

















FIG. 2. Frequency of PCR-DGGE bands in animals categorized on the basis of dry matter intake (DMI) (A), average daily gain (ADG) (B),
feed conversion ratio (FCR; F/G) (C), RFI (D), butyrate (E), straight-chain-to-branched-chain VFA ratio (F), isobutyrate (G), and isovalerate
(H) using PROC CATMOD analysis. The x axis represents 85 identified bands, and the order of the bands reflects the migration locations on the
PCR-DGGE gel from top to the bottom. The arrows indicate the frequency of bands detected in the tested population for each trait.
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interactions. A direct method to categorize the whole PCR-
DGGE patterns did not allow the separation of the animals
with different RFIs (data not shown), suggesting that not all
the dominant bacteria are relevant for this trait. From the
multivariate statistical analysis, the frequencies of the bands in
58 steers revealed that all individuals have a “core” bacterial
structure (bands 1 to 12, bands 37 to 75) (Fig. 2; see Fig. S2 in
the supplemental material), which was not correlated with any
variable examined and was present in all traits. Since all the
animals shared the majority of the bands, the results agree with
those observed in the PCR-DGGE dendrogram and in the
pattern analysis, suggesting that some bacterial species in the
rumen may be the key players influencing feed conversion in
the rumen. Three sequenced bands associated with low
straight-chain-to-branched-chain VFA ratio (band 11, Pre-
votella sp.), high butyrate, low FCR, and low straight-chain-to-
branched-chain VFA ratio (band 25, Prevotella oulorum), and
low ammonia-N (band 31, Butyrivibrio fibrisolvens) were iden-
tified. It is not surprising that, as a predominant population in
the rumen (37), the Prevotella sp. is associated with fermenta-
tion profiles. However, Prevotella oulorum (band 25) was also
associated with the same trait and FCR, one of the feed effi-
ciency traits, suggesting that more than one bacterial species is
associated with such a low straight-chain—to—branched-chain
VFA ratio; this is also supported by the fact that the Clostrid-
ium sp. (band 24) is associated with low straight-chain-to—
branched-chain VFA ratio and FCR. Our study has also iden-
tified potential associations of novel species with specific
functions; for instance, band 21, which was associated with low
FCR and low propionate, corresponds to an anaerobic propi-
onate-oxidizing bacterium (17), Pelotomaculum thermopro-
pionicum. Similarly, band 76, which was related to low acetate,
low butyrate, and low A/P ratio, was identified to be Moryella
indoligenes, an anaerobic bacterium that has acetate and bu-
tyrate as major metabolic end products (8). In addition, the
band representing Butyrivibrio fibrisolvens is associated with
ammonia-N but not with butyrate, also revealing the limita-
tions of studying the rumen microbial community at the tax-
onomy level; further functional studies such as investigation of
the enzymes involved in the amino acid metabolism need to be
done.

The observation of significant correlation between butyrate,
isovalerate, and DMI and between isovalerate and RFI in this
study supplied more preliminary data to support our hypoth-
esis of the associations between rumen microbial diversity,
fermentation profiles, and host feed efficiency. The energetic
metabolism has been reported to be significantly different in
beef cattle with a different RFI (15, 28), suggesting that rumi-
nal microbial fermentation plays important roles in this trait.
The possible association between butyrate and DMI under a
low-energy diet found in this study suggests that microbial
fermentation generated substrates involved in the energetic
metabolism of the host that may be associated with the differ-
ences in RFI, since DMI is a fundamental element in deriving
RFI and represents the extreme end of the feed conversion
axis. Although a higher concentration of butyrate has been
found to be associated with L-RFI animals (14), in our study
contrasting observations were recorded and lower butyrate was
associated with L-RFI animals. The diet difference in the
present experiment might explain the above difference, since
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animals tested were under a low-energy-density feedlot diet,
whereas the results of Guan et al. are based on steers fed a
high-energy-density feedlot diet. Previous studies showed that
butyrate is mainly used as an energy source for the host (13)
and that butyrate increased significantly when animals were fed
a high-energy diet compared to a low-energy diet (13, 32),
suggesting that this and different butyrate metabolic pathways
may contribute to RFI under different diets. Therefore, the
effect of the diet needs to be considered when the interaction
between the ruminal microflora and host RFI is investigated.
Future studies on the relationships between the differences in
butyrate concentration in the same steers under the high-en-
ergy diet may supply extensive evidence which could assist in
associating feed efficiency traits with this VFA.
Branched-chain VFA are derived from branched-chain
amino acids such as leucine, valine, and isoleucine, and the
variations in the ratio of branched-chain VFAs to straight-
chain VFAs indicate altered branched-chain amino acid catab-
olism (30). Therefore, we considered the ratio of branched-
chain to straight-chain volatile fatty acids to be an indicator of
amino acid fermentation in this study. We hypothesized that
the higher straight-chain-to-branched-chain VFA ratio as well
as the higher concentrations of isovalerate and isobutyrate in
the L-RFI animals suggests that more-efficient N flow may also
be associated with improved feed efficiency when a low-energy-
density diet was fed (3). Further studies on the association
between microbial crude protein and RFI will supply better
understanding of the relationship between microbial fermen-
tation profiles and host feed efficiency. Although we showed
possible associations between some VFAs and feed efficiency
traits, our data are limited and can be biased, because the
VFAs measured in this study were collected at a single time
point and feed efficiency traits were recorded for a longer
period. Recent studies have shown that rumen fermentation
was highly associated with the time after feeding (20) and that
the total VFA concentration reached the highest level at 9 h
after the morning feeding but that concentrations did not differ
at other sampling times (36). Although the total VFA concen-
trations remained above prefeeding levels throughout post-
feeding, it was found that prefeeding VFA concentrations were
similar for different diets (31), as well as different individual
cows and feeding cycles (43). Welkie et al. (43) reported that
VFA concentrations increased after feeding due to microbial
fermentation, reaching a maximum value at 6 h postfeeding,
and then declined to approximately the initial values. Similarly,
a previous study by Bevans et al. (6) has shown that VFA
concentrations were lowest before feeding, highest at 8 h after
feeding, and intermediate 18 h after feeding. Hence, the VFA
measured before feeding may be applied as the baseline mea-
surement, avoiding overestimation of the rumen bacterial com-
munity, and can be representative of the variations of rumen
microbial diversity for each animal. In addition, Sun et al.
found that VFA concentrations peaked at 12 days after feeding
goats with a diet similar to the one used in our study but
returned to lower levels afterwards, indicating that longer pe-
riods of adaptation can lead to a more stable rumen environ-
ment and fermentation characteristics (38). Such a trend was
supported by Hristov et al. (16), who detected a decline in
VFA concentrations after 15 days of feeding a high barley diet.
Thus, a sample taken after 90 days of feeding can be consid-
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ered stable enough to represent the fermentation profiles. Fur-
thermore, there is the inconvenience of cannulating 58 steers
to obtain samples, and, while the variations in the VFA con-
centration among animals increase with oral sampling, a larger
sample size leads to increased precision in estimating these
variables. Lodge-Ivey et al. (21) conducted a study to deter-
mine if sampling rumen contents via a ruminal cannula or oral
lavage tube would yield similar PCR-DGGE profiles of the
bacterial community and fermentation metabolites. When
samples were grouped according to band pattern similarity,
groups were most stable according to individual animal and
species rather than sampling method. These data indicate that
rumen samples collected via oral lavage or rumen cannula
yield similar results.

Therefore, our VFA data measured prefeeding are valid to
indicate the potential associations between the rumen micro-
bial community and fermentation profiles of the individual and
its feed efficiency traits; this is a new concept that links the
microbial molecular ecology to animal production. However,
in order to provide a comprehensive biological relationship
between VFA and feed efficiency traits, it is necessary to col-
lect rumen samples at multiple time points during the period
for recording intake variables.

In addition, the observed correlation between the butyrate
and isovalerate concentrations and the feed efficiency traits
might also be associated with microbial interactions such as
interactions between bacteria and archaea. Another recent
study revealed that the methanogenic community in L-RFI
animals was more diverse than that in H-RFI animals (44),
indicating that interactions between different microbial groups
may also impact fermentation and feed efficiency parameters.
To achieve a realistic estimate of total microbial growth as well
as relative numbers of individual species within the rumen, a
quantitative understanding of microbial relationships is essen-
tial.

Compared to DMI, ADG, and FCR traits, RFI has been
recently considered a more desirable measurement for feed
efficiency (9). Many factors, such as host genetics, diet, envi-
ronment, management, and genetic-environmental interac-
tions may directly or indirectly influence RFI. Our method of
associating RFI with the identified PCR-DGGE bands (bacte-
rial species) provides a better insight into the complexity of this
trait, supporting our speculation that rumen fermentation may
play a key role in this trait. Further studies of the impact of diet
on RFI and on microbial diversity and fermentation parame-
ters after switching a low-energy diet to a higher-energy diet
for the same group of animals are in progress.

In conclusion, this study identified probable associations be-
tween ruminal ecology and activities and cattle feed efficiency
by defining a statistical method to link the PCR-DGGE profile,
microbial fermentation parameters, and RFI. This is the first
attempt to categorize bacterial PCR-DGGE band patterns in
the rumen and to link them to phenotypic characteristics of the
host, specifically to feed efficiency. From the multiple-variable
analysis, the bands representing some specific groups of bac-
teria may be associated with some measurable phenotypic pa-
rameters. To identify the functions of ruminal microbes, it is
believed that a “consortium” may play more important roles
than a single species. Our study supplies a way to identify such
a consortium, which can be applied in screening the microbial
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community from large numbers of animals; further, the se-
quencing analysis of all the bands supplies information about
the consortium. However, due to the limitations of the existing
database, the results obtained from any sequencing analysis
(including the output of the recently developed pyrosequenc-
ing technology) usually indicate many “unculturable” and “un-
identified” ruminal bacteria. The statistical analysis to identify
the specific bacterial PCR-DGGE profiles will identify the
functions of such unculturable and unidentified ruminal spe-
cies. Our work also supplies a potential method to identify
functional rare (noncore) species of gut microbes contributing
to host biology, which will provide fundamental knowledge for
understanding the microbe-host interactions and which can
also be extended to the study of functional microbes in various
environmental microbial communities.
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