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ABSTRACT 

Context. Beef cattle feed efficiency is challenged in northern Australian production systems due to 
the limited dietary protein, leading to changes in rumen bacterial populations and fermentation 
outcomes. Aims. Two types of diets with different dietary protein contents were used to 
evaluate changes in rumen bacterial composition and diversity, aiming to correlate rumen 
bacterial populations with feed and rumen efficiency parameters. Methods. In total, 90 Brahman 
steers (341 ± 45 kg BW) were selected for this trial, but rumen fluid was collected from 85 Brahman 
steers, at 0 and 4 h after feeding, during a feed-efficiency trial. The steers were fed with a low-protein 
diet, including 70% rumen-degradable protein and 8.8% crude protein (CP) for 60 days, followed by a 
high-protein diet for the same period (13.5% CP). Liveweight and dry-matter intake measurements, 
as well as urine, faeces and rumen fluid samples, were collected to determine feed and rumen 
efficiency, and ruminal bacteria composition. Steers were clustered into groups using principal 
component analysis and Ward’s hierarchical method, and differences in feed-efficiency parameters 
among clusters were compared. Key results. Rumen bacterial composition differed between diets 
(P < 0.01) and diversity changes were more related to bacterial richness (P < 0.01). In a low-protein 
diet, there were four distinct clusters of steers, on the basis of rumen bacteria, in which the most 
efficient steers, with a better residual feed intake (P = 0.06) and lower rumen ammonia 
concentration (P < 0.01) before feeding, had the highest relative abundance of Prevotella (P < 0.01). 
While in a high-protein diet, no differences were observed on feed or rumen fermentation 
parameters among steer clusters. Conclusion. In a low-protein diet, rumen bacterial shifting might 
contribute to upregulate nitrogen recycling, favouring feed efficiency. Implications. Identifying 
ruminal bacterial populations involved in nitrogen recycling upregulation might be useful to 
select the most efficient cattle fed low-protein diets. 

Keywords: Bos indicus, feed efficiency, low protein diet, nitrogen recycling, Prevotella, rumen 
ammonia, rumen bacteria composition, rumen maturation, rumen microbiome. 

Introduction 

Maintaining a balanced energy:protein ratio in the diet is crucial for maximising rumen 
fermentation efficiency, supply of microbial protein, and growth efficiency of cattle 
(Poppi and McLennan 1995). Nevertheless, in the dry-tropic beef cattle-production 
systems dietary protein content is a limiting nutritional factor, challenging the rumen 
and feed efficiency and restraining growth rates of high genotypic-value animals. 
Ruminants have an extraordinary capacity to subsist consuming low-protein diets by 
altering host and rumen microbiology features. However, low dietary protein content 
tends to shift rumen bacterial populations, favouring the growth of non-ammonia-
dependant bacteria (Marini and Van Amburgh 2003; Belanche et al. 2012). This 
microbial shift is accompanied by the upregulation of nitrogen (N) recycling from the 
liver into the rumen, with the main purpose of providing enough N for microbial growth 
with limited ruminal ammonia (NH3-N) concentration (Reynolds and Kristensen 2008). 
These rumen bacterial changes, in addition to modifications of rumen cell-wall 
characteristics and urea transporters, facilitate N flow into the rumen. The hypothesis 
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was that rumen bacteria modulated feed efficiency by 
sustaining microbial growth and favouring N recycling. 

Studies have shown a correlation between N recycling 
and feed efficiency. For instance, Carmona et al. (2020) 
demonstrated that in a low-protein diet, efficient beef 
cattle, in terms of residual gain (RG), had lower N excretion, 
meaning greater N preservation and N utilisation efficiency. 
The association of ruminal bacterial populations and 
activities with cattle feed efficiency also has been identified 
by Shabat et al. (2016). Overall, depending on bacterial 
composition, diversity, activities and relevant metabolite 
outputs, the ability to meet energy and amino acid 
requirements of the host might be positively or negatively 
influenced, altering feed efficiency. However, there is 
limited knowledge about the role of rumen bacteria in 
relation to feed efficiency of beef cattle fed protein-limiting 
diets. Thus, the objectives of the current study were to 
evaluate the role of rumen microbiota in modulating feed 
efficiency in tropically adapted cattle receiving two diets 
with different protein contents. 

Material and methods 

All experimental procedures were performed at the 
Queensland Animal Science Precinct (Gatton, Queensland, 
Australia) and approved by the University of Queensland 
Animal Ethics Committee. 

Animals and experimental design 

In total, 90 Brahman steers [341 ± 45 kg initial body weight 
(iBW); 19.2 ± 3.4 months] were selected on the basis of 
their genotypic value, using Illumina BovineSNP50 BeadChip 
(Neogen, Gatton) to increase genomic parentage. Due to 
limitations of only 30 individual pens, steers were distributed 
into three blocks (30 steers each), with uniformity on their 
liveweight (LW) within blocks. The experimental period for 
the first block occurred from late-May to early October 
2018, second block between mid-January to late June 2019 
and last block from late September 2019 to mid-February 
2020. Differences in LW were expected as growth stage and 
genomic variability were different. 

Steers were housed in individual pens and adapted over 
10 days to a low-protein diet (LP) fed ad libitum for 60 days, 
followed by the same duration on a high-protein diet (HP). At 
the end of each subperiod, steers were transferred in groups of 
10 animals into metabolism crates for 7 days, using the first 
2 days for adaptation and 5 days for collections. Subperiods 
lasted 77 days, with a total experimental period duration of 
154 days. Feed offered was adjusted daily with previous 
day feed intake, targeting 5% refusals to minimise forage 
selection. Due to the measurement of parameters related to 
N recycling mechanism, it was not possible to evaluate both 
diets at same time period. In this sense, authors are aware 

about the influence of steer age in the response of rumen 
bacteria to these diets and their potential capacity to 
modulate feed efficiency. 

The experimental diet consisted of Rhodes grass hay 
(Chloris gayana) chopped to approximately 5.5 cm, and a 
3-mm pelleted concentrate, formulated to provide 70% of 
rumen-degradable protein (RDP) requirements in the LP 
[8.8% crude protein (CP)] diet and 100% with HP diet 
(13.5% CP). Diet composition was formulated following 
feeding standard NRC (2000) and presented in Carmona 
et al. (2020). Offered hay and concentrate samples, in 
addition to individual daily refusal consisting of a mixture 
of hay and concentrate, were collected, weighed and bulked 
weekly. These bulked samples were dried in a forced-air oven 
at 60°C for 72 h for initial dry-matter (DM) estimation. 

Feed-efficiency parameters 

The average daily gain (ADG) was determined using a linear 
regression of LW over time. During each experimental period, 
LW of unfasted steers was measured on two consecutive days 
at the beginning of experiment, a procedure repeated every 
30 days, with additional single measurements in 1 day only 
conducted every fortnight. Feed conversion ratio (FCR) was 
calculated as DM intake (DMI) per unit of ADG, while gain 
to feed ratio (GF) was estimated on the inverse relationship. 
Expected ADG, as well as expected DMI, were obtained from 
linear regression of DMI and ADG over LW. Residual gain (RG) 
was estimated using expected and actual ADG (Crowley et al. 
2010), while residual feed intake (RFI) was determined by 
calculating the difference between actual and expected DMI 
(Archer et al. 1997). The digestible organic matter (OM) 
intake was calculated using the digestibility value obtained 
in the metabolism crates, using total faecal output and 
intake for that period. The calculated digestibility was then 
extrapolated for the whole feeding period. 

Rumen fluid, faeces and urine collection 

At end of each subperiod within experimental-block periods, 
rumen fluid was collected via oesophageal tubing at 0 and 4 h 
after feeding on the same day. Rumen fluid was filtered 
through four layers of cheesecloth, and pH was measured 
immediately (Edge Benchtop HI2002, Hanna Instruments, 
Melbourne, Vic., Australia). Initial rumen fluid was not 
discarded unless saliva was visually observed. In addition, 
pH measurements were assessed to monitor whether samples 
were within optimum levels, ruling out saliva contamination. 
Subsamples were transferred into tubes for ammonia (NH3-N) 
estimation (6 mL of rumen fluid + 2 mL 0.5 M H2SO4) 
and stored at −20°C. Further subsamples (1 mL) were 
immediately flash-frozen in liquid N and stored at −80°C for 
DNA extraction. Volatile fatty acids (VFA) were not measured 
in the current study as the differences on CP between diets 
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were not expected to generate fluctuations in the synthesis of 
individual VFA and their proportion total VFA. 

Within metabolism crates, after 2 days for adaptation, 
samples of daily faeces were collected from each crate, 
weighed, and stored (10% of total output) at 4°C until the 
end of the collection period, resulting in five storage days 
for the samples taken the first day, 4 days for the samples 
taken the second day, and so on. At the end of the 5 days, a 
representative subsample for each steer was collected from 
the mixture of daily samples and dried in a forced-air oven 
at 60°C for 72 h and stored to estimate N and OM content. 
Daily samples of urine were collected and mixed with 5% 
of H2SO4 to maintain the pH level under 4 and inhibit 
microbial growth. The amount of sulfuric acid inclusion 
was corrected daily, based on individual urine weights from 
the previous day. Subsamples were collected, representing 
10% of total urine output per steer, and stored at 4°C until 
the last sampling collection day. These subsamples were 
mixed, and representative samples were collected to 
estimate total N, NH3-N and purine derivatives (PD), using 
the latest for calculation of microbial CP production (MCP). 

Laboratory analyses 

Dry-matter content of feed refusals and faeces samples were 
determined at 105°C (AOAC 2005, Method 934.01) and 
OM content was calculated discounting the ash content 
determined at 550°C for 8 h (AOAC 2005, Method 942.05). 

Ash-free NDF content was estimated following the procedure 
described in Mertens (2002). Nitrogen content was measured 
following Dumas combustion by the method described in 
Sweeney (1989), using LECO CN928 carbon/nitrogen 
combustion analyser (LECO Corporation; St Joseph, MI, USA). 
Crude protein was calculated by multiplying N content by 6.25. 

Rumen ammonia concentration was estimated using the 
distillation and titration method (Buchi 321 distillation unit, 
Flawil, St Gallen, Switzerland) described in Preston (1995). 
Purine derivative concentration in urine was estimated 
following the methods of Czauderna and Kowalczyk (1997) 
and George et al. (2006), using high-performance liquid 
chromatography with Prodigy 250 × 46 mm, 5 μm, ODS 
C18 reverse-phase column (Phenomenex, Torrence, CA, 
USA). Microbial protein production (MCP) was estimated 
with the formula of Chen and Gomes (1992), with the 
value for excretion of endogenous PD for Bos indicus cattle 
from Bowen et al. (2006). The efficiency of MCP synthesis 
(EMPS) was calculated as g of MCP/kg digestible OMI 
(DOMI). Retained N was calculated subtracting total N 
excretion in urine and faeces from total N intake. Nitrogen 
use efficiency (NUE) was determined by dividing retained 
N (g/day) over apparently digested N (g/day). 

The genomic DNA in rumen samples was extracted using 
bead-beating, followed by a column purification procedure 
(Popova et al. 2010). Genomic DNA was amplified, sequenced 
and analysed following the procedure described by Popova 
et al. (2010), using V3-4 region of bacterial 16S rRNA gene 

Fig. 1. (a) Differences in beta diversity between low- and high-protein diets, using Bray Curtis dissimilarities (P < 0.01), and differences in 
the (b) Shannon index (P < 0.01) and (c) ruminal bacterial abundances between low- and high-protein diets. LP, low protein; HP, high protein. 
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and 515f (5ʹ-GTGCCAGCMGCCGCGGTAA-3ʹ) and 806r 
(5ʹ-GACTACHVGGGTWTCTAAT-3ʹ) primers. Chimeras were 
removed and the remaining sequences were assigned taxonomy 
at 97% similarity using Green Genes database (version 13.8; 
DeSantis et al. 2006). 

Statistical analyses 

From the cohort of 90 steers, five steers were removed from 
the study due to aggressive behaviour (two steers) and 
illness, leading to very low intake (three steers). Therefore, 
85 Brahman steers were considered for statistical analysis. 
Data were analysed as a completely randomised block 
design, using the MIXED procedure of SAS, (SAS Institute 
Inc. 2019, version 9.4). Experimental period was treated as 
a random factor within the model. 

Differences in ruminal microbial abundance between high-
and low-protein diets were determined using DESeq2 package 
in R (Love et al. 2014). Alpha diversity indexes were analysed 
with Phyloseq package (version 1.26.0) on R software, using 
the number of operational taxonomy units (OTUs) per sample 
(McMurdie and Holmes 2013). Bray–Curtis dissimilarities 
were estimated with vegan package 2.5-3 (Oksanen et al. 
2015) in  R. Differences between low- and high-protein diets 

were calculated with permutational multivariate analysis of 
variance (PERMANOVA). 

Ruminal microbial populations were associated with 
feed-efficiency parameters by using two alternative analyses. 
The abundance of individual bacterial genera was correlated 
with these parameters by using PROC CORR procedure on 
SAS software. Further, principal-component analysis (PROC 
PRINCOMP) was performed for each diet, considering bacterial 
genera population to identify patterns between steers. Steers 
were grouped on the basis of the four principal components, 
using PROC CLUSTER, explaining approximately 62% and 
53.5% (R-square) of total bacterial variance composition 
across steers, for LP and HP respectively. Ward’s hierarchical 
method was used for clustering analysis, and the MIXED proce-
dure to calculate differences in feed-efficiency parameters 
among steer clusters based on ruminal bacteria populations. 

Cluster means were compared using the LSMEANS option 
of the MIXED procedure, considering experimental period as a 
random effect, and cluster as a fixed effect. Differences were 
considered significant at P ≤ 0.05 and tendencies were 
declared when P ≤ 0.10. Shapiro–Wilk test was performed 
to estimate normality of residuals, and homogeneity of 
variances was calculated using the Levene test. 

Fig. 2. Individual correlations between rumen bacterial genera and feed-efficiency parameters on a low-protein diet before (AM) and 4 h 
after (PM) feeding. EMPS1, efficiency microbial protein synthesis at 0 h after feeding; EMPS, efficiency microbial protein synthesis at 4 h after 
feeding; FCR, feed conversion efficiency; GF, gain to feed ratio; NUE, nitrogen use efficiency; RFI, residual feed intake; RG, residual gain. 
*P < 0.05, and **P < 0.01. 
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Results 

Bray–Curtis dissimilarity index demonstrated that dietary 
protein content caused differentiation in OTU distribution 
(P < 0.001; Fig. 1a). Similarly, ruminal microbial diversity 
changed between diets. Shannon index demonstrated that 
the LP diet led to greater diversity, as indicated by bacterial 
richness (P < 0.01; Fig. 1b), and not evenness (data not 
shown), than did the HP diet across both sampling times. 
Within the most abundant bacterial communities, Bacteroidetes, 
Firmicutes, Euryarchaeota (P < 0.01), Proteobacteria (P = 0.01), 
Spirochaeta, Cyanobacteria and Actinobacteria (P < 0.01) were 
greater in LP steers (Fig. 1c), while Verrucomicrobia, SR1, TM7, 
LD1 and Lentisphaerae (P < 0.01) presented a higher abundance 
in the HP diet. 

To further understand the effect of diet, ruminal 
bacterial genera were correlated with feed-efficiency 
parameters independently for each diet. In the LP diet, 
Succiniclasticum, Streptococcus and Trepomena were 
correlated with RFI. In addition, Trepomena, Anaeroplasma 
and Streptococcus presented a correlation with NUE (Fig. 2). 
In the HP diet, Succinivibrio, Megasphaera and two unclassified 
genera belonging to the Victivallaceae and Lachnospiraceae 
families were correlated with feed-efficiency parameters 

(Fig. 3). Interestingly, there were multiple bacterial genera 
related to feed efficiency that exhibited shifting correlations 
relative to the time of sampling. 

To estimate the correlation between rumen bacteria and 
feed efficiency, steers were classified into four clusters 
depending on ruminal bacterial profiles and diet, explaining 
62% and 53.5% of the total variation in LP and HP diets 
respectively (R-square). With a LP diet, steers were 
clustered on the basis of the abundance of Prevotella, 
Ruminobacter and unclassified genera belonging to 
Succinivibrionacea and Bacteroidales families. For instance, 
steers in Cluster 3 had a high abundance of Ruminobacter at 
4 h after feeding sampling and were the least feed-efficient 
steers. While steers in Cluster 4 were the most feed-efficient 
steers, with the greatest abundance of Prevotella in both 
sampling times (Fig. 4). Interestingly, Cluster 4 steers had 
lower ammonia concentrations at 0 h after feeding than did 
Cluster 3 steers (20.5 vs 36.2; P < 0.01). Tendencies for 
high RFI (−0.29 vs 0.15; P = 0.06) and RG (0.07 vs −0.07; 
P = 0.09) were observed in Cluster 4 steers (Table 1). 

In contrast, no differences were observed in feed-efficiency 
parameters among steers clusters fed an HP diet (Table 1). 
Cluster 1 had a high abundance of unclassified Bacteroidales 
at 4 h after feeding samples and a low abundance of Prevotella 

Fig. 3. Individual correlations between rumen bacterial genera and feed-efficiency parameters in a high-protein diet before and 4 h after 
feeding. EMPS1, efficiency microbial protein synthesis at 0 h after feeding; EMPS, efficiency microbial protein synthesis at 4 h after feeding; 
FCR, feed conversion efficiency; GF, gain to feed ratio; NUE, nitrogen use efficiency; RFI, residual feed intake; RG, residual gain. *P < 0.05, 
**P < 0.01, and ***P < 0.001. 
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Fig. 4. Heat map of normalised abundance of rumen bacterial genera in four clusters fed a low-protein diet. Yellow 
sections indicate a normalised abundance of >0.24. 

in both sampling times (Fig. 5). For Cluster 2, Prevotella compared with the other clusters, especially Cluster 3, 
which had the lowest concentration (80 vs 51 mg/L; P < 0.01). 

Discussion 

Our initial hypothesis was that rumen bacteria can modulate 
cattle feed efficiency. The present study demonstrated that 

was dominant at both sampling times, while Cluster 3 
steers had a greater population of Fibrobacter at 0 h after 
feeding, unclassified Succinivibrionaceae at 4 h after 
feeding, and Succinivibrio at both sampling times. Cluster 4 
presented high Ruminobacter and low Prevotella populations, 
at both sampling times (data not shown). It was observed 
that Cluster 1 showed the greatest NH3-N concentration 
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Table 1. Differences in feed- and rumen-efficiency parameters among groups of steers clustered on rumen microbiome profile in two diets 
differing in the protein content. 

Item Low-protein diet High-protein diet 

Cl 1 Cl 2 Cl 3 Cl 4 s.e. P-value Cl 1 Cl 2 Cl 3 Cl 4 s.e. P-value 

Feed-efficiency parameters 

LW (kg) 399 395 406 397 27 0.8 439 444 444 441 30 0.97 

DMI (kg/100 kg LW) 1.96 2.05 2.02 1.93 0.07 0.32 1.75b 1.88a 1.83ab 1.93a 0.08 0.09 

ADG (kg/day) 1.06 1 1.04 1.07 0.1 0.9 1.03 1.17 1.17 1.2 0.09 0.25 

FCR 7.12 7.7 7.88 7.07 0.92 0.16 7.51 7.48 7.17 7.59 0.87 0.70 

GF 0.147 0.135 0.137 0.152 0.017 0.28 0.137 0.14 0.147 0.143 0.02 0.48 

RFI −0.12ab 0.19b 0.15b −0.29a 0.13 0.06 0.02 0.04 −0.18 0.25 0.16 0.35 

RG 0.04a −0.06ab −0.07b 0.07a 0.05 0.09 −0.05 0 0.03 0 0.04 0.55 

Rumen-efficiency parameters 

N intake (g/100 kg LW) 22.5 22.3 21.9 21.3 1.66 0.78 33.7 36.7 37.2 37.2 2.8 0.28 

NH3-N 0 h 41.8a 41.6a 36.2a 20.5b 6.2 0.01 89a 67b 51c 63bc 7.3 0.01 

NH3-N 4 h 34.2 24.4 26.2 25.9 5.9 0.25 74 75 66 60 12.3 0.58 

MCP (g/100 kg LW) 69.9 70 67.1 61.6 7.03 0.65 99 103 105 106 10.7 0.94 

EMPS (g MCP/kg DOMI) 70.2 75.2 72 68.5 6.71 0.81 103 99 104 105 12.1 0.82 

NUE 41.2 46.6 39.4 37.5 5.79 0.63 18.7 24.6 20.9 17.7 8.4 0.52 

Urine N (g/100 g N intake) 35.1 33.1 37.7 38.4 3.09 0.53 58 55 56 60 5.2 0.61 

Means within a row without a common letter differ at P = 0.05. 
LW, live weight; DMI, dry-matter intake; ADG, average daily gain; FCR, feed conversion ratio; GF, gain to feed ratio; RFI, residual feed intake; RG, residual gain; NH3-N, 
rumen ammonia; MCP, microbial crude protein; EMPS, efficiency microbial protein synthesis; DOMI, digestible organic matter intake; NUE, nitrogen use efficiency. 

this modulation occurred when the cattle were fed a LP diet, 
but not when fed an HP diet. This might be related to the vast 
difference in the ruminal bacterial composition between the 
diets and the greater bacterial diversity, related only to 
bacterial richness and not evenness. Although changes in 
bacterial composition were expected, the high bacterial 
diversity in the LP diet confirmed a great variability of 
bacterial communities among the individual steers (Fig. 1b), 
suggesting alternative mechanisms to sustain microbial 
growth and host adaptation to the protein-limiting diet. 

The existence of alternative adaptation mechanisms to LP 
diets is supported by observing the differences in bacterial 
populations between the diets. For instance, Firmicutes and 
Bacteroidetes, known as the most dominant and diverse 
phyla in the rumen, had a great abundance in the LP diet 
(P < 0.05). The low rumen ammonia concentration in LP 
diets generated a shift on bacterial populations, including 
specific cellulolytic species, allowing non-dependant NH3-N 
bacterial communities to become more competitive and 
dominant (Hristov et al. 2004). Moreover, there are certain 
bacterial communities, including Prevotella, which have a 
low ammonia saturation constant, allowing to maintain 
growth even in LP diets (Belanche et al. 2012). In the present 
study, the greater bacterial diversity among steers when in the 
LP diet suggests alternative ruminal bacterial communities 
shifting among steers, leading to diverse methods of 
adaptation to the protein-limiting environment. 

This variation in bacterial communities among steers and 
between sampling times can also be illustrated with the 
correlation results between individual bacterial genera and 
feed-efficiency parameters. In the current study, diet and 
sampling collection times modified the intensity and direction 
of correlations. A clear example is Fibrobacter, which showed 
a positive correlation with FCR and no correlation with RFI 
when sampled before feeding, but no correlation with FCR 
and negative correlation with RFI when sampled 4 h after 
feeding in the LP diet. Similarly, Treponema presented a 
negative correlation with RFI at 4 h after feeding in the LP 
diet and no correlation with RFI in the HP diet. Variation of 
rumen conditions (i.e. temperature, pH, redox potential and 
oxygen) generates differences in rumen bacterial growth, 
diversity, activities, distribution among the rumen and 
interaction among communities, explaining the differences 
in bacterial abundances and possibly the association with 
feed-efficiency parameters among sample collection times 
(Li et al. 2009; de Assis Lage et al. 2020). Therefore, the 
correlation between rumen microbiota and feed-efficiency 
parameters cannot be explained by analysing bacterial 
abundance independently. In this sense, a more complete 
analysis of the bacteria population profile must be applied. 

To have a better picture of how changes in the rumen 
bacterial population might be influencing feed efficiency, 
steers were clustered on the basis of the overall rumen 
bacterial similarity. The Prevotella abundance, before and 
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Fig. 5. Heat map of normalised abundance of rumen bacterial genera among four clusters fed a high-protein diet. Yellow sections indicate a 
normalised abundance of >0.24. 
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after feeding, was an important factor separating the cluster of 
steers in the LP diet. The high Prevotella abundance in more 
efficient steers is opposite to the results of Carberry et al. 
(2012) but similar to those of Myer et al. (2015). The 
Prevotella genus is characterised by the capacity to degrade 
multiple substrates (i.e. peptide, starch, hemicellulose and 
pectin), which can be interpreted as less energy efficient 
because of the high energy demand in the multiple metabolite 
synthesis and a lower contribution to meeting host energy 
requirements (Shabat et al. 2016). However, these multiple 
fermentation pathways allow other non-cellulolytic bacterial 
communities to maintain microbial growth, possibly contri-
buting to feed efficiency. Nonetheless, the correlation of 
Prevotella with feed efficiency depends on the diet and 
Prevotella species (Lopes et al. 2021). 

It is likely that in the current study, in the LP diet, Prevotella 
would be scavenging N from different substrates (peptides 
and urea), allowing this genus to become more competitive 
and abundant within the rumen of more efficient steers 
(Cluster 4) at both sampling times. Greater Prevotella 
abundance is controversial in efficient steers as it is involved 
in multiple roles in rumen fermentation, which might cause 
more energy used for metabolic pathways instead for host 
utilisation. However, a recent study demonstrated that this 
genus has an important role in the synthesis of amino acids, and 
carbohydrate metabolites, which influence animal metabolism 
(Xue et al. 2020). For further studies, it is recommended to 
identify metabolites linked with Prevotella and its effects on 
protein metabolism and microbiota growth, especially in a 
LP diet. 

Apart from a greater Prevotella abundance at both 
sampling times, the cluster with the more efficient steers in 
a LP diet also had a lower rumen NH3-N concentration 0 h 
before feeding. Evidence suggests that rumen ammonia 
concentration influences the transfer of blood urea into the 
rumen (Lapierre and Lobley 2001). Therefore, in a LP diet, 
bacterial growth is more reliant on alternative N sources 
and upregulation of the N recycling mechanism, rather than 
ammonia from dietary CP (Li et al. 2017). For instance, 
when beef cattle are fed LP diets, the amount of N recycled 
into the gastrointestinal tract can be doubled, from 43% to 
85% of N intake (Huntington 1989; Silva et al. 2019). 

The upregulation in N recycling is accompanied by a shift 
in ruminal microbial population, promoting ureolytic bacteria 
species (Lapierre and Lobley 2001). These ureolytic bacteria 
species promote urea-N transport through the rumen by 
hydrolysing urea, which maintains rumen wall gradient 
for urea diffusion, or by releasing toxin-like compounds 
that can be considered as urea transporters and promote 
rumen urea permeability (Lapierre and Lobley 2001; 
Kristensen et al. 2010). Nevertheless, there are other factors 
that modulate N recycling, including rumen pH, VFA and 
fermentable carbohydrate concentrations (Silva et al. 
2019). In this sense, low dietary CP content challenges 
bacteria populations to obtain N from different sources, 

shifting bacterial compositions and resulting in a greater 
transference of urea into the rumen. However, N recycling 
efficiency also depends on the host and changes in rumen-
wall characteristics such as ruminal epithelial urea perme-
ability and urea transporters (Marini and Van Amburgh 
2003; Kristensen et al. 2010). 

Feed efficiency among steer clusters was not affected 
by the HP diet. Given that the high-protein diet was 
formulated to meet the requirements for rumen-degradable 
protein, differences in feed efficiency could be explained by 
phenotypic expression, rather than bacterial modulation 
and upregulation of N-recycling in the rumen (Carmona 
et al. 2020). On the contrary, rumen bacterial communities 
stabilise with age and maturation of the host, which may 
have limited feed efficiency variability among clusters fed 
the HP diet (Liu et al. 2017; Costa-Roura et al. 2020). 
However, if steer age were an explanation for the absence 
of an interaction between microbial profiles and feed-
efficiency parameters, this effect would also be observed in 
the LP diet, as samples were collected at the end of each 
diet period. Moreover, Costa-Roura et al. (2020) explained 
that over time, rumen bacterial diversity and abundance 
fluctuate in steers fed a LP diet initially, but feeding time, 
microbial adaptation and rumen maturation may decrease 
or eliminate these fluctuations entirely. In this sense, diet 
and animal age are likely contributors to the outcomes 
observed in steers fed the HP diet. However, LP diets 
challenged ruminal bacterial profiles, as indicated by species 
richness, likely modifying mechanisms that guarantee 
microbial growth and host adaptation, likely improving 
feed efficiency. 

Conclusion 

In conclusion, the results corroborate the hypothesis 
that rumen bacteria can modulate feed efficiency, but only 
in protein-limiting diets. Therefore, the identification of 
ruminal bacterial populations involved in N recycling 
upregulation might be useful to select for more efficient cattle. 
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