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ABSTRACT

We previously demonstrated that dairy calves hav-
ing access to drinking water since birth (W0) achieved 
greater body weight, fiber digestibility, and feed effi-
ciency than those that first received drinking water at 
17 d of age (W17). Since gut microbiota composition 
could be linked to growth and development of animals, 
the objective of this study was to examine the effect 
of offering drinking water to newborn calves on com-
position of bacteria in the gut using a fecal microbiota 
analysis. Fresh feces were collected directly from the 
rectum of calves in W0 (n = 14) and W17 (n = 15) 
at 2, 6, and 10 wk of age. All of the calves were fed 
pasteurized waste milk, weaned at 7 wk of age, and 
offered tap water according to the treatment. The DNA 
was sequenced using 16S rRNA gene-amplicon sequenc-
ing on an Illumina MiSeq system (Illumina Inc., San 
Diego, CA). The sequences were clustered into opera-
tional taxonomic units (OTU) with a 99% similarity 
threshold. Treatment effects on α-diversity indices and 
relative abundance of the 10 most abundant genera 
were analyzed using GLIMMIX procedure of SAS (SAS 
Institute Inc., Cary, NC). Statistical significance (q-val-
ue) of treatment effects on the 50 most abundant OTU 
was determined with a false discovery rate analysis. At 
2 wk of age, W0 had a greater number of observed 
OTU (5,908 vs. 4,698) and species richness (Chao 1 
index) than W17. The number of OTU and richness 
indices increased from wk 2 to 6, but the increment of 
W17 was greater than that of W0. The Shannon and 
inverse-Simpson indices increased linearly with age, but 
no difference was observed between W0 and W17 at 
any time point. The Firmicutes to Bacteroidetes ratios 
were also similar at every time point but decreased 
markedly when calves were weaned. The relative abun-

dance of genera Faecalibacterium and Bacteroides was 
greater in W0 than W17 at 2 wk of age. The genus 
Faecalibacterium continued to be more abundant in W0 
than W17 at 6 wk of age but had similar abundance 
3 wk after weaning (10 wk of age). The abundance of 
Faecalibacterium at wk 6 was positively correlated with 
apparent total-tract digestibility of acid detergent fiber 
at 10 wk of age. Calves receiving water since birth had 
greater abundance of OTU related to Faecalibacterium 
prausnitzii, and Bifidobacterium breve at 6 wk of age (q 
< 0.085). These species are known to improve growth 
in preweaned calves. The abundance of none of the 
genera and OTU was different between W0 at W17 at 
10 wk of age (q > 0.100). Overall, beginning to offer 
drinking water at birth has a potential to modulate gut 
microbiota composition and thereby positively affect 
performance of young dairy heifer calves (≤10 wk of 
age).
Key words: drinking water, Faecalibacterium, 
Bifidobacterium

INTRODUCTION

Even though water is recognized as the most es-
sential nutrient to sustain life and performance of ani-
mals, water requirements of livestock species are often 
overlooked. The situation appears to be even worse for 
young calves than mature cattle (Beede, 2005; Kertz 
et al., 2017). The majority of dairy producers tend to 
refrain from offering drinking water to newborn dairy 
calves, assuming that water in milk or milk replacers 
are adequate to fulfil the total water requirement. The 
USDA’s National Animal Health Monitoring System 
study in 2014 found that dairy producers wait, on av-
erage, 17 d to first offer drinking water to newborn 
dairy calves (USDA, 2016). In a controlled study, we 
previously examined the effect of offering drinking 
water since birth (W0) versus at a later age (17 d of 
age; W17) on water and feed intake, growth, and nu-
trient digestibility of young dairy heifer calves (Wick-
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ramasinghe et al., 2019). The W0 group consumed a 
significant amount of water from buckets (0.75 kg/calf 
per d) during the first 16 d of preweaning period. On 
the other hand, the W17 group consumed 59% more 
drinking water than the W0 group once they had access 
to it during the rest of the preweaning period. Calves 
offered drinking water from birth achieved greater BW 
during preweaned period and had improved ADF and 
NDF digestibility 3 wk after weaning (Wickramasinghe 
et al., 2019). Growth, nutrient digestibility, and feed 
efficiency in young calves are significantly related to 
the development and function of gastrointestinal tract, 
in which establishment and colonization of microbiota 
play a key role (Baldwin et al., 2004). Moreover, ma-
nipulation of the gut microbiome in the early stage of 
development is considered a promising way to achieve 
permanent benefits pertaining to nutrient utilization 
efficiency in animals (Yáñez-Ruiz et al., 2015).

At birth, the gastrointestinal tract in ruminants is 
yet to be developed to be fully functional. It is rapidly 
colonized by diverse communities of microbiota during 
and immediately after birth (Meale et al., 2016; Yeo-
man et al., 2018). Several factors including pH, digesta 
passage rate, and oxygen gradient in the gut greatly 
affect the number and composition of microbial com-
munities in the digestive tract of calves (Malmuthuge 
et al., 2015). Water is often offered to young calves 
in buckets, drinking from which minimally stimulates 
formation of the esophageal groove. Therefore, unlike 
milk or milk replacer bypassing the rumen, drinking 
water receives a chance to be an integral component 
of the entire gastrointestinal tract and thus affect 
physiochemical properties of it. Studies using other 
species suggest that drinking water could affect the 
composition of gut microbiota by modulating some 
important physiochemical properties of the gut. For 
instance, Cremer et al. (2017) reported that drinking 
water altered digesta passage rate, digesta mixing and 
absorption of water, and thereby changed the composi-
tion of gut microbiota in humans. Sasada et al. (2015) 
showed that chlorinated water selectively decreased the 
abundance of some bacterial communities in the human 
gut. Sofi et al. (2014) suggested that pH of drinking 
water affects the composition of gut microflora in mice. 
Moreover, Faulkner and Weiss (2017) indicated that 
trace minerals in drinking water could affect the rela-
tive abundance of some gut microbial communities.

No study has, however, explored the effect of drink-
ing water on composition of microbiota in the gut of 
calves or any other group of cattle. Moreover, little is 
known about potential associations of gut microbiota 
with growth efficiency in preweaned calves, which has 
been shown to affect positively future milk produc-

tion (Soberon et al., 2012; Van De Stroet et al., 2016). 
Oikonomou et al. (2013) demonstrated that preweaned 
calves with increased ADG had a greater bacterial 
species richness (Chao 1 index) in the gut than those 
with low ADG as determined with a fecal microbiota 
analysis. Meale et al. (2016, 2017b) observed significant 
relationships between BW and the abundance of sev-
eral bacterial taxa in fecal microbiota of dairy calves. 
Moreover, Shanks et al. (2011) and Paz et al. (2018) 
demonstrated that feed efficiency and nutrient concen-
trations in feces were different also in mature cattle 
with different bacterial community compositions in the 
rumen and feces. We hypothesized that having access to 
drinking water during the early postnatal period would 
significantly affect the bacterial community composi-
tion in the gut of young dairy calves. The objectives of 
the present study were (1) to investigate the effect of 
offering drinking water from birth versus about 2 wk of 
age on the species richness, abundance, and diversity of 
bacterial communities in the feces of preweaned calves, 
and (2) to examine if those effects would be persistent 
once calves are weaned.

MATERIALS AND METHODS

Animals, Treatments, and Measurements

All animal procedures in this study were conducted 
under approval of the Animal Care and Use Committee 
at Iowa State University (IACUC 7–17–8570-B). The 
fecal samples used in the present study were obtained in 
a calf trial published in Wickramasinghe et al. (2019). 
More details of the Materials and Methods than what is 
described below are available in Wickramasinghe et al. 
(2019). Thirty Holstein heifer calves born in the Iowa 
State University Dairy from August 22 to October 8 in 
2017 were allotted to 2 treatments (15 calves per treat-
ment): (1) provision of drinking water at birth (W0), 
and (2) provision of drinking water 17 d after birth 
(W17). However, one calf in W0 became severely ill 
and had to be euthanized before the end of the study. 
Therefore, data from 14 calves were used for W0 (n = 
14). All the calves were housed in individual pens in an 
indoor calf facility until they were 10 wk old. All calves 
were bottle-fed with 2.0 kg of pasteurized waste milk 
3 times per day until they were 14 d old. From d 14 
to 42, the milk allowance was increased to 3.0 kg/calf 
per feeding (9.0 kg/calf per d). Calves were partially 
weaned by cutting down daily milk allowance from 9.0 
to 3.0 kg/calf per d on d 42. Calves were completely 
weaned on d 49. Once offered, each individual calf had 
free access to clean drinking water and a grain-based 
starter ration in separate plastic buckets throughout 
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the study (from 0 to 70 d of age). Approximately 5.0 
g of fresh feces was collected directly from the rectum 
to sterile bags at 2 and 6 wk of age (preweaning), and 
at 10 wk of age (postweaning). Fecal samples were 
flash-frozen in dry ice immediately after collection and 
then transferred to a freezer at −80°C for storage until 
further processing.

DNA Extraction

Fecal samples stored at −80°C were thawed under 
room temperature while being kept on ice. Approxi-
mately 0.25 g of feces from each replicate was used for 
DNA extraction using DNeasy PowerLyzer PowerSoil 
Kit (Qiagen Sciences Inc., Germantown, MD) follow-
ing the manufacturer’s protocol (https:​/​/​www​.qiagen​
.com/​us/​resources/​resourcedetail​?id​=​e9f9f78a​-36ee​
-4c0f​-b91d​-ff7aaa6444ef​&​lang​=​en) that included a 
step involving bead-beating (Fisherbrand Bead Mill 24 
Homogenizer, Fisher Scientific, Portsmouth, NH) for 
mechanical disruption of microbial cells. The DNA was 
eluted from the column with an elution buffer (included 
in DNeasy PowerLyzer PowerSoil Kit). Concentrations 
of DNA were quantified using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, 
MA) and adjusted to 25 to 50 ng of DNA/μL. Samples 
with adjusted DNA concentrations were loaded to a 96-
well microtiter plate (Microtiter Microplate, Thermo 
Fisher Scientific), sealed (Thermo Scientific Nunc 
Sealing Tapes, Thermo Fisher Scientific), and stored 
at – 80°C until shipping to the DNA sequencing facility 
(Iowa State University DNA facility, Ames, IA).

Microbiota Sequencing, Sequence  
Processing, and Analysis

The microbiota sequencing was conducted us-
ing a protocol designed to amplify bacteria and ar-
chaea (The Earth Microbiome Project; http:​/​/​www​
.earthmicrobiome​.org/​). Briefly, the genomic DNA 
from each sample was amplified using Platinum Taq 
DNA Polymerase (Thermo Fisher Scientific) with one 
replicate per sample using universal 16S rRNA gene 
bacterial primers [515F (5′-GTGYCAGCMGCCGCG-
GTAA-3′; Parada et al., 2016) and 806R (5′-GGAC-
TACNVGGGTWTCTAAT-3′; Apprill et al., 2015)] for 
the variable region V4, as previously described (Kozich 
et al., 2013). All samples underwent PCR with an ini-
tial denaturation step at 94°C for 3 min, followed by 
45 s of denaturing at 94°C, 20 s of annealing at 50°C, 
and 90 s of extension at 72°C. This was repeated for 35 
total PCR cycles and finished with a 10-min extension 
at 72°C. All PCR products were then purified with the 

QIAquick 96 PCR Purification Kit (Qiagen Sciences 
Inc., Germantown, MD) according to the manufactur-
er’s recommendations. The PCR bar-coded amplicons 
were mixed at equal molar ratios and used for Illumina 
MiSeq paired-end sequencing with 150-bp read length 
and cluster generation with 10% PhiX control DNA on 
an Illumina MiSeq platform (Illumina Inc., San Diego, 
CA).

Raw sequence data in fastq format were analyzed us-
ing mothur v.1.40.4 (Kozich et al., 2013). The number 
of raw reads per sample varied from 41,076 to 239,819. 
Barcode sequences, primer, and low-quality sequences 
were trimmed using a minimum average quality score of 
35, with a sliding window size of 50 bp. Briefly, paired-
end reads were combined into contigs using merge.con-
tigs and the sequences were then subsampled randomly 
to obtain 41,000 sequences per sample and screened 
for quality with the screen.seqs command excluding 
sequences shorter than 250 bp and sequences with any 
ambiguities. The length of allowed homopolymers was 
set to 8. Chimeras were removed using the chimera.
uchime command. The sequences were aligned using the 
SILVA SSU reference database (version 132, Pruesse et 
al., 2007). A total of 3,177,001 sequences (89.2%) passed 
the quality control. These sequences were clustered into 
operational taxonomic units (OTU) with a 99% simi-
larity cutoff. The SILVA SSU reference database ver-
sion 132 was used as taxonomic reference for the OTU. 
The nonparametric species richness estimates [Chao 
1 and abundance-based coverage estimator (ACE)], 
the diversity indices (Shannon), and the evenness and 
coverage-based index (Simpson) were calculated using 
the “summary.single” command. Analysis of β diver-
sity based on a Bray-Curtis dissimilarity matrix was 
achieved by using the analysis of molecular variance 
and analysis of similarity commands in mothur. Overall 
variation in bacterial communities was visualized us-
ing principal coordinate analysis based on Bray-Curtis 
dissimilarity. This information was generated with the 
Phyloseq (v1.28.0, McMurdie and Holmes, 2013) pack-
age using the shared and taxonomy file generated in 
mothur.

Sequencing data are available in the BioProject 
SRA database under accession number PRJNA526931 
(https:​/​/​www​.ncbi​.nlm​.nih​.gov/​bioproject/​?term​=​
PRJNA526931).

Statistical Analysis

Treatment effects on α diversity, the abundance of 
phyla Firmicutes and Bacteroidetes, and the abundance 
of the 10 most abundant genera were analyzed using 
GLIMMIX procedure of SAS v. 9.4 (SAS Institute Inc., 
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Cary, NC), while accounting for the repeated measures 
using following model with Poisson distribution for 
relative abundance data.

	 Yijk = μ + Ti + Wj + (T × W)ij + Ck + eijk,	

where Yijk = the diversity measure of interest, μ = 
overall mean, Ti = the fixed effect of the ith treatment 
(i = W0 and W17), Wj = the fixed effect of jth week 
of age that fecal samples were collected, (T × W)ij = 
the fixed effect of interaction between the ith treatment 
and jth week of age, Ck = the random effect of calf, and 
eijk = the random error. Relative abundance of OTU 
was ranked highest to lowest and the 50 most abundant 
OTU at each time point (2, 6, and 10 wk of age) were 
included in the statistical analysis. The treatment ef-
fects on each OTU was determined after adjusting the 
P-values into q-values using false discovery rate (Ben-
jamini and Hochberg, 1995) correction conducted with 
MULTTEST procedure in SAS. Statistically significant 
treatments effects were declared at q-value <0.10. 
Additionally, Spearman’s rank correlation coefficients 
were determined for relationships of relative abundance 
of top 10 genera at wk 6 or at wk 10 with apparent 
total-tract digestibility of ADF, NDF, starch, and CP 
measured at wk 10 using CORR procedure of SAS.

RESULTS

Alpha Diversity

Treatment effects on α diversity indices are given in 
Table 1. At 2 wk of age, W0 had a greater number of 
observed bacterial species (OTU) as opposed to W17 
calves (P = 0.033). However, no differences were found 
at the age of wk 6 or 10. The number of OTU continued 
to increase with age in both groups (P < 0.001), but the 
increment from wk 2 to 6 in W17 was more prominent 
than the increment in W0 (53 vs. 13%). Consistent with 
the number of OTU, W0 calves also had greater Chao 1 
and ACE indices, indicating improved species richness 
(P < 0.050) relative to W17 at 2 wk of age. Chao 1 and 
ACE continued to increase with age (P < 0.001) but 
became similar between W0 and W17 at 6 and 10 wk 
of age. Again, the increment from wk 2 to 6 was more 
pronounced in W17 (52 and 62%, respectively) than in 
W0 (8 and 11%, respectively). The Shannon index was 
similar between W0 and W17 at wk 2 and increased 
markedly from wk 2 to 6 in both cases (P < 0.001). 
Nonetheless, the W17 calves drinking more water, once 
offered (Figure 1), had a greater Shannon index than 
W0 (5.45 vs. 5.09, P = 0.029) at wk 6. Once calves were 
weaned, Shannon index became similar between W0 
and W17. In line with the Shannon’s index, the inverse 
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of Simpson index was similar between W0 and W17 
at wk 2 (P = 0.747) but tended to be greater in W17 
than W0 at wk 6 (P = 0.055) and again became similar 
between the treatments 3 wk after weaning.

Effects on the Beta Diversity

When comparing the fecal communities as a whole, 
no differences were found between W0 and W17 using 
analysis of molecular variance (P ≥ 0.310, data not 

shown) and analysis of similarity (P ≥ 0.251, −0.046 
< r ≤ 0.026). Similarly, principal coordinate analysis 
based on Bray-Curtis dissimilarities revealed clustering 
of the samples according to age, but not according to 
treatment (Figure 2).

Abundance of Firmicutes and Bacteroidetes

The relative abundance of Firmicutes and Bacte-
roidetes in W0 and W17 at each time point is given 
in Table 1 and Figure 3. Beginning to offer drinking 
water at birth versus about 2 wk later did not affect 
the abundance of Firmicutes or Bacteroidetes and their 
ratio at any time point (P > 0.150). Regardless of the 
treatments, the abundance of Bacteroidetes and Fir-
micutes tended to increase and decrease (P < 0.010), 
respectively, as calves were weaned.

Most Abundant Genera and OTU

Mean (±SEM) relative abundance of the dominant 
genera in W0 and W17 at 2, 6, and 10 wk of age is 
given in Table 2. Moreover, the mean (±SEM) abun-
dance of the top 50 OTU exhibiting acceptable false 
discovery rate (q < 0.10) is given in Table 3. Regardless 
of treatments, the abundance of genera Bacteroides, 
Faecalibacterium, Lachnospiraceae_UC, Lactobacil-
lus, and Tyzzerella_4 decreased (P < 0.001), whereas 
that of Muribaculaceae_GE, Prevotella_1, Ruminococ-
caceae_UCG-005, and Treponema_2 increased (P < 
0.001) as calves grew from 2 to 10 wk of age. The most 
abundant genera and OTU responded to treatments 
only during the preweaning period (<7 wk of age). The 
abundance of none of the genera or OTU was different 
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Figure 1. Mean (±SEM) drinking water intake of Holstein heifer 
calves first receiving drinking water at birth (W0) or 17 d later (W17) 
during the first 2 wk, 2 to 6 wk (preweaning), and 6 to 10 wk (post-
weaning) of age.

Figure 2. Beta diversity of fecal microbial communities at 3 different time points in response to beginning to offer water to calves from birth 
(W0) or 17 d of age (W17). The plot is based on Bray-Curtis differences.
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between W0 and W17 few weeks after weaning (10 wk 
of age).

2 Wk of Age. Genera Bacteroides and Faecalibacte-
rium were more abundant in W0 than W17 (P < 0.050), 
whereas the abundance of Lachnospiraceae_UC was 2 
times greater in W17 than W0 (P = 0.006, Table 2). 
Among 50 most abundant OTU, Bacteroides_OTU05 
(q = 0.001), Bacteroides_OTU37 (q = 0.009), and Fae-
calibacterium_OTU11 (q = 0.056) were more abundant 
in W0 than W17. On the other hand, the abundance 
of Streptococcus_OTU12 (q < 0.001), Lachnospira-
ceae_OTU09 (q = 0.001), Lachnospiraceae_OTU28 (q 
= 0.066), and Butyricicoccus_OTU15 (q = 0.056) was 
greater in W17 calves than W0 calves (Table 3).

6 Wk of Age. Genus Faecalibacterium continued 
to be more abundant in W0 than W17 (P = 0.025), 
whereas the abundance of genus Muribaculaceae was 

greater in W17 than W0 (P = 0.041, Table 2). Among 
the 50 most abundant OTU, the abundance of Lacto-
bacillus_OTU01 (q = 0.049), Tyzzerella_OTU04 (q = 
0.049), Streptococcus_OTU12 (q = 0.046), Faecalibac-
terium_OTU08 (q = 0.019), Bifidobacterium_OTU14 
(q = 0.082), and Lachnospiraceae_OTU28 (q = 0.060) 
were different between W0 and W17. All those 6 OTU 
were more abundant in W0 than W17 (Table 3).

Relationships Between Gut Microbiota Composition 
and Nutrient Digestibility

Correlations (r; r = Spearman’s rank correlation 
coefficients) of the abundance of dominant genera at 
wk 6 or 10 with apparent total-tract digestibility of 
ADF, NDF, starch, and CP at wk 10 are given in Table 
4. The abundance of Faecalibacterium preweaning was 
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Figure 3. Median relative abundance of bacterial phyla in feces from calves first offered drinking water at birth (W0) or 17 d later (W17) at 
2, 6 (preweaning), and 10 (postweaning) wk of age. Phyla with relative abundance lower than 2% are shown as “other phyla.”
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positively related to the ADF digestibility postwean-
ing (R = 0.45, P = 0.017), whereas the abundance of 
Faecalibacterium postweaning was negatively related to 
the digestibility of starch postweaning (R = −0.40, P 
= 0.037). Weaned calves having greater abundance of 
Lactobacillus were related to lower digestibility of ADF 
(R = −0.45, P = 0.016). Treponema_2 had a negative 
relationships with the ADF digestibility (R = −0.44, P 
= 0.018), whereas Prevotella_1 had a positively rela-
tionship with NDF digestibility (R = 0.41, P = 0.029) 
3 wk postweaning.

DISCUSSION

Pertaining to the fact that dairy producers wait, on 
average, 17 d to first offer drinking water to newborn 
dairy calves in the United States (USDA, 2016), we 
studied the effect of beginning to offer drinking water 
at birth (W0) versus at 17 d of age (W17) on growth, 
health, and nutrient digestibility, and fecal microbiota 
community composition. The effects on all those vari-
ables except the fecal microbiota composition were 
published in Wickramasinghe et al. (2019). The present 
paper includes the effects on fecal microbiota as mea-
sured at 2, 6 (preweaning), and 10 wk (early postwean-
ing) of age. In line with several previous investigations 
(Callaway et al., 2010; McGarvey et al., 2010; Mao et 
al., 2012; Oikonomou et al., 2013; Kim et al., 2014; 
Klein-Jöbstl et al., 2014), we chose to study fecal mi-
crobiota as a proxy for gut microbiota as fecal samples 
make periodic measurements with adequate sample size 
possible. One major limitation of using fecal samples 
is the fact that fecal microbiota primarily reflects 
digesta-associated microbiota, which can be markedly 
different from microbiota found in the mucosa (Mal-
muthuge et al., 2012, 2014). Moreover, fecal samples 
are highly representative of the digesta in the lower gut 
and would not adequately represent important host-
microbial interactions specific to different regions of 
the gut (Malmuthuge et al., 2014). Even though fecal 
microbiota analyses may not adequately describe inter-
actions between gut microbiota and host physiology, 
they can still be able to capture changes in gut micro-
biota composition (Pereira et al., 2016). In this study, 
we describe the gut microbiota composition primarily 
using the relative abundance data, which would limit 
drawing robust conclusions on absolute prevalence of 
bacterial taxa. Therefore, the present fecal microbiota 
analysis was focused on examining relative differences 
in microbiota composition in calves receiving drinking 
water from birth versus 17 d later. Furthermore, cor-
relations between nutrient digestibility (postweaning) 
and gut microbiota composition (pre- or postweaning) 
were examined with an aim of explaining any lasting 
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effects of offering drinking water to newborn calves on 
the gut microbiota composition and nutrient utilization 
efficiencies.

A greater number of OTU was observed in W0 than 
W17 at 2 wk of age, indicating a positive effect of begin-
ning to offer drinking water at birth on establishment 
and early colonization of bacteria in the gut of neonatal 
calves. In addition, the Shannon index was greater in 
W17 drinking >50% more water (L/d) than W0 at 6 
wk of age, suggesting a positive effect of drinking water 
volume on gut microbiota diversity. Malmuthuge et al. 
(2015) describe that early colonization of microbiota in 
the gut of dairy calves is influenced by factors related 
to host (e.g., luminal pH and digesta passage rates), 
the environment (e.g., diet and antimicrobial treat-
ments), and microbiota (e.g., mechanisms to survive 
under oxygen gradient and to obtain nutrients from the 
host). In a pursuit of explaining the differences in spe-
cies richness between W0 and W17, one could speculate 
that bacteria present in drinking water itself might 

have contributed to gut microbiota communities to a 
certain extent. However, Ling et al. (2018) reported 
that aerobic bacteria (e.g., Proteobacteria) were the 
most abundant (>50%), whereas anaerobic bacteria 
(e.g., Bacteroidetes and Firmicutes) had negligible 
contribution (<3%) to the bacterial community com-
position of tap water. Given the anaerobic environment 
of the gastrointestinal tract, even if gut microbiota 
could be inoculated with the microbiota in drinking 
water, resulting compositional changes would be rather 
transient. On the other hand, those short-lived aerobic 
bacteria deriving from drinking water could still have 
an effect on gut microbiota possibly by promoting colo-
nization of anaerobic bacteria, as the aerobic bacteria 
would scavenge on oxygen in the gut, thereby making 
it adequately anaerobic (Friedman et al., 2018). Among 
other factors, the host diet and nutrients available for 
gut microbiota are a major consideration (Dill-McFar-
land et al., 2019). Milk (~800 g of milk solid/d) was the 
primary contributor to nutrients available in the gut as 
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Table 3. The LSM (±SEM) of relative abundance of only operational taxonomic units (OTU) showing 
treatment effects (q <0.10) according to a false discovery rate analysis1

OTU W0 W17 q-Value

Wk 2      
  Bacteroides_OTU05 8.80 ± 0.80 3.21 ± 0.47 0.001
  Lachnospiraceae_OTU09 2.33 ± 0.41 6.03 ± 0.64 0.001
  Faecalibacterium_OTU11 4.03 ± 0.54 2.20 ± 0.39 0.056
  Butyricicoccus_OTU15 1.96 ± 0.15 3.70 ± 0.25 0.056
  Streptococcus_OTU12 0.37 ± 0.15 3.68 ± 0.54 <0.001
  Bacteroides_OTU37 2.35 ± 0.42 0.56 ± 0.20 0.009
  Lachnospiraceae_OTU28 0.75 ± 0.24 1.89 ± 0.36 0.066
Wk 6      
  Lactobacillus_OTU01 6.45 ± 0.47 3.78 ± 0.26 0.049
  Tyzzerella_OTU04 2.68 ± 0.44 1.02 ± 0.27 0.049
  Streptococcus_OTU12 2.35 ± 0.78 0.74 ± 0.42 0.046
  Faecalibacterium_OTU08 2.05 ± 0.41 0.20 ± 0.12 0.019
  Bifidobacterium_OTU14 1.21 ± 0.31 0.24 ± 0.13 0.082
  Lachnospiraceae_OTU28 0.62 ± 0.28 0.10 ± 0.09 0.06
1W0 = calves receiving drinking water from birth; W17 = calves first receiving drinking water at 17 d of age.

Table 4. Spearman’s rank correlation coefficients for the relationships of the abundance of the top 10 genera at 6 wk of age (preweaning) and 10 
wk of age (3 wk postweaning) with apparent total-tract digestibility of ADF, NDF, starch, and CP measured at 10 wk of age (3 wk postweaning)

Genus

Abundance at wk 6 (preweaning)

 

Abundance at wk 10 (postweaning)

ADF NDF Starch CP ADF NDF Starch CP

Alloprevotella −0.14 −0.33 0.15 −0.09   0.3 0.1 0.08 0.16
Bacteroides 0.10 0.05 0.06 −0.31   −0.25 −0.24 0.3 0.28
Faecalibacterium 0.45* −0.01 −0.21 0.19   0.08 −0.15 −0.40* −0.33
Lachnospiraceae_UC −0.12 0.16 0.13 0.33   0.05 0.05 −0.22 −0.07
Lactobacillus −0.31 −0.35 0.14 −0.10   −0.45* −0.34 −0.16 −0.12
Muribaculaceae_GE −0.07 0.22 0.03 −0.07   −0.01 −0.08 0.3 0.16
Prevotella_1 0.22 −0.11 −0.05 −0.03   −0.03 0.41* 0.05 0.09
Ruminococcaceae_UCG-005 −0.03 −0.10 0.05 −0.07   0.07 0.08 −0.11 −0.27
Treponema_2 −0.03 −0.01 0.06 −0.24   −0.44* −0.34 0.09 0.24
Tyzzerella_4 0.01 0.32 0.17 0.38   −0.02 0.33 −0.04 −0.09

*Statistically significant (P < 0.05).
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solid feed intake was negligible at 20 g/d in both W0 
and W17 during the first 2 wk (Wickramasinghe et al., 
2019). Calves having access to drinking water, however, 
consumed 6% (Wickramasinghe et al., 2019) more milk 
than W17 during this period. Given the fact that milk 
bypasses the rumen and is shunted to the abomasum, it 
can be hypothesized that the increment in milk intake 
and thus nutrient supply to the intestines could be as-
sociated with a significant enhancement of colonization 
bacteria and thus the species richness in the lower gut. 
The average milk intake (kg/d) during the first 2 wk 
was, however, inversely related to the Shannon index, 
an indicator of the evenness of microbiota composi-
tion at 2 wk of age (R = −0.55, P = 0.002, data not 
shown), suggesting that the increment of milk intake 
likely supported colonization of only certain bacterial 
taxa. On the other hand, even though nutrient intake is 
constant, changes in digestion kinetics would diversify 
amounts and the forms of nutrients available in whole 
or a particular segment of the digestive tract. Passage 
rate is a key factor that would satisfactorily explain 
variability in digestibility of nutrients. High passage 
rates interfere with digestibility and result in elevated 
outflow of nutrients in varying forms (e.g., undigested 
nutrients and intermediary products of digestion), pro-
moting growth of a variety of bacteria with diversified 
substrate preferences. We collected total feces output, 
analyzed nutrient concentrations in feces, and deter-
mined apparent total-tract digestibility of nutrients only 
of weaned calves (10 wk of age, Wickramasinghe et al., 
2019). Such information of younger calves could have 
been useful in explaining the observed differences in the 
diversity of gut microbiota between W0 and W17 at wk 
2 and 6. Nonetheless, Fraley et al. (2015) demonstrated 
that dairy cows consuming high drinking water volume 
(L/d) were related to high liquid passage rates from the 
rumen and low concentrations of VFA and ammonia in 
the rumen. Therefore, it can be hypothesized that water 
entering the rumen would elevate intraluminal pressure 
in the rumen, which in turn stimulates the pressure 
receptors in rumen wall and thus rumen contractions 
(Forbes and Barrio, 1992). Little is known about the 
role of intraluminal pressure in preruminants, but it 
is known to stimulate gastric emptying in monogas-
tric animals (Strunz and Grossman, 1978). Therefore, 
perhaps, calves drinking more water were associated 
with greater digesta passage rates and thus increased 
nutrient flows to the lower gut, promoting colonization 
of bacteria in it.

It can also be speculated that drinking water might 
modulate physiochemical properties of the gut, for in-
stance pH and redox potential, and thereby influence 
the composition of gut microbiota in neonatal calves. 
Even though it is hard to find any scientific evidence 

supporting such a notion for calves, Fraley et al. (2015) 
observed a positive correlation between drinking water 
intake and fecal pH in dairy cows. Reese and Dunn 
(2018) reported a positive correlation between gut pH 
and the Shannon index of gut microbiota across several 
species. Moreover, drinking water consumed by dairy 
cattle is not completely nutrient free where mineral 
concentrations are concerned (Castillo et al., 2013). 
Mineral supplements have been reported to shape the 
diversity of intestinal microbiota in young monogastric 
animals (Shannon and Hill, 2019). Faulkner and Weiss 
(2017) showed that trace minerals such as copper, zinc, 
and manganese significantly alter the relative abun-
dance of microbial communities in the colon of lactat-
ing dairy cows. It is also noteworthy that calves in the 
present study were offered chlorinated tap water and 
fed pasteurized waste milk, often containing residues 
of various antimicrobial substances. (Pereira et al., 
2014; Tempini et al., 2018). Xi et al. (2009) reported 
that chlorine in drinking water increased expression of 
multidrug efflux pumps in bacteria, making them re-
sistant to antibiotics. Perhaps, this possible interaction 
between drinking water and waste milk had a more 
favorable effect on richness and diversity of gut micro-
biota in W0 than W17.

At the phylum level, offering drinking water from 
birth or about 2 wk later did not change relative abun-
dance of Firmicutes and Bacteroidetes, or their ratio 
in young calves (≤10 wk of age). However, the abun-
dance significantly changed with age, particularly when 
calves were weaned, in agreement with the previously 
reported relationship with the development of gastroin-
testinal tract and weaning of young calves (Meale et al., 
2017a,b). At the genus level, Alloprevotella, Bacteroides, 
Faecalibacterium, Lachnospiraceae, Lactobacillus, Muri-
baculaceae, Prevotella_1, Ruminococcaceae_UCG-005, 
Treponema_2, and Tyzzerella_4 were the most abun-
dant during the first 10 wk. This list is not perfectly in 
line with the lists published previously for calves (e.g., 
Oikonomou et al., 2013 and Meale et al., 2017b) due to 
several factors including age, diet, weaning strategies, 
and geographical location. In addition, as mentioned 
above, calves in the present study were fed waste milk 
potentially containing antimicrobial residues, which are 
able to modulate the composition of gut microbiota 
differently. Nonetheless, relative abundance of the ma-
jority of genera changed significantly as the calves got 
older and were weaned. Furthermore, the abundances 
of every genera were highly variable across individual 
animals at every time point (CV > 45%, data not 
shown). Overall, as also observed in Figure 2, the indi-
vidual animal variability was greater preweaning than 
postweaning (average CV = 163 vs. 109%, data not 
shown). With that much of a variability, we were still 
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be able to capture treatment differences (P < 0.050) of 
some genera, indicating the sample size of this study 
(n = 14 to 15) was adequate to capture true effects 
of drinking water on some important attributes of gut 
microbiota composition. Provision of drinking water 
from birth had a positive effect on the abundance of 
Bacteroides and Faecalibacterium, whereas it negatively 
affected the abundance of Lachnospiraceae_UC at 2 wk 
of age. Considering their preference for sugars and oli-
gosaccharides present in milk (Marcobal et al., 2011; 
Azcarate-Peril et al., 2017), the increased abundance 
of Bacteroides and Faecalibacterium in W0 could be 
related to the increased volume of milk they consumed 
and the capacity of drinking water to enhance liquid 
passage rates and thus increase nutrients flows to the 
lower gut.

Among the most abundant OTU, Streptococcus_
OTU12, which was related (100% similarity) to Strep-
tococcus gallolyticus ATCC BAA249 (formerly known 
as Streptococcus bovis), was less abundant in W0 than 
W17 at 2 wk of age. Having a low abundance of S. 
gallolyticus in the gut at 2 wk of age could be an ad-
vantage as Aydin et al. (2019) found recently a positive 
association between the S. gallolyticus and meningitis 
in neonatal calves. The inverse association between S. 
gallolyticus and drinking water appeared to be more 
an effect of drinking water volume (L/d) than the age 
calves were first offered drinking water as W17 drinking 
more water had a lower abundance of S. gallolyticus 
than W0 at 6 wk of age. Meale et al. (2017b) also 
reported a negative correlation between drinking water 
volume (L/d) and the abundance of genus Streptococ-
cus in feces of dairy calves 5 to 9 wk of age. On the 
other hand, the abundance of genus Faecalibacterium 
continued to be more dominant in W0 than W17 even 
at wk 6, exemplifying a lasting effect of receiving drink-
ing water during first 2 wk of life on gut microbiota 
composition in calves. In particular, the abundance of 
Faecalibacterium_OTU08 related (98.8% similarity) to 
Faecalibacterium prausnitzii ATCC 27768 was 10 times 
greater in W0 than W17 at 6 wk of age. Faecalibacte-
rium prausnitzii is an obligate anaerobic, gram-positive, 
and butyrate-producing bacterium shown to improve 
preweaned calf performance (Foditsch et al., 2015). 
For instance, Oikonomou et al. (2013) reported that 
F. prausnitzii in feces was positively related to ADG 
in preweaned calves. Moreover, Foditsch et al. (2015) 
showed that feeding F. prausnitzii as a probiotic im-
proved gastrointestinal health and growth of preweaned 
calves. Another OTU that was more prominent in W0 
than W17 at 6 wk of age was Bifidobacterium_OTU14 
related (100% similarity) to Bifidobacterium breve 
ATCC 15700. Bifidobacterium species in the gut pro-

vide several benefits to animals, including antagonistic 
effects against pathogenic bacteria and improvements 
in ADG (Abe et al., 1995; Simmering and Blaut, 2001; 
Vaughan et al., 2002; Chierici et al., 2003; Paggi and 
Fay 2004; Vlková et al., 2004). Meale et al. (2017b) re-
ported a negative relationship between drinking water 
intake and the abundance of the genus Bifidobacterium 
in feces of 5- to 9-wk-old dairy calves. Moreover, Owu-
su-Asiedu et al. (2006) observed that gut Bifidobacte-
ria counts were negatively related to digesta passage 
rates in growing pigs. Therefore, the differences in the 
abundance of Bifidobacterium between W0 and W17 
appear to be related to the differences in drinking water 
volumes and subsequent digesta passage rates between 
those 2 groups at wk 6.

None of the α diversity indices or the abundance of 
any of the genera or the OTU responding to drink-
ing water during preweaning period was significantly 
different between W0 and W17 3 wk postweaning (10 
wk of age), suggesting that the drinking-water-induced 
changes in gut microbiota composition were rather 
short lived and limited primarily to suckling calves. 
This also points out the robustness of solid feed in 
shaping gut microbiota composition compared with 
other factors. Nonetheless, the abundance of the genus 
Faecalibacterium that was more prominent in W0 than 
W17 preweaning (at wk 6) was positively correlated 
with ADF digestibility 3 wk postweaning (10 wk of 
age), supporting an idea that early-life changes in gut 
microbiota composition could be linked to future feed 
conversion efficiency of calves (Wickramasinghe et al., 
2019). The observed relationships between gut micro-
biota and nutrient digestibility further indicated that 
weaned calves still having significant abundance of 
milk sugar-fermenting bacteria likely indicate a lack of 
adaptation to use a solid diet as evident by a negative 
correlation between Lactobacillus and ADF digestibility 
3 wk postweaning. Moreover, Treponema_2, which is 
usually dominant in weaned calves (Meale et al., 2016), 
was also negatively related to ADF and NDF digestibil-
ity 3 wk postweaning. Cunha et al. (2017) also reported 
that Treponema_2 in the rumen were negatively cor-
related with enteric methane production, which posi-
tively responds to NDF digestibility in mature cattle 
(Appuhamy et al., 2016).

CONCLUSIONS

Even though the exact mechanism is not clear, offer-
ing drinking water from birth likely enhanced establish-
ment and early colonization of bacteria in the gut of 
newborn calves as indicated by improved microbiota 
richness indices of W0 at 2 wk of age. Independent of 
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the timing that drinking water was first offered, drink-
ing water intake (L/d) also appeared to have a positive 
association with diversity indices. Those improvements 
were, however, limited to preweaned calves. Regardless 
of the changes in drinking water intake between W0 
and W17, W0 had increased abundance of genus Faeca-
libacterium throughout the preweaning period (<7 wk 
of age). Moreover, the abundance of Faecalibacterium 
was positively related to digestibility of ADF 3 wk af-
ter weaning, suggesting a positive link between offering 
drinking water from birth and ability to use a solid 
diet efficiently once calves are weaned. The improved 
growth performance of W0 in our previously published 
work appeared to be partly related to changes in gut 
microbiota composition as W0 had increased abundance 
of Faecalibacterium prausnitzii, and Bifidobacterium 
breve known to improve growth of preweaned calves. 
Overall, beginning to offer drinking water to newborn 
calves at birth could potentially affect gut microbiota 
composition and thereby have a favorable effect on 
growth and feed conversion efficiency during early 
stage of development (≤10 wk of age). It is, however, 
noteworthy that we evaluated the associations between 
drinking water and bacterial taxa using semiquantita-
tive relative abundance data that would possibly limit 
robustness of some of our conclusions as compared with 
those based on data from quantitative analysis such as 
quantitative PCR. Furthermore, since our calves were 
fed waste milk possibly containing residues of various 
antimicrobial substances that can affect gut microbiota 
by themselves or through an interaction with drinking 
water, the present study results have to be cautiously 
extrapolated to other calf populations.
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