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ABSTRACT: Growing wethers fed a concentrate- (n=39) 
or a forage-based (n=38) diet were feed efficiency tested, 
and rumen samples from the 10% most and least feed effi-
cient within diet were collected for microbial DNA se-
quencing and volatile fatty acid (VFA) analysis.  There 
were 349 prokaryotic microbial taxa detected.  Of those, 33 
differed (P≤0.05) with the interaction between diet and effi-
ciency status; 83 differed by diet; and 29 differed by effi-
ciency status.  Molar concentrations of propionate and val-
erate tended (P<0.10) to be affected by the diet and effi-
ciency status interaction.  Concentrations of acetate, propi-
onate, and valerate were affected (P<0.001) by diet, and 
propionate was additionally affected (P=0.032) by efficien-
cy status.  Results indicate that key microbial taxa and their 
VFA by-products may play an important role in diet-
dependent regulation of feed efficiency. 
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Introduction 
 

The ruminal microbiota regulates the fermentation 
of feedstuffs and end-products, producing volatile fatty 
acids (VFAs) that serve as the main energy source (70% 
total energy requirements) for ruminant animals (Bergman 
(1990)).  Thus, the microbes have a significant effect on 
host maintenance, growth and performance. In turn, the 
host provides an ideal anaerobic environment and substrate 
for microbiota to thrive, generating a mutualistic relation-
ship for host and microbiota populations. Several factors 
can affect microbial composition in the rumen including 
type and composition of feed, age and health of host, envi-
ronmental temperature and seasonality, and geographic 
location (Tajima et al. (2001); Romero-Perez et al. (2011); 
Carberry et al. (2012)). It is known that diet is the main 
determinant of rumen microbial composition; however, 
there is currently limited understanding of ruminal bacterial 
communities in livestock, especially as related to feed effi-
ciency. 

 
Methane production by ruminants has become a 

global concern. Approximately 33% of total worldwide 
methane emissions are attributed to livestock enteric fer-
mentation and manure (Mamuad et al. (2012)). Further-
more, ruminants can lose between 5.5-9.0% of their ingest-
ed energy through gas production in the rumen during fer-
mentation of feedstuffs (Zhou et al. (2011)). Reducing me-
thane production in ruminants would not only contribute to 
decreased methane emissions, but also to improved feed 
efficiency and hence productivity. 

 
Because feed costs for livestock are a substantial 

portion of production costs, improving feed efficiency be-
comes more important as feed costs continue to rise. Im-
provements in feed efficiency can reduce feed usage while 
maintaining animal performance.  Residual feed intake 
(RFI) is a measurement of feed efficiency that is defined as 
the difference between the actual intake and that predicted 
based on the animal’s observed ADG (Koch et al. (1963)). 
There is a great deal of research related to RFI in cattle; 
however, little work has been reported on RFI in sheep. 
Similarly, work relating RFI with ruminal microbial pro-
files has been limited to-date. Relationships between RFI 
and microbial profiles could facilitate selection of breeding 
stock based on feed efficiency without the need to collect 
individual feed intake data, an expensive and time-intensive 
task. The objective of this study was to determine the ef-
fects of diet and feed efficiency status on rumen microbial 
profiles and VFA concentrations in growing lambs fed two 
different diets. We hypothesized that microbial profiles and 
VFA concentrations would differ with both diet and feed 
efficiency status. 

 
Materials and Methods 

 
Animals and diet. All animal procedures were 

approved by the University of Wyoming Animal Care and 
Use Committee. Growing wethers (n=77; initial 
BW=51.3±1.2 kg) of Rambouillet, Hampshire, and Suffolk 
breed types were randomly allocated by BW to receive ei-
ther a concentrate- (CONC; n=39) or forage-based (FOR; 
n=38) pelleted diet.  Lambs were adapted to diets using a 
20% increase in proportion of new feed to old feed every 4-
5 d until the diet consisted of 100% new pelleted diet ad 
libitum. Individual feed intake was measured using the 
GrowSafe System for a 49 d trial period. Two-day average 
initial and final BW were obtained to calculate ADG. From 
these data, RFI was calculated as the deviation of true feed 
intake from expected feed intake. Expected feed intake was 
determined by regressing ADG and metablic midweight on 
actual feed intake (Cammack et al. (2005)). Residual feed 
intake calculations were used to rank wethers on efficiency.  

 
DNA extraction from rumen fluid. Rumen fluid 

samples were collected via oral lavage, allocated in tripli-
cate into 2 mL tubes, snap-frozen on dry-ice, and stored at -
80ºC until processing. DNA was extracted from the rumen 
fluid of the most efficient (n=4; L-RFI) and least efficient 
(n=4; H-RFI) wethers within each diet. Zirconia (0.3 g of 
0.1 mm) and silicon (0.1 g of 0.5 mm) beads and 1 mL lysis 



buffer were added to thawed rumen fluid samples and tubes 
were homogenized using a Mini-Beadbeater-8 at maximum 
speed for 3 min, incubated at 70°C for 15 min with gentle 
mixing every 5 min, and centrifuged at 4°C for 5 min. Su-
pernatant was transferred to a new 2 mL flat cap tubes and 
fresh lysis buffer was added to the pelleted beads. The ho-
mogenization, incubation and centrifugation were repeated 
and the supernatants were pooled. Precipitation of nucleic 
acids, removal of RNA and proteins, and purification were 
completed using the protocol of the QIAamp DNA Stool 
Mini Kit (Qiagen, Santa Clarita, CA). 

 
Microbial sequencing. Extracted DNA was sent 

to the University of Missouri (Columbia) DNA Core for 
sequencing using 16 libraries of an Illumina HighSeq plat-
form, with 4 libraries per lane. The resulting 100 base-pair, 
paired-end reads were filtered, quality-trimmed, and com-
pared with a database of 27K known 16S rDNA genes us-
ing the Bowtie reference-based assembly tool. Operational 
taxonomic units (OTU) were defined as sequence clusters 
with ≥97% identity (Ellison et al. (2014)). 

 
Volatile fatty acids.  Concentrations of VFAs, in-

cluding acetate, propionate, butyrate, isobutyrate, valerate, 
and isovalerate, were determined using a Hewlett Packard 
5890 series II gas liquid chromatograph (Hewlett-Packard, 
Avondale, PA) using methods standard to our laboratory.  
All concentrations were reported as molar percentage. 

 
 Statistical analyses. The MIXED procedure of 
SAS (SAS Inst. Inc., Cary, NC) was used to determine the 
effect of diet on feed intake, ADG, and G:F using data from 
all wethers (n=77) and on VFA concentrations from select-
ed wethers (n=16). A generalized linear model was fitted 
using the GENMOD procedure of SAS to determine the 
effects of diet, feed efficiency status, and their interaction 
on OTU abundance using a Poisson distribution. Raw P-
values were corrected for multiple tests using the false-
discovery rate correction of Benjamini and Hochberg 
(1995). Post hoc analyses comparing treatment means were 
conducted using the LSMEANS procedure of SAS.  

 
Results and Discussion 

 
Animal performance. Average daily feed intake 

of the FOR-fed wethers (3.14±0.08 kg) was greater (P≤ 
0.001) than intake of CONC-fed wethers (2.18±0.06 kg).  
Correspondingly, ADG was also greater (P≤0.001) in FOR-
fed (0.27±0.01 kg/d) compared with CONC-fed wethers 
(0.20±0.01 kg/d).  The G:F ratio was not affected by diet 
type (P=0.230). Residual feed intake, the measure of feed 
efficiency, ranged from -0.47 to 0.69 for wethers fed the 
CONC diet, and from -0.70 to 0.80 for wethers fed the FOR 
diet.  

 
Microbial species. There were 349 prokaryotic 

OTUs present in at least one animal. Of those, abundance of 
33 was affected (P≤0.05) by the interaction between diet 
and RFI status. Twenty-seven of these OTUs were in great-

er (P≤0.05) abundance in L-RFI, CONC-fed lambs, with 18 
characterized as being of the Prevotella genus.  A total of 
83 OTUs differed (P≤0.05) in abundance with diet, and 49 
of those were of greater (P≤0.05) abundance in CONC-fed 
wethers. The most abundant OTU across the diets was 
Prevotella ruminicola, which had greater (P<0.001) abun-
dance in FOR-fed lambs compared with CONC-fed lambs. 
Prevotella ruminicola encompasses one of the most numer-
ous groups of rumen bacteria. These bacteria utilize a wide 
variety of carbohydrates and are therefore represented in 
ruminants fed a variety of diets (Chapman and Hall, 1997). 
Prevotella ruminicola is a nonstructural carbohydrate fer-
menter that can utilize cellulose, hemicellulose, pectin, 
starch, sugars and proteins (Van Soest, 1994). This may 
explain the great overall abundance of this bacterial species 
in the rumen, but not necessarily the lower abundance in 
CONC-fed wethers. Finally, abundance of 29 OTUs dif-
fered (P≤0.05) according to RFI status (L-RFI versus H-
RFI), with 17 of those OTUs having greater (P≤0.05) abun-
dance in H-RFI lambs. Out of the 16 Prevotella species that 
differed (P≤0.05) with RFI status, 11 were greater (P≤0.05) 
in H-RFI lambs. There were 3 Ruminococcus species that 
differed (P≤0.05) by diet, and 2 were in greater (P≤0.01) 
abundance in H-RFI than L-RFI lambs. One methanogen 
producing species, Methanobrevibacter smithii, differed by 
RFI status and was in greater (P≤0.01) abundance in L-RFI 
wethers. 

 
Volatile fatty acids.  Results of VFA analyses are 

shown in Table 1.  Both propionate and valerate tended 
(P<0.10) to be affected by the diet and RFI status interac-
tion.  Propionate concentration was greater (P=0.028) in L-
RFI wethers but only within the CONC diet.  Valerate con-
centration was greater (P≤0.002) in H-RFI CONC wethers 
compared to FOR wethers regardless of RFI status.  Ace-
tate, propionate, and valerate were each affected by the 
main effect of diet.  Acetate concentration was greater 
(P<0.001) in FOR wethers, and propionate and valerate 
concentrations greater (P<0.001) in CONC wethers.  Final-
ly, propionate concentration was greater (P=0.032) in L-
RFI versus H-RFI wethers, and valerate concentration tend-
ed (P=0.098) to be greater in H-RFI wethers.  Methane pro-
duction has been demonstrated to be influenced by the rela-
tive proportions of propionic acid to acetic acid (Johnson 
and Johnson (1995)).  This ratio typically varies from 0.9 to 
4.0, similar to what was observed in this study (range of 1.1 
to 3.8).  This variation in the ratio implies that methane 
production, or corresponding methane loss, would be also 
quite variable.  Methanogens observed in the DNA se-
quence analysis did vary across treatment groups.  There 
were three methanogen-producing species affected by diet; 
one unknown Methanobrevibacter species that was expect-
edly in greater (P≤0.001) abundance in CONC-fed wethers, 
but the other two (Methanobrevibacter smithii and Methan-
ospheara stadtmanae) were greater (P≤0.001) in FOR-fed 
lambs.  Additionally, Methanobrevibacter smithii, was in 
greater (P≤0.01) abundance in L-RFI wethers.  Variation 
observed in VFA concentrations, particularly acetate and 



propionate, may be in part due to these differences in meth-
anogen species.   

 
Table 1. Volatile fatty acid least squares means for low 
residual feed intake (L-RFI) and high residual feed in-
take (H-RFI) ewes within a concentrate (CONC) or for-
age (FOR) based diet. 

  CONC              FOR 

Molar % L-RFI H-RFI L-RFI H-RFI 

Acetate 44.85a 47.92ac 66.17b 65.19bc 

Propionate 41.18a 30.18b 18.11c 17.27c 
Butyrate 9.63 16.53     12.59 14.14 
Isobutyrate 0.93   1.10  0.90   0.97 

Valerate  2.11ab   2.77a  1.46b  1.45b 

Isovalerate   1.29   1.50      0.87  0.98 
a-cWithin a row, means without a common superscript differ (P<0.05). 

 
 

Conclusion 
 
Prediction of feed efficiency status without the 

need to measure individual feed intake is a necessary step in 
realizing the potential of this economically important trait 
as a tool for genetic selection. Use of rumen microbial pop-
ulations as a means of assessing feed efficiency may ulti-
mately provide producers with an easier (i.e. one-time ru-
men sampling) and more affordable means of identifying 
feed efficient breeding stock, especially as technologies, 
such as DNA sequencing, continue to become less expen-
sive.  Finally, it will be important to recognize that the mi-
crobial species and their VFA products that play a key role 
in the regulation of feed efficiency likely differ with diet 
composition.   
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