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Abstract

In healthy dairy cows, rumen microbial 
community composition is highly individualized 
by host animal; displays modest inertia when host 
diet is altered; and displays impressive resilience 
when perturbations are relaxed. The mechanisms 
underlying this resilience are poorly understood, 
but appear to involve intrinsic properties of 
the microbial community that work in concert 
with metabolic, immunological, and behavioral 
contributions from the host. Attempts to modify 
the ruminal community by strain inoculation 
or whole-community exchange generally 
achieve only transient shifts in community 
composition. By contrast, dysbiotic cows appear 
to be more amenable to manipulation of their 
communities to restore their function, suggesting 
a natural tendency of the rumen to achieve a 
stable functional community. While microbial 
community composition appears to affect 
performance metrics, such as milk production 
efficiency and milk composition, manipulating 
the communities to improve overall performance 
remains elusive, although analysis of community 
composition may provide a tool to inform 
management strategies and culling decisions.  
Owing to the difficulty of manipulating rumen 
microbial community composition in adult 
animals, there has been much interest in early-
life (pre-weaning) interventions to direct the 
development of the community prior to maturity. 

Introduction

The ruminant animal is defined by the 
presence of a specific gastrointestinal organ, 
the rumen, in which a complex and highly 
adapted microbial community carries out an 
anaerobic conversion of feed materials to VFA 
and microbial cell mass that respectively provide 
the main energy and protein sources to nourish 
the host animal. Establishment and evolution 
of this complex community occurs gradually 
as the organ itself develops within a juvenile, 
originally monogastric host. Once established, 
this community drives the ability of the host 
to utilize a wide variety of feed components, 
including fibrous plant materials that cannot 
be significantly digested by non-ruminants. 
Owing to these spectacular and irreversible 
benefits exchanged between the animal and its 
microbiome, the ruminant is unsurpassed as an 
example of host/microbe mutualism.

From a microbial ecology standpoint, the 
rumen can be considered as its own ecosystem, 
in which fairly stable environmental conditions 
(temperature, pressure, and water content) 
interact with additional variables – particularly 
the chemical composition of inputs (diet) and 
the rate of passage of materials – to set the 
conditions that regulate the microbial metabolic 
processes. Early studies in rumen microbiology 
were facilitated by Hungate’s development of 
anaerobic culture methods, which permitted 
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isolation and characterization of a limited 
number of individual microbial species. These 
species could readily be isolated from almost all 
ruminants tested. And because, taken together, 
they appeared to encompass most of the substrate 
conversions known to occur in the rumen, it was 
long thought that the ruminal community was 
similar across all individual ruminants within a 
species, and even across multiple species within 
the ruminant order.

The development in the 1990s of more 
sophisticated, culture-independent methods 
for characterizing microbial communities 
revealed that all microbial communities in 
nature, including those of the rumen, were far 
more complex and diverse than were indicated 
by culture-dependent methods. We now know 
that, although the rumen contains a “core 
microbiome” (i.e., a collection of species that 
are present in most individual ruminants), there 
are a large number of other species present as 
well (Jami and Mizrahi, 2012; Henderson et al., 
2015). Moreover, the abundance of individual 
microbial species – both core and non-core 
-- varies considerably both within and across 
individuals over time. Although much of the 
variation in community composition is driven 
by diet (some examples of which will be given 
below), there are substantial differences in 
community composition among animals fed the 
same diet. This has led to the concept of host-
specificity, i.e., microbiomes individualized to 
their specific host. This concept has recently been 
noted, with great fanfare, in the human gastro 
intestinal (GI) tract (Lozupone et al., 2012; 
Lynch and Pederson, 2015), but interestingly 
was first demonstrated in the rumen way back in 
the 1930s for protozoa (Kofoid and MacLennan, 
1933), and in the 1990s for bacteria (Weimer,  
1998), and only recently for methanogens (Zhou 
et al., 2012).

Central to the concept of host individuality 
is the notion that the microbial community is 
relatively stable when environmental conditions 
and inputs (e.g., feed composition) are stable, 
and displays some resistance to change when 
conditions are changed. In other words, the 
community would display the ecological 
property of inertia (Table 1; sometimes termed 
resistance [Allison and Martiny, 2008]).  The 
inertia of the community would allow its 
composition to be maintained within a reasonable 
range, even as the community undergoes some 
changes in its composition over time (i.e., during 
a feeding cycle, or across months). Moreover, 
host individuality would also imply that the 
community, once perturbed (for example, by 
a substantial change in diet), would be able 
to re-stabilize itself once the perturbation was 
removed. In other words, the community would 
display the ecological property of resilience 
(Table 1). We can employ a simple metaphor to 
characterize these properties: If the microbial 
community can be regarded as a rubber band, 
inertia describes the deformation of the band. 
How far can it be stretched, and how far does 
it stretch for a particular input of effort? By 
contrast, resilience describes the relaxation of 
the band. Once the stress is removed, does the 
band return to its original conformation (i.e., 
display elasticity [Table 1]), and how rapidly 
does the return occur? We will consider these 
two properties in turn.

Relevant Properties of Microbial 
Communities

Inertia

Diet appears to be the major force that 
overcomes the natural inertia of the rumen 
microbial community (Henderson et al., 2015). 
Numerous studies have shown that, within 
individual animals, changing the diet results in 
changes in prokaryotic (bacterial and archaeal) 
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communities; changes are much less detectable 
in the protozoal communities (deMenezes et 
al., 2011). In fact, diet-induced changes in 
prokaryotic community composition appear 
to be much stronger, and occur much more 
rapidly, in ruminants than in humans, whose 
bacterial communities generally fall into one of 
three “enterotypes”, within which diet-induced 
differences are “small compared to baseline 
interpersonal variations” (Lozupone et al., 
2012).

In ruminants, changes in microbial 
community composition might be expected 
during the course of the feeding cycle, owing 
to the different rates of utilization of different 
feed components, which would lead to time-
dependent changes in the composition of the 
remaining, undegraded feed. In fact, bacterial 
community composition (BCC) was shown to 
change both within and across feeding cycles 
in cows fed the same TMR at 12 h intervals 
(Welkie et al., 2010). Interestingly, BCC 
returned to a different end-point at the end of 
each of 4 successive feeding cycles, suggesting 
that BCC is actually in a continual state of flux 
(i.e., is not completely elastic). Nevertheless, 
several studies with cows fed once-daily have 
shown that BCC measured in individual cows 
at the same time after feeding over the last 3 
days of a 28-day experimental period showed 
much greater similarity to one another than to 
the BCC of other cows on the same diet and that 
displayed similar production metrics.

One interesting aspect of dietary effects 
is that even a modest change in diet can have 
a major effect on specific taxa. For example, 
Mohammed et al. (2014) used automated 
ribososomal intergenic spacer analysis (ARISA) 
and next-generation sequencing (NGS) to 
characterize the bacterial community in heifers 
that were either grazed fresh orchardgrass 
pasture (OP) for 3 consecutive 28-day periods, 

or were alternated from OP to orchardgrass hay 
(OH) and then returned to OP over successive 
28-day periods. Heifers whose diets were 
switched to OH showed significant decreases in 
the relative population size of genus Butyrivibrio 
(one of the most abundant genera in the rumen) 
along with a decrease in the molar proportion 
of ruminal butyrate and an increase in the molar 
proportion of ruminal acetate. Such changes may 
have resulted from OH’s lower level of water-
soluble carbohydrates, a preferred substrate 
for Butyrivibrio. Both the molar proportion 
of butyrate and the relative abundance of 
Butyrivibrio returned to their previous levels 
when the heifers were returned to OP, providing 
an indication of the elasticity of this particular 
genus within the rumen bacterial community.

One of the more interesting principles 
that has emerged from theoretical studies 
in microbial ecology relates to the effects 
of positive and negative interactions among 
community members on community stability.  
Surprisingly, while cooperative interactions 
among species can improve overall efficiency 
of the community, they tend to destabilize 
rather than stabilize communities (Coyte et al., 
2015).  Consequently, interspecific competition 
actually makes the community more stable, 
i.e., display greater inertia, and the effects of 
this competition become more important as 
community diversity increases.  This conclusion 
is a bit counterintuitive, as it goes against our 
general notion that one of the hallmarks of the 
ruminal community is its complex network of 
cooperative interactions (such as interspecies 
hydrogen transfer and cross-feeding of nutrients 
among different metabolic classes of microbes).  
However, when one considers the large number 
of closely-related species within the rumen, 
which presumably have substantial overlap 
of function, it is likely that competition for 
substrate is intense, whether it be for colonizable 
surfaces of feed particles, or soluble substrates 
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present at concentrations similar to those of the 
transport coefficients of microbes that use these 
substrates.

What forces, then, drive resilience 
of the ruminal community? In the case of a 
dietary shift followed by return to the original 
diet, competition is likely a major driver. If 
competition was the dominant interaction on 
the original diet, new competitive interactions 
would result from a change in the availability 
of a new group of substrates, and a return to 
the original diet should again favor the original 
competitions that led to the establishment of the 
original community. 

Resilience

The resilience of the rumen microbial 
community is further (and more dramatically) 
demonstrated by ruminal contents exchange 
experiments. Near-total (~95%) exchange of 
ruminal contents between multiparous ruminally 
cannulated Holstein cows resulted in gradual 
return, over the course of several weeks, to a 
community composition similar to that in the 
recipient host, even though the donor inoculum 
was derived from a cow fed the adjacent diet and 
subjected to the same environmental conditions 
(i.e., housed in an adjacent tie stall; Weimer et 
al., 2010a; Weimer et al., 2017). Perhaps more 
surprising is the observation that differences in 
ruminal chemistry between donor and recipient 
cows were overcome in the recipient within a 
day of the contents exchange, suggesting that 
the cow has substantial control over her own 
ruminal chemistry, whether it be by controlling 
the rate of VFA absorption, rate of passage, 
or the volume and composition of salivary 
buffers. In some exchange experiments, the 
differences in ruminal chemistry may strongly 
influence microbial community composition, 
and thus partially explain community resilience. 
However, community resilience has also been 

demonstrated in exchange experiments between 
cows that had similar ruminal chemistries 
(Weimer et al., 2017).  

While resilience has been demonstrated 
experimentally, the underlying mechanisms have 
received little study. Presumably resilience is 
determined by the strengths of the interactions 
(positive and negative) among the different 
community members, and the degree to which 
the individual animal has strengthened its 
mutualism with its own community. While we 
may speculate on these various determinants 
of resilience (Table 2), at present we have little 
knowledge as to their relative contribution.

One would expect that in these exchange 
experiments, the donor community would also 
be highly competitive (because it had developed 
on the same diet, albeit in another host). But this 
new community is eventually displaced by the 
recipient’s original community, which suggests 
that the primary determinant of community 
composition is the interactions between the 
host and her individualized host community.  
The likely complexity of these interactions may 
explain why a return to the original community 
composition following contents exchange is 
slower than the shift in community composition 
following dietary change without further 
addition of exogenous microbes.

Impacts of Host Individuality and 
Resilience on Dairy Production Traits

Where does resilience fit into the general 
concepts of how microbial communities behave? 
In what way does resilience of the community 
affect how we should be feeding cows? And 
how does it affect our ability to manipulate 
the ruminal community to improve animal 
performance?
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The resilience of the rumen community 
appears to substantially exceed that of most other 
microbial habitats.  Soil communities appear to 
recover only slowly from perturbation (Allison 
and Martiny, 2008) and anaerobic digesters are 
often subject to failure upon drastic changes 
in the type and rate of substrate loading (Chen 
et al., 2008). The ruminal community does 
not experience such failures, and as a result, 
our focus can shift to a more practical issue -- 
how community composition might affect, or 
even improve, animal performance. Resilience 
remains an important aspect of this relationship 
because conditions that perturb the community 
may affect performance, and recovery of 
performance may require re-establishment of 
the pre-disturbance community.

Feed efficiency

In beef cattle production, measurement 
of feed efficiency in the feedlot is relatively 
simple, owing to the continuous increase in 
weight over the grow-out period. Feed efficiency 
can be expressed as average daily gain per unit of 
DM intake. This can be a bit misleading because 
it does not necessarily reflect the variation in 
metabolic efficiency of different animals due 
to the effect of maintenance requirements, 
which varies with BW. An alternative way 
of expressing feed efficiency is residual feed 
intake (RFI), which is the difference between 
the amount of feed required to produce one unit 
of output in an individual animal versus that 
predicted from regression data obtained from a 
cohort of animals of the same age, fed the same 
diet, and housed under the same conditions 
(Koch et al., 1963). By this measure, steers with 
a positive RFI require more feed to produce the 
same weight gain (i.e., are less efficient), while 
those with a negative RFI require less feed to 
produce the same weight gain (i.e., are more 
efficient). The advantage of RFI is that it allows 
direct comparison of animals at the same level of 

production. Five major physiological processes 
have been suggested to account for the variation 
in RFI among steers, 2 of which (digestibility 
and heat increment plus fermentation) have been 
suggested to account in aggregate for about 19% 
of the variation (Herd and Arthur, 2009).  

In dairy cows, feed efficiency is more 
complicated because the output variable 
(energy corrected milk, ECM) is affected by 
the metabolic demands of pregnancy and by 
changes in body composition, particularly in the 
periparturient period. As a result, RFI changes 
continuously over the lactation cycle. Thus, 
when comparing feed efficiency among cows, it 
is important to obtain measurements at the same 
stage of lactation, preferably within the same 
range of days in milk (DIM). In contrast to beef 
cattle, there are no studies that have explicitly 
partitioned the relative contribution of different 
physiological processes to feed efficiency in 
dairy cows.

A key measure of feed efficiency in dairy 
cows, namely milk production efficiency (MPE, 
expressed as ECM/DMI) varies substantially 
among animals on the same diet at the same 
stage of lactation. RFI, which can also be used 
as a surrogate for feed efficiency in cows, is 
considered to be moderately heritable, although 
heritability (h2) values have varied widely among 
studies (Connor, 2015). However, within cohorts 
of cows under the same management conditions, 
a substantial portion of the variation in RFI is not 
explained by genetics.  Is some of this variation 
explained by inter-animal differences in their 
ruminal microbiomes? Two studies (Jami et 
al., 2014; Jewell et al., 2015) have shown that 
groups of cows divergent in MPE (as assessed 
by RFI) have different microbial communities. 
Substantial differences have been noted in 
the relative abundance of individual bacterial 
species (“operational taxonomic units”, or 
OTU, in microbial ecology parlance) between 
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high- and low-efficiency cows. Shabat et al. 
(2016) have further shown that the rumen fluid 
of cows of higher MPE contain a higher molar 
proportion of propionate, and elevated levels 
of 2 specific species, Megasphaera elsdenii 
and Coprococcus catus (assessed by not only 
conventional 16S rRNA sequencing, but also 
a metagenomics analysis). However, both taxa 
represented only a tiny fraction of the bacterial 
community (<0.01%), casting some doubt on 
how they could have an outsized effect on the 
performance of the whole community. Further 
research aimed at establishing the potential 
relationships are clearly warranted.

In order to determine if microbial 
communities directly determine differences 
in MPE (rather than merely being associated 
with differences in MPE), we performed near-
total exchange of ruminal contents between 
pairs of ruminally cannulated cows [using 
3 pairs identified in the Jewell et al. (2015)
study] that differed in DMI at the same level 
of ECM (Weimer et al., 2017). Detecting 
patterns of change in MPE following exchange 
was complicated by the general difficulty of 
accurately measuring MPE over short time 
periods, and by the fact that the cows were 
in different stages of lactation at the time of 
the contents exchange. Nevertheless, we did 
observe short-term trends in MPE following 
the exchange. For all 3 of the low-efficiency 
(LE) cows, MPE increased upon receipt of 
the ruminal contents of the high efficiency 
(HE) cows, and for 2 of the 3 HE cows, MPE 
decreased to a greater extent following receipt 
of the contents from the LE cows. Surprisingly, 
the other HE cow displayed an increase in MPE 
following receipt of the contents from her LE 
pair-mate. The effects on MPE were transient, 
however: by day 10 post- exchange, all the cows 
displayed MPE consistent with that expected had 
the exchange not taken place. Examination of 
BCC using next-generation sequencing revealed 

that the BCC resembled that of the donor cow 
at the time of the exchange, but within ~10 days 
had returned toward that of the donor cow. This 
provides a further confirmation of community 
resilience, as well as more direct evidence of a 
microbial influence on MPE. However, it also 
points out that some cows may not have fully 
optimized their community composition, which 
may be amenable to manipulation. 

The rumen microbial community has a 
high degree of species diversity, and as noted 
above, there is evidence from modeling studies 
that diversity has an unexpected destabilizing 
effect on the community. Diversity also seems 
have a relationship with milk production 
efficiency. Both Shabat et al. (2016) and 
Weimer et al. (2017) have observed that species 
diversity is lower in cows that have a higher milk 
production efficiency.  It can be argued that the 
high-efficiency communities are more “refined”, 
i.e., are less encumbered by low-abundance 
species that do not effectively contribute to the 
metabolic or energetic efficiency of the ruminal 
fermentation.

Milk composition

Milk composition, particularly the 
percentages of fat, protein and lactose, are major 
determinants of not only milk’s nutritional 
value, but also the price paid to producers.  
In most of the US, fat is the most valuable 
component. Fat levels below 3.2% in Holstein 
cows provide a common definition of milk fat 
depression (MFD), a costly condition that is 
often induced by certain dietary combinations. 
The primary mechanism for MFD is the 
ruminal accumulation, and translocation to the 
mammary gland, of certain unsaturated fatty 
acids, particularly trans-10, cis-12 linoleic acid, 
a potent repressor of mik fat synthesis. Because 
ruminal microbes are known to participate in 
isomerization and biohydrogenation of these 
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long-chain unsaturated acids, their involvement 
in MFD has long been suspected, but the role of 
specific taxa has remained elusive.

One intriguing aspect of MFD is that the 
fat test response to a given diet varies markedly 
among individual cows (Weimer et al., 2010b). 
When switched across TMR that contained corn 
oil but varied in the rate of starch fermentability 
and the presence of monensin, some cows 
showed no change in milk fat levels. Others 
showed MFD immediately upon substitution 
by the rapidly fermenting starch, while others 
displayed MFD only when the diet was further 
altered by inclusion of monensin. Moreover, 
after withdrawal of the monensin, some cows 
regained milk fat, while others remained fat 
depressed for several months. Examination of 
the bacterial communities using ARISA revealed 
shifts in BCC that were consistent with the fat 
test response: non-responding cows showed 
only slight shifts in BCC. Cows whose MFD 
was reversible showed a partial return of BCC 
to the pre-MFD community, while cows whose 
fat test remained low had BCC that were far 
removed from those of the original, pre-MFD 
BCC. Overall, the results indicate that cows 
vary in their resilience, or at least in the rate at 
which they recovered their milk fat production, 
and the rate at which their bacterial community 
ultimately returns the composition of the 
original, pre-disturbed community.

Recovery from diet-induced MFD has 
been investigated in more detail by Rico et al. 
(2014; 2015). Inoculation of MFD cows with 
ruminal contents from non-MFD cows did 
not improve overall fat yield, but did slightly 
accelerate recovery of de novo FA synthesis 
and normal ruminal FA biohydrogenation 
(Rico et al., 2014). In addition, recovery was 
accompanied by rapid changes (over a few days) 
in the relative abundance of particular taxa, in 
most cases to resemble their abundances prior 
to MFD induction (Rico et al., 2015).

 What About Sick Cows?

Up to now, we have noted and documented 
the resilience of the ruminal community in 
healthy adult cows fed conventional diets.  
What about “dysbiotic” cows whose ruminal 
community has been compromised by illness 
(for example, metabolic disorders or a nutritional 
toxicosis) to the point that its function has 
been impaired? Can such cows restore their 
ruminal community composition on their own, 
or can producers or veterinarians assist in the 
restorative process?

In fact, the process of “transfaunation” 
(i.e., direct ruminal contents transfer from a 
healthy donor cow to a dysbiotic recipient) 
is widely practiced, and this topic has been 
recently reviewed (De Peters and George, 2014). 
Transfer of 8 to 16 L of rumen fluid from healthy 
cows on diets similar to that of the recipient 
sick animal has been recommended, although 
success may also hinge on prior partial removal, 
via stomach tube, of as much dysbiotic digesta 
as possible. This practice finds analogy to the 
currently faddish fecal microbiota transplants 
carried out to correct chronic intestinal dysbiosis 
in human subjects (Grehan et al., 2010). As 
pointed out by De Peters and George (2014), 
practical development of transfaunation methods 
in ruminants has outpaced our understanding 
of the mechanisms underlying its success.  
Clearly, transfaunation provides mechanical 
stimulation to a static (atonic) rumen, along 
with VFA and other nutrients to the dysbiotic 
host (which typically has gone off of feed and 
is thus likely to be metabolically stressed). 
Nevertheless, we can speculate on the nature of 
the transfaunation process from the standpoint 
of microbial ecology: the dysbiotic state is 
likely maintained by an unstable collection of 
ruminal microbes that interact ineffectively, 
resulting in poor metabolism of (and energy 
harvest from) feeds, and in ancillary disruptions 
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in host-microbe interactions (e.g., interkingdom 
signaling). This community can be supplanted, 
via transfaunation, by a more highly functional 
community whose members interact more 
effectively with each other (either by competition 
or cooperation) and with the host, and which 
may obtain a higher yield of energy (and thus 
faster and more complete microbial growth), 
with an eventual re-stabilization of host-microbe 
interactions. 

Applying the Lessons of Host Individuality 
and Community Resilience to Ruminant 
Production  

Implications for animal science research

The resilience of the ruminal community 
provides a lens through which both producers 
and consumers of animal science research 
can formulate and interpret animal feeding 
studies. Historically, feeding studies have been 
conducted with a view that adaptation of the 
rumen microbial community occurs by the 
time production and microbiological data are 
collected near the end of each time period within 
an experiment -- typically 14 to 8 days – but the 
time periods selected have been based more on 
personal preference than on systematic analysis.  
We have observed that BCC stabilizes within the 
last few days of 28-day periods when dietary 
changes across period were modest (Weimer 
et al., 2010b). More recent studies (Machado 
et al., 2016) have revealed that in beef steers 
subjected to a switch from sugarcane to corn 
silage, adaptation of BCC at the phylum level, 
at least in the liquid phase of ruminal contents, 
was quite rapid (mean = 7.2 days, range = 3 
to 9 days). Although finer-scale taxonomic 
measurements were not made in that study, 
it appears that the adaptation period of the 
community may generally be more rapid than 
previously suspected.  Shorter experimental 
periods can greatly reduce the overall costs of 

dairy trails and would allow experiments to be 
conducted over a narrower time range, thereby 
minimizing effects of stage of lactation.

A second consideration involves the 
common use of Latin squares for nutritional 
studies. Such designs are prized for their 
compactness (low animal numbers) and their 
statistical power, but they may not be appropriate 
for all studies. If a subset of cows within a 
study have microbial communities that display 
particularly strong inertia or poor resiliency, 
they could skew the results because their 
communities have not stablilized by the time 
the next dietary treatment is appliled.

Modifying or redirecting microbial community 
composition

The potential of altering microbial 
community function through manipulation of 
its composition has long fascinated both animal 
scientists and rumen microbiologists. Several 
successes have been achieved in establishing 
inoculated strains (usually by direct dosing) 
to overcome nutritional toxicoses, such as 
poisoning by mimosine (Jones and Megarrity, 
1986) or fluoroacetate (Gregg et al., 1998). 
By contrast, numerous attempts to improve 
fiber digestion or to decrease losses of feed to 
methane or ammonia, via inoculation of bacterial 
monocultures, have almost always resulted in 
failure, going all the way back the seminal work of 
Varel et al. (1995). Success appears to require the 
availability of an open niche that the inoculated 
strain can fill (Weimer, 1998). Ruminal contents 
exchange experiments (detailed above) have 
also resulted in only transient shifts in microbial 
community composition, apparently due to the 
lack of selective pressure to overcome a well-
established indigenous community in mature 
host animals.  This has led to proposals that early 
interventions (i.e., inoculating calves prior to 
weaning, or even at birth) may provide a means 
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of imprinting or directing the development 
of a unique and more functional community 
at maturity. These concepts, well-described 
by Yáñez-Ruiz et al. (2015), may hold some 
promise, but overcoming community inertia and 
resilience under any circumstance is not likely 
to be easy or straightforward (Figure 1). 

Exploiting inter-animal variation in rumen 
microbial composition

Absent a clear pathway to overcoming 
rumen microbial community resilience to 
improve production, can we find a way to 
work variation in MCC among animals to our 
advantage? One strategy worth considering is 
using analysis of MCC as a tool to screen cows 
for predicted performance.  Traits such as MPE 
are difficult to quantify, even under intensive 
testing (high-precision measurements over 
substantial time periods in tie stalls). If robust 
associations can be established between MPE (or 
the susceptibility to disorders, such as MFD or 
ruminal acidosis) and the abundance of specific 
taxa in easily collected samples (e.g., buccal 
swabs, Tapio et al., 2016), it would be possible 
to screen large numbers of animals and perhaps 
enable decisions of culling or group feeding that 
could improve overall productivity of a herd.

The relationship between resilience and 
functional redundancy

While rumen microbial community 
composition and its dynamics have received 
substantial attention of late, their importance 
must be kept in perspective. The community 
contains over a thousand OTU (a proxy for 
species), and their relative proportions vary 
greatly among cows. Yet, as pointed out by Taxis 
et al. (2015), the communities in different cows 
each work to convert a great variety of feeds 
to a remarkably similar suite of fermentation 
products that nourish the host. This is likely 

due to the fact that there exists a relatively small 
number of “degradation points” (substrates and 
hydrolysable linkages in biopolymers) and a 
commonality of catabolic pathways that can be 
distributed among this large number of species 
(Weimer, 2015).  Few studies have examined 
resilience at both the microbial community and 
metabolic functional level, but it appears that the 
two largely run in parallel (Machado et al, 2015).

Conclusions

Evidence is accumulating that important 
dairy production metrics, such as milk production 
efficiency and milk composition, are associated 
with specific microbial taxa, and thus might be 
of interest as targets for community composition 
manipulation. However, healthy adult dairy 
cows display considerable individuality in the 
species composition of their rumen microbiota, 
and these communities display strong resilience 
upon perturbation. This will make difficult 
any directed manipulation of community 
composition, except in cases where open niches 
are available for colonization. Nevertheless, 
basic studies of the mechanisms underlying 
resilience may yield strategies for future 
modification of these communities (e.g., 
interventions conducted prior to weaning). 
Additionally, community composition analysis 
may inform decisions on herd management, 
such as group feeding or culling. To guide 
further advances, it is important that community 
composition not be viewed in isolation but 
must be tied to community function and an 
appreciation for functional redundancy of the 
community.
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Table 1.  Characteristics that describe the stability and adaptability of the ruminal microbial community.
Characteristic                        Definition1                                           Likely status in the rumen

Inertia Resistance to change High, based on dosing studies
Resilience Ability to restore its structure  High, based on exchange studies
 following acute or chronic disturbance 
Components of resilience:
    Elasticity Rapidity of restoration of a stable state Relatively high, based on 
 following disturbance exchange studies
    Amplitude Zone from which the system will  Very high, based on exchange
 return to a stable state studies
    Hysteresis Degree to which path of restoration  Unknown
 is an exact reversal of path of 
 degradation 
    Malleability Degree to which stable state  Low
 established after disturbance differs 
 from the original steady state 

1Verbatim definitions of Westman (1978).

Table 2.  Resilience of a rumen bacterial population following dietary change.  Holstein heifers grazed 
orchardgrass pasture showed a shift in the abundance of Butyrivibrio, and the molar proportions of 
acetate and butyrate, when switched to orchardgrass hay; the effects were reversed when the heifers were 
returned to pasture.  Heifers maintained on only pasture did not show these effects. Shifts in ruminal 
VFA profiles were consistent with observed shifts in Butryivibrio abundance. Values are means from 
last 3 days of 28-day periods. Data from Mohammed et al. (2014).
  Relative abundance of  
Heifer Diet1 Butyrivibrio in period2 Mol % Acetate in period Mol % Butyrate in period

  1 2 3 1 2 3 1 2 3
3274 PHP 15.3a   6.9b 10.8ab 70.2b 72.6a 70.4b   9.7a 7.7b   9.4a

3292 PHP 13.5a   6.1b 10.2a 63.8b 71.7a 67.7b 11.1a 7.9b 10.5a

3295 PHP 10.9a   6.4b 11.1a 66.3b 72.3a 70.8ab 11.6a 7.7b   9.4ab

3298 PPP 13.6  14.8 15.7 69.1 70.9 70.4 10.6  9.6   9.8
3412 PPP 19.6a 18.6a 13.7b 69.5 71.0 70.1 10.1  9.2   9.1

1PHP=Heifers switched from pasture (period 1) to hay (period 2) then back to pasture (period 3). 
PPP=Heifers maintained on pasture throughout all 3 periods.

2Percent of 16S rRNA gene reads from next-generation sequencing (Roche 454). Data are averaged for 
liquid- and solids-associated communities, which were analyzed separately.

a,bDifferent letters between periods within heifer differ (P < 0.05). 
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Figure 1. Comparison of the microbial community in the immature and mature rumen, along with 
factors that determine community composition. As the rumen matures, exogenous inoculation has less 
influence, and the adult community is shaped, and likely maintained, by a combination of microbial 
interactions and host behavioral adaptations.


