taxa with an average abundance > 0.01%
and present in > 90% of all samples. Samples are grouped by diet treatment
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groups (Kruskal-Wallis test, P < 0.05), where Ruminococ-
caceae increased from 20.8 to 24.0%, Prevotellaceae de-
creased from 11.7 to 7.0%, and Peptostreptococcaceae
decreased from 5.8 to 3.8% in mean relative abundance
from the LA to the ADLIB groups (Table S1). Abundant
bacterial families that exhibited relatively large and sig-
nificant shifts in abundance (Kruskal-Wallis test, P <
0.05) between the diet groups included Muribaculaceae
which increased from 3.5 to 6.8%, and Rikenellaceae
which increased from 2.0 to 3.8% from the LA compared
to the ADLIB treatment (Table S1).
Among abundant genera that appeared to be pro-

moted by higher milk replacer allowances, the mean
abundance of Blautia increased from 2.7 to 6.4%, Allo-
prevotella from 2.3 to 4.5% and Faecalibacterium from
0.8 to 2.6% in the ADLIB compared to the LA group. In
contrast, taxa such as Muribaculaceae uncultured, Rike-
nellaceae RC9 gut group, Ruminococcaceae UCG 010
and Roseburia all decreased in abundance by at least
50% between these treatments (Table S2).
Alpha diversity was measured by both Shannon diver-

sity index and Chao1 index to monitor bacterial commu-
nity diversity at the genus level (Fig. 2). Kruskal-Wallis
tests for differences in diversity indices between diet
groups of all calves (n = 181) identified significant differ-
ences for Shannon diversity index (P = 0.0041), but not
for Chao1 (P = 0.15). Pairwise comparisons of treatment
groups showed that the difference in Shannon index

data of the ADLIB treatment group differed significantly
to those of the LA group (Wilcoxon rank sum test P <
0.001) and the HA group (P = 0.03) (Fig. 2).

Effect of milk replacer allowance on faecal bacterial
community structure
Principal Co-ordinates Analysis (PCoA) analyses based
on Bray-Curtis dissimilarities of genus-level taxa were
performed, and for each, permutation tests showed no
significant difference (P > 0.05) in multivariate disper-
sions. Differences in community structures between the
different feed treatments were significant (ANOSIM;
P = 0.001; Fig. 3). The impact of source farm and sam-
pling date was also examined. Source farm did not sig-
nificantly affect the bacterial community structure
(ANOSIM; P = 0.40, Fig. S1). However, despite the age
of the calves being similar at the time of sampling, the
sampling date was associated with community differ-
ences (ANOSIM; P = 0.001). As a prophylactic antibiotic
treatment was administered to all calves between the
fourth and fifth sampling dates, we examined the data to
see whether this had a significant impact on the micro-
bial community structures. The communities of samples
collected before and after the antibiotics were adminis-
tered were not significantly different (Fig. S1, ANOSIM;
P = 0.40), however, differences by diet treatment
remained significant in these two groups (ANOSIM, P =
0.001). Thus, differences in community structure due to

Fig. 2 Boxplots showing alpha diversity distributions of calf faecal bacterial communities at the genus level by Shannon diversity index and
Chao1 index between diet groups. The results of Wilcoxon rank sum testing of pairwise comparisons of treatments groups are shown for P < 0.05
(*), and P < 0.001 (**)
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sampling date may be largely due to uncontrolled envir-
onmental factors.

Correlation analyses between faecal bacterial
composition and fermentation products, and feed intake
and calf performance
Despite the calves being grouped by milk replacer allow-
ance treatment, the actual intakes of milk replacer and
calf starter feed varied widely among individuals within
these groups, particularly for the ADLIB treatment (Fig.
S2); and in general, calves that were offered more milk
replacer consumed less starter [18]. To determine asso-
ciations between the nutrient and energy intakes of the
calves and their faecal bacterial communities, canonical
correlation (Cor) analyses revealed moderate to high
positive correlations (Cor > 0.50) between Peptococcus,
Blautia, Ruminococcus torques group and total milk re-
placer dry matter intake (Fig. 4a). Ruminococcus gauv-
reauii group, Lachnoclostridium, Subdoligranulum,
Enterobacteriaceae and Faecalibacterium exhibited mod-
erate correlations (Cor 0.40–0.50) with total milk re-
placer dry matter intake (Fig. S3). When the proportions
of dry matter, crude protein and metabolisable energy
(ME) in the diet from milk replacer were considered,
Peptococcus and Lachnoclostrium showed the greatest
positive correlations (Cor > 0.53), while Acetitomaculum
was most negatively correlated (Cor = − 0.49), instead
showing greater abundances with increased starter in-
take (Fig. 4a). Correlations performed using daily aver-
age, or cumulative intake data over the duration of the
calf trial, may not accurately reflect recent dietary intake
levels, just prior to when the faecal samples were

collected for microbiota assessment. Hence, we also com-
pared intake data from the week just prior to sampling,
and generally found similar relationships between the two
intake measures with microbiota, and some stronger cor-
relations evident (Fig. 4a and Fig. S3). Milk replacer in-
takes from the week just prior to faecal sampling
correlated most strongly with the relative abundances of
Peptococcus, Tyzzerella 4 and Romboutsia (Cor > 0.43),
while the most negatively correlated taxa were Prevotella
1 and Muribaculaceae groups (Cor < − 0.50).
Comparison of the bacterial communities with SCFA

profiles revealed a strong correlation between Peptococ-
cus and isovaleric acid concentration (Cor = 0.60) (Fig.
4b) and Faecalibacterium, Phascolarctobacterium and
Blautia, with the proportion of propionate produced
(Cor > 0.60). Turicibacter was found to be negatively
correlated with the proportion of propionate (Cor = −
0.53), and strong positively correlated with the acetate to
propionate ratio (Cor = 0.63). Butyric acid concentra-
tions and proportions showed moderate positive correla-
tions with Prevotella 1 and uncultured members of
Prevotellaceae (Cor > 0.47) (Fig. 4b and Fig. S4).
Calf growth and performance parameters were also

compared to the microbial communities where general
body weight and average daily gain correlated most
strongly with Peptococcus and Blautia abundances
(Cor > 0.35), and girth gain correlated most strongly with
Faecalibacterium (Cor = 0.40) (Fig. 4c). Body girth was
negatively correlated with members of the Ruminococca-
ceae (Cor < − 0.36) (Fig. 4c). The incidence and severity
of scours was associated with Sutterella (Cor = 0.27) and
Rikenellaceae (Cor = 0.22) (Fig. S5), but most negatively

Fig. 3 PCoA plot of faecal bacterial communities based on Bray-Curtis dissimilarities with datapoints coloured by treatment group, and treatment
group confidence levels at 0.7 shown by ellipses
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correlated with Clostridioides (Cor = − 0.37) (Fig. 4c).
An interesting finding was a moderate correlation
(Cor > 0.36) between Clostridium sensu stricto 1 and
Bifidobacterium with total protein concentrations in
serum at the onset of the trial. Serum total protein is
a general indicator of colostrum intake in the first
days of life and passive transfer of immune factors
from colostrum to the calf and may also reflect time
spent suckling from the dam.

The relationships between SCFA profiles and nutri-
tional intakes (Fig. S6), and SCFA profiles and calf per-
formance (Fig. S7) were also examined. Over the course
of the trial, the intake of milk replacer (expressed as a
percentage of calf initial body weight) correlated with
the percentage of propionate produced (Cor = 0.55),
while in general, the proportion of the diet coming from
milk replacer was strongly correlated with proportion of
propionate and BSCFA (Cor > 0.56) (Fig. S6). When

Fig. 4 Network plots showing canonical correlations between bacterial community composition and (a) calf dietary intake data (Cor > |0.35|), (b)
SCFA profiles (Cor > |0.5|), and (c) calf performance data (Cor > |0.3|). Abbreviations: MR, milk replacer; DMI, dry matter intake (kg); CPI, crude
protein intake (kg); ME, metabolisable energy (MJ), %IBW, percentage of initial body weight; %, percentage of total intake by dry weight; wk., data
obtained from the week prior to sampling only. Red and blue edges represent positive and negative correlations between nodes respectively,
where colour intensity indicates the strength of correlation
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intakes from the previous week only were considered, milk
replacer intakes correlated most strongly with BSCFA
concentrations (Cor > 0.67), but less so for proportion of
propionate (Cor = 0.36). Of interest, neither the concen-
trations nor proportions of faecal butyrate correlated
strongly with any nutritional intake measures (Fig. S6).
The proportion of propionate displayed a moderately
strong correlation with average daily gain (ADG) (Cor =
0.47), while the BSCFA concentrations both correlated
most strongly with hip height gain (Cor > 0.44) (Fig. S7),
but also with average daily and body weight gain.

Discussion
Diet is a key contributor to intestinal microbiota diver-
sity, and we here describe the faecal bacterial communi-
ties of nearly 200 calves with restricted to ad libitum
access to a milk replacer-based diet. To our knowledge,
this study represents one of the largest studies of the calf
intestinal microbiota conducted to date and it has fur-
ther provided insights into the relationships between gut
microbiota with calf growth and health [18]. The faecal
bacterial communities of the milk replacer-fed calves dif-
fered to those from our previous observations of 35-day
old calves fed low and high allowances of whole milk. In
the whole milk-fed calves, Bacteroides was the most
abundant genus detected in the faeces of both treat-
ments, comprising 13% of the 16S rRNA gene sequence
reads, and Faecalibacterium was particularly prominent
in the high milk allowance calves at ca. 7.7% (Moon
et al., unpubl.). In contrast, the milk replacer-based diets
supported communities that were dominated by Rumi-
nococcaceae UCG_005 and Lachnospiraceae in the LA
and HA treatments, followed by Bacteroides. Moreover,
Faecalibacterium was much less abundant overall, aver-
aging less than 1% in the LA group, to 2.6% in ADLIB
group. The milk replacer used in this study is widely
used on New Zealand farms and has a macronutrient
profile that is similar to that of raw whole milk, being
casein-based and containing dairy-derived fats. However,
it is also supplemented with a coccidiostat and a man-
nan oligosaccharide (MOS)-based prebiotic derived from
Saccharomyces cerevisiae, which are likely to influence
the gut microbiota. Of the bacteria whose abundances
were strongly promoted by milk replacer intake, Rom-
boutsia, a member of the Peptostreptococcaceae [20, 21],
was the most abundant, averaging 3.4% of 16S rRNA
gene sequences in the ADLIB group compared to 2.0%
in the LA group. The Peptostreptococcaceae were previ-
ously observed as being significantly more prominent in
high protein compared to high carbohydrate diets in the
cat faecal microbiota [22]. Tyzzererella 4 [23, 24] and
Peptococcus abundances also correlated strongly with
the proportion of milk replacer in the diet. Members of
Peptococcus are able to use a variety of sulphur-

containing compounds as terminal electron acceptors
[25] and may play a greater role in sulphur metabolism,
as well as protein metabolism, on diets with higher pro-
portions of milk replacer, and therefore more protein.
The age, stage of development, and greater proportion
of solid feed in the diet are also likely to contribute to
differences seen between the gut microbiota of the
calves, though the influence of these is not clearly
known.
The ADLIB diet treatment enhanced the faecal micro-

bial community Shannon diversity index compared to
the HA and LA treatments, whereas no differences in
Chao1 index were observed between the treatment
groups. This suggests that differences in the evenness of
taxon abundances, rather than richness, were apparent
between treatment groups, and may represent different
impacts of the diet treatments on lowly abundant taxa.
These findings may also reflect selection for greater
functionality to utilise the higher proportion of protein
and other milk replacer derived nutrients in the diet,
compared to the more carbohydrate-rich diets of the
calves on restricted milk allowances. Examination of the
metagenomes from each of the diet treatments would
provide further insights into the specific functions and
pathways that are differentially represented among the
different diet treatments.
Higher proportional intakes of milk replacer promoted

faecal concentrations of the BSCFAs, isobutyrate and
isovalerate, which are considered markers of protein fer-
mentation and can be generated from the fermentation
of branched-chain amino acids such as valine and leu-
cine [26]. Their presence likely reflects higher concentra-
tions of milk replacer-derived proteins and peptides
arriving at the large intestine, where proteolytic fermen-
tation takes place primarily in the distal as compared to
the proximal colon [27, 28]. Protein fermentation in the
gut is limited when carbohydrate is more readily avail-
able, such as in the proximal colon; and also, at lower
pH values [26]. Previous studies report that the fermen-
tation of branched-chain amino acids is mainly carried
out by members of the genera Clostridium, Peptostrepto-
coccus and Bacteroides [26], though these taxa did not
correlate strongly with either milk replacer intakes or
BSCFA concentrations in the present study. We did,
however, observe positive correlations between BSCFA
and Blautia, and BSCFA and Peptococcus, where species
of the latter can produce isobutyric and isovaleric acids
as major fermentation end-products [25]. The BSCFAs
in the gut have been associated with changes in host
lipid metabolism in adult humans [29], though an un-
derstanding of their role in the gut of the growing calf is
limited. However, a recent study has shown that supple-
mentation of BSCFAs in the total mixed ration of Hol-
stein calves stimulated rumen metabolism and increased
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the ADG [30]. In the present study, higher milk replacer
intakes as a proportion of initial body weight were asso-
ciated with increased proportions of propionate in SCFA
profiles, which may result in increased gluconeogenesis
and contribute to higher ADG associated with ad libi-
tum access to milk replacer [18]. Butyrate concentra-
tions were of particular interest given their role in
contributing to gut homeostasis and anti-inflammatory
properties [31]. However, differences in butyrate concen-
tration or proportion between treatment groups or with
milk replacer intakes were not apparent. Despite this,
butyrate concentrations were strongly negatively corre-
lated with the incidence and severity of scours. This ob-
servation is although faecal SCFA were measured just
prior to weaning, which took place several weeks after
scours observations were made in the first few weeks of
the trial [18]. Potentially, calves that did not contract
scours, or had lower scours scores, naturally possessed a
more butyrogenic microbiota that support better gut in-
tegrity. Alternatively, scours events may have impacted
the microbiota’s capacity to produce butyrate or en-
hanced butyrate utilisation by the host, thus resulting in
reduced concentrations in the faeces.
The gastrointestinal tracts of animals in utero are gen-

erally thought to be sterile and are rapidly colonised by
microbes from the dam and the environment during and
after birth [32]. The process of colonisation and develop-
ment of the gut microbial community, and potential to
manipulate to support beneficial microbiota is of great
interest to understand factors that may impact the
health and lifetime performance of the animal from
birth. In this study, the abundances of Clostridium sensu
stricto and Bifidobacterium correlated with total serum
protein concentrations of the calves at the start of the
trial, which is generally regarded to be indicative of col-
ostrum intake in the first days of life, and potentially, the
time spent in contact with the dam. Bifidobacterium is
often among the first colonisers of gut environments,
and in humans, its growth is supported by oligosaccha-
rides abundant in breastmilk. While bovine milks con-
tain less milk oligosaccharides than human breastmilk,
bifidobacteria are detected in calves in the first few days
of life [33] but thereafter, their abundance decreases.
Bifidobacterium has been detected and isolated from bo-
vine colostrum [34, 35], and may be an early coloniser of
the gut through colostrum feeding. Indeed, evidence
supports the notion that colostrum is a significant vector
of microbiota-associated antimicrobial resistance genes,
which displayed strong correlations between E. coli
found in colostrum samples, and in the gut of the calves
that fed it [35]. The MOS present in the milk replacer
may further support Bifidobacterium growth, though its
relative abundance in the faecal microbiota was low, did
not differ significantly between diet treatments.

Conclusions
Milk replacer allowances of pre-weaned calves impacted
both faecal bacterial community composition and fer-
mentation product profiles, and were associated with in-
creased bacterial diversity and protein fermentation.
Promotion of beneficial bacteria such as Faecalibacter-
ium may contribute to hindgut development, energy
harvest and growth. Moreover, a relationship between
Bifidobacterium and initial serum protein levels was ob-
served that suggests colostrum intake in the first days of
life may have a lasting influence on the gut microbiota
composition that can be detected just prior to weaning.

Methods
Experimental design and treatments
The calf trial, and all associated procedures for sampling
and measurement taking, was approved by the AgRe-
search Grasslands Animal Ethics Committee, Palmerston
North, New Zealand, application number 14249. Trans-
portation of animals was conducted according to the
Dairy Cattle Code of Welfare [36].
Full details of the calf trial have been described by

Groenendijk et al. (2018) [18]. In brief, Kiwi cross (Hol-
stein-Friesian x Jersey) calves born on Farmway Farm,
Rongotea or Ohau Dairies, Horowhenua, New Zealand
during the 2017 spring calving season were collected
twice daily (e.g. 1–14 h after birth) from the calving pad-
docks. Calves received 2 L of first-milking colostrum at
the time of collection (within 15 h of birth) and then 2 L
twice daily until 2 days old. The calves were kept on
their source farms for a minimum of 4 days old and were
then transported to a dedicated calf-rearing facility at
Farmway Farm.
All calves were manually fed whole milk using an arti-

ficial teat attached to a bottle (2 L in the morning and 2
L in the afternoon) from 3 to 7 days of age, and were
trained to use automated milk feeders in stalls (CalfS-
MART, Palmerston North, New Zealand) twice daily
from 8 to 10 days of age, fed 4 L/d milk replacer during
this time.
Calves (n = 199) with no apparent sign of illness were

allocated to the 3 treatments (LA (n = 67), HA (n = 65)
and ADLIB (n = 66)), balanced for source farm, date of
birth and body weight. A commercially available milk re-
placer (Ancalf, NZAgbiz Ltd., Hamilton, New Zealand)
was diluted in lukewarm water (150 g/L) and fed to all
calves using automated milk feeders (CalfSMART, Palm-
erston North, New Zealand). All calves had ad libitum
access to a pelleted calf-starter (20% CP pellets, Seales-
Winslow Limited, Tauranga, New Zealand) by auto-
mated feeder, and clean drinking water. From the third
week of the trial, calves were given ad libitum access to
ryegrass hay. The nutritional composition for all feeds is
provided in Table S3. Daily feed DM intake (milk
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replacer, calf starter and total) and nutrient intakes (ME
and CP) were calculated for the pre-weaning period (d 0
to 83 on the study) for each calf from data collected on
the automated feeders. Water and hay intakes were not
measured.
All calves were vaccinated for prevention of leptospir-

osis and major clostridial diseases (Ultravac 7in1, Zoetis,
Auckland, New Zealand) between 4 and 8 weeks of age,
and all calves received antibiotics (Alamycin LA300,
Norbrook, Auckland, New Zealand) on the same date as
prevention for pneumonia. Calves were monitored and
scored for the incidence of scours (faecal score of 2 or
greater as described in the Calf Health Scorer criteria of
the School of Veterinary Medicine, University of Wis-
consin, Madison, USA) during the first 3 weeks on trial,
after which, scouring was negligible. Calf body weight
and dimension measurements were performed where
body dimensions were taken of all calves at the start of
the study and at weaning. Hip and wither height was de-
termined using a measurement stick and heart girth
measurement (the smallest circumference behind the
forelegs) was taken using a measuring tape while the
animal was standing on a flat surface and with head in
an upright position. Blood serum protein levels were de-
termined using the method described in Groenendijk
et al. [18].

Faecal sample collection and short chain fatty acid
analysis
From days 67 ± 3 on trial, just prior to weaning, faecal
samples were manually collected from calves and frozen
on dry ice, then transported to the laboratory for storage
at − 85 °C. Faecal samples were thawed on ice and used
for SCFA analysis and DNA extraction. Approximately
1 g of material was weighed and diluted with 50% (v/w)
phosphate buffered saline (137mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4 and 1.8 mM KH2PO4; pH 7.4), then
centrifuged at 16,000 g for 10 min, 4 °C. A 270 μL aliquot
of the supernatant was mixed with 30 μL of internal
standard solution (20 mM 2-ethylbutyrate in 20% (v/v)
phosphoric acid). Samples were frozen at − 20 °C, then
thawed and centrifuged as above, prior to analysis by gas
chromatography. Each supernatant sample (200 μL) was
vigorously mixed with 100 μL concentrated HCl, and ex-
tracted twice with 800 μL diethyl ether for 1 min each.
The supernatant extracts were pooled into a 2 ml vial
and 800 μL of extract was derivatized with 100 μL of N-
methyl-N-t-butyldimethylsilyltrifluoroacetamide (Sigma-
Aldrich, St. Louis, MO, USA). The mixture was heated
in a crimp top GC vial for 20 min at 80 °C and left for
48 h at room temperature to ensure complete derivitisa-
tion. Samples were analysed using a Shimadzu GC-2010
gas chromatograph (Shimadzu Corp., Kyoto, Japan) with
a barium ionization detector 2010 (Shimadzu Corp.) and

AOC 6000 autosampler (Shimadzu Corp.) and a Zebron
ZB-5MS 30m × 0.25 mm I.D. × 0.25 μm film capillary
column (Phenomenex, Torrance CA, USA). Helium was
used as carrier gas in conjunction with a He purifier
(Valco Instruments Co. Inc., Houston TX, USA). Split
injections (1 μL) were made with a ratio of 20:1 split,
with column helium flow rate of 21.36 mL/min. Injector
and detector temperatures were both 240 °C and column
temperatures were programmed initially at 50 °C for 2
min, than increased to 130 °C with 5 °C per minute,
followed by 15 °C per minute to 240 °C. The SCFA ana-
lyses were performed for every second animal when
ranked by pre-weaning ADG within each treatment
group, to ensure that the calves across the entire range
of weight gain within each treatment group were repre-
sented in the subset of samples tested. For the LA, HA
and ADLIB treatments, 33, 26 and 28 samples were ana-
lysed, respectively.
Total DNA was extracted from ca. 250 mg faecal sam-

ple using a commercial kit (Nucleospin Soil; Macherey-
Nagel; Düren, Germany) according to the manufacturer’s
instructions. To maximise DNA yield, a combination of
buffer SL1 and enhancer solution SX was used, and
physical disruption of the faecal sample was performed
for 4 min at full speed using a Mini-Beadbeater-96 (Bios-
pec Products, Bartlesville, USA). An addition DNA
washing step was also included when the DNA was
bound to the silica membrane. DNA was eluted with
50 μL elution buffer SE and stored at − 20 °C. All sam-
ples were further dialyzed for up to 4 h using 0.025 μm
pore size membrane filters (MilliporeSigma, Burlington
MA, USA) over double-distilled water. DNA concentra-
tion and purity was measured using an ND-1000 spec-
trophotometer (NanoDrop Technologies Inc.,
Wilmington DE, United States). Negative DNA extrac-
tions were not performed as the faecal samples are dense
in microbial biomass, the risk of significant DNA con-
tamination from the extraction kit was deemed neglible.
Each batch of samples processed for DNA extractions
and SCFA analyses was taken from across multiple sam-
ple collection dates, which minimised any potential con-
founding effect of collection date and processing date.

16S rRNA gene sequencing and analysis
The faecal bacterial communities were profiled by ampli-
fying and sequencing the V4 region of the 16S rRNA
gene for all DNA samples and negative controls (i.e.
PCR reactions without DNA template), as previously de-
scribed using the Illumina MiSeq platform (250-bp,
paired end) [37]. In brief, the forward F515 primer which
has an eight-nucleotide barcode unique to each sample
and a two-nucleotide linker sequence (5′-NNNNNNNN
GTGTGCCAGCMGCCGCGGTAA-3′) and the reverse
R806 primer (5′-GGACTACHVGGGTWTCTAAT-3′)
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were used in the 16S rRNA gene amplification. PCR re-
actions were conducted in triplicate in 15 μL reactions
containing 1× GoTaq Green Mastermix (Promega,
Madison, WI, USA), 1 mM MgCl2 and 2 pmol of each
primer. The PCR amplification conditions included an
initial denaturation step of 2 min at 94 °C, followed by
25 cycles of 94 °C for 45 s, 50 °C for 60 s, and 72 °C for
90 s, followed by a final extension step at 72 °C for 10
min. Triplicate reactions were subsequently combined
and purified using a PCR purification column (QIAGEN,
Hilden, Germany) and submitted to the DNA Technolo-
gies & Expression Analysis Core at UC Davis for sequen-
cing on an Illumina MiSeq platform. Sequence data
were quality filtered as previously described [37] and
loaded into QIIME2 (version 2019.1) [38] using the de-
fault workflow. Briefly, reads were demultiplexed using
barcode sequence associated with individual sample
using Sabre software (sabre pe) (https://github.com/
najoshi/sabre). Demultiplexed sequences were then
processed through the DADA2 pipeline for quality con-
trol and the feature table was constructed at amplicon
sequence variant (ASV) level. Eight samples (2 LA, 3
HA, 3 ADLIB) had < 3000 reads and were excluded from
the feature table and further analysis. The sequence
negative control samples averaged 133 reads per sample
and were also omitted from further analysis. A naïve
Bayesian pre-trained classifier for the V3-V4 region of
16S rRNA gene using the Silva 132 99% OTUs from
515F/806R region of sequences’ database was used for
assigning taxonomic classifications to ASVs. The taxo-
nomic composition of the samples was then summarised
using the associated metadata. Bacterial data were
retained after filtering non-bacterial taxa (e.g. eukaryotic
and archaeal reads). Genus-level read abundances were
analysed for alpha diversity using Shannon diversity and
Chao1 index metrics with subsampling at 3000 reads per
sample, and with the mean of 10 iterations used for di-
versity values. Data were converted into bacterial relative
abundances for downstream statistical analyses.

Statistical analyses
The bacterial community composition data were ana-
lysed in R version 3.6.1 [39] implemented in RStudio
V1.2.1335 [40]. PCoA on Bray-Curtis dissimilarity matri-
ces [41] and permutation tests for homogeneity of multi-
variate dispersions (using 999 permutations) were
conducted using the VEGAN R package [42]. Analysis of
similarities (ANOSIM) [43] was also performed using
VEGAN R package [42]. Permutational multivariate ana-
lysis of variance (PERMANOVA) was performed using
base functions in R and then PERMANOVA. Least sig-
nificant difference (LSD) post hoc analysis were per-
formed using R package, agricolae [44]. The R package
rstatix (https://rpkgs.datanovia.com/rstatix/) was used to

perform Kruskal-Wallis rank sum and Wilcoxon rank
sum tests. Canonical correlation analysis was performed
using the MixOmics R package [45] to correlate micro-
biome community structures with parameters associated
with calf growth and performance [18], and faecal SCFA
data. Heatmaps were generated in R. Correlation net-
work data was visualized using the igraph package for R
[46] and Cytoscape V3.5.1 [47].
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