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INTRODUCTION

Increase in demand for quality meat and milk 
products coupled with limited quantity and quality of 
resources exacerbates the need for improved produc-
tion efficiency in livestock. The rumen microbiome 
enables ruminant livestock to convert low-quality 
forages into high-quality end products and provides 
energy for the host (Church, 1988; Flint and Bayer, 
2008). Differences in the microbiome have been 
reported between high and low feed efficient animals 
(Guan et al., 2008; Carberry et al., 2012).

The early microbiome is critical for host immu-
nity and development of absorptive capacity of the 
rumen (Church, 1988; Taschuk and Griebel, 2012); 
factors influencing the colonization of the rumen 
microbiome may have lasting effects on host per-
formance and alter feed efficiency. Evidence sug-
gests a strong link between host genetics and the 
rumen microbiome (Hernandez-Sanabria et  al., 
2013; Roehe et  al., 2016), indicating potential to 
select for a more desirable rumen microbiome based 
on maternal breed and/or crossbreeding strategies. 
Additionally, mode of delivery and the intrauterine 
environment can affect gut microbial colonization 

of offspring (Thum et al., 2012; Guzman et al., 2015; 
Aagaard et al., 2016; Chu et al., 2016). We hypoth-
esized that maternal factors would alter the rumen 
microbiome in progeny and these changes would 
persist into adulthood impacting host feed efficiency 
and performance. Our objective was to determine 
the impacts of differing modes of delivery, rearing 
types, and maternal breeds on the calf microbiome 
and subsequent effects on feed efficiency.

MATERIALS AND METHODS

All animal procedures were approved by the 
University of Wyoming Animal Care and Use 
Committee.

Cow Management and Diet

Mature Charolais (Char, n = 40) and Angus 
(Ang, n = 40) cows were used in this study. Cows 
were bred via natural service and their expected 
calving date was calculated as 250 d after the date 
the bull was introduced. Cows were fed ad libitum 
grass hay (6.8% CP, 40.2% ADF, 56.8% TDN, 1.2 
NEm MCal/kg, 0.64 NEg MCal/kg) and 0.91 kg × 
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d−1 DDGS (29.9% CP, 12.3% ADF, 75.0 TDN%, 
1.79 NEm MCal/kg, 1.16 NEg MCal/kg). Cows 
within each breed were randomly assigned to one 
of three treatment groups; 1) control group (CON; 
n  =  12); 2)  caesarean section group (CSECT; 
n = 12); and 3) bottle reared group (BOT; n = 12). 
The CSECT group was monitored closely for signs 
of parturition and a veterinarian performed the 
caesarean section using standard protocol includ-
ing pain management and postsurgical care.

Calf Management and Calf  Rumen Fluid Sample 
Collection

Cows in both CON and CSECT treatments 
reared their respective calf  until weaning at approxi-
mately 180 d. The BOT cows were separated from 
their calves 24-h postparturition and calves were 
reared on artificial milk replacer until weaning. All 
calves had ad libitum access to hay and water.

At approximately 1.5 mo of age, all calves 
were fed Purina Stocker Grower (Purina Mills/
Land O’Lakes, Inc; 15.3% CP, 10.0% ADF, 83.2% 
TDN, 2.12 NEm MCal/kg, 1.44 NEg MCal/kg on 
DM basis) at the rate of 0.91 kg × animal−1 × d−1 
through weaning (~180 d of age). Postweaning 
calves were maintained on Purina Stocker Grower 
(average 4.54 kg × animal−1 × d−1) and ad libitum 
hay for 73 ± 13.55 d prior to the start of the feed 
test. Calves were combined across the treatments 
to make a single cohort and acclimated to the 
GrowSafe system 2 wk prior to the start of the feed 
test. At this time, calves were transitioned to a for-
age-based complete pellet (13.3% CP, 22.3% ADF, 
70.6% TDN, 1.65 NEm MCal/kg, 1.04 NEg MCal/
kg on DM basis). Calves had ad libitum access to 
the forage pellet and water throughout the feed test.

Rumen fluid was collected at the conclusion of 
the feed test from Char CON (n = 8; three steers and 
five heifers); Char CSECT (n = 7; two steers and five 
heifers); Char BOT (n = 8; four steers and four heif-
ers); Ang CON (n = 5; two steers and three heifers); 
and Ang BOT (n = 7; three steers and four heifers) 
calves. Samples were collected via oral-lavage using 
methods described by Lodge-Ivey et al. (2009). Due 
to unforeseen complications, no samples were able 
to be collected from Ang CSECT calves.

Cow and Calf  Performance and Feed Intake Data 
Analyses

Calf 2-d BW was collected at the start and end 
of the feed test and every 2 wk throughout the dur-
ation of the test. Individual feed intake was recorded 

with the GrowSafe system to calculate ADG and 
residual feed intake (RFI). Residual feed intake 
was calculated as the difference between actual and 
expected feed intake of an individual animal, where 
expected intake was determined by regressing 
ADG and metabolic midweight on actual intake 
(Cammack et al., 2005). Low RFI was assigned to 
calves with a negative RFI (calves consumed less 
than expected; better feed efficiency), and high RFI 
was assigned to calves with a positive RFI (calves 
consumed more than expected; poorer feed effi-
ciency). These data were analyzed using PROC 
MIXED of SAS (version 9.2; SAS Inst., Cary, NC). 
The final model for analyses of performance data 
included fixed effects of treatment, RFI class, and 
breed, and a random effect of sex. The LSMEANS 
were separated using LSD. Significance was deter-
mined at a P ≤ 0.05 and a tendency for 0.05 < P ≤ 
0.10.

Rumen Microbial DNA Extraction

Metagenomic shotgun sequencing was done 
using DNA extracted from rumen fluid samples 
according to methods described by Yu and Morrison 
(2004). The DNA was precipitated in ethanol and 
resuspended in Qiagen buffer EB to 80 ng/µL (2 µg 
aliquots) and shipped to the University of Missouri 
DNA Core Facility (Columbia) for sequencing.

Library Preparation and Metagenomic Sequencing

Libraries were constructed using manufactur-
er’s (Illumina) protocol with reagents supplied in 
Illumina’s TruSeq DNA PCR-free sample prepara-
tion kit. The library was then diluted and sequenced 
according to Illumina’s standard sequencing proto-
col for HiSeq.

Metagenomic Sequencing Analysis and 
Identification of 16S rDNA Genes

Metagenomic sequences were quality filtered 
before 16S rDNA genes were identified using Metaxa2. 
Briefly, hidden Markov models using HMMER 
identified the conserved regions of the small subunit 
by aligning to the SILVA database which were sub-
jected to a BLAST search. Taxonomic classification 
occurred by taking each rRNA entry and comparing 
the top five BLAST matches until a reliability score of 
80 was achieved; this resulted in accurate taxonomic 
assignment (Bengtsson-Palme et  al., 2015). These 
taxonomic profiles were further analyzed to assess 
diversity among and between samples using QIIME 1  
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(Caporaso et  al., 2010). Factors of breed, sex, 
treatment, and RFI class were considered in these 
comparisons.

RESULTS

Calf Performance

Feed intake and ADG were not affected (P > 
0.05) by breed or treatment. Both initial and final 
BW were greatest (P < 0.008) for CON calves, low-
est for BOT, and CSECT intermediate. Feed effi-
ciency (RFI) was different (P = 0.02) between Char 
and Ang calves, with Char having the more nega-
tive (more feed efficient) RFI compared to Ang 
(less feed efficient).

Rumen Microbiome

The effects of breed, sex, treatment, and RFI 
class all contributed (P  <  0.05) to variation in 
taxa abundance. There were 82 taxa differentially 
abundant (P  <  0.05) between Char and Ang; 39 
differentially abundant (P  <  0.05) between steers 
and heifers; 43 differentially abundant (P  <  0.05) 
across treatments; and 41 differentially abundant 
(P < 0.05) across RFI classes.

Microbial richness (alpha-diversity) did not dif-
fer (P ≥ 0.27) in respect to breed, sex, treatment, or 
RFI class. Microbial diversity between groups (beta 
diversity) differed across breeds (P = 0.01), in which 
the microbial diversity of the Ang rumen microbiome 
was more similar to other Ang microbiomes than to 
the Char microbiome. Additionally, calf microbial 
diversity was more similar (P < 0.08) within treat-
ments than across the different treatments. Finally, 
differences in microbial diversity were also associ-
ated (P < 0.01) with the differing RFI classes.

DISCUSSION

Charolais and Ang cattle are two biologic-
ally different breeds that have been reported to be 
divergent for feed efficiency. Savietto et  al. (2014) 
reported a negative RFI for Char (−0.124) and 
positive RFI for Ang (0.332). The date generated 
in this study were in agreement with the literature; 
Char calves had a lower RFI (−0.78 kg/d) on aver-
age compared to Ang calves (1.21 kg/d). Microbial 
phylotype frequencies differences have also been 
reported between Ang and Char (Hernandez-
Sanabria et  al., 2013). In our study, 82 taxa were 
differentially abundant between Ang and Char. 
Of these 82 taxa, 70 were more abundant in Ang 

calves than Char calves. The two taxa with the 
greatest abundance differences across breeds were 
an unclassified Prevotella which was more abun-
dant in Char compared to Ang, and unclassified 
Gammaproteobacteria which was more abundant 
in Ang compared to Char. Both of these genera 
belong to phyla that are most abundant in the 
rumen (Bacteroidetes and Proteobacteria, respec-
tively; Jami et al., 2014). Beta diversity also differed 
across breeds; the Ang microbiome was more sim-
ilar to other Ang compared to Char microbiome. 
This suggests that in general, microbial compos-
ition differs between these two breeds but the num-
ber of different species is similar (alpha-diversity). 
The lack of difference in alpha-diversity across all 
comparisons in this study could be explained by the 
age of the calves. All calves were weaned 73 ± 13.6 
d prior to the feed test and data suggests a stabili-
zation of the rumen microbiome at weaning (Jami 
et  al., 2013) which may contribute to the lack of 
differences in number of microbial taxa identified.

In total, 39 taxa were differentially abundant 
between steers and heifers. The taxa more abun-
dant in heifers were predominantly from the phy-
lum Proteobacteria, whereas those more abundant 
in steers belonged largely to Bacteroidetes and 
Firmicutes phyla. Paz et al. (2018) recently reported 
differences in key microbial families between heifer 
and steer models associated with divergence in feed 
efficiency, suggesting that sex may be another con-
tributing factor for variation in the rumen micro-
biome, including profiles associated with feed 
efficiency variation.

The treatments for this study were selected 
in an effort to identify and quantify the effect of 
maternal factors such as parturition and rearing 
on the calf  microbiome. The effect of mode of 
delivery has been studied primarily in humans and 
differences in microbial abundances and diversity 
between vaginal- and caesarean-delivered infants 
has been reported (Biasucci et al., 2008, 2010; Neu 
and Rushing, 2011). Although not statistically sig-
nificant, Bifidobacteria and Bacteroides were more 
abundant in CON calves compared to CSECT 
calves, which is in agreement with Biasucci et  al. 
(2008) who reported similar abundance differences 
in vaginally vs. caesarian delivered infants. Biasucci 
et  al. (2008) also reported a less diverse bacterial 
microbiome in the caesarian infants, which is also 
in agreement with our study.

The birthing process is critical to the establish-
ment of the offspring microbiome, but maternal 
colostrum and rearing can also impact early micro-
bial establishment. Data from this study indicate 
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microbial diversity differences between CON and 
BOT calves; several taxa also differed in abundance 
across these two treatments. While BOT calves did 
receive maternal colostrum for 24 h, they were not 
reared with their dam and instead reared on arti-
ficial milk replacer until weaning. The separation 
from mature animals can alter the rumen microbi-
ome (De Paula Vieira et al., 2012) and in humans, 
infants raised on formula have a more diverse 
microbiome compared to those that were breast-
fed (Bezirtzoglou et al., 2011). Both rearing envir-
onment and nutrition may be potential reasons for 
the differences in taxa abundance and beta diversity 
between CON and BOT calves.

Lastly, calves were housed as a single cohort for 
feed-efficiency testing and classification (high RFI 
vs. low RFI) to determine rumen microbial differ-
ences associated with feed-efficiency divergence. 
Lesser numbers of microbial taxa and gene-con-
tent richness have been associated with higher effi-
ciency animals (i.e., low RFI; Shabat et al., 2016). 
While not statistically significant (P = 0.27), species 
richness was numerically lower in low RFI (high 
efficiency) compared to high RFI (low efficiency) 
calves, in agreement with the findings of Shabat 
et al. (2016). Overall, microbial composition differed 
between high and low RFI calves according to the 
beta-diversity assessment. A  total of 41 microbial 
taxa were differentially abundant across RFI classi-
fications. Only two of these taxa were Archaea, with 
the remaining 39 taxa being bacteria. Interestingly, 
one of these Archaea was an unclassified species of 
the Methanobrevibacter genus that was more abun-
dant in high RFI calves. This is in agreement with 
data from Zhou et al. (2009) but differs from Ellison 
et al. (2017), who reported an increased abundance 
of Methanobrevibacter smithii in low RFI lambs. An 
increase in methanogenic pathways has been associ-
ated with lowly efficient animals compared to highly 
efficient animals (Shabat et al., 2016) and reduced 
methane emissions have been associated with selec-
tion based on improved RFI (Basarab et al., 2013). 
These could be explained by the loss of energy asso-
ciated with production of methane (Church, 1988; 
Millen et al., 2016) which may in turn decrease effi-
ciency. Differences in rumen taxa and gene compos-
ition were predictive of RFI phenotypes with high 
accuracy (91%; Shabat et al., 2016).

The realm of the rumen microbiome has grown 
exponentially over the past decade. With continued 
research efforts, the potential to improve livestock 
production by manipulating the rumen microbiome 
is possible. Maintaining desired shifts in the rumen 
microbiome is difficult due to microbial resiliency; 

however, intervention early in life appears promis-
ing for achieving lasting effects (Abecia et al., 2014; 
Yáñez-Ruiz et al., 2015). Data from our study sug-
gest that maternal factors can influence the rumen 
microbiome beyond weaning and may have impli-
cations for divergence in feed efficiency.
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