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Foreword

The X International Symposium on Ruminant Physiology took place in Copenhagen, Denmark
in early September 2004. The previous meetings were held in Nottingham, UK (1960), Ames,
USA (1965), Cambridge, UK (1969), Sydney, Australia (1974), Clermont-Ferrand, France (1979),
Banff, Canada (1984), Sendai, Japan (1989), Willingen, Germany (1994) and Pretoria, South
Africa (1999). After careful consideration it was decided that the next meeting will be held in
France in 2009.

As documented in the chapters published in this book, the programme and the format of the
meeting followed the tradition of these meetings and the guiding principles set up by the guidance
committee in Pretoria. The chapters cover a wide range of topics spanning from digestion and
absorption over metabolism, reproduction and lactation. Progress in knowledge within important
issues related to rumen fermentation, absorption mechanisms and splanchnic metabolism is
treated in nine chapters. A number of chapters address the relationship between nutrition and
gene expression illustrating the important progress in scientific knowledge that can be obtained
by applying the molecular biology methods to the field. Several chapters address the impact of
nutrition with immunology and stress — topics that are highly relevant in view of high focus on
health and welfare of production animals. In line with the increased attention on the relationship
between food and human health, the book contains 2 important chapters on this topic. The
submitted short papers were published in a 725 page long special issue of Journal of Animal and
Feed Science (vol. 13, supplement 1, 2004) available at the meeting.

The organising committee would like to express thanks to all the many that have helped in
the process. Special thanks are due to the chairs and co-chairs of the sessions that have helped
organising the sessions and in reviewing the chapters and all the short papers. Similarly, special
thanks are due to the sponsors, including the Royal Veterinary and Agricultural University, the
Danish Institute of Agricultural Sciences and The Danish Council for Agricultural and Veterinary
Research.

This book contains the main papers presented at the X! International Symposium on Ruminant
Physiology. Proceedings from these symposia have over the years had a major influence on the
science and teaching in animal science. Without doubt the chapters in this book live up to this
fine tradition. The authors that have written the various chapters are among the very best in the
world in their specific fields.

The organising committee

Mette Olaf Nielsen
Kris Sejrsen
Torben Hvelplund
Peder Norgaard
Jorgen Madsen
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Characterisation and quantification of the microbial populations
of the rumen

J.L. Firkins and Z. Yu
The Ohio State University, Department of Animal Sciences, 2029 Fyffe Road, Columbus, OH
43210, USA

Abstract

Already more than 3000 bacterial 16S rRNA gene sequences of rumen origin have been archived
in public databases. Molecular-based approaches have been adapted more recently to protozoa
and archaea, which also appear to be more diverse than once thought. Although providing a
much more comprehensive description of bacterial diversity, sequencing approaches have
limitations when extended to functional diversity and ecology. Quantification of important
groups or species using molecular-based procedures can help explain their role in ruminal
metabolism but also to provide perspective for more qualitative approaches. Herein, we have
reviewed recent microbial ecology studies, mostly those using molecular biology approaches,
with an emphasis on quantitative aspects and the relationship to ruminant nutrition. Advancing
knowledge has led to more questions about how microbes interact in communities within
different rumen compartments and even among animals fed similar diets. We suggest that future
efforts should be directed toward the cultivation of the previously uncultured bacteria and the use
of high throughput strategies to further delineate true diversity and function of rumen microbial
populations under different dietary conditions. Ruminant animal production should become
increasingly more efficient when rumen microbial ecology and nutrition studies are integrated,
particularly if research efforts are coordinated among laboratories.

Introduction

Rumen microbial ecology has been extensively researched for over half a century, and many
outstanding reviews have systematically described the characterised predominant species of
bacteria, protozoa, and fungi. Bacteria were typically classified and aggregated into functional
groups according to morphology and motility, growth factors required, substrates degraded, and
products produced in pure culture (Hespell et al., 1997; Stewart et al., 1997; Dehority, 2003).
Morphological classification of protozoal species and their known effects on bacterial populations
and host nutrition have been well described (Williams and Coleman, 1992; Williams and Coleman,
1997; Dehority, 2003). The role of fungi has been associated with the colonization of refractory
plant particles (Dehority, 2003). Despite the advancements made, though, more work is needed
to better characterise the impact of diet and feeding method on these populations of microbes,
how they interact together synergistically and antagonistically, and how they are influenced by
host factors. Some glimpses of the community structure have been provided by coordinated
scanning electron micrographs after feeding different types of diets (Akin and Barton, 1983), and
sampling from different phases or locations of the rumen has helped to define the roles of groups
of microbes in the reticulo-rumen (Cheng and McAllister, 1997; Dehority, 2003).
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The majority of bacteria have not been cultured or described, only some protozoa can be
cultured axenically, and fungi exhibit a complex growth cycle. Thus, the more recent application
of cultivation-independent molecular techniques has provided more sensitive and accurate
alternatives to directly examine the diversity and the microbial community structure on the basis
of genotypes, instead of phenotypes (Whitford et al., 1998; Tajima et al., 1999). Various RNA-
and DNA-based approaches have been used and are continuing to evolve to provide the tools to
change and improve our perspectives about ruminal microbial communities in vivo. More recent
molecular-based data have highlighted how complex microbial communities in the rumen can be
in both composition and structure. Expanding knowledge of microbial diversity is highly relevant
from an evolutionary standpoint, explaining the development of highly specialized microbes
inhabiting the gut (Mackie et al., 2000; Zoetendal et al., 2004). Ecologically, greater diversity is
often considered a positive attribute for more stable and resilient microbial communities (Hunter-
Cevera, 1998; Zoetendal et al., 2004).

Ruminal microbial communities are composed of various distinct groups mostly specialized
in polysaccharide hydrolysis and fermentation of resultant sugars, so populations of microbes
among animals fed similar diets would be expected to be similar. In contrast, a major roadblock
for integration of the ever-expanding knowledge in rumen microbiology and ruminant nutrition
will be to explain variation in microbial ecosystems among animals (Weimer et al., 1999; Sylvester
et al., 2005) fed the same diets. There is a serious need to address the pros and cons of emerging
techniques so that they can be utilized to more comprehensively characterise ruminal populations
of microbes to explain these differences and allow better prediction of dietary responses. In
particular, methodological limitations (Zoetendal et al., 2004; Yu et al., 2006) and the need for
hundreds of thousands of rRNA sequences for adequate characterisation of the true microbial
diversity and community composition (Hughes et al., 2001; Larue et al., 2005) will need to be
addressed to effectively utilize molecular-based procedures for quantitative purposes in ruminant
nutrition studies.

The efficiency of microbial protein synthesis in the rumen has a profound effect on ruminant
productivity (Stern et al., 1994). Yet, more progress is needed to integrate the physiological
processes in the rumen to maximize this efficiency consistently. Methodological issues with regard
to measurement of microbial protein synthesis (Firkins and Reynolds, 2005) and differences
among experiments (Oldick et al., 1999) need to be resolved for improved application in ruminant
production systems. For example, although microbes need energy and protein degradation
products in synchrony (Cotta and Russell, 1997), research documenting the importance of this
synchrony is equivocal (Firkins, 1996), perhaps because of the large amount of urea-N recycling
from the blood into the rumen (Firkins and Reynolds, 2005). Similarly, excessive carbohydrate
degradation or resultant low pH have a profound effect on microbial growth (Wells and Russell,
1996; Dehority, 2003). Although initial pH had a residual inhibition on fiber degradation in batch
culture (Mourifio et al., 2001), when evaluated in continuous culture with continual feeding, pH
had little apparent residual depression on fiber degradation (Calsamiglia et al., 2002), perhaps
because of continual influx of new feed particles. Because in vivo pH is very difficult to predict
with accuracy (Allen, 1997), more studies will be needed to resolve the complexities of microbial
populations and how they change with varying carbohydrate supplementation strategies that alter
a number of host factors such as urea recycling and salivary buffering.
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Microbiological and nutritional perspectives typically have been compartmentalized and too
often with completely separate objectives, yet there are various opportunities for coordination.
For example, the particle-associated bacteria (PAB) are considered the most important group
of bacteria mediating fibrolysis in the rumen but also are the hardest from which to obtain a
truly representative sample, which is needed to accurately quantify bacterial N flows to the
duodenum (Stern et al., 1994; Volden, 1999). With regard to quantification of bacterial N, can
molecular-based procedures help verify that the PAB samples collected using various buffers
truly represent the entire PAB population, including those that won't detach without significant
lysis (Balcells et al., 1998)? Various species produce unique isomers of fatty acids (Minato et
al., 1988). Although bacteria apparently change their lipid composition with different growth
conditions (Moon and Anderson, 2001), ‘signature lipids’ labeled with radioisotopes might be
used in future studies to link microbial populations to specific metabolic processes (Boschker et
al., 1998; Polz et al., 2003). Specific bacterial groups produce small amounts of highly specific,
potent fatty acid isomers (Harfoot and Hazlewood, 1997) that regulate the expression of certain
genes controlling the host’s metabolism (Peterson et al., 2003). As we move to adapt information
regarding genetic diversity among microbial populations toward functional objectives (Krause et
al.,2003), more opportunities become available to move molecular-based procedures from the test
tube to the animal, particularly to improve the efficiency of utilization of nutrients or to modify
the composition of animal products. Thus, objectives of microbial ecology can increasingly be
integrated with applied nutritional objectives to address societal and economic issues.

Our current objectives are to integrate studies characterising microbial populations in the rumen
from a nutritional perspective but also from the standpoints of microbial diversity. We will limit
the scope to populations of protozoa, Bacteria (phylogenetic domain classification) excluding
obligate amino acid fermenters, and Archaea (methanogenic prokaryotes) in the rumen.
Whenever possible, we will integrate this information and provide considerations for potential
future research.

Enumerating and characterising prokaryotic and protozoal populations by
culture-based and microscopic methods

Microbiologists in the 1950’s to 1980’s worked out cultivation procedures to grow bacteria from
the rumen (Dehority, 2003). Specific growth factors, products formed, and other landmark types
of information have been gleaned using this approach. Although many types of cross-feeding and
synergistic/antagonistic relationships have been identified (Wolin et al., 1997), most examples of
community ecology really can’t be mimicked using standard isolation procedures (Tajima et al.,
1999). For example, proteinaceous substances are produced by some strains of bacteria to inhibit
other strains (Chan and Dehority, 1999; Rychlik and Russell, 2002). Because these inhibitors
seem rather ubiquitous in ruminal bacteria (Kalmokoff et al., 2003; Chen et al., 2004) but there
could be differences among continents (Cookson et al., 2004), their impact on microbial ecology
and its relationship to feed degradation and microbial N turnover in vivo is unclear. In the past
decade or two, axenic culture of rumen protozoa has been refined (Dehority, 1998; Nsabimana
et al., 2003). Still, many species of protozoa have yet to be grown successfully in axenic culture.
As will be discussed later, cultivation of previously uncultured species of bacteria and protozoa is
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needed to understand their function but also to provide a better foundation for molecular-based
procedures to characterise microbial communities in vivo.

Using culture-based techniques, total bacterial numbers have been reported to decrease after
feeding (Leedle et al., 1982); the authors suggested that the decrease could be directly associated
with feeding (e.g., lysis associated with rising oxygen concentrations). However, dilution of
bacterial counts in fluid by rapid adherence to new feed particles (Fields et al., 2000) or by dilution
by drinking water are other likely explanations. When cattle were fed every 2 h to simulate a
steady state, Firkins et al. (1987b) noted that increasing feed intake increased the total viable
counts of bacteria in the rumen pool and the viable counts per gram of organic matter apparently
degraded in the rumen. However, increased feed intake decreased almost by half the percentage
of counts associated with ruminal fluid. The authors noted that protozoal counts were not related
to feed intake, so protozoal predation appeared not to be a major factor. They speculated that
increasing dilution rate of fluid and small particles passing with the fluid washed out fluid-
associated bacteria (FAB). Grinding forages increases colonization by bacteria (Bowman and
Firkins, 1993) but often increases their passage rate (Van Soest, 1994). Fibrolytic bacteria have
intricate adhesion mechanisms that are critical for their degradative abilities (Miron et al., 2001),
so particle passage rate would significantly impact PAB populations. More integrative objectives
relating factors such as particle size and passage rate to microbial ecology are needed and can be
facilitated with the increasing availability of molecular-based techniques. We note that sampling
site, differences in microbial populations among animals, and other factors (Martin et al., 1999;
Kocherginskaya et al., 2001; Michalet-Doreau et al., 2001; Koike et al., 2003a) will need to be
considered in future studies.

Enumeration of bacterial species or groups based on selective media (Dehority, 2003) has several
limitations, including 1) inability to account for viable but non-dividing cells of culturable species
(Leedle et al., 1982), 2) colony-forming units that were actually initiated by clumps of cells
(Dehority, 2003), 3) inability to grow some (or perhaps the majority of) species in laboratory media
(Wells and Russell, 1996), and, although often overlooked, 4) the statistical variation inherent
with cultivation-based procedures. Many authors have assumed that the difference between total
direct counts and total viable counts of bacteria is largely attributed to nonculturable bacteria
in the samples (Wells and Russell, 1996; Zoetendal et al., 2004). Dehority (2003) described
potentially confounding factors among some studies e.g., not long enough incubation prior to
growth scoring (colony counting). Both excessive and deficient amounts of substrate can increase
lysis (Wells and Russell, 1996). In contrast, Krause et al. (1999b) argued that cellulolytic most-
probable number (MPN) probably overestimates the truly cellulolytic population because of
the presence of cellulodextrin degraders that cannot degrade polymeric cellulose. Similarities
among some substrates and the ability of many bacteria to use multiple substrates also hinder
quantitative characterisation of bacterial populations using cultivation-based approaches. For
example, the presence of both cellulose and xylan in MPN may underestimate the fibrolytic
population compared with when these substrates are used separately because many bacteria can
use both substrates. Finally, MPN enumeration, while being much more amenable for use in
animal experiments, had less precision than actual counting methods (Dehority et al., 1989) and
can lead to inaccuracy in quantification of bacterial populations, depending on the type of MPN
statistics used (McBride et al., 2003).
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Protozoal enumeration in the rumen also is problematic. Sampling from the rumen is probably
even more difficult than for bacteria because of the cyclic chemotaxis of some protozoa, especially
isotrichids, toward sugars after the animal is fed, followed by settling to the ventral rumen or
reticulum (Dehority, 2003) from which sites are harder to sample. However, many of these studies
have been done with sheep, which, because of their much smaller rumen fistulas, might be much
more difficult to collect representative samples from the entire rumen compared with cattle.
Despite the standardization of counting procedures, variation in protozoal counts among animals
is high such that differences among dietary treatments are hard to ascertain with statistical
significance (Oldick and Firkins, 2000). Morphology-based speciation and enumeration is also
very difficult. For example, Ito et al. (2001) distinguished six species of Ostracodinium using 44
diagrams in 21 figures, and this is a minor genus compared with Entodinium. Some protozoal
species may simply be only morphological variants of the same operational taxonomic unit
(Dehority, 1994). Sample dilution to yield a targeted number of cells might result in inaccurate
and imprecise enumeration of minor species because the latter are often so diluted out that they
are infrequently detected per microscopic field. Finally, the cell number to biomass ratio is quite
variable in protozoa. The ranges in length and width within and among the Entodinium species
evaluated were often larger than the means of those measurements (Dehority, 1994).

Although much useful information has been generated from co-cultures of bacteria (Wolin et
al., 1997; Dehority, 2003), extrapolation of data to in vivo situations might not be appropriate.
For polymeric cellulose as substrate, bacterial growth rate is probably dependent on the surface
area for bacterial adhesion (Fields et al., 2000), which increases and then decreases after
provision of substrate. If growth is assessed as the change in optical density of a culture, then
the substrates should be soluble. For steady state growth on soluble substrates, growth rate (u)
depends on the maximum growth rate (u_, ), the substrate concentration (S) and the affinity
toward that substrate (K): w=w__ / [1 + (K/S)] (Dijkstra et al., 1998). Growth of adherent
bacteria in planktonic conditions can skew competition toward those with higher affinity for
soluble substrates. If substrate concentration is much higher than the K_ (the lower the value, the
higher the affinity), then differences in K, among species have a small effect on bacterial growth.
However, as initial substrate concentration decreases to approach the lower K, then the K has
a progressively more dramatic effect on subsequent bacterial growth. For batch cultures, the
substrate would be declining over time, progressively benefiting the growth of the species with a
lower K. For co-cultures in a steady state system, the concentration of substrate will decline from
that in the infusion medium to a constant concentration in the culture vessel that is dependent
on the growth rate and infusion rate. Similarly to batch cultures, as the substrate concentration
decreases closer to the K, then the relative K_ of the two species will have an increasingly larger
effect. Thus, bacteria grown in planktonic conditions lose advantages that they have developed for
in vivo competitiveness (Shi et al., 1997), and the interpretation of competitive bacterial growth
of individual species in co-cultures would depend on substrate concentration.

Cultivation-based studies of ruminal microbes have yielded useful information, especially for
microbial physiology. However, only a small portion of the ruminal bacteria can be grown in
laboratory media (Stewart et al., 1997). The inability to grow all ruminal microbes has therefore
limited our understanding of ruminal microbial communities, such as diversity, community
structure, population dynamics, and degradation and transformation of dietary components. Such
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limitations of cultivation-based approaches have been partially overcome with the application of
molecular biology techniques, advancing our knowledge about ruminal microbial communities
considerably in the past two decades.

Characterising bacterial populations by molecular biology techniques

Rosell6-Mora and Amann (2001) argued that “chemotaxonomy” should be used in conjunction
with genomic information for a more complete “phylo-phenetic” characterisation of microbial
populations. They have provided an extensive background, including a lengthy list of definitions
of terms, on the history and strategy for molecular biology techniques used in microbiology. For
example, although the large subunit (LSU) ribosomal RNA (rRNA) and the intergenic spacer
region between the LSU and small subunit (SSU) rRNA probably contain more phylogenetic
information than SSU rRNA, the latter received much more attention because of earlier sequencing
limitations and subsequent accumulation of large numbers of SSU rRNA sequences deposited in
public databases. The large amount of SSU rRNA or the corresponding gene (rDNA) sequence
information continues to drive current research approaches. Although many procedures provide
promise for characterising the populations of rumen microbes, particularly if used in combination
with other emerging technologies (Polz et al., 2003; Zoetendal et al., 2004), cloning and random
selection of clones for sequencing of SSU rRNA genes has been used more frequently to date to
uncover the diversity of microbes in the rumen.

Dendrograms from rRNA or rDNA sequences generally provide relatively stable clusters, although
the relative degree of branching depends on the method used (Rossell6-Mora and Amann, 2001).
Goldman (1996) ranked methods used in the following order from most to least preferred:
maximum likelihood, distance-matrix, neighbor-joining, and (not recommended) parsimony
methods. However, for ecology studies, as opposed to those describing bacterial systematics,
neighbor-joining seems to be widely accepted in microbiology fields, although maximum
likelihood methods probably have more reasonable computing time nowadays. He cautioned
that bootstrapping can infer higher confidence in branching estimates than is actually there.

We also noted a consistent trend in the literature in which a significant number of sequences have
less than 90% sequence identity to those from characterised laboratory isolates, ranging from 56
(Tajima et al., 1999) to 42 (Koike et al., 2003b) to 25% (Larue et al., 2005). Even with the latter
lower value, though, assuming a normal distribution, there are about as many sequences that
have highest sequence identities that are quite distant as there are those close enough to known
isolates to be classified in the same species. A species has been defined anywhere between 95 and
99% SSU rRNA sequence identity (Zoetendal et al., 2004). Rossellé and Amman (2001) discussed
standardization of a species at 70% DNA similarity, which corresponds with approximately 97%
rDNA similarity, although they cautioned that a species should not be distinguished solely on
rRNA or rDNA sequence information.

An increasingly large amount of SSU sequence data are available in public databases to facilitate
identification of rRNA sequences retrieved from rumen samples; the problem is that often many
matched sequences are from uncultured bacteria, so renewed efforts to cultivate and characterise
the ‘uncultivable’ bacteria would enhance our knowledge of the functional diversity of rumen
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bacterial populations. Tajima et al. (2000) reported that almost all sequences derived from
their study were >90% identical to those in the databases, but again many of these database
sequences were derived from uncultured bacteria. Interestingly, they pointed out that a much
larger percentage of their sequences were closely related to those from known laboratory cultures
(especially numerous prevotellas) from cattle three days after a switch from a high-forage to a high-
grain diet than either just before the switch or 28 days after the switch. The authors suggested that
selection for self-sufficient bacteria that are opportunistic after a drastic diet change might mimic
the same selective growth for bacteria isolated from the rumen, concluding that more cultivation
studies are warranted. Comparing SSU rRNA sequences derived from the rumen, we found that
a number of the same sequences (several examples are shown in Table 1) that were repeatedly
retrieved from uncultured bacteria, but still we have no knowledge about the metabolism of
these bacteria. Therefore, cultivation-based studies are needed to complement molecular biology
techniques. Recent successful examples of cultivating ‘not readily cultivable bacteria’ in freshwater
(Hahn et al., 2004), seawater (Kaeberlein et al., 2002), and soil (Stevenson et al., 2004) habitats
illustrate the types of procedures that could be combined with molecular analyses and directed
toward rumen bacteria. Because the rumen is a defined microbial community of relatively
specialized species and relatively limited diversity, a coordinated effort among research groups
may lead to pure culture of most functionally important bacterial species.

Krause et al. (1999a) evaluated the diversity among Ruminococcus strains based on genotypic
and phenotypic traits. All three genotyping procedures were needed to differentiate all 23 strains
of R. albus and R. flavefaciens. Interestingly, based on the combination of the three genotyping
methods used, three strains of R. flavefaciens clustered with the four R. albus strains rather than
with the other R. flavefaciens. Four of the 23 strains significantly changed the grouping when
the data were based on digestibility of cellulose. This study highlights another aspect for why
characterisation of physiological properties of uncultured strains could complement phylogenetic
placements to improve our ability to relate bacterial community structure to animal responses
such as rumen fiber digestibility.

Table 1. Examples of repeated 165 rRNA sequences deposited in GenBank from uncultured rumen bacteria
with 100 or 99% identity.!

Accession number 100% 99% Closest known species (% identity)

AB034081 6 10 Lactobacillus vitulinus (95%); Symbiobacterium sp. (95%);
Bacillus sp. (95%)

AY006929 0 8 Clostridium aminophilum (92%)

AY006928 4 14 L. vitulinus (94%)

AY006923 6 10 L. vitulinus (95%)

AY006920 4 14 L. vitulinus (94%)

AY006623 7 8 Ruminococcus sp. CO47 (90%); R. bromii (90%)

AY006647 0 18 R.sp.YE71 (90%)

AY006643 11 7 Ruminococcus sp. CO47 (88%)

AF293947 11 8 Eubacterium sp. oral clone (93%)

TOut of 2388 sequences of rumen origin at the time of accession.
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Observations from cloning and sequencing studies for bacteria

As discussed previously, the majority of microbes in the rumen elude pure culture, and their
existence is identified only from phylogenetic marker sequences (almost exclusively rRNA or
its coding sequence, rDNA). In addition to constructing rDNA clone libraries from rumen fluid
(Whitford et al., 1998), several researchers constructed rDNA clone libraries from fractionated
rumen fluid and particle samples (Koike et al., 2003b; Larue et al., 2005). In these studies, random
clones were selected for sequencing and phylogenetic analyses to examine the diversity and
community composition. Selected data are reported in Table 2. In some of these studies, the data
were reported directly; in others, we collated data from the published dendrograms. Data were
grouped into phyla as described by Krause and Russell (1996).

Although Bacteroidetes (formerly termed Cytophaga-Flexibacter-Bacteroides) was suggested to
be over-represented by cultivation-based procedures compared with sequencing data (Tajima
et al., 2001a), the percentage of sequences belonging to this phylum ranged from 2 to 79% in
Table 2. The major numeric competitor, Firmicutes (formerly termed Low G+C Gram-Positive
Bacteria), ranged from 11 to 95%. When comparing data among studies, neither diet nor phase of
the rumen contents seemed to be consistently related to relative abundance of Firmicutes versus
Bacteroidetes. Differences among studies could be explained by the various PCR conditions
(Tajima et al., 2001a), including choice of primers or cloning vector (von Wintzingerode et al.,
1997), or from host factors that differ among experiments. Thus, broad conclusions regarding
quantitative representation of various phyla are not possible. However, when compared within
study, the Firmicutes appear to reside less in fluid than in particles; and the Bacteroidetes, more
in fluid than in particles. Using specific oligonucleotides probes (data not shown), Krause et
al. (2000) showed that the 16S rRNA from Bacteroides-Porphyromonas-Prevotella was generally
about twice that of Gram-positive bacteria in ruminal fluid of lambs.

Diet influences the diversity and community composition within studies. Sequences clustering
with Treponema (Spirochaetes phylum) were found only in cows fed a hay diet, and those
clustering with Ruminobacter amylophilus (Proteobacteria phylum) were greatly increased in
cows fed a grain-based diet (Kocherginskaya et al., 2001). Tajima et al. (2000) noted increased
frequencies of sequences similar to known lactate-producing and lactate-utilizing bacteria three
days after a shift to a high-grain diet. They suggested that the persistence of lactate utilizers after
that transition might help keep Streptococcus bovis at low abundance. Similarly, although several
sequences associated with cellulolytic ruminococci were detected prior to the diet shift, none
were detected thereafter. Using the same primers and diets similar to the previously discussed
high forage diet, the same group (Tajima et al., 1999) noted lower prevalence of Firmicutes in
rumen fluid. Prevotellas were found fairly equally distributed between solid and liquid phases.
However, only solids revealed R. flavefaciens, and only the fluid revealed S. ruminantium and
Proteobacteria.

Koike et al. (2003b) evaluated cloned sequences obtained from forage particles incubated in situ.
Because the nylon bags were rinsed stringently in water, firmly adherent fibrolytic bacteria should
be enriched compared with FAB. This is one of the few studies that identified sequences related
to Fibrobacter succinogenes, which, although considered a numerically important fibrolytic in
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the rumen, rarely is represented in 16S rDNA clone libraries. Interestingly, sequences sharing
high identity with Treponema were detected only on the alfalfa particles. The distribution of
sequences recovered could be related to animal (one sheep per forage) or time of incubation
(6 vs. 20 h) that varied among forages/sheep. Few sequences associated with ruminococci were
identified, but numerous sequences associated with Butyrivibrio fibrisolvens were identified
for both forages. Despite the pre-washing, there were numerous sequences clustering with the
prevotellas, suggesting the involvement of these bacteria in the formation of biofilm adherent to
digesta particles of plant biomass.

Larue et al. (2005) examined the bacteria in three fractions (fluid, loosely adherent, and firmly
adherent) of rumen content taken from sheep fed diets containing either orchardgrass hay or
hay plus 30% concentrate. Major bacterial populations found in the fluid and firmly adherent
fractions are listed in Table 2. The authors chilled rumen contents for 2.5 h and used a detergent
to detach firmly adherent bacteria. They noted a shift toward Ruminococcus sequences closely
matching starch-degrading strains when grain was fed. In both fluid and particles, sequences
most closely matching Selenomonas and Prevotella were numerically well represented. Many
sequences clustered with Clostridium but with a low sequence identity, suggesting the presence
of fibrolytic clostridia that have not been cultivated. This result also supports the need for novel
cultivation approaches to better characterise rumen clostridia. Feeding only forage increased
the number of sequences only distantly related to current isolates of the Firmicutes. Feeding
grain tended to increase the number of sequences that were more closely related with current
isolates of Selenomonas and Prevotella, but the opposite trend was noted for Ruminococcus and
Butyrivibrio.

Some insight can be gained through comparisons of clarified rumen fluid (Whitford et al.,
1998) and washed forage particles in situ (Koike et al., 2003b). In the former study, numerous
sequences clustered with P. ruminicola, but many had similarities less than 94% (Whitford et al.,
1998). When only adherent bacteria from washed particles were examined, many sequences were
clustered with prevotellas other than P. ruminicola or P. bryantii. Similarly, relatively few sequences
clustered with B. fibrisolvens in clarified rumen fluid, but numerous ones from washed particles
clustered with this species. Even with thorough washing to remove non-adherent bacteria, few
sequences clustered with ruminococci. Thus, processing method prior to DNA extraction has a
profound effect on diversity results.

Ruminococcus albus and R. flavefaciens have been poorly represented in clone libraries, and F
succinogenes has been virtually devoid. Although F succinogenes was detected using specific
primers, no E succinogenes-like sequence was identified in clone libraries constructed using
universal primers (Larue et al., 2005). Because universal bacterial primers amplified the 16S
rDNA sequence of E succinogenes from pure cultures of this species consistently (Tajima et al.,
1999; Larue et al., 2005), the absence of E succinogenes-like sequences in clone libraries is not
due to the lack of this species in the rumen sample or due to mismatches of primers. Table 3 was
constructed based on data from that report plus unpublished data provided by those authors.
Fibrobacter succinogenes had a higher threshold cycle from real-time polymerase chain reaction
(PCR) than other bacteria. Of note is that E succinogenes didn’t even exceed background until
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after the 15 cycle; recall that Table 2 was constructed from studies with 10 to 15 cycles because
those authors tried to reduce PCR bias.

A standard curve for real-time PCR is prepared by serially diluting a known amount of rDNA
copies (Sylvester et al., 2004). When added to a PCR reaction, each successive dilution requires a
longer cycle to reach the threshold signal (fluorescence units above background units). The first
cycle above this threshold is the threshold cycle. The PCR efficiency = 100-1/1°P¢) _ | (Stratagene
Mx3000P™ Real-time PCR System Instruction Manual, La Jolla, CA, USA). For varying PCR
efficiency, the total number of copies at each successive cycle would be the original 1 proportion
of template copies plus the new proportion (P) of copies that are produced. Briefly, it can be
shown that 10¢1/51P¢) = 1 + P. Because P (which is PCR efficiency) is calculated from the slope, by
definition, the lower the PCR efficiency, the more negative the slope of standard curve (threshold
cycle vs. log rDNA copies). Furthermore, if there was a lower efliciency (more negative slope),
then we would expect a more positive threshold cycle (an inverse relationship). In contrast, the
relationship between threshold cycle and slope of the respective standard curves from real-time
PCR in Table 3 was positive (slope = 0.211; data not shown) and not strongly supported by
statistics (r? = 0.25). The threshold cycle in regular samples (as opposed to standard curves) is
affected both by initial conditions that influence amplification of starting templates (e.g., copy
number per cell or molecules associating with DNA) and by amplification efficiency (P) of new
copies, which increasingly predominate in PCR product produced from previous PCR product.
However, the slope is determined only from later PCR cycles and therefore by the amplification
efficiency of successive PCR products produced almost exclusively from PCR products. Thus,

Table 3. Threshold cycles and slopes of standard curves from various ruminal bacterial species using real-
time PCRC.

Species Threshold cycle Slope
Streptococcus bovis 6.736 -7.485
Selenomonas ruminantium 8.375 -6.322
Anaerovibrio lipolytica 8.412 -4.092
Prevotella bryantii 8.758 -5.585
Ruminococcus flavefaciens 8.821 -5.561
Treponema bryantii 9.071 -4.932
Prevotella albensis 9.592 -6.601
Eubacterium ruminantium 10.28P -5.287
Prevotella ruminicola 10.98 -4.180
Succinovibrio dextrinosolvens 12.59 -6.313
Ruminobacter amylophilus 13.39 -4.915
Fibrobacter succinogenes 15.85 -4.040

aGenomic DNA template (30 ng each) from representative strains of pure cultures from each species
was used under the same cycling conditions using the universal Bacteria primers 27f and 1525r (Tajima
etal., 2001a). Slopes from the real-time PCR standard curve (threshold cycle vs. log of rDNA copies)
were provided as personal communication by the authors.

bPoor extension or annealing were noted as potential problems (Tajima et al., 2001a).

Ruminant physiology 29



J.L. Firkins and Z. Yu

the similar shapes of the amplification curves of Tajima et al. (2001a) and the lack of relationship
between threshold cycle and slope in Table 3 support the probability that the under-representation
of E succinogenes-like sequences (in the ‘other’ category in Table 2) or perhaps R. amylophilus
(Proteobacteria in Table 2) in clone libraries resulted from poor amplification from its genomic
DNA during the early amplification cycles. The 16S rDNA and/or the DNA flanking the 16S rDNA
of these bacteria likely interferes with the amplification of the 16S rDNA by forming inhibitory
secondary structures.

Quantitative issues influencing the interpretation of bacterial clone libraries

Quantitative assessment of the effects of PCR efficiency has received minor attention for ruminal
microbes compared with its potential importance. Using a predetermined mixture of three
pure cultures, Polz and Cavanaugh (1998) noted that even progressing from 5 to 10 PCR cycles
increasingly biased the frequency of PCR product relative to initial template. They suggested
that pooling of PCR replications might provide enough PCR product from only 5 cycles while
also reducing variation associated with replicate amplifications. Although conceptually valid, 5
cycles would only amplify a starting template to at most 16 copies of the PCR product, compared
with 512 for 10 cycles; thus, a minimum number of cycles might be needed to dilute background
genomic DNA (and associated compounds).

Logarithmic bacterial growth can be assessed mathematically as 2¥, where x represents the number
of division cycles (Dehority, 1998). Similarly, assuming a constant efficiency of amplification of
DNA templates, the product accumulation can be estimated using the formula (1 + P)™!, where 1
represents the proportion of initial copies and P is the fractional amplification efficiency (proportion
of new copies) of each cycle (n) except for the first cycle (only the original copy of genomic DNA
is retained, so n-1 for PCR product copies). In reality, PCR product accumulation decreases
and then ceases during later cycles when the reagents become limiting (Polz and Cavanaugh,
1998). With this qualification, after 10 cycles, a single copy of genomic DNA would be amplified
to (1 + P)? = 512, 322, 198, or 119 copies of PCR product for 100, 90, 80, and 70% efficiency,
respectively. It follows that an original rDNA template comprising 5.1% of the community DNA
would be reduced from 5.1 to 3.2, 2.0 and 1.2%, respectively, of its theoretical contribution after
10 PCR cycles. If 100% is standardized to the average efficiency, for a bacterial population of
1 or 2% of a community, which occurs regularly for functionally important populations, with
only 100 clones sequenced, the resulting recovery of a single sequence representing that species
would statistically be unlikely if its PCR efficiency decreased by more than 10% with respect to
the average of the community. This point is accentuated when considering rDNA templates that
are amplified with efficiencies that are greater than the average. Although overly simplified, this
exercise clearly demonstrates that reduction of PCR cycles to 10 will decrease ramifications of
PCR bias (Whitford et al., 1998; Zoetendal et al., 2004), but the bias still is potentially significant,
especially when low numbers of clones are sequenced. The degree of error imposed by PCR bias
in rumen bacterial communities is not known. However, it is clear that greater numbers of clones
need to be sequenced to accurately assess microbial diversity and community compositions in
the rumen, or novel combined approaches are needed to characterise the less abundant but still
ecologically important bacteria in communities, which would otherwise not be represented by
clone libraries (Holben et al., 2004; Yu et al., 2006).

30 Ruminant physiology



Characterisation and quantification of the microbial populations of the rumen

Tajima et al. (1999) addressed issues such as low copy number of 16S rDNA per cell, PCR
efficiency, cloning efficiency, and DNA extraction efficiency. Tajima et al. (2001a) reported that
E succinogenes probably has three copies of rDNA, and they suggested that S. bovis had only
one rDNA copy. Thus, copy number difference did not explain why E succinogenes was devoid
in their clone library. For most bacteria (heavily weighted toward pathogens), the copy number
ranges from 1 to 12 per cell (von Wintzingerode et al., 1997), averaging 3.8 with a standard
deviation of 2.9 (Fogel et al., 1999). Conceivably, when the number of clones sequenced per
study is small, the copy number difference could have a profound effect on the relative number of
sequences discerned (Crosby and Criddle, 2003) and, thus, interpretations of bacterial diversity.
Theoretically, the abundance of a specific bacterium could be estimated when considering its
copy number relative to that in the weighted average of the community (Fogel et al., 1999).
However, experimental derivation of data, rather than use of theoretical calculations, would be
needed for accuracy. In one recent study, various strains of Bifidobacterium of human origin were
found to have from 1 to 5 copies of the rDNA operon per cell (Candela et al., 2004). If initial
growth rate after introduction of substrate of various types of bacteria is positively correlated with
copy number (Fogel et al., 1999), then feeding readily available substrate to a ruminant might
bias phylogenetic-based characterisations toward rapidly growing starch and sugar utilizers with
more rDNA copies.

Numerous authors cited herein have commented about the high percentage of bacterial
phylotypes that were not closely related to any known species. However, few have commented
about the bias introduced by PCR and cloning (Tajima et al., 1999). In fact, this bias might be
highly correlated with cultivation bias, if bacteria more tolerant of high substrate concentrations
also possess higher 16S rDNA copy numbers for rapid growth following intermittent feeding of
grain (Tajima et al., 2000).

Kocherginskaya et al. (2001) hypothesized a priori that diversity would be greater for high forage
than for mixed grain/forage diets, although subsequent diversity indices did not support this
hypothesis in their study. In contrast, with higher number of cloned sequences using ribosomal
intergenic spacer analysis, diversity tended to be greater for hay-only diets (Larue et al., 2005).
Despite the established importance of only a few main bacteria in fiber degradation (Krause et al.,
2003), some secondary colonizers apparently use degradation products from primary colonizers
as substrate (Wells et al., 1995). At present, information is lacking to truly ascertain if diversity is
higher or lower with increasing forage because of an inadequate number of sequences identified
in each sample. Larue et al. (2005) addressed the statistical ramifications more fully than many
previous authors by increasing number of clones but also by estimating the numbers of clones
needed to reach 50% and 90%, respectively, of actual diversity.

Assuming several hundred bacterial species, with the most abundant species being 10° cells and
the least being 10* cells per gram of digesta, 50,000 random clones would have to be sequenced
from clone libraries in order to have a 50% probability to sequence that least abundant species
(N.R. St-Pierre, personal communication); this assumes no potential PCR or cloning bias,
which would further increase the number. However, due to labor and cost limitations, even the
most ambitious efforts only sequenced several hundreds of clones (Larue et al., 2005). Thus,
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comprehensive examination of microbial diversity and community composition in the rumen
requires more efficient high throughput sequencing approaches.

Recently, Neufeld et al. (2004) reported an innovative approach, termed serial analysis of ribosomal
sequence tags (SARST), which permits efficient sequencing of thousands or more 16S rDNA
sequences in single experiments. SARST uses a series of enzymatic reactions to amplify and ligate
ribosomal sequence tags (RSTs) from SSU rDNA V1-regions, the most hyper-variable region
(Yu and Morrison, 2004a), into concatemers that are subsequently cloned and sequenced. This
approach offers a significant increase in throughput over traditional SSU rDNA clone libraries; up
to 20 RSTs can be obtained from each sequencing reaction. Although SARST increased efficiency
and throughput capacity, it requires numerous lengthy procedures and 7 to 8 working days to
complete. More recently, Yu et al. (2006) developed an improved version of SARST (referred to
as SARST-v1) by designing new primers. The SARST-v1 method substantially streamlined and
simplified the SARST procedures, while maintaining the efficiency and high-throughput capacity.
In a test of the SARST-v1 procedure using DNA prepared from the adherent fraction previously
used by Larue et al. (2005), the authors identified, by sequencing a small portion of an SARST-v1
library, more than 250 unique RSTs (97% sequence similarity cutoff), which provides species-
level resolution. The RSTs identified through SARST-v1 fell into 9 phyla. Within the Firmicutes,
30 genera were identified. The authors maintained that the RSTs identified through SARST-v1 can
be used to design microarrays, which are more powerful for large-scale comparative analyses of
microbial communities. Although needing further verification for applications to the rumen, such
comprehensive analysis of microbial community composition should considerably further our
knowledge on the functional implications of diversity and ecology of bacterial communities.

An often neglected issue in studies employing molecular biology techniques is the differential
efficiency of RNA or DNA recovery from community samples. Differences in bacterial cell wall
structures can lead to differential cell lysis of bacteria (Moré et al., 1994), biasing results (von
Wintzingerode et al., 1997). Recently, Yu and Morrison (2004b) reported a new DNA extraction
method that offers significantly improved DNA yields (up to 6 fold) over other DNA extraction
methods. Conceivably, such improvement should be directly translated into more efficient cell
lysis and representative community DNA.

The ability to study microbial diversity and community structure in vivo or in situ using molecular
biology techniques offers large potential advantages in its quantitative description that is more
representative of the community’s actual ecology. However, the reader needs to be cautioned
that molecular procedures can have high precision (repeatability) that could mask low accuracy
(Polz and Cavanaugh, 1998) and even overestimate the real diversity in microbial populations
(Polz et al., 2003).

Quantification of microbial populations in the rumen
Relatively soon after the development of rRNA-based procedures, researchers adapted them
for quantitative purposes in a variety of ecosystems. One large impetus for these objectives is

that the procedures should be able to quantify bacteria that are not readily culturable and are
therefore undercounted (Krause et al., 1999b). Many quantitative issues affecting the accuracy
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and precision of these techniques were described (Raskin et al., 1997), and reported variation
was relatively large (Weimer et al., 1999; Krause et al., 1999b). Quantitative extraction of RNA
is difficult (Krause et al., 1999b) and variable, depending on its concentration relative to other
carrier biomass (Raskin et al., 1997). Krause et al. (2000) estimated that Bacteria rRNA was
about 60 to 70% of the total rRNA signal. The total Eukarya signal was less than 10%. Archaea
signal was not measured directly in that study, but, by difference, its signal would be about 25%,
which is much higher than the Archaea signal directly quantified in ruminal contents (Ziemer
et al., 2000) or even expected from microscopic count data (Krause et al., 1999b). The rRNA
in all studies was normalized against total SSU rRNA (including archaeal, fungal, protozoal,
and perhaps even plant and bovine) to help overcome methodological inconsistencies such as
variation among nylon membranes. However, a recent report (Hocquette and Brandstetter, 2002)
cautioned that the slope of signal intensity with increasing quantities of target might be different
than the slope from the standard, so normalization using single values might not be valid unless
common slopes are verified. There is profound variation in ribosome numbers/cell over a growth
cycle (Raskin et al., 1997; Zoetendal et al., 2004), but few studies quantifying rRNA addressed
this issue. Even if total rRNA is quantitatively determined (Ziemer et al., 2000), the variable
rRNA concentration per cell requires conversion to a per cell basis or per unit of cellular N. Thus,
the rRNA hybridization data should be considered to be semi-quantitative and useful only for
making general comparisons.

Such problems with rRNA-based procedures prompted the development of quantitative methods
targeting rDNA. Competitive PCR allows for a competing standard to be used as would an
internal standard (Reilly et al., 2002). Thus, assuming that any PCR inhibition would equally
affect both the target DNA and the competitor DNA templates, the quantification should be
accurate (Fogel et al., 1999). However, competitive PCR is time-consuming and thus simply
much less feasible for routine usage in studies involving a large number of samples, elevating
real-time PCR to be the current method of choice for many researchers (Schmittgen et al., 2000;
Ouwerkerk et al., 2002b).

When using both real-time (Ouwerkerk et al., 2002b; Klieve et al., 2003) and competitive (Koike
and Kobayashi, 2001) PCR, serial spiking of known numbers of pure cultures into ruminal fluid
consistently resulted in linear recoveries. The abundance of target populations present in the
unspiked rumen fluid was also calculated based on the intercept differences in standard curves
between spiked and unspiked samples (Ouwerkerk et al., 2002a; Ouwerkerk et al., 2002b) or
using non-linear regression after spiking serial dilutions of a standard into a constant amount of
the sample (Sylvester et al., 2004). Such a sample-derived standard should be a weighted mean
of all populations in the microbial community. This standard from each sample could have DNA
quantitatively extracted for 1) determination of rDNA copies and 2) generation of PCR product.
Because the standard curve in real-time PCR should have the same mix of rDNA as the sample
rDNA, both should theoretically amplify with the same efficiency. The harvested microbial
standard also could be used to quantify N concentration, so total rDNA copies can be used as
a microbial marker to quantify the amount of N. Details have been described systematically for
determination of protozoal N (Sylvester et al., 2004).

Ruminant physiology 33



J.L. Firkins and Z. Yu

Specificity of probes or primers to their targets is prerequisite for accurate quantification of any
populations of microbes. Specificity can be designated to individual strains, species, groups within
a genus, or genera. Several researchers have quantified bacteria in the rumen, and selected data
are presented in Table 4. In the study of Krause et al. (1999b), the total combined signal from R.
albus, R. flavefaciens, and F. succinogenes was 4.0% of the total bacterial 16S rRNA. These data
were in general agreement with total cellulolytic counts (5.2% of total culturable counts or 3.1%
of direct counts).

In the study of Michalet-Doreau et al. (2001), E succinogenes and R. flavefaciens were more
enriched in PAB and firmly adherent PAB populations when compared with the total bacteria
(which included FAB), whereas rRNA from R. albus was comparable in all phases (Table 4). Based
on these observations, one would expect FAB to be less enriched with fibrolytics than would
the PAB, again helping to explain the under-representation of these microbes, particularly R.
flavefaciens, in many clone libraries prepared from rumen fluid. Compared with other studies
reported, Weimer et al. (1999) determined low rRNA abundance of E succinogenes and R.
flavefaciens relative to R. albus and to results from other studies. However, when considering
all studies using rRNA probes in Table 4, the relatively high concentration of rRNA from F
succinogenes and the Ruminococcus species supports our previous assertions regarding under-
representation of these microbes in clone libraries.

In general, the studies listed in Table 4 show relatively higher percentages of rRNA from these
cellulolytic species with all-forage than with mixed diets containing grain, as would be expected,
but there have been few direct comparisons within a study. In the study of Weimer et al. (1999),
diet had no statistically significant impact (P > 0.23) on rRNA percentages of the three cellulolytic
species, but differences among cows (P = 0.04) were detected for R. flavefaciens. Host specificity
has been well described for gut bacterial communities (Zoetendal et al., 2004). When using
competitive PCR, no significant differences were detected in abundances of these three species
(Koike and Kobayashi, 2001) among treatments ranging from 80 to 20% forage. The low estimated
cell numbers or lack of differences in diets could be a result of their using a single sheep; changes
in total cellulolytic bacteria might be more pronounced if a larger number of animals had been
used.

In a study designed to characterise changes in populations of proteolytic bacteria as affected by
varying supplementation rate of N on pasture with or without a combination of dextrose and
corn flour (Reilly et al., 2002), DNA was extracted from 84 strains of different species to verify
primer specificity. The authors noted an apparent opposing trend of increasing some strains
with increasing carbohydrate that corresponded with decreasing detection of Eubacterium. In
addition, they noted that Streptococcus species were lower when carbohydrate was fed but only
with pastures with lower protein, whereas P. bryantii was higher in that diet. The quantification
of the total Prevotella species remained high and constant across diets. Although the authors
acknowledged that the accuracy of data for total bacteria is not known because many strains have
not been sequenced, their estimate of total bacterial cell numbers remained constant at 1.6 to 2.0
x 1010 cells/ml, which approximates expected numbers based on counting methods.

34 Ruminant physiology



Characterisation and quantification of the microbial populations of the rumen

(£00T “Ip 12 aA311Y)

(200 “[p 32 A|19Y)

(L00T
‘lyseAeqoy| pue 10y

(Looz “/p
12 Nealog-13|eYdI)

(cooz “p

12 neaJog-191_ydIN)
(6661 /P12 1DWIDM)
(000T “p }2 3sneuy))

(96661 “[D 12 3sneuy)

(000T “[p 12 12WR1Z)

(¢661 “[p 12 13ydES3LY)
@duaiaey

JW/S[192 gL 03,01
JW/s(192 ,01 03 0L
JW/s|123 ,0L 03,01
|W/S]199 5,01 X 8L~
|W/s|192,0L X T L~
|W/S|[32 g0L X €L~
|W/S|[32 gOL X €' L~
|W/S|[2 gOL X L' L~

|W/S|193 ;01 X G 0} €
|W/S[195 0L X9 01 €
|W/s]193,01 X 577 03 9°0

VNY4 S91 [eu219ed JO %€/ 0
VNI S9L [eH2108 40 %/°T
VNY! SO 212108 JO %€°9

VN¥4 591 [e1a10ed JO %E60
VNYI SO [e12108 JO 9%S°T
VNI SO [e12108] 4O % 8'S

VN4 SO [BH3128q JO %180
VNI SO [eL3198q JO %9 |
VNY4 SOL [e19108q JO %€t
VNY4 SOL [e12108q JO 91|
VNI SO L [e1319eq JO %t |
VNY! S9L [e1312eq JO 9%1°C

VNY4 SOL [el1915eq JO % L°L
VNY4 SOL [eli915.q JO %91°0
VN4 SOL [eli915eq 4O %0

VNY! S91L [elS1deq JO %G 01 €
VNY4 S91 |eli913eq JO 9%t 01 ¢
VN4 S91 |eld=13eq JO 9%°C
VNY4 SOL [el1915.q JO %8"L
VN4 S91 [101 JO 9%95°0
VNY4 S91 [€101J0 %90
VNY4 S91L |B103 4O 9%0°C

VNY4 SO |B303 4O 9%C°C

VN4 SO |B303 4O %19

VN4 S91L [2103 JO %9°S
sj|nsay

11Uaps|a biabydspbapy

s1N0qQ 'S

SUaAJ0SLIQY g

elI91oeq |e10|

1mnuokiq d

snuab pjja101aid

snuab sn220103dal1s
SUIA[OS1IQY OLIQIALIAING SWOS

sngip -y
SUBIDJIADY Y
sauabouydons

snqp -y
SUaIDDJIADY "y
sauabourddns 4
snqp -y
SU3IDDJIADY "y
sauaboudons 4
snqp -y
SU3IDDJIADY "y
sauabouidns 4
snqp -y
SUIDDJIADY °Y
sauabouydons 4
snqp -y
SU3IDDJIADY "y
sauabourddns 4

SNQID + SUAIDDJIADY "y
sauabouydons o

SNQID + SUBIDDJIADY SN2200UIWINY

sauabourddns 4
¢ dnoibqns sauabourdons
| dnoibqns sauabouiddns 4

sauabouydons

snuab 4a1opqo.qi{

G8S SauabouIINS 1312DqoIqI
eld)deq 39hae)

" sanbjuy2a} ipndajow buysn bla3d0q [pujwini buikjubnb sajpnis Wouy s)Nsal pajdajas 4 Ajquy

dDd suwi |esy

4Dd dA1Rdwo)

¥Dd aAnnadwod

aqoid YNy

9qoud YNy

9qoud YNy

9qoud yNY4

9qoud YNy
9qoud YNy

aqoud YNy

aqoud YNy

9qoud YNy
ainpacoid

av4

eua1veq ||y

elI931oeq [e10]
buiysem

pue buiuaaids Aq
gvd Juasaype Ajuwuiy

avd

ela1oeq [e10]

Buiysem
pue uonen|y Aq gvd

buiya

Aq pa1oeIIXd gYd
agn
yoewo)s woij gv4

1US1UOD UBWIN [R10]

JU21U0d uswini |elo]

1ew woiy gy4

piny woij gv4
aseyd uawny

“(9vd) ers1oeq paredosse-s|died 4o (gy4) eLS1deq PI1RIDOSSE-PIN| WOLJ P1I3[|0D 2IaM sajdwes [elis1deq,

Aopieq paj|01 %S/
0} paydums Ajjenpeib pue
Key wnjedsed paj s1991s 0L

y2Jeisuiod

pue asonxap F ainjsed
ysaly pay Smod Allep g
S191p 91eJ1U3DU0D

/Ky ejlejle 08/0¢ pue
'05/0S ‘02/08 paj da3ys |

Key ejeyje pay daays 4

Key eyjejje paj dasys 4

Key ejjejje pay daays

91eJIUSDUO0D A3}1Rq 9%09/ARY
Bjlelle %0t P32} dodys ¢
s|ana) abeyis

uI0D pue ejjejje ul buikiea
S)9Ip paxiw paj SMoD Aliep {
J30e|dal 31w 1o Xj1w

pue Aey ejjejje paj squie| G|
sinoy ¢ A1ans ‘uimroud

pue Aey sapoyy pay dosys ¢

91BJIUIDU0D 9401 pue
Aey eyjeyje 9509 P4 MOD |
ddueUdUIRW 1B

Key sseibpieydio pay s1991s €
391a/350H

35

Ruminant physiology



J.L. Firkins and Z. Yu

Klieve et al. (2003) demonstrated the potential for quantification of targeted bacterial rDNA to
evaluate bacterial population changes as the diet was switched from high forage to high grain.
Butyrivibrio fibrisolvens, noted for its ability to thrive under a variety of dietary conditions,
decreased from about 107 cells/ml to nearly below detection limits after the dietary change.
However, despite this pronounced effect, the S. bovis population remained stable, perhaps because
of the dramatic increase in Megasphaera elsdenii (increased from about 10* to 108 cells/ml), a
noted lactate utilizer. In the future, these types of objectives should be coupled with concomitant
evaluation of enzymatic activity or other independent measures for accurate extrapolation of
results from microbial community analysis for nutritional purposes. Lactate utilization was found
to be of no taxonomic value for Selenomonas ruminantium, a major lactate utilizer with high
diversity among strains (Zatkovic et al., 2000). Induction of synthesis of saccharolytic enzymes
after feeding probably explained the increased degradative activity more than could be explained
by the increased bacterial cell numbers (Williams et al., 1989). Systematic integration of genotypic
with phenotypic measures will undoubtedly help account for microbial community differences
among animals and(or) diets in future studies.

Quantification of protozoal biomass has been hampered by a suitable chemical marker (Firkins
et al., 1998). To address this need for nutrition experiments studying microbial protein recycling
in the rumen, Sylvester et al. (2004) developed a real-time PCR assay to quantify protozoal
biomass in the rumen and duodenum. They optimized conditions and documented how results
were influenced by the number of freezing/thawing cycles, DNA recovery after extraction and
purification procedures, generation of appropriate rDNA standards representative of the sample to
be analyzed, and statistical procedures for evaluating and corroborating recovery of target rDNA
and numbers of replications. Acceptable accuracy and precision in the assay were documented.
Using PCR-DGGE (denaturing gradient gel electrophoresis), we also found similar protozoal
community profiles between the rumen and duodenum within animals (Sylvester et al., 2005),
thus concluding that standards derived from the rumen are appropriate to quantify protozoal
rDNA copies in the duodenum. This type of quantitative PCR assay should help researchers
derive or improve mechanistic models integrating protozoal ecology and flow of microbial
protein to the small intestine.

Protozoal ecology

The roles of various genera of protozoa and the benefits and detriments of ruminal protozoa have
been well described (Williams and Coleman, 1992; Dehority, 2003). Although they contribute to
fiber degradation and probably help slow the rate of fermentation by engulfing starch granules
(Williams and Coleman, 1997), protozoa probably are the main antagonists for efficient usage of
protein in the rumen microbial ecosystem (Wells and Russell, 1996; Wallace et al., 1997). Protozoa
engulf large numbers of bacteria as their main nitrogen source (Williams and Coleman, 1997) or
perhaps for other stimulatory reasons as yet undiscovered (Fondevila and Dehority, 2001). Up to
half of the consumed bacterial N is excreted by protozoa (Jouany, 1996), and predation (termed
‘grazing’ by protozoologists) on bacteria decreases the economy of N usage in the rumen. Nitrogen
recycling in the rumen has a major negative impact on whole-body N recycling (Lapierre and
Lobley, 2001); however, defaunation has had relatively minor impact on blood urea N recycling
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(Koenig et al., 2000) or N retention (Jouany, 1996), probably because dietary protein has been
considerably higher than the animal’s requirements in most experiments.

Besides decreasing bacterial protein outflow to the duodenum (Jouany, 1996), protozoa have been
regarded by some to be virtually completely recycled within the rumen. This dogma was first
established several decades ago based on the observation of much lower protozoa counts in the
omasum than in the rumen. However, if the rumen was in a true steady state, ruminal lysis would
not explain the lower counts in the omasum (counts would be equivalent). Lower omasal counts
could be explained by protozoal lysis within the omasum (Michalowski et al., 1986). However,
Towne and Nagaraja (1990) noted, in the omasum of 54 cattle and 40 sheep, rare evidence of
disintegrating protozoal cells but sustained appearance of apparently viable protozoa.

Few authors seem to have commented that factors other than protozoal lysis can contribute to
decreased protozoal counts in the omasum. Drinking water can pass from the rumen without
mixing (Weller and Pilgrim, 1974; Cafe and Poppi, 1994), diluting the protozoal concentration in
the omasum. Also, Firkins et al. (1998) expounded on how passage of ingested feed particles likely
undergoes a delay in passage, which is followed by more rapid passage after the particles become
less buoyant. Although the isotrichids (Isotricha and Dasytricha genera) are often discussed for
their chemotaxis to sugars (Dehority, 2003), the entodiniomorphids also exhibit chemotaxis
(Williams and Coleman, 1992). Right after eating, ruminal passage of feed is slow (Mathison
et al., 1995). If protozoa are chemotactically attracted to solutes released from ingested feed,
the passage of which is delayed, then protozoal passage should also be delayed. Thus, a simple
ratio of protozoal counts in the omasum relative to those in the rumen should not be expected
to represent ruminal lysis rates of protozoa. A more correct comparison of protozoal passage
was done by Weller and Pilgrim (1974) and Michalowski et al. (1986). Similarly, when protozoal
passage was estimated based on rumen fluid volume and dilution rate, the number of protozoa
passing to the duodenum (volume x protozoal counts x dilution rate) ranged from 66 to 177%
of their number in the rumen pool (Michalowski, 1998). However, using rumen fluid outflow
appears to overestimate protozoal outflow because protozoa should not stay completely mixed
with the ruminal fluid (Sylvester et al., 2005). In that study, protozoal N, calculated as a percentage
of microbial (bacterial + protozoal) N, was similar in the rumen compared with the duodenum.
Unfortunately, few other researchers have quantified omasal flow of protozoal cells relative to
their pool size in the rumen from evacuated rumen contents, which should be the more correct
way to assess net in vivo generation times of individual species using protozoal counts.

The concept of nearly complete lysis of protozoa in the rumen has been reinforced by numerous
studies measuring duodenal flow of microbial N. As discussed previously (Firkins et al.,
1998; Koenig et al., 2000), most marker methods (primarily quantifying protozoal N flow as
the difference between total microbial N and bacterial N) used in previous experiments likely
underestimate protozoal N because the procedural errors tend to underestimate total microbial
N while overestimating bacterial N.

Isotrichids tend to settle to the bottom of the reticulum or ventral rumen, perhaps to scavenge

more oxygen for more efficient ATP synthesis from degraded carbohydrate (Williams and
Coleman, 1997). Although many authors have discussed isotrichids increasing in forage diets
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because of their preference for sugars, Martin et al. (1999) showed that the numbers of isotrichids
actually remained fairly constant (Figure 1) while the entodiniomorphids increased drastically
when concentrate was added to the diet. These data show how expressing isotrichid counts as
a percentage of the total counts could be misleading to their overall total numbers and ecology.
More importantly, these data document the importance of time after feeding and sampling
location to accurately represent protozoal populations. Based on the important interactions of
protozoa with bacterial and archaeal prokaryotes, it follows that time after feeding and sampling
location should impact our ability to assess those populations, also.

There has been extensive reiteration of earlier observations of proposed sequestration of isotrichid
protozoa (Leng and Nolan, 1984; Dehority, 2003), yet the consistent similarity in generic
distributions of protozoa in the rumen versus omasum (Towne and Nagaraja, 1990; Punia and
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Figure 1. The effects of sampling time with respect to feeding either a high forage (panel a) or a mixed forage-
grain diet (panel b) on populations of isotrichid or entodiniomorphid protozoa (cells x 1000/ml) in the dorsal,
ventral, or anterior sacs of the rumen of cattle (Source: Martin et al., 1999).
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Leibholz, 1994; Michalowski, 1998) does not corroborate these expectations of differentially high
lysis rates of isotrichids in the reticulo-rumen or, alternatively, that entodiniomorphids autolyse
much more readily in the omasum than do isotrichids.

Although there has been in vitro evidence for the autolytic bursting of entodiniomorphids after
uncontrolled consumption of substrate (Dehority, 2003), there has been little in vivo verification of
such responses, probably because of technical limitations. Using screens to retain protozoa inside
a container in the rumen of steers, Ankrah et al. (1990) suggested that isotrichids were less prone
to lysis after eating than were entodiniomorphids; using certain assumptions, they calculated that
lysis and passage contributed about equally to the loss of entodiniomorphids after feeding. In
some cases, though, pH inside the containers was somewhat lower than in the surrounding rumen
fluid. In batch cultures, substrate concentration or end-product accumulation might be greater
than in typical in vivo feeding situations. Protozoal counts were depleted from continuous culture
fermenters faster than expected based on fluid dilution (Ziemer et al., 2000). Protozoa in batch
culture probably consume more bacteria than would be expected (or probably even possible) in
vivo (Jouany, 1996). Evidence such as this seems to support our contention that theories or models
developed from in vitro observations and indirect methods to document extensive autolysis of
protozoa probably should not be directly extrapolated to in vivo situations.

Protozoa have long been thought to pass from the rumen at a rate slower than ruminal fluid
dilution rate (Weller and Pilgrim, 1974). Generation times of protozoa were estimated to be
between 9 to 13 hours (Williams and Withers, 1993; Dehority, 1998). This estimate is actually the
net doubling time, which is corrected for cell lysis, so true doubling time would have to be shorter
to maintain this turnover time (Williams and Withers, 1993). If protozoa and rumen fluid were to
pass at the same rate, protozoa with a net generation time of 12 hours would only be maintained if
the ruminal fluid dilution rate was less than 0.083/hour (reciprocal of 12 hours), which is slower
than measured in many studies, particularly from dairy cattle, which often exceed 0.15/hour
(Harvatine et al., 2002). In contrast to forage (Figure 1a), when fed mixed forage and grain diets
(Figure 1b), counts of entodiniomorphids increased after feeding similarly to isotrichids. After
the animal is fed, many protozoa, especially isotrichids, migrate posterior from the reticulum
and ventral rumen toward ingested feed and then settle ventrally until the next meal; isotrichids
even returned to dorsal sampling sites when the animal was purposely not fed at its normal
time (Dehority, 2003). However, the time after feeding (3 hours) seems too short to allow for
completion of a cell division to explain the entire increase in counts of entodiniomorphids, also,
so chemotaxis to the dorsal sac seems to support our previous assertion of their potential delayed
passage from the rumen.

Based on in vitro experiments (Jouany, 1996) and selective faunation experiments (Ivan et al.,
2000a, 2000b), the entodiniomorphids appear to be more predatory on bacteria than are the
isotrichids. Moreover, these authors showed that previously introduced isotrichids decreased
considerably in numbers after introduction of other species. Defaunation and selective faunation
is very difficult experimentally and renders potential confounding of period effects with treatment
effects. Defaunation might be more difficult with cattle than sheep (Towne and Nagaraja, 1990).
Entodinium species are the most resistant to high grain diets (Towne et al., 1990; Hristov et
al., 2001) and possibly also to high oil (Ivan et al., 2001). In a 2 x 2 factorial arrangement of
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treatments, only the combination of free oil feeding plus higher grain feeding reduced Entodinium
generic counts significantly (Ueda et al., 2003), again demonstrating their resilience. Thus, the
predominance of Entodinium in the short term after transfaunation (Williams and Withers,
1993) is not surprising. Dilution from the rumen of protozoa previously labeled with isotope
in continuous cultures (Leng and Nolan, 1984) might be subject to the same types of transient
adaptations. In contrast, when unsaturated fat was fed to decrease protozoal numbers, isotrichid
counts, but not counts of entodiniomorphids, were significantly correlated with efficiency of
microbial protein synthesis in cattle (Oldick and Firkins, 2000). Thus, protozoal populations
might be affected differently by complete defaunation versus less drastic dietary manipulations
to reduce protozoa.

Responses by animals to complete defaunation are mixed. Typically, fiber digestibility is decreased
by defaunation, but bacterial N flow and feed efficiency are increased by defaunation (Jouany,
1996; Eugene et al., 2004). However, compensatory post-ruminal fiber digestibility might reduce
such responses (Ueda et al., 2003). Defaunation seems to be more beneficial for average daily gain
of animals fed high-forage diets (Eugene et al., 2004). Because protozoa excrete large amounts of
partially digested bacterial protein (Jouany, 1996), the benefits on animal performance might of
course depend on the amount and type of protein fed in the diet. Moreover, a depression in fiber
degradability might not quantitatively translate into reduced energy availability if methanogenesis
is reduced and VFA are altered (Eugene et al., 2004). With all of these qualifications considered,
the optimal response might be through decreasing protozoa counts below a threshold to receive
some benefits from reduced bacterial predation while maintaining a high enough population
for efficient fiber degradation (Williams and Withers, 1993; Jouany, 1996) or for a more stable
population. There are a number of potential anti-protozoal agents, ranging from compounds
from exotic plants to various fat sources (Hristov et al., 2003), although it should be noted that
factors such as feeding frequency (Oldick and Firkins, 2000) might influence in vivo responses.

Future studies of protozoal ecology with respect to animal nutrition should be focused on objective
reliable identification of most, if not all, predominant protozoal species and on quantification of
protozoal biomass in the rumen. In this regard, Karnati et al. (2003) first used PCR methods
to examine protozoal diversity in rumen samples. They used protozoa-specific primers to
achieve amplification of only protozoal 18S rDNA from community DNA. The protozoal - DNA
was subsequently cloned, sequenced, and compared to database sequences for identification.
In addition to predominant Entodinium-like sequences, we found considerable phylogenetic
diversity from a limited number of clones sequenced. In contrast, Shin et al. (2004) used the same
approach but reported that the 18S rDNA sequences were primarily identified as Entodinium.
Given that some animals fed high grain diets can often have 95 to 99% Entodinium species
(microscopic counts were not reported) and only 37 sequences were evaluated, lack of diversity of
clone sequences might have reflected the true situation. To assess true diversity, more sequences
of other Entodinium species need to be deposited in databases. Collectively, these two studies
document that molecular approaches can be adapted to characterise protozoal populations in the
rumen and ultimately should facilitate more reliable and objective analyses of ruminal protozoa
independent from morphology characteristics, which are laborious and require complicated
differentiation procedures. Alternatively, restriction fragment length polymorphism analysis of
the PCR-amplified 18S rRNA gene could identify different ruminal protozoa species, including
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those within the same genera or among closely related genera (Regensbogenova et al., 2004a).
Moreover, because of the numerical predominance of Entodinium, species- as well as genus-
specific primers are required to effectively uncover the protozoal diversity in the rumen. Given
the high sequence identity among different protozoal species, other phylogenetic markers of
higher sequence divergence than 185 rDNA, such as 28S rDNA or internal transcribed sequence,
should be considered for molecular ecological studies of ruminal protozoa.

As has been used extensively in profiling of bacterial communities, PCR-DGGE should be equally
applicable to profiling of protozoal communities. Sylvester et al. (2005) and Regensbogenova
et al. (2004c) demonstrated the utility of PCR-DGGE in profiling protozoal communities in
the rumen and duodenum. They designed protozoa-specific primers suitable for PCR-DGGE
analysis. They identified the major protozoal species recovered by PCR-DGGE by excision of
the intense DGGE bands, re-amplification, and DNA sequencing. This approach will find more
application in future ecological studies of rumen protozoa. Moreover, if the 28S rDNA is targeted,
more protozoal species should be resolved in PCR-DGGE analysis. Facilitated by these molecular
biology techniques, the distribution of different protozoal species or groups in different phases or
locations in the rumen of ruminants fed different diets can be examined more accurately.

With respect to the host’s nutrition, it is important to quantify protozoal biomass, particularly
protein or N, in the rumen and its passage to the small intestine. Microscopic counting can
enumerate protozoal populations in the rumen (Dehority, 2003), but it does not allow for
measurement of protozoa passage to the duodenum because protozoal cells are lysed in the
abomasum (Sylvester et al., 2005), and omasal flow has not been determined much in nutrition
studies. Protozoal rRNA has been quantified by probe hybridization in ruminal samples in earlier
reports based on the difference of eukarya minus fungal 18S rRNA signals (Faichney et al., 1997;
Krause et al., 2000). As discussed previously, quantification of rRNA should be considered semi-
quantitative. In addition, in order to convert data to a N basis for nutritional purposes, and
particularly to differentiate protozoal N from bacterial N using rRNA or total RNA as a marker,
more information is needed on diurnal changes in concentrations of these cell components.
In one study (Firkins et al., 1987a), both PAB and FAB had similar RNA:N ratios, which were
much greater than protozoa, but in another study (Volden et al., 1999), protozoal RNA:N ratio
(calculated by our summing of reported purine base concentrations) was between that for PAB
and FAB. Also, Sylvester et al. (2005) described how contaminating bacteria can greatly influence
the protozoal N and RNA concentrations.

As molecular-based approaches to assess protozoal populations become adapted more for
quantitative purposes, it is essential to determine the average rDNA copies per protozoal cell.
In contrast with bacteria (which generally have a constant number of copies of rDNA per cell,
although the number varies across species; see earlier discussion), rumen protozoa probably
change their rDNA copies per cell over their feeding or life cycle as do the related, non-rumen
protozoa (Prescott, 1994; Blomberg et al., 1997). Because of the large variance in size among, but
even within, protozoal species (Dehority, 1994), the corresponding protozoal biomass probably
cannot be accurately determined from counts of protozoa cells. Nevertheless, the average rDNA
copies per protozoal cell may be determined from harvested mixtures representative of rumen
protozoal communities, and the rDNA copies can be converted to a N basis (Sylvester et al.,
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2005). In this regard, we reported a procedure to prepare ruminal protozoa samples much more
free of bacteria than a standard sedimentation technique (Figure 2). This method also appears
to be more representative than a standard sedimentation technique, which can bias the standard
mixture towards isotrichids.

Protozoal interactions with Bacteria and Archaea

It has been known for some time that protozoa predate upon and compete for substrate with the
Bacteria as well as having synergistic relationships with the methanogenic Archaea (Williams
and Coleman, 1992), but the complexity of interactions among these microbes has not been well
characterised in vivo. Based on in vitro experiments, some protozoa exhibit selective predation
on different species of bacteria (Dehority, 2003), including preference toward cellulolytics
(Koenig et al., 2000). Defaunation of sheep, though, did not significantly change numbers of
culturable cellulolytic bacteria, whereas refaunation decreased the cellulolytics below those
observed in the original faunation period (Koenig et al., 2000). The FAB have been proposed
to be physically more susceptible to predation than PAB (McAllister et al., 1994), which tend to
contain more adherent cellulolytics (see earlier discussion), so interactions between protozoa
and bacteria might be more complex in vivo than in vitro and might take longer to fully establish
than allowed in most experimental designs. Protozoa have been estimated to contribute 1/4 to
1/3 of the total fiber digestibility in the rumen (Williams and Coleman, 1997). Thus, the trends
for defaunation to consistently decrease fiber digestibility (Eugeéne et al., 2004) imply either that
protozoa contribute more to fibrolysis than do the bacteria that replace them after defaunation
or that protozoa provide a synergistic action with fibrolytic bacteria in the rumen that provides
greater benefit than the negative effect of predation on cellulolytic bacteria. Michalet-Doreau et
al. (2001) reported that the higher specific fibrolytic activity associated with firmly adherent PAB
was a result of washing to remove protozoa (presumed to have a lower fibrolytic activity than
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Figure 2. Bacterial (x 10°) and protozoal (x10°) cell counts in protozoal samples harvested by sedimentation
(open bars) or filtration (filled bars).
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PAB); thus more efforts should explore the potentially positive aspects of protozoa on fibrolytic
bacteria. Harboring prokaryotic populations both extra- and intra-cellularly, protozoa have well
established syntrophic interactions with bacteria and especially methanogens (Hegarty, 1999).
Although no comparable direct synergism stands out with fibrolytic bacteria, the synergism could
also be indirect. Faunated animals consistently have higher ruminal ammonia concentrations
(Eugene et al., 2004), which might stimulate the ammonia-requiring cellulolytics (Dehority,
2003). Also, protozoa might scavenge O,, thus benefiting strictly anaerobic prokaryotes in the
rumen (Hegarty, 1999; Dehority, 2003).

The rumen methanogens are very important to animal nutrition because they influence the
populations of bacterial and protozoal hydrogen producers (Wolin et al., 1997). By shifting
fermentation toward acetate and from propionate, methanogenesis decreases the conversion of
digestible energy to metabolisable energy and also contributes to the emission of methane, a
deleterious greenhouse gas. Although these topics are important, our discussion will be limited
to methanogen populations and their potential interactions with protozoa and bacteria.

With fastidious growth conditions, some methanogens are difficult to grow in laboratories but
can be detected readily with molecular biology methods (Tokura et al., 1999). Methanogen
numbers can be estimated by quantifying archaeal rRNA using hybridization (Sharp et al., 1998)
or determined more directly by counting cells labeled with fluorescent probes (fluorescent in situ
hybridization, FISH) specific to total methanogens or particular orders (Machmiiller et al., 2003).
Methanogens appear to vary in abundance considerably during a feeding cycle and even have
varying association with protozoa (Baker, 1999), perhaps related to the levels of H, production
by the latter. Interestingly, total methanogen numbers were not necessarily correlated with total
rRNA copies or the amount of methane production (Machmiiller et al., 2003). Methanogenesis in
the rumen is probably controlled by H, availability rather than methanogen abundance (Hegarty,
1999). Baker (1999) also discussed the potential uncoupling of methanogenesis with anabolic
reactions. Methanogenesis generally is reduced by about 15% by defaunation (Hegarty, 1999;
Machmiiller et al., 2003). However, defaunation might be more beneficial with higher grain diets,
which might increase the production of H, by protozoa (Hegarty, 1999). Protozoa also provide
some advantage by quenching oxygen through their oxygen-tolerant hydrogenosomes, or they
simply provide a vehicle for retention of slower-growing methanogens in the rumen (Williams
and Coleman, 1997).

Several studies have quantified various orders of methanogens under different conditions.
Rusitec fermentation vessels have a semi-continuous outflow of particles that allows retention
of protozoa (Dohme et al., 2001). This study showed that medium chain fatty acids and linoleic
acid significantly decreased protozoal counts. However, effects of fatty acids on methanogen
counts or methanogenesis were not conclusive because of variation in measurements. More
recently, Soliva et al. (2004a) reported that a combinations of lauric and myristic acids inhibited
Methanobacteriales, Methanomicrobiales,and Methanosarcinales families, but not Methanococcales,
in Rusitec. In batch cultures, increasing concentrations of lauric acid decreased methanogenesis
and the numbers of all four methanogen orders by similar degrees (Soliva et al., 2003). The
authors suggested that myristic acid potentiated the response. Soliva et al. (2004a, 2004b)
discussed reasons for variation in the concentrations of methanogen orders among different
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studies, including animal and inoculum effects, length of incubation, different quantification
procedures, and whether or not the batch cultures were gassed with H,. In another study with
sheep but using similar methods (Machmiiller et al., 2003), the same group was not able to make
differential counts of these orders because freezing and thawing disrupted methanogen cells.
However, they estimated the abundance of these orders by quantifying their 16S rRNA copies.
They found that defaunation actually increased methanogen abundance, especially when coconut
oil (high in lauric acid) was fed. In contrast, defaunation tended to increase copies of 16S rRNA
from Methanococcales and Methanobacteriales when inert prilled fat was fed, but it dramatically
decreased the rRNA copies from these methanogen orders when coconut oil was fed. The rRNA
copies from Methanomicrobiales and Methanosarcinales were not affected by defaunation or fat
source.

In continuous culture vessels that rapidly wash out protozoa, the percentage of 16S rRNA of
Archaea origin remained the same (Sharp et al., 1998) or increased (Ziemer et al., 2000) after
inoculation. However, Sharp et al. (1998) showed dramatic shifts in the methanogen orders
coinciding with losses of protozoa from fermenters (quantified using total Eukarya probes). The
rRNA hybridization signal targeting the family Methanobacteriaceae (in the Methanobacteriales
order) was predominant in the original rumen fluid (92% of the Archaea signal) and particularly
in a protozoal fraction (99%), but it decreased to 73% in the fermenters after protozoa were
washed out. Methanomicrobiales accounted for most of the remainder of the total archaeal
signal. Thus, the authors concluded that Methanobacteriales can be free-living or associated
with protozoa, but the Methanomicrobiales appear to be predominantly free-living, increasing
in numbers to replace the protozoal-associated methanogens. In sheep that were monofaunated
with Isotricha prostoma, Eudiplodinium maggii, or Polyplastron multivesiculatum, the associated
methanogens were similar among animals and primarily grouped with Methanobrevibacter
species of Methanobacteriaceae (Chagan et al., 1999). In a recent study (Regensbogenova et
al., 2004b) in which DNA was extracted from single cells of rumen protozoal species, however,
there appeared to be no consistent pattern in methanogen sequences recovered from protozoa,
suggesting non-specific association between protozoa and methanogens. Moreover, novel
sequences were produced, and the sequences did not cluster with those from previous studies.
Further work is needed to fully describe protozoa-archaea interactions. As these procedures
advance to DNA-based quantification, for reasons described previously, caution must be used
when adapting RNA-based probes for primers for use in PCR (Skillman et al., 2004).

The phylogenetic diversity of Archaea has been demonstrated recently in clone libraries constructed
from sheep grazing pasture or consuming dry forages and concentrates (Wright et al., 2004).
Diversity was greatest for sheep grazing pasture, with 33 different phylotypes of methanogens
identified. Of a total 733 clones sequenced from clone libraries prepared, 30 phylotypes appeared
most closely related to Methanobrevibacter (in the family Methanobacteriaceae), seeming to
support the high prevalence of this genus determined using rRNA probes (Sharp et al., 1998).
No sequence was found related to Methanococcales. Many of these clones formed distinct clusters
associated with isolates of either M. smithii or M. ruminantium. They also noted several other
distinct sequences, including two that could be from new species and possibly even a new order,
suggesting undescribed methanogens in the rumen. Tajima et al. (2001b) also provided evidence
for existence of a new species of hydrogen-scavenging methanogen. Although inoculation with
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soil methanogens possibly could be more prevalent for grazing ruminants, these studies seem to
collectively indicate that the majority of the diversity is due to endemic methanogens adapted
to the rumen environment, perhaps to different niches therein. Although the latter authors
commented on the apparent lower diversity of Archaea with respect to Bacteria, there are some
differences in methanogen populations among animals (Wright et al., 2004), and perhaps greater
diversity will emerge in future studies as more information from varying geographical regions
becomes available.

These studies collectively support the importance of Methanobacteriales and its apparent
relationship with protozoa, but the role of Methanococcales, though numerically predominant as
determined in several studies (Soliva et al., 2004b), is not clear. Perhaps some of the discrepancy
can be related to irregularities in 16S rDNA sequences among methanogens (Wright and
Pimm, 2003). Sampling times with respect to feeding, locations in the rumen, and other factors
related to ruminal ecology of Archaea are largely unexplored. Given their close association
with protozoa (Sharp et al., 1998) and the apparent discrepancies between methanogen counts
and methanogenesis (Machmiiller et al., 2003), more studies are needed to relate numbers of
specific methanogens to the amount of methane produced. Future researchers should consider
the quantitative issues discussed previously for Bacteria. In addition, they should consider
the potential adaptations developing over time after introduction of anti-protozoa or anti-
methanogen agents. Increased knowledge of diversity of methanogens and protozoa as well as
their interactions in the rumen should guide our efforts to minimize methane emission from
ruminants and improve efficiency of microbial protein synthesis.

Conclusions

Molecular biology techniques have greatly advanced our perspective of rumen microbial ecology;
however, due to the limited number of sequences retrieved and characterised with respect to
known isolates, our understanding of the diversity and interactions among protozoa, Bacteria,
and Archaea is still limited. Alteration of these communities caused by dietary manipulations
appears relatively smaller than might be expected; and differences among animals fed similar
diets, relatively larger. Such small changes in microbial diversity and community structure are
likely below the detection limits of conventional molecular techniques, such as DGGE and clone
libraries. Future studies should be directed toward comprehensive analysis of rumen microbial
communities using high throughput technologies, such as SARST-v1. Besides increasing the
number of sequences needed to statistically verify microbial diversity, such procedures could help
focus more targeted efforts to quantify functional groups. Quantitative assays of high sensitivity,
such as real-time PCR, should be developed to quantify abundance and examine dynamics of
individual populations, using species-, genus-, or guild-specific primers.

With more powerful and systematically available molecular techniques, there is increasing
availability to integrate microbiological and nutritional objectives in future research. Increasing
characterisation of diversity and function of microbial communities should allow more
opportunities to account for variation among diets, animals, and experiments for better prediction
of rumen digestibility of nutrients and efficiency of microbial growth. These coordinated efforts
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should help us meet these goals while accounting for increasing societal demands for improved
efficiency of nutrient usage and more desirable animal products.
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The role of thermodynamics in the control of ruminal
fermentation
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Abstract

Chemical reactions are controlled either thermodynamically or kinetically. With kinetic control,
the profile of products formed depends on the substrate concentrations and enzyme activities
which control the rates of synthesis for competing pathways. Thermodynamic control occurs
when reactants are sufficiently limited relative to products so that the reactions cannot proceed
according to the Second Law of Thermodynamics. Under these circumstances, thermodynamics
control which pathway branches are available and the final concentration of products. In the
rumen, glucose is readily fermented to end products including volatile fatty acids and gases.
These end products are removed from the rumen slowly, suggesting that thermodynamics may
affect ruminal metabolism. Our calculations show that synthesis of acetate from hydrogen and
carbon dioxide is thermodynamically infeasible in the normal rumen. Consistent with these
calculations, attempts to increase acetate production by introducing acetogens into the rumen
have not been fruitful unless methanogenesis was inhibited or hydrogen pressure was elevated.
Addition of intermediates of propionate or butyrate synthesis increased these end products, but
also increased acetate production, suggesting that intermediates may increase reaction rates in
multiple directions when thermodynamically feasible. Rates of interconversion of major volatile
fatty acids measured using isotopes were similar in opposing directions further suggesting that
thermodynamics could play an important role in determining profiles of volatile fatty acids.
Finally, a novel approach for estimating energy used for ATP production is demonstrated based on
existing data and thermodynamic calculations. Although there have been no studies in which all
necessary measurements were made to directly determine free energy of fermentation for different
reaction pathways, preliminary research from meta-analysis with incomplete data suggests that
thermodynamics may play a major role in the control of ruminal metabolic pathways.

Keywords: ruminal fermentation, Second Law of Thermodynamics, metabolic regulation
Introduction

Ruminal fermentation of hexoses results in the production of volatile fatty acids (VFA), namely
acetate, propionate and butyrate, and release of the gases carbon dioxide (CO,) and methane
(CH,). The partition of glucose C among the different VFA is affected by the diet (McDonald
et al., 1995), and has important consequences for ruminant production and the environment.
An understanding of the control of the VFA profile could enable a more logical approach to
manipulate the ruminal ecosystem to enhance its beneficial aspects while reducing its negative
outcomes. Thermodynamic laws apply to every process in the universe where a large number of
particles is involved. The objective of this research is to investigate the possible role of the Second
Law of Thermodynamics in controlling ruminal fermentation and the VFA profile.
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The profile of VFA formed in the rumen has both economic and environmental consequences
for several reasons. The VFA profile can affect the efficiency of energy utilization, composition
of animal products (e.g. milk components), and the profile and amount of gases released to
the atmosphere. Absorbed VFA are generally the ruminant’s main energy substrate, but the
fermentation co-products, gases and heat, are released and not used by the host animal. Methane
is an energy loss because the reducing equivalents used for producing it could be used by the
animal to generate ATP if they were incorporated into useful energy sources.

The stoichiometry of production of the main VFA determines the amounts of CO, and CH,
associated with the formation of acetate, propionate and butyrate. Acetate formation releases
two moles of CO, and four moles of H, per mole of glucose fermented (Figure 1). Four moles
of H, can then be used by methanogens to reduce one mole of CO, to CH,. Therefore, acetate
formation results in the production of one mole of CO, and one mole of CH, per mole of glucose
fermented. Similarly, butyrate production results in 1.5 moles of CO, and 0.5 moles of CH, per
mole of glucose fermented. Propionate formation, on the other hand, does not result in a net
production of CO, and requires a net input of reducing equivalents, resulting in a decrease in
CH, production. Due to these differences in the stoichiometries of CH, production associated
with each VFA, the proportions of the energy in fermented glucose retained as acetate, propionate
and butyrate are 0.62, 1.09' and 0.78. Propionate formation conserves more of the energy present
in fermented glucose in a useful form for the animal (@rskov and Ryle, 1990).

Part of the energy released by fermentation is used for microbial ATP formation, while the rest
dissipates as heat. For animals in thermoneutrality or above, heat production is an energy loss.
However, this energy loss is what drives the fermentation process forward, as an overall negative
Gibbs energy change (AG < 0) is necessary for the process to be spontaneous. Microbial ATP
produced during fermentation is used to fuel otherwise non-spontaneous anabolic processes
like protein and fatty acid synthesis. Microbial protein synthesized in the rumen is generally
the main source of amino acids for ruminants (Wallace et al., 1997). Maximization of microbial
protein production allows the use of cheap non-protein N sources in ruminant diets, increases N
retention and decreases N voided into the environment (Clark and Davies, 1983).

Thermodynamics can be applied to examine the partition of energy released from fermentation
into microbial ATP and heat (Kohn and Boston, 2000). Through substrate level phosphorylation,
acetate and butyrate production generate four and two moles of ATP per mole of fermented
glucose, respectively (Russell, 2002). Propionate formation by the randomizing (succinate)
pathway is associated with ATP production by electron transport-linked phosphorylation in the
reduction of fumarate to succinate. However, the stoichiometry of ATP production has not been
clearly established. Experiments with membrane preparations of the ruminal bacterium Vibrio
succinogenes initially yielded between 0.15 and 0.5 moles of ATP produced per mole of fumarate
reduced (Reddy and Peck, 1978). However, later work found a value of 0.94 (Kréger and Winkler,
1981). Electron transport-linked phosphorylation has not been demonstrated for propionate’s
non-randomizing (acrylate) pathway or for butyrate formation (Russell and Wallace, 1997).

! Propionate formation does not result in the production of energy. The value of 1.09 is only the ratio between
energy in propionate and energy in glucose and does not take into account the oxidation of reducing equivalents
needed to produce propionate.
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Figure 1. Fermentation pathways in the rumen. Methane is formed from CO, and H, . Although H, is not the
direct electron donor in the processes depicted, metabolic H is in equilibrium with the H, pool. Dihydrogen
will be considered the electron donor in our calculations.

The profile of VFA produced in the rumen also has consequences on the host animal metabolism.
While propionate formation retains more of the energy fermented in the rumen in useful products,
excessive propionate can cause undesirable consequences on production, such as reduced intake
(Oba and Allen, 2003), low milk fat content, and soft fat syndrome in lambs (Qrskov and Ryle,
1990).

The profile of VFA formed in the rumen also has environmental consequences. Methane emissions
by ruminants are involved in global climate change. At present, CH, emissions account for about
18% of total global warming. While CO, has a greater effect on global warming than CH, at the
present time, the latter is increasing at a faster rate (1.1 vs. 0.5% per year) and CH, is 50 times
more potent than CO, on a mass basis as a greenhouse gas (Moss, 1993). Although there are
uncertainties in the estimates, approximately 14% of CH, emissions may be caused by domestic
animals, of which 97% correspond to ruminants (Johnson et al., 1991).

Ruminant physiology 57



E.M. Ungerfeld and R.A. Kohn

Background
Thermodynamics and kinetics

Chemical reactions are controlled either thermodynamically or kinetically (Chang, 1981). If
reactants are sufficiently limited relative to products then the reactions cannot proceed according
to the Second Law of Thermodynamics. Under these circumstances, thermodynamics control
which pathway branches are available. On the other hand, if the rates of utilization of a substrate
control the pathways for product formation where all of the reactions are thermodynamically
feasible, the reactions are kinetically controlled. These rates may depend on substrate and/or
enzyme concentrations. The difference in behavior between reactions that are controlled kinetically
or thermodynamically lies in their response to added substrates, enzymes or products. When
kinetics control a process, reaction rates depend on substrate levels and/or enzyme activities
but not on product concentrations. When thermodynamics limit reactions, rates depend on
substrate and product concentrations but are not affected by enzymes. These differences provide
the basis for determining which type of regulation applies, and understanding these differences
can elucidate what types of treatments (affecting enzymes, substrates or products) will have an
impact.

Consider a system in which key intermediates are found in very low concentrations relative to
products. For example, one would not expect to find appreciable concentrations of glucose in
the rumen where fermentation occurs rapidly. This expectation results from our understanding
that glucose is released from fiber or starch relatively slowly compared to the rate at which it is
metabolized to other compounds. The end products of glucose fermentation, volatile fatty acids
and gases, are removed relatively slowly. At the very moment a glucose molecule is released into
solution it is a candidate for metabolism; whether that molecule becomes acetate, propionate,
butyrate or lactate would depend on the speed of the respective reactions or at least on how
quickly the reactions can remove the molecule from solution. If one or more end products build
up, however, the VFA may inhibit the process from occurring at all based on the Second Law of
Thermodynamics. For example, high concentrations of acetate may shift the metabolism toward
propionate. The Second Law of Thermodynamics requires that free energy (G) be released for a
process to occur spontaneously. If the concentration of precursor becomes small enough relative to
product the forward reaction will not proceed. In this case, the precursor may be used to produce
a different product, and there may be a shift from one VFA or gas to another. Thermodynamics
is a likely means of control for ruminal fermentation for several reasons. For fermentation in
the rumen, the substrate (glucose) is found in low concentrations relative to products (VFA and
gases), and the microbial population grows and adapts to minimize the potential for enzyme-
limiting conditions.

The Second Law of Thermodynamics
The Second Law of Thermodynamics states that the entropy of the universe increases in an
irreversible process or remains unchanged in a reversible process (Chang, 1981). Entropy is

defined as “randomness” and a reversible process is defined as an infinitely slow one with an
infinite number of steps. In fact, most reactions are irreversible and so the entropy of the universe
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increases or heat is released from the system to the surroundings. Stated mathematically, the
second law is as follows:

ds, >0 (1)

where dS  represents the change in entropy of the universe. This change in entropy can be divided
between that of any given system (dS ) and the surroundings of the system (dS

surroundings);
therefore:

system

dSu = dSsystem + dSsurroundings (2)
In a system that is imperfect, heat is generated while work is done. That heat is dissipated from
the system to the surroundings. The system can be defined to include all changes in chemical
composition of products and reactants. Thus only heat loss from the system needs to be considered
as a loss to the surroundings. This heat loss (—dHSYstem ) must equal the change in entropy of the
system when corrected for temperature in degrees Kelvin (T).

ds -dH /T (3)

surroundings system
By substituting the right hand side of equation 3 into equation 2, a new definition of the change
in entropy of the universe is derived:

ds, =ds dH o / T (4)

system system
Substituting the right hand side of equation 4 into equation 1 reminds us that the change in
entropy of the universe must be greater or equal to 0.

0<dS dH /T (5)

system system

Multiplying both sides by (-T') provides the relation:

TdS

0= stystem - system (6)

This negative value is the definition of the Change in Gibbs Free Energy (AG). Thus, AG of a
system is negative when heat is lost from the system to the surroundings. The more inefficient
the system is in using available energy, or the more heat is lost, the more negative the AG must
be. This relationship will be important to understanding shifts in ruminal metabolism associated
with lower efficiency of fermentation and greater heat increment.

Integration of the Second Law of Thermodynamics with the Ideal Gas Law provides a mathematical
relationship that is especially useful to chemistry and biology. Under constant pressure, the change

in free energy of a reaction is a function of the activity of the products and reactants.

AG = AG® + RT In { [Products] / ( [Reactants] ) } (7)
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where [ x ] represents activity of x (or pressure in atmospheres of x for ideal gases and molarity of
x for ideal solutes), R is the gas constant and equals 8.314 ] K'! mol'!, T represents the temperature
in degrees Kelvin, and AG® represents the change in free energy for the reaction under standard
conditions. These conditions are 278.15 K, one unit of activity for all solutes and one atmosphere
of pressure for all gases. If a reaction goes to equilibrium, the AG becomes zero. Therefore, the
AG® can be determined by measuring the concentration of products and reactants at equilibrium.
Once this value is determined, it can be used with other similar values to determine the AG®
of other reactions contained within these reactions. The amount of free energy of a material is
intrinsic to that material. Furthermore, once the AG® is determined for potential reactants and
products, the equilibrium constant for those reactions can be easily calculated. Setting AG to 0
in equation 7 represents equilibrium. Using table values for the AG® enables determination of the
equilibrium constant (K, q) as follows:

_ -AG®/RT
K =¢e (8)

All catalyzed reactions are bi-directional

All catalyzed reactions are bidirectional and the catalyst acts to facilitate the reactions in both
directions. Theoretically, it can be stated that catalysts reduce activation energy of reactions, in
forward and reverse directions, but they do not change the AG of reactions. Or stated another way,
a catalyst changes the rate of forward and reverse reactions proportionally, so that equilibrium is
not affected, even while the system moves toward equilibrium at a faster rate.

A simple proof of the concept that a catalyst must always accelerate both forward and reverse
reactions can be provided by the following example of a perpetual motion machine (Chang, 1981).
Imagine a cylinder fitted with a moveable piston in which two moles of gas A can be converted
to a single mole of gas B using a solid catalyst contained at the bottom of the cylinder. In this
imaginary system, the impossible occurs and the catalyst only accelerates the forward reaction,
2A to B and not the reverse. When the reaction proceeds, the gas volume would shrink, and the
piston would lower. You could arrange the catalyst such that as the piston lowers it would close
the container for the catalyst and make it unavailable to the gases. Then when gas A is converted
to B, the catalyst would be unavailable to the gases and the forward reaction (conversion of 2A to
B) would cease. The reverse reaction would continue independent of catalyst causing the piston
to rise and making the catalyst available to the gas A again. The piston would rise and lower again
and again without expending energy. Thus, we cannot accept the possibility of a catalyst only
working in one direction unless we can accept the possibility of a perpetual motion machine.

If a system exists to make propionate or acetate from pyruvate, that system must allow the
interconversion of propionate to acetate and the reverse. If propionate production is favored,
acetate will be converted to propionate along with new glucose in the system. If there is equilibrium
between acetate and propionate, the conversion rates from one to the other will approximate the
conversion rates back again. Interconversion of VFA has indeed been shown to occur in many
instances, and we will come back to it later.
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Example calculations

It is well understood that H, is used by methanogens to produce CH, which is thought to be
a waste product of metabolism. If this H, could be used instead to generate acetate from CO,
through a process called reductive acetogenesis, greater energy could be preserved for production.
What is the feasibility of methanogenesis or reductive acetogenesis in the rumen under typical
conditions? Kohn and Boston (2000) demonstrated the calculations necessary to answer this type
of question. The balanced reactions of interest in this case are:

CO,(aq) + 4 H, — CH, + 2 H,0
2 CO,(aq) +4 H, = C,H,0, + H* + 2 H,0

If the total gas pressure in the rumen approximates 1.01325 x 10° Pa (1 atm), and CO, comprises
70% of that pressure the pCO, would be 7.09 x 10* Pa (0.7 atm). Multiplied by the solubility
constant (Segel, 1976) for this ionic strength, temperature and pressure (2.26 x 10”7 mol / Pa), this
pCO, would provide 0.016 mol / L of dissolved (aq) CO, at equilibrium. The H, concentration
can be calculated using the Nernst equation from the reducing potential and pH (Segel, 1976).

AE=AE°+(RT/nF)In([H*]?/[H,],) (11)

8
where AE is the reducing potential in volts measured using an hydrogen electrode, AE® is the
change in reducing potential for the reaction under standard conditions which is equal to zero
for the H* to H, half reaction, R is the gas constant (8.3145 ] K mol!), T is the temperature
in K, n is the number of moles reduced (2), and F is Faraday’s constant (9.6487 x 10* C / mol)
which converts AE from AG. The solution for [H,]  in this case yields the concentrations under
equilibrium conditions for the H, half reaction. Typical ruminal conditions are E = -0.315 V and
pH = 6.5 (Barry et al., 1977). Thus, [HZ]g would be 162 Pa (1.6 x 10-* atm). For this example, let
us assume that the partial pressure of CH, is 3.04 x 10* Pa (0.3 atm). Multiplied by its solubility
constant (1.97 x 1019 mol / Pa; Fogg and Gerrard, 1985) yields a concentration of 6 x 10° mol / L.
The molar mass of water is 18 g/mol with a density of approximately 1000 g per L. Therefore, the
molarity of pure water is 55.6 mol / L. Assuming 10% dry matter of the ruminal solvent yields a
molarity of approximately 50 mol / L for rumen liquid. Typical ruminal conditions allow for at
least 0.05 mol / L of acetate. Thus the concentrations of all products and reactants for a particular
set of ruminal conditions have been defined.

Table 1 shows key thermodynamic data under standard conditions for these reactants and
products as well as some other important ruminal metabolites. These values represent the free
energy of formation (AG;°) and enthalpy of formation (AH;") of the metabolites from the elements
(e.g. H,, O,, graphite). Free energy under standard conditions and concentrations (AG®) can be
determined from these tabular values for each reaction of interest (Chang, 1981).

AG® = AG®; of products - AG°; reactants (12)
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Table 1. Standard free energy of formation (AG°,) and enthalpy of formation (AH,) in kJ mol"! of key rumen
metabolites at 298.15 K and 1.01325 x 10° Pa (1 atm).

Metabolite AG®% AH,
Acetate (aq)’ -376.89 -486
Acetoacetate (aq) -493.70 not available
Acrylate (aq) -286.20 -383
Ammonium (aq) -79.50 -133
Butyrate (aq) -372.04 -536
Carbon Dioxide (aq) -386.23 -413
Crotonate (aq) -275.70 -83
Fumarate (aq) -651 -777
Glucose (aq) -916.97 -1264
Hydrogen (aq) 0 0
Hydrogen Sulfide (g)’ -27.87 -20
B—hydroxybutyrate (aq) -506.30 not available
Lactate (aq) -516.70 -687
Malate (aq) -845.10 -843
Methane (g) -50.3 -74
Nitrate (aq) -110.50 -207
Oxaloacetate (aq) -797.20 -793
Propionate (aq) -381.875 -507
Protons (aq) 0 0
Pyruvate (aq) -474.60 -596
Succinate (aq) -744 -909
Sulfate (aq) -742.00 -907
Water (1)! -237.19 -286

Data are not adjusted to pH 7 and are from Long (1961), Thauer et al. (1977) and Chang (1981). Standard
conditions are 1 M concentration of each soluble reactant and product, 1.01325 x 10° Pa (1 atm) of all
gases, and 298.15K.

Taq = aqueous; g = gas; | = liquid.

Adjustment to each AG, for temperature can be made using a transformation of the van't Hoff
equation (Chang, 1981) and enthalpy of formation, AH;* where T, and T, are the initial and
final temperatures respectively, and AGT, and AG°T, are the respective standard free energy
values:

AG°T, =T,/T|[AG°T, - AHY(T,-T))/T,] (13)

Table 2 shows the resulting standard change in free energy (AG°) calculated for several reactions
important to ruminal metabolism under standard conditions and adjusted for 312 K.
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Table 2. Estimated energetics of different ruminal redox processes without consideration of ATP changes.

Reduction [acceptor] (mM) AG° (kJ) AG (kJ) AG (kJ/2H)
2C0, +4H,—>CH,CO0" +H*+2H,0 0016 716 8.8 22
CO,+4H,—>CH, +2H,0 0.016 -134.0 -67.4 -16.9
50,2 +4H, +H* — HS + 4 H,0 0.07" -234 -84.4 -21.1
NO, + 3 H,+ 2 H* —> NH,*+2H,0 82 -519 -371 -124
NO, +H, — NO, +H,0 152 -161 -130 -130
Pyruvate™ + H, — lactate” 106 -39.8 5.2 -5.2
Acetoacetyl-CoA + H, — f- 106 -34.1 -17.4 -17.4
hydroxybutyryl-CoA

Oxaloacetate? + H, — malate®” 106 -47.8 -31.1 -31.1
Crotonyl-CoA + H, — butyryl-CoA 106 -80.7 -64.0 -64.0
Acrylate” + H, — propionate” 106 -94.3 -51.3 -51.3
Fumarate? + H, — succinate? 106 -84.0 -63.6 -63.6

AG® calculated from AG®; and adjusted to 312 K using the van't Hoff equation as described in Section
24.

H, does not need to be the electron donor in each process, but ultimately metabolic H s in equilibrium
with H, and is transferred among microbial species in this form, so H, is considered the ultimate
electron donor here.

Other conditions: H, = 162 Pa (1.6 x 1073 atm), pH = 6.5; [H,0] = 50 M; [succinate®] = 4 x 10® M;
[malate?] = [B-hydroxybutyryl-CoA] = [butyryl-CoA]= 10 M; [acetate’] = 70 mM; [propionate] =
25 mM; [butyrate’] = 15 mM; [lactate’] = TmM; [NH,*1 =11 mM (20 mg/dL); [HS] = 0.14 mM.

! Control treatments in Alves de Oliveira et al. (1997).

2When feeding high NO, grass (Nakamura et al., 1975).

Now it is possible to use equation 7 to determine the AG of methanogenesis and acetogenesis
under the ruminal conditions that were just described. For methanogenesis,

AG = AG® + RT In{ [CH,],, [H,0]*/ ([CO,],, [H,],*)} (14)
AG =-134.0 +.008314 x 312 In { (6 x 107°)(50%) / [ (0.016)( 1.6 x 103)%] } (15)
AG =-67.4KkJ / mol (16)

The AG for this reaction is negative, so the reaction is feasible. Now consider the AG for the use
of H, for acetate production under the same ruminal conditions.

AG = AG° +RT In { [C;H,;0,7] [H*] [H,0]?/ ( [Coz]aq2 [H,]*)} (17)
AG =-71.6 +.008314 x 312 In { 0.050 (1 x 10%°) 502/ [ (0.016)3( 1.6 x 103)*]} (18)
AG =-8.8 k] / mol (19)

Ruminant physiology 63



E.M. Ungerfeld and R.A. Kohn

The AG is negative so the reaction is feasible under these conditions. However, the production
of ATP was not considered for these reactions. In fact, including energy for ATP production
would have shifted the equilibrium so that more reducing conditions would be needed for
acetogenesis.

Thermodynamics and kinetics of H sinks
Reductive acetogenesis versus methanogenesis

Management of H, dynamics in the rumen is the key to develop strategies to control ruminant
CH, emissions (Joblin, 1999). We have shown in the preceding section that methanogenesis is
energetically more favorable than reductive acetogenesis under ruminal conditions (Table 2).
In agreement, methanogens have H, thresholds 10 to 100-fold lower than reductive acetogens
(Cord-Ruwisch et al., 1988; Fievez et al., 1999). Thus, methanogenesis outcompetes reductive
acetogenesis in the rumen by keeping H, pressure under the H, threshold for acetogenesis.
Attempts to decrease CH, production and induce reductive acetogenesis by adding acetogens to
ruminal incubations have largely failed (Nollet et al., 1997; Le Van et al., 1998; Lopez et al., 1999a;
Fievez et al., 1999). This can be understood on thermodynamic grounds, because the addition
of enzymatic activity in the form of live cells would not alter the AG of an endergonic process.
Reductive acetogenesis can become dominant when H, pressure is artificially elevated, as in co-
cultures under H,/CO, (Joblin, 1999) or when CH, production is inhibited (Nollet et al., 1997;
Le Van et al., 1998). The influence of H, pressure on the thermodynamics of methanogenesis,
reductive acetogenesis, and, another ruminally important reduction, fumarate hydrogenation to
succinate, are shown in Figure 2.
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Figure 2. Estimated AG per pair of electrons at different H, pressures.
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At normal ruminal H, pressures, the AG for reductive acetogenesis is unlikely to drive sufficient
ATP synthesis to allow for significant growth?. Reductive acetogenesis is minimal in the rumen;
acetogens, although present, probably rely on their capacity to utilize a diverse array of substrates
other than CO, and H, as energy sources (Breznak and Kane, 1990; Mackie and Bryant, 1994).

However, reductive acetogenesis constitutes a major electron sink in several animals’ hindguts:
some species of termites and cockroaches, rodents, some humans, orcas, and pigs (Breznak and
Kane, 1990; Mackie and Bryant, 1994), and in the lamb rumen shortly after birth (Morvan et
al., 1994). Several explanations could be possible for the dominance of reductive acetogenesis
or its co-existence with methanogenesis in these environments. Hydrogen gradients exist
in methanogenic ecosystems (Boone et al., 1989). Acetogens could occupy microniches with
higher H, availability (Breznak and Kane, 1990), similarly to the symbiotic associations between
protozoa and methanogens (Mackie and Bryant, 1994). Also, mixotrophy (the ability to grow on
avariety of substrates) could be used advantageously by acetogens to compete with methanogens
in some animals’ guts (Breznak and Kane, 1990; Mackie and Bryant, 1994).

It is also possible that the host animal is somehow involved in inhibiting methanogenesis to favor
reductive acetogenesis, which would increase its energy supply. For example, it was estimated
that reductive acetogenesis in the hindgut provided about 1/3 of the energy requirements of
the termite Reticulitermes flavipes, although the importance of acetogenesis was estimated to
be considerable lower in rats and humans (Breznak and Kane, 1990). Phylogenetic analysis of
methanogens and their hosts argue for the existence of a host genetic factor affecting the presence
of methanogens in the gut (Hackstein, 1997). The numbers of viable methanogens and acetogens
were inversely correlated in the termite cecum and in human and rat fecal material (Breznak and
Kane, 1990; Fievez et al. 1999); conceivably, inhibition of methanogenesis could allow reductive
acetogenesis to become the main electron sink in some environments. The presence of circulating
antibodies against ruminal methanogens has been reported in sheep (Holloway and Baker, 2002)
and perhaps could be related to manipulation of gut fermentation by the host animal. There seem
to be important differences in CH, emissions among individual grazing sheep (Joblin, 1999) that
could possibly be related to antimethanogenic compounds synthesized by the host. However,
the addition of cecal contents of a non-methanogenic rabbit or ruminant hindgut mucins to
ruminal incubations in vitro did not inhibit methanogenesis (Fievez et al., 1999). Bile salts have
been shown to inhibit ruminal methanogenesis in vitro, but did not seem to stimulate reductive
acetogenesis (Fievez et al., 1999).

Fumarate reduction

A major pathway for propionate synthesis in the rumen involves the use of H, to reduce fumarate
to propionate (Figure 1). Figure 2 shows that fumarate reduction is thermodynamically more
favorable than methanogenesis within the range of H, pressures of interest. The question then
arises as to why ruminal methanogenesis is not outcompeted by propionate formation. It is

2 A AG of -44,000 k] for ATP synthesis will be considered herein (Kroger, A. & E. Winkler, 1981). However, because
acetogens can synthesize ATP coupled to transmembrane electrochemical gradients (Miiller & Gottschalk, 1994),
the moles of ATP formed per mole of reducing equivalents pair does not need to be an integer number (Voet &
Voet, 1995).
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important to remember that Figure 2 does not show the effect of ATP generation on AG. It
is uncertain at present how efficiently the free energy for fumarate reduction can be used for
microbial ATP synthesis. It is also unknown how the efficiencies of utilization of ATP for cellular
anabolism compare for methanogens and different propionate producers in the rumen.

Fumarate reduction could also be kinetically limited by the availability of H, or fumarate.
Methanogens had alower K for H, than five ruminal fumarate reducers (Asanuma et al., 1999).
Attempts have been made to decrease ruminal methanogenesis by adding fumarate to ruminal
fermentation. The addition of fumarate would remove kinetic limitations and also improve the
energetics of a process that is already more favorable than methanogenesis. A 60% decrease in
CH, production was initially observed as a result of fumarate addition (Demeyer and Henderickx,
1967). However, the decreases observed in CH, production as a result of fumarate addition in
seven recent batch culture studies were modest (Figure 3; 37 treatment means; mean decrease
= 6%; maximum = 18%; minimum = 0%; sd = 4.4%; Callaway and Martin, 1996; Asanuma et
al., 1999; Iwamoto et al., 1999; Lopez et al., 1999b, ¢; Carro and Ranilla, 2003a; Newbold and
Ungerfeld, unpublished):

Although there is a stoichiometrical limitation in the sense that one mole of fumarate reduced
to succinate would be expected to decrease CH, formation by only 0.25 moles, observed CH,
decreases in the above seven studies were less than half of what would be expected from the
assumption that all added fumarate would be reduced to succinate. The observed decrease in
CH, production is better explained by the stoichiometry of propionate formed than by added
fumarate (Figure 4). In other words, although fumarate has been added as a propionate precursor,
only a fraction of added fumarate seemed to be metabolized to propionate in these experiments
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Figure 3. Observed decreases in CH, production as a consequence of adding fumarate to ruminal batch
cultures.
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(fraction of fumarate recovered as propionate: n = 37; mean = 0.58; maximum = 1.33; minimum =
-0.68; sd = 0.35). Together with the expected increases in propionate production, the proportion
of added fumarate that seemed to be converted to acetate was on average considerable, although
it varied amply (recovery of fumarate as acetate: n = 37; mean = 0.35; maximum = 1.47; minimum
=0.076; sd = 0.29). Acetate production from fumarate releases two pairs of reducing equivalents3.
This process is undesirable because it counterbalances the uptake of reducing equivalents by
fumarate. When the reducing equivalents released by acetate formation from fumarate were
considered for the H balance, the corresponding decreases in CH, production were slightly
underestimated (Figure 4), suggesting that fumarate may indirectly stimulate other H sinks.
Butyrate production has generally not been affected as a result of fumarate addition to ruminal
batch cultures (Callaway and Martin, 1996; Asanuma et al., 1999; Iwamoto et al., 1999; Lopez et
al., 1999b, ¢; Carro and Ranilla, 2003a).

Why a propionate precursor was partly converted to acetate can again be understood on

thermodynamic grounds, as the conversion of fumarate into acetate is energetically favorable
even at low concentrations of fumarate (Figure 5)*. Propionate production from 10 mM fumarate

0.5

0.4 /

0.3 /

CH, decrease (mmol)

0.1

Fumarate (mmol)

Figure 4. Observed and expected decreases in CH, production as a consequence of adding fumarate to
ruminal batch cultures. Observed data (), observed fit (—), predicted from added fumarate (— - —),
predicted from extra propionate (- — — -) and predicted from extra propionate and acetate (- - - - - ).

3 If it follows normal ruminal pathways, fumarate would be converted into pyruvate following the reversal of the
randomizing (succinate) pathway, and pyruvate would be oxidatively decarboxylated to acetyl-CoA and converted
to acetate.

4 All of these processes would still be thermodynamically favorable if one mole of ATP was synthesized per mole
of added fumarate converted to acetate or propionate.
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Figure 5. Thermodynamics of fumarate transformations into propionate and acetate.

was increased almost by 7-fold when H, pressure was elevated to 1.01 x 10° Pa (1 atm), although
acetate production was not affected (Schulman and Valentino, 1976).

Thus, if the conversion of fumarate into both acetate and propionate is thermodynamically
feasible, the partition of C in added fumarate would be dictated by kinetics. We are not aware
of existing kinetic data on the conversion of fumarate into propionate and acetate. With
extracellularly added fumarate at relatively high concentrations, V| . must be more important
than K. The kinetics of transport of extracellular fumarate could be a factor influencing the fate
of added fumarate. There may be an opportunity to improve the proportion of added fumarate
converted into propionate by adding more propionate or succinate producers to the fermentation
and enhancing the kinetics of fumarate reduction. Among the bacteria studied by Asanuma et
al. (1999), Wolinella succinogenes had the lowest K for H, used for fumarate reduction. Perhaps
even non-ruminal microorganisms with a high capacity to reduce fumarate could also be used to
improve the proportion of fumarate converted to propionate. The capacity of microorganisms to
metabolize fumarate to propionate may also possibly be enhanced by genetic manipulation.

In three studies where fumarate was added to ruminal continuous cultures, CH, production was
decreased by 19% (Lopez et al., 1999c¢), 28% (Newbold et al., 2001) and 38% (Kolver et al., 2004).
In the study by Lépez et al. (1999c¢), there was a 78% recovery of fumarate as propionate, which
is higher than in most batch culture studies. This suggests a long term increase in the numbers
and/or activities of microbial species that convert fumarate to propionate. However, in the study
by Newbold et al. (2001), the recovery of fumarate as propionate was only 45%. Adaptation
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periods were similar in both studies. Lopez et al. (1999c¢) did not find changes in the magnitude of
inhibition of CH, production over time or after discontinuing fumarate addition for one week.

In vivo, the inclusion of fumarate in a sheep diet up to 8% DM caused a mild decrease in
CH, production with a maximum of 9% (Newbold et al., 2001). Therefore, there is no clear
evidence from the continuous culture or the in vivo studies of an improvement in the kinetics of
conversion of added fumarate to propionate over time, resulting in a stronger inhibition of CH,
production.

Succinate resulting from fumarate reduction can be converted to propionate in the same cell or
transferred to succinate utilizers (Wolin et al., 1997). An improvement in the kinetics of fumarate
reduction could result in an increase in succinate concentration, and the question then arises if
the conversion of succinate into propionate could become kinetically limited. Lopez et al. (1999¢)
observed a small output of 0.47 mmol/d of succinate when 6.25 mmol/d of sodium fumarate were
added to ruminal continuous cultures. On the other hand, Samuelov et al. (1999) found that 29.7
mM of added succinate were completely consumed by a mixed ruminal culture, and that more
than 90% of it was decarboxylated to propionate, although the time this took is not mentioned.

Malate

Another intermediate of the propionate randomizing (succinate) pathway, malate, is the product
of oxaloacetate reduction. Malate is then dehydrated to fumarate in the rumen (Russell, 2002).
The reverse reaction, hydration of fumarate to malate, is typically at equilibrium in the Krebs
cycle of aerobic organisms (Voet and Voet, 1995). The same as fumarate, malate addition caused
a mild inhibition of CH, formation in batch cultures (Hino and Asanuma, 2003). The recoveries
of malate as propionate (n = 27; mean = 0.52; maximum = 1.05; minimum = -0.15; sd = 0.26) and
acetate (n = 27; mean = 0.23; maximum = 0.98; minimum = -0.33; sd = 0.30) in three different
ruminal batch culture studies (Martin and Streeter, 1995; Callaway and Martin, 1996; Carro
and Ranilla, 2003b) were similar to fumarate. However, on average, the observed decrease in
CH, production was close to the expected from the stoichiometry of electron withdrawal by
the added malate (Figure 6). Malate might have indirectly stimulated other electron sinks or
may have benefited cellular anabolism. It has been shown that malate stimulates the uptake and
utilization of lactate by Selenomonas ruminantium. It has been speculated that malate could be
used to overcome a deficiency of oxaloacetate used for gluconeogenesis (Martin, 1998). Whatever
the explanation is for the agreement between expected and average observed CH, decrease, there
was ample variation in the effectiveness of malate at each concentration.

Other electron sinks

The same as fumarate, oxaloacetate is an electron acceptor of propionate’s randomizing (succinate)
pathway. The reduction of oxaloacetate to malate would have a less favorable AG compared to
fumarate reduction to succinate (Table 2). In spite of this, as oxaloacetate is upstream of malate or
fumarate in propionate’s randomizing pathway, its conversion to propionate would incorporate two
pairs of reducing equivalents, and the total AG change from oxaloacetate to propionate would be
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Figure 6. Observed and expected decreases in CH ,production as a consequence of adding malate to ruminal
batch cultures. Data are from Martin and Streeter (1995), Callaway and Martin (1996) and Carro and Ranilla
(2003b).

As small increases in butyrate production from added malate have sometimes been found (Callaway &
Martin, 1996; Carro & Ranilla, 2003b), these have been taken into account when calculating the expected
decrease in CH4 due to changes in VFA production (one mole of malate converted to butyrate would result
in the release of one pair of reducing equivalents).

more favorable. However, the addition of oxaloacetate at 6, 12 or 18 mM to ruminal batch cultures
resulted in a higher increase in acetate than propionate production, and a slight increase in CH,
production (Ungerfeld et al., 2003). It can be calculated that, at 6 mM oxaloacetate and typical
ruminal concentrations of other reactants and products, the formation of one mole of acetate
from oxaloacetate® would be energetically favorable even if one mole of ATP was synthesized
per mole of oxaloacetate. Therefore, the partition of added oxaloacetate between acetate and
propionate must be dictated by kinetics, including the kinetics of oxaloacetate transport into
acetate and propionate producing cells.

Deamination of aspartate leads to oxaloacetate (Voet and Voet, 1995). The addition of sodium
aspartate to ruminal batch cultures has resulted in an increase in propionate (Callaway and Martin,

5> Oxaloacetate being decarboxylated to pyruvate, and pyruvate metabolized to acetate by oxidative
decarboxylation.
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1996; Lopez et al., 1999b; Jal¢ and Ceresiakova, 2001; Jal¢ et al., 2002). Acetate production was
increased by aspartate (Callaway and Martin, 1996; Lopez et al., 1999b) or not affected (Callaway
and Martin, 1996; Jal¢ and Ceresiidkové, 2001). The decrease in CH, production was lower than
10% (Callaway and Martin, 1996; Lopez et al., 1999b).

Acrylate is an electron acceptor of propionate’s non-randomizing pathway (Russell, 2002).
The reduction of acrylate to propionate in the rumen would have a AG perhaps comparable to
fumarate reduction to succinate (Table 2). Although this would be enough to drive ATP synthesis,
electron transport-linked phosphorylation has not been demonstrated for this reaction (Thauer
et al., 1977). The addition of acrylate at 8 mM initial concentration to ruminal batch cultures
resulted in a 14% decrease in CH, and a 30% increase in propionate. Acetate production did not
change, but butyrate production declined 40% (Lépez et al., 1999b). In continuous culture, the
recovery of acrylate as propionate was slightly lower than fumarate’s, resulting in a lower decrease
in CH, production (Newbold et al., 2001).

The reduction of pyruvate to lactate, the first step of propionate’s non-randomizing (acrylate)
pathway, would seem close to equilibrium in the rumen (Table 2). Pyruvate is the end product
of glycolysis and can be converted to acetate, propionate or butyrate (Russell and Wallace, 1997).
Pyruvate addition to ruminal batch cultures resulted in 8% less CH,, 16% more acetate, 10%
more propionate and no changes in butyrate (Lopez et al., 1999b). The decrease observed in CH,
production is difficult to explain from the changes in the VFA stoichiometry.

Lactate can be metabolized to propionate both through the randomizing (succinate) or non-
randomizing (acrylate) pathway. In either case, there is a net incorporation of one mole of
reducing equivalents pair per mole of lactate. In agreement, the addition of H, to a N, headspace
of ruminal batch cultures caused a shift of the fermentation of a lactate substrate from acetate to
propionate, and, sometimes, butyrate. The increase in propionate formation, however, seemed to
plateau at 19% H, in the headspace, and did not increase further at 76% H,. A shift from acetate to
propionate as a consequence of increasing H, pressure was also found for fumarate fermentation,
but not for pyruvate (Schulman and Valentino, 1976).

Precursors of butyrate formation have also been studied as alternative electron acceptors that could
decrease CH, formation. The reduction of acetoacetyl-CoA to 3-hydroxybutyryl-CoA could be
close to equilibrium under ruminal conditions, although intracellular concentrations of these
intermediates are largely uncertain (Table 2). Addition of acetoacetate caused a mild decrease in
CH, in batch cultures, and added acetoacetate seemed to be mainly metabolized to acetate, rather
than to butyrate (Ungerfeld et al., 2003). The reduction of crotonyl-CoA to butyryl-CoA would
be energetically favorable (Table 2). However, ATP synthesis associated to this hydrogenation has
not been demonstrated (Thauer et al., 1977). A greater proportion of added crotonic acid seemed
to be metabolized to butyrate compared to other butyrate precursors; however, the increase in
acetate production was still important, and the decrease in CH, production was small (Ungerfeld
et al., 2003).

Biohydrogenation of fatty acids was proposed as an alternative electron sink to methanogenesis.
Unsaturated fats and oils decrease CH, production, but the reduction in methanogenesis is
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greater than what the stoichiometry of biohydrogentation would allow (Nagaraja et al., 1997).
Studies with pure cultures revealed that ruminal methanogens are very sensitive to long chain,
unsaturated fatty acids (Prins et al., 1972; Henderson, 1973). Also, some Gram positive bacteria
that produce CH, precursors are more inhibited by long chain, unsaturated fatty acids than Gram
negative bacteria important in propionate formation (Henderson, 1973; Maczulak et al., 1981).

In the rumen, NO," is reduced to NO," and then to ammonium ion (NH,*), a process that overall
captures four moles of reducing equivalents per mole of NO, reduced (Hino and Asanuma, 2003).
Both NO;" reduction to NO,” and NO," reduction to NH,* are energetically very favorable (Table
2); the latter is, however, slower than the former (Iwamoto et al., 1999). Thus, although ruminal
reduction of NO;" present in plants decreases CH, production, this benefit is counterbalanced
by the accumulation of NO,, which is toxic (Takahashi, 2001).

Sulfate (SO,*) reduction can be assimilatory or dissimilatory. Assimilatory SO,* reduction
incorporates Sinto S-containingaminoacids, while dissimilatory SO > reductionreleaseshydrogen
sulfide (H,S) as an electron sink resulting from electron transport-linked phosphorylation (Alves
de Oliveira et al., 1997). At a pH of 6.5, 87% of H,S would be dissociated to sulfidric anion (HS;
pK, = 7.24). Sulfate reduction to HS" has a favorable AG (Table 2). Hydrogen sulfide and HS
are in equilibrium, and H,S is released to the rumen gas phase. Gaseous H,S is not an energy
substrate for ruminants and can cause cerebrocortical necrosis (Alves de Oliveira et al., 1997).

As microbial biomass is more reduced than feed substrates (Hungate et al., 1961), it can be an
electron sink itself. Anabolic processes like amination and lipid synthesis incorporate reducing
equivalents (Czerkawski, 1986; Voet and Voet, 1995). Consequently, increasing microbial biomass
synthesis could help decreasing CH, production.

Thermodynamics and kinetics of VFA interconversion

The production of acetate, propionate and butyrate share glycolysis as a common pathway, with
pyruvate being the central branching point where the different pathways diverge. Acetate and
butyrate formation also share acetyl-CoA as a common intermediate (Russell and Wallace, 1997;
Russell, 2002). Kohn and Boston (2000) estimated the free energy changes of each fermentation
pathway for typical ruminal conditions and assuming a synthesis of 4 moles of ATP per mole of
glucose converted to propionate. After taking into account the estimated AG used for microbial
ATP synthesis, the proportion of AG released as heat was similar for acetate and propionate, and
somewhat greater for butyrate production.

The conversion of pyruvate into acetate, propionate or butyrate is a spontaneous process with a
negative AG. The existence of common intermediates implies thermodynamic interconnectedness
among the different end products. To say that the AG of the conversion of pyruvate into the
different fermentation products is similar is equivalent to saying that the AG of interconversion
of the fermentation products is close to zero. If that is the case, there would be thermodynamic
equilibrium among VFA, and the VFA profile would be thermodynamically controlled.
Calculations of AG for the interconversion among acetate and propionate and acetate and butyrate
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based on arbitrary but typical conditions suggest that the system may operate close to equilibrium
for these interconversions (Table 3).

If two given VFA are in equilibrium, then the flows of interconversion between them, adjusted
by the corresponding stoichiometrical coeflicients, should be equal, as the same enzymes are
involved in the forward and reverse transformations. Even if the flows in each direction are not
identical, thermodynamics still plays a role in the partitioning of C if the flows in one direction are
a significant proportion of the flows in the other direction (i.e., in a system close to equilibrium).
For example, if acetate conversion to propionate is four times faster than the reverse, the reverse
reaction decreases the net flow by 25% compared to the same reaction without thermodynamic
limitations (i.e., when the system is far away from equilibrium).

Interconversion of VFA in the rumen was noticed and reported early on, along with the first
measurements of VFA production in vivo (Gray et al., 1952, 1960, 1965; Sheppard et al., 1959; Van
Campen and Matrone, 1960). When a labeled VFA was infused into the rumen continuously or in
a single dose in order to calculate its production rates, it was noticed that the label also appeared
in other VFA. The ratio between specific activities of the secondary and the primary VFA pool
allowed calculating which proportion of the gross production rate was not de novo production
but rather originated from a different VFA. Then, gross production rates could be corrected for
interconversion, and net production rates calculated. Published observations where labeled VFA
were infused can be used to study how close to equilibrium were the VFA in the different systems
described. Ratios between opposite interconversion flows between acetate and propionate and
acetate and butyrate, calculated from published data, are shown in Table 4.

Fourteen out of 17 ratios of acetate and propionate interconversion flows were within one order
of magnitude of unity, which would be equilibrium. Ratios between interconversion flows did
not seem to depend on the type of diet (P = 0.76; Kruskal-Wallis ANOVA) or animal (P = 0.29;
Kruskal-Wallis ANOVA). Acetate and butyrate were also generally close to equilibrium (which
would be at a ratio of two after adjusting acetate flow by the stoichiometrical coefficient). Fifteen
out of the 16 interconversion flows ratios were within one order of magnitude of equilibrium,
although there generally was a net flow from acetate towards butyrate. There was a tendency (P
= 0.09; Kruskal-Wallis ANOVA) for higher ratios of interconversion flows between acetate and
butyrate for high concentrate diets, although this could be a trial artifact, as the only two data on

Table 3. Calculated AG for interconversions between acetate and propionate and acetate and butyrate’.

Diet A2 P> B* H, CH, €O, pH AG, , AG, g
mM mM mM Pa Pa° Pa® k)7 kJ8

High roughage 70 20 12 162 33,437 67,888 6.5 -11.2 4.2

High concentrate 67 49 24 263 25,331 75994 54 -12.5 -2.8

"No net ATP synthesis or utilization is assumed at this point; 2A = acetate; 3P = propionate; 4 B =
butyrate; > [CH,] = P, X 1.97 x 101% M/Pa; 8 [CO,] = P, X 2.26 X 107 M/Pa; 7 AG,_,, = AG®, _, + RT
Ln ( [P] [H,012 / [AIICO,][H,13); 8 AG, g = AG®, g + RT Ln([B] [H,01? / [A2[H,]2[H)). Al calculations
based on data from Kohn and Boston (2000).
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Table 4. Ratios between opposite VFA interconversion flows.

Reference

Leng and Leonard (1965)3
Bergman et al. (1965)
Leng and Brett (1966)*
Leng and Brett (1966)*
Leng and Brett (1966) 4
Leng and Brett (1966)*

Weller et al. (1967)

Esdale et al. (1969)

Esdale et al. (1969)

Marwaha et al. (1972)
Marwaha et al. (1972)
Marwaha et al. (1972)

Sharp et al. (1982)

Sharp et al. (1982)

Armentano and Young (1983)*

Bruce (1988)
Seal and Parker (1994)

Seal and Parker (1994)

Median

Lower quartile

Upper quartile

Median roughage
Median mixed

Median high-concentrate

Animal

Sheep
Sheep
Sheep
Sheep
Sheep
Sheep

Sheep

Cows
Cows
In vitro
In vitro
In vitro
Steers
Steers
Steers

Sheep
Steers

Steers

n
13
3
2

Treatment and feeding
frequency

Alfalfa chaff, every h
Pelleted grass, continuous
Alfalfa chaff, every h

2/3 corn, 1/3 alfalfa chaff, every h
4 corn, Y alfalfa chaff, every h
9/10 wheat straw, 1/10 alfalfa,

every h

6/10 alfalfa hay, 4/10 wheat chaff,

every 12 h

Corn silage, every h

Alfalfa hay, every h

Grass

Grass + Na sulfate

Grass + Na thiosulfate

84% ground corn, every h
84% whole corn, every h
7/10 alfalfa hay, 3/10 corn,
continuous

Dried grass, continuous
Grass pellet, continuous, no
infusion

Grass pellet, continuous, C,
infusion

Fop/ Fo g/

FP—>A ! FB—>A 2
0.36 1.06
0.81 273

oo 2.13
1.00 244
0.00 1.88
= 3.00

12.9 34.0
3.46 4.20
277 2.22
0.79 2.70
0.90 1.55
0.69 2.33
0.32 6.19
1.65 7.14
1.50 1.82
1.23 5.04
0.83 =
0.33 =
0.90 2.57
0.36 2.00
1.57 4.62
0.87 2.70
1.00 1.88
0.99 6.67

1FA_)P / Fp_, 5= ratio between flow of acetate converted to propionate and flow of propionate

converted to acetate.

2F,_.g/ Fg_ = ratio between flow of acetate converted to butyrate and flow of butyrate converted

to acetate.

3Labeling of propionate’s C1 would underestimate Fooa
“4Universal labeling of propionate would underestimate Fooa

high concentrate are from the same study (Sharp et al., 1982). There was no influence of the type
of animal on the ratio of interconversion flows between acetate and butyrate (P = 0.79; Kruskal-

Wallis ANOVA).
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Seal and Parker (1994) found similar interconversion flows between acetate and propionate
in the rumen of steers. However, when propionate was infused into the rumen, increasing its
concentration from 15 to 25 mM, the flow of propionate into acetate became 3.2 fold greater than
the flow of acetate into propionate. Acetate production rate decreased 15%. Their results indicate
that, at least at the concentration of propionate achieved by the level of propionate infusion used,
the ratio between acetate and propionate was thermodynamically regulated.

Some of the published work on VFA interconversion includes data on pH and VFA concentration,
although none of the studies found measured gases. Assuming partial pressures of CO,, CH, and
H, of 7.09 x 10* Pa, 3.04 x 10* Pa and 162 Pa, respectively (0.7, 0.3 and 1.6 x 10-3 atm, respectively;
Kohn and Boston, 2000), the AG for these interconversions can be estimated, and related to the
ratios of measured opposite interconversion flows. The relationship between the ratio of opposite
interconversion flows between acetate and propionate (normalized to a logarithm scale) and
estimated AG is shown in Figure 7.

Although the ratio of interconversion flows was close to unity (zero when log transgormed),
the AG does not equal 0, perhaps partly because of differences that were not considered in ATP
generated between reactions. A negative slope would be expected because a higher free energy
change should drive the reaction toward propionate; however the slope estimate did not differ
from 0 (P = 0.31). One reason we may not see a significant slope is the narrow range in the data.
Some limitations of the data available for the current application are lack of direct measurements
of gases, and propionate labeling in the first C (Leng and Leonard, 1965) or universally (Leng and
Brett, 1966), which would underestimate flow from propionate to acetate.
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Figure 7. Relationship between the ratio of opposite interconversion flows between acetate and propionate
and the calculated free energy change without consideration of ATP changes.
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For acetate conversion to butryrate (Figure 8), estimated AG was close to 0, which would
agree with ratios between opposite interconversion flows close to two (after adjusting for the
stoichiometrical coefficients®) if there are no differences in ATP generated between pathways,
or the differences in ATP are counterbalanced by different efficiencies. There was a tendency (P
=0.10) for a quadratic relationship between this decimal logarithm of the interconversion flows
ratio and AG; we do not have an explanation for this response at the moment.

In all of the studies used in this analysis, measurements of VFA specific activity were performed
in VFA extracellular pools (ie., in cell-free ruminal fluid). Assuming that the protonated
species can freely diffuse across cell envelopes, extracellular and intracellular concentrations of
undissociated VFA should be equal, and in equilibrium with the dissociated species both intra
and extracellularly (Russell, 1991). Then, intra and extracellular pools of VFA anions would be
in equilibrium. At an ideal steady state, measurements of VFA interconversion flows done in
the fluid phase would reflect intracellular events. In real, non-steady state systems, however,
equilibration may not occur rapidly. Because of the feeding regime employed, the experiment by
Weller et al. (1967) would have been the farthest away from steady state among the in vivo data
(Table 4). Interestingly, the ratios between opposite interconversion flows were not within one
order of magnitude of equilibrium in this study. The in vitro batch culture study by Marwaha
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Figure 8. Relationship between the ratio of opposite interconversion flows between acetate and butyrate and
the calculated free energy change.

6 In order to normalize the ratio of opposite interconversion flows between acetate and butyrate to a log 10 scale
with zero being equilibrium, each ratio was divided by two before log transforming. In this way, a ratio between
interconversion flows of two (equilibrium) becomes zero.
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et al. (1972) was evidently at non-steady state; however, equilibration between the extracellular
labeled VFA pools and the intracellular ones might have occurred after the 24 h period after
which measurements were taken.

The stoichiometry of ATP generation during VFA interconversions will now be addressed. As
discussed earlier, there is uncertainty in the number of ATP produced in propionate formation
by the randomizing (succinate) pathway. Consequently, ATP formed or used during the
interconversion between acetate and propionate is also uncertain. If interconversion between
acetate and butyrate occurs through the same metabolic pathways by which these VFA are formed,
one mole of ATP would be utilized per two moles of acetate converted into one mole of butyrate
(since acetate formation from pyruvate yields two ATP while butyrate’s yields only one).

The ratios between opposite interconversion flows can be used together with the reactants
and products concentrations and pressures to estimate the K, and free energy available for
ATP generation at equilibrium. For example, for the interconversion between acetate and
propionate:

CH,COO" + CO, + 3 H, + n ADP + n P, <> CH,CH,COO" + (2 + n) H,0 + n ATP

Vy_p=-d[CH,COO]/dt=K,_,, [CH,COO] [Coz]PH23 ([ADP][P,][H*])" (20)
and
Vp_.p = -d[CH,CH,COO] /dt=K,_,, [CH,CH,COO] [H20]2 ([ATP][H,O])" (21)

where V, _, and V,_,, are the velocities for the forward and reverse processes, respectively,
k,_,pandk,_, , are the corresponding kinetic rate constants, and n represents the moles of ATP
generated (or consumed, if negative). The ratio (R) between opposite interconversion flows would
then be equal to:

K,_p [CH;COO] [CO,] Py,’ (IADP][P][H'])"

R=Vy p/ Vpop= : n (22)
Kp_, , [CH;CH,COO] [H20]2 ([ATP][H,O])

Then, as

Ky p/ Kp_p= Keq (23)

R= Keq x Q (24)

where Q is defined as the ratio of reactant to product pressures and concentrations adjusted
by their corresponding stoichiometrical coefficients. In the calculations that follow [ATP] was
assumed to be 1 mmol L'}, [ADP][Pi] was assumed to be 0.002 mmol® L2, and [H,O] was
assumed to be 50 mol L}, and pH 6.5. Then:

Kq=R/Q (25)
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If we assume that the same proportion of free energy is captured by ATP generation for both
acetate and propionate, the AG for interconversion will be 0 when in equilibrium. When at
equilibrium, R = 1,and Q = K, q'l (from equation 24). The following relationship then holds:

AG°=-RTLn (Keq) (see Equation 8)

This AG® represents the interconversion reaction coupled to ATP synthesis (AG®,_ . ,rp)> and can
be partitioned between the AG® for the uncoupled reaction (AG®_ ) and that for ATP synthesis
(AG® ypp):

AGorxn+ATP = AGorxn +n AGOATP (26)

Solving for n yields the theoretical difference from the interconversion from acetate to
propionate. The difference between AG® calculated from experimentally measured flows and
concentrations, (AG®__ . .rp) as above, and AG® calculated from AG; of reactants and products
without considering ATP changes (AG®, ), can be attributed, at least partly, to AG from ATP
utilization or production (nAG® yp _AG®_ . s7p— AG®_ ). The stoichiometry of ATP utilization
or production (n) can then be calculated by dividing this difference (nAG®,p) by a AG® 1
of -20.5 k] mol! for ATP synthesis. Standard conditions assume pH = 0, which results in the
negative value for ATP synthesis. This value corresponds to AG”,;p = 31 kJ mol ! at pH 6.5, and
under the physiological conditions described for equation 24, AG would be 44 k] mol!. Although
standard conditions are not physiologically possible, the AG® can still be used to calculate AG
under physiological conditions.

Table 5 summarizes the estimates for ATP synthesis for acetate and propionate and acetate and
butyrate interconversions based on this calculation. Values in Table 5 can be used to calculate
AG for VFA interconversion using equation 7. Standard conditions are quite dissimilar to actual
conditions, so eyeballing thermodynamic limits from AG® is not recommended. For acetate
conversion to propionate, the average difference between AG®__ . ,rp and AG®__ was 12.2 k]
mol-!. This difference may represent differences in heat loss between the two types of fermentation
(acetate or propionate) as well as differences in free energy trapped in ATP. If the difference was
entirely ascribed to ATP synthesis, there would be enough free energy to synthesize 0.60 moles
of ATP per mole of propionate converted to acetate (or, synthesis of one mole of propionate
from one mole of acetate would require 0.60 moles of ATP). In other words, assuming each type
of fermentation is similar in efficiency of trapping free energy, propionate would generate 0.60
moles less ATP per mole of end product than acetate fermentation. This prediction is consistent
with the estimates of ATP generation shown in Figure 1. Converting acetate to acetyl-P would
require 1 mole of ATP, but fumarate reduction would generate 0.5 to 1.0 moles of ATP (Reddy
and Peck, 1978; Kroger and Winkler, 1981), or reduction through the lactate-acrylate (non-
ransomizing) pathway would generate no ATP (Thauer et al., 1977). Thus, the observation that
0.60 moles of ATP are used in the interconversion of acetate to propionate is in line with the
expected generation of between 0 and 1 moles of ATP for pyruvate conversion to propionate
(Figure 1). Once absorbed, propionate is a higher energy compound than acetate, but acetate
production may enable microbes to harvest more energy. Acetate fermentation traps additional
ATP when methanogens use the H, that is produced.
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Table 5. ATP stoichiometry for VFA interconversion estimated from interconversion flows and reactant and
product concentrations and pressure.

A +CO, +3H, < P"+2H,0 2A" +2H, + H* < B+ 2H,0
AG i sarp NAG 4pp ATP! AG i sarp NAG 4pp ATP!
kJ mol™! kJ mol™! mol kJ mol! kJ mol! mol
Leng and Leonard (1965) -78.6 10.4 -0.51 -90.1 0.6 -0.03
Bergman et al. (1965) -76.4 12.7 -0.62 - -
Leng and Brett (1966) -76.6 12.5 -0.61 -88.0 2.6 -0.13
Leng and Brett (1966) - - -89.4 13 -0.06
Leng and Brett (1966) = = -90.6 0.05 0.00
Leng and Brett (1966) - - -90.8 -0.20 0.01
Esdale et al. (1969) -72.5 16.5 -0.80 = =
Esdale et al. (1969) -72.6 16.4 -0.80 = =
Sharp et al. (1982) -82.5 6.5 -0.32 -83.4 7.2 -0.35
Sharp et al. (1982) -76.8 12.2 -0.60 -83.9 6.7 -0.33
Seal and Parker (1994) -75.8 13.2 -0.64 - -
Seal and Parker (1994) -79.4 9.6 -0.47 - -
Mean -76.8 12.2 -.60 -88.0 2.6 =13
SD 3.2 3.2 15 3.1 3.1 15

A =acetate, P"=propionate, B"=butyrate. The AG for interconversion reaction including ATP generation
(AG® ,,, . a7p) Was determined from equilibrium constants calculated from measured interconversion
flows. 'Theoretical maximum ATP production from free energy for ATP generation assuming no
difference in free energy efficiency between acetate and propionate (AG = 0 for interconversion).
Calculated as n = (AG® ., ,arp — AG®,,,,) / AG® 57p (€Quation 26) AG®, = -89.0 kJ mol for acetate to
propionate; AG®,, . = -90.7 kJ mol™! for acetate to butyrate, AG°yp = -20.5 (Rekharsky et al. 1986; not
adjusted for pH but adjusted for temperature).

Estimated changes in ATP for acetate and butyrate interconversion were close to zero, but known
pathways suggest that conversion of acetate to butyrate should require 0.5 ATP per mole of acetate
(see Figure 1). There can be two explanations for this discrepancy. Perhaps, butyrate formation
is highly inefficient resulting in considerably more heat than acetate or propionate production.
Based on typical ruminal concentrations, Kohn and Boston (2000) also noted a very low efficiency
of trapping ATP for butyrate compared to acetate and propionate assuming only 1 ATP generated
per butyrate from two acetyl-CoA. Another possibility is that butyrate synthesis generates 2 ATP
rather than one in the pathway from acetyl-CoA. Thermodynamics would indicate that the there
may be adequate energy for ATP generation in the reduction of crotonyl-CoA to butyryl-CoA,
although so far this has not been found experimentally (Thauer, 1977).

We are intrigued by the relative consistency from study to study of the calculated ATP stochiometry
shown in Table 4 considering that data were derived using sheep, cattle and in vitro preparations
with different diets. This result aligns with others that suggest constancy in the control of the VFA
profile, indicating that VFA could be near thermodynamic equilibrium with each other.
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Fermentation pathways shift during transition to high-starch diets (Kohn and Boston, 2000).
Pathways that capture less free energy are likely to proceed faster, but not be feasible on low
amounts of energy (Jou and Llebot, 1990). The lactate-acrylate pathway captures less energy
as ATP compared with the succinate pathway. Although similar AG for interconversion were
obtained across studies and types of diet, more of the AG for interconversion between propionate
and acetate may be released as heat rather than ATP when fermentation pathways shift on high
starch diets.

Conclusions

Under ruminal conditions, reductive acetogenesis seems to be thermodynamically limited, as
methanogens decrease H, pressure below the reductive acetogenesis threshold. Thermodynamics
predict that introducing reductive acetogens into the rumen will not have an effect, and that
agrees with experimental results. However, reductive acetogenesis co-exists or even dominates
methanogenesis in some animals’ hindguts. The comparison of physicochemical and
microbiological conditions in these gut environments and the rumen offers a good opportunity
to learn what can be done to stimulate reductive acetogenesis in the rumen.

The addition of some propionate and butyrate precursors (e.g. fumarate, malate, crotonate) to
ruminal fermentation resulted in reducing equivalents being incorporated into propionate and
butyrate. However, part of these metabolic intermediates was also converted to acetate, releasing
reducing equivalents. The result was that the decreases in CH, production by lowering H,
available were lower than expected. Calculation of the thermodyamics for these reactions can
explain this result.

Thermodynamic calculations for typical ruminal conditions and results from published studies
where flows of VFA interconversion were measured suggest that acetate, propionate and butyrate
may be close to equilibrium with each other. Even when interconversion flows in both directions
differed, opposite flows were generally within one order of magnitude of each other. This would
mean that the VFA profiles could be thermodynamically influenced even when acetate and
propionate are not at equilibrium, because reverse interconversion flows would be a significant
fraction of forward flows. Even though this hypothesis still does not explain the VFA shifts
that occur when changing types of diets, this analysis suggests that commonly observed VFA
proportions in the rumen could be a result of thermodynamic equilibria controlling the diversion
of carbon towards the different end products.

Calculations from VFA interconversion experiments also show that acetate synthesis may
produce around 0.6 moles more ATP than propionate synthesis (not including secondary ATP
generation from H, released). In addition, butyrate synthesis could produce a similar amount
of ATP as acetate synthesis, but this has not been observed directly, suggesting that a great deal
more heat is lost from butyrate synthesis or more ATP is produced by butyrate synthesis than
previously thought.

The present analysis, based on published data from experiments where VFA interconversion was
measured, has limitations. For example, none of these experiments measured gas concentrations,
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so these were estimated. Also, all measurements were made in VFA extracellular pools, which,
due to lack of ideal steady state, may have not completely equilibrated with intracellular pools.
We need to conduct controlled experiments, specifically designed to measure all relevant
concentrations, pressures and rates of fermentation in order to better quantify thermodynamic
and kinetic parameters under different conditions. These additional data may make it possible to
explain shifts in ruminal fermentation pathways.

It has been stated that “...we cannot manage, manipulate, or exploit systems that we do not
understand” (Mackie and Bryant, 1994). Clearly, a great majority of the studies analyzed support
the theory that the end products of ruminal fermentation are near equilibrium. And for many
studies, having accepted this theory, we could have predicted the outcome. Finally, the use of
thermodynamics to study the ruminal ecosystem may provide an example that is appropriate
to other ecological or biological systems. Other systems where reactants are used rapidly and
products are removed slowly include: silage, soil, manure digesters, and maybe some aspects
of animal and plant metabolism. There are numerous proposals to manipulate gene expression
to have an effect on enzymes. Understanding the thermodynamics of biological systems can
contribute to design and optimize strategies for gene and enzyme manipulation. Understanding
the thermodynamics of biological systems needs to be a high priority.
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Abstract

The objective of this chapter is to discuss the methods used for the estimation of digestion
and passage kinetic parameters, intrinsic and extrinsic characteristics influencing the kinetic
parameters and the reliability of kinetic parameters for predicting in vivo digestibility using
dynamic rumen models. We focus mainly on digestion and passage of cell wall carbohydrates,
since most of the variation in organic matter digestibility of ruminant diets can be attributed to
concentration and digestibility of cell wall carbohydrates.

The extent and rate of NDF digestion are generally determined by in situ or in vitro methods,
but estimates have seldom been validated using in vivo data. A method for estimating digestion
rate from in vivo digestibility of potentially digestible NDF and assumed rumen residence time
is suggested. Future work is required to estimate the intrinsic characteristics limiting rate and
extent of cell wall digestion, and the quantitative effects of some extrinsic factors such as intake
and diet composition.

Extensive data suggest that most of the compartmental retention time in cattle is pre-duodenal
and that the reticulo-rumen is a system with selective retention of feed particles. However,
models with selective retention have seldom been used to calculate NDF digestibility from kinetic
parameters. This fundamental flaw in the model structure leads to serious underestimations of
NDF digestibility unless unrealistically high digestion rates and/or low passage rates are used to
correctly predict in vivo digestibility. To progress in understanding of NDF digestion, it is vital to
develop useful mechanistic models for the prediction of digestibility and intake.

Keywords: cell wall carbohydrate, digestion kinetics, passage kinetics, intrinsic factor, extrinsic
factor, modelling

Introduction

Animal performance depends on the intake of digestible and metabolisable nutrients. Although a
large proportion (60-90%) of the variation in digestible energy (DE) intake is related to differences
in intake (see Mertens, 1994), differences in diet digestibility also have a significant effect on
nutrient supply. In addition to the direct effects on DE intake, digestibility also influences nutrient
supply indirectly due to the close association between digestibility and intake in ruminants fed
forage-based diets. In dairy cows fed grass silage based diets improvements in silage digestibility
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were closely related to increased dry matter (DM) intake and animal performance (Rinne,
2000).

The concept of an ideal nutritional entity was initially proposed by H.L. Lucas. According to
the Lucas principle, the true digestibility of a nutritional entity is determined as the slope of the
regression between the amounts of nutrient digested (e.g. crude protein, ether extract, and cell
solubles) against the intake of a given nutrient (Van Soest, 1994). The negative intercept of this
regression represents faecal metabolic output. The true digestibility of cell solubles defined as
DM - neutral detergent fibre (NDF) was found to be 0.98 and not significantly different from
1.00 (Van Soest, 1994). When cell solubles are defined as organic matter (OM) minus NDEF, the
true digestibility of cell solubles in grass silages from primary growths was complete, and the
standard errors of both the slope and intercept were small (Nousiainen et al., 2003a). Applying
the Lucas principle to a larger data set with a wider range of diet composition from digestibility
studies in sheep demonstrated a small variation in the true digestibility of cell solubles (Weisbjerg
et al., 2004a). Cell wall characteristics (dietary NDF concentration and digestibility) explained
variation in OM digestibility with prediction errors of less than 10 g kg™! within a study across
three data sets (Nousiainen et al., 2004; unpublished data). This indicates that OM digestibility,
which is the key factor in determining the DE concentration of a feed, is primarily constrained
by the cell wall characteristics. The primary importance of cell wall characteristics in assessing
OM digestibility of the diet does not imply that other dietary components are not important. For
example, starch digestibility is influenced by grain source and physical processing (Firkins et al.,
2001).

The availability and digestion passage kinetics of different carbohydrates are summarised in Table
1. Both soluble carbohydrates and soluble cell wall carbohydrates like 3-glucans and pectins are
readily degraded in the rumen, and only minor parts will escape for post-ruminal digestion except
for some slowly degradable starch from e.g. maize. Most soluble carbohydrates are digestible in
both the small intestine and the hind-gut, if they escape rumen degradation. Insoluble cell wall
carbohydrates are generally slowly degraded in the rumen, and therefore the extent of rumen
digestion is highly dependent on residence time of the fibre in the rumen. As digestion of both
soluble and insoluble fibre is solely dependent on microbial fermentation, no digestion will take
place in the small intestine; however fibre that escapes rumen digestion may be degraded in the
hind-gut.

Digestion of dietary entities is a time-dependent process. The proportion of a nutrient that becomes
available for absorption is determined by the rate of digestion relative to the rate of passage. For
cell walls the rate of digestion in relation to passage is very slow compared with cell solubles,
which explains the larger variability in cell wall digestibility. Digestion and passage in ruminants
can be mechanistically described by compartmental models of varying complexity. Illius and
Allen (1994) made a detailed comparison of the structure and assumptions of the models, which
differed principally in the fractioning of feed and in the description of digestion and passage
kinetics. Forage digestibility predicted by these models is generally within 15% of observed values
(Illius and Allen, 1994), with R? values between observed and predicted in the range of 0.5 to 0.7.
For practical feed evaluation, these models are simply not accurate enough. The bias in model
predictions that frequently occur are more likely to result from a poor estimation of digestion

88 Ruminant physiology



Digestion and passage of fibre in ruminants

Table 1. Availability and digestion rate of different carbohydrate fractions.

Rumen Small intestine Hind gut Digestion rate
Cell solubles
Sugars High (High)'2 (High)' Very fast
Starch High (variable) Variable Variable Fast
Soluble fibre
Pectins, -glucans  High 0 (High)? Fast?
Insoluble fibre
NDF Variable 0 Variable Slow

T Only very little will reach post-duodenal digestive tract
2 Some exceptions like sucrose

and passage kinetic parameters than from fundamental problems in model structure (Illius and
Gordon, 1991). Much research has been conducted during the last decades to estimate digestion
and passage kinetic parameters. However, most of the studies on digestion kinetics of cell walls
(NDF) have compared parameter values between feeds, often estimating ruminal digestibility
using simple dynamic rumen models. Curve fitting and the validity of kinetic methodology
has also been extensively studied. However, the performance of models using digestion kinetic
parameters has seldom been validated. In studies of passage kinetics the main focus has been
in comparing markers, fitting marker concentration data to various compartmental models
and particle size analysis, with less emphasis on validation of the data using dynamic rumen
models. The lack of rigorous testing and evaluation of digestion and passage kinetic parameters
in dynamic rumen models has probably prevented progress in developing useful models for
accurate and reliable prediction of diet digestibility in ruminant animals. Experimental work and
modelling should be carried out in harmony to reach satisfactory model performance.

The objectives of this chapter are to discuss the methods used for the estimation of digestion
and passage kinetic parameters (1), intrinsic and extrinsic characteristics influencing the kinetic
parameters (2) and the reliability of kinetic parameters for predicting in vivo digestibility using
dynamic rumen models (3). Because most of the variation in OM digestibility can be explained
by the characteristics of the cell wall fraction, the main focus will be placed on NDF digestion.

Site of digestion

In cattle the major proportion of cell wall digestion occurs in the forestomach. Paloheimo and
Mikeld (1959) examined the residence time in different digestion compartments in a slaughter
study with dairy cows (n = 21) that consumed between 5-20 g DM per kg LW. Based on lignin
pool sizes the mean fractional residence time of particulate matter was 0.76 in the reticulo-rumen,
0.10 in the omasum, 0.05 in the abomasum and small intestine and 0.10 in the caecum and colon.
The proportion of NDF digestion in the forestomach (i.e. reticulo-rumen and omasum) is higher
than indicated by the mean residence time because the potential digestibility [DNDF(digestible
NDF)/NDEF] of particulate matter decreases with time as digesta passes through successive
compartments. Digestibility in the hindgut (i.e. caecum and colon) is therefore dependent on
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the extent of forestomach NDF digestion. Sub-optimal rumen conditions decrease the digestion
rate relative to that under optimal conditions, lower NDF digestibility in the forestomach and
increase the amount of digestible NDF (DNDF) entering the hindgut. However, the efficiency of
the hindgut microbial population to digest fibre seems to be lower than that of rumen microbes
under normal rumen conditions. Michalet-Doreau et al. (2002) reported markedly lower
cellulolytic activities in the caecum than in the rumen, suggesting that the rate of fibre digestion
in the caecum and colon was lower than that in the rumen.

Flow studies have consistently indicated that the forestomach is the major site of NDF digestion in
cattle (Tamminga, 1993). Based on three studies in duodenally cannulated cattle, the proportion
of NDF digestion occurring in the forestomachs was on average 0.97 (Table 2). In seven other
studies with lactating dairy cattle, NDF digestibility in the reticulo-rumen was determined based
on the flow of NDF entering the omasal canal. The mean proportion of total tract NDF digestion
in the reticulo-rumen was 0.93 in those studies. Because the role of the omasum appears to
be larger than that of the hindgut in NDF digestion in cattle (Paloheimo and Makeld, 1959;
Ahvenjarvi et al., 2001) these results indicate that typically less than 0.05 of total NDF digestion
takes place in the hindgut.

In order to illustrate the effects of suboptimal rumen conditions on NDF digestion occurring at
different sites and the potential of hindgut digestion to compensate for decreased forestomach
digestibility a simulation study on DNDF digestibility in the forestomach, hindgut and total tract
was conducted. The model consisted of two rumen pools, a non-escapable pool with a second
order gamma distribution of residence times, an escapable pool with a first order passage rate,

Table 2. Fractional proportion of NDF digestion in the intestines determined based on duodenal NDF flow and
NDF digestion in the omasum and intestines determined based on omasal canal NDF flow.

Reference Animal Diets, DM Digesta Fractional
species n intake, sampling site proportion of NDF
kg LW digested proximal
to the sampling site
Rinne etal., 1997 Cattle 4 16 Duodenum 1.01
Huhtanen and Jaakkola, 1993 Cattle 6 18 Duodenum 0.93
Khaliliand Huhtanen, 1991 Cattle 4 17 Duodenum 0.98
Stensig and Robinson, 1997  Cow 4 - Duodenum 1.01
Volden, 1999 Cow 6 16 and 32 Duodenum 0.81 and 0.92
Lund, 2002 Cow 14 22 Duodenum 1.00
Ahvenjarvi et al., 1999 Cow 4 26 Omasal canal  0.90
Korhonen et al., 2002 Cow 4 30 Omasal canal  0.86
Ahvenjarvi et al., unpublished Cow 4 35 Omasal canal  0.89
Ahvenjarvi et al., unpublished Cow 4 31 Omasal canal  0.99
Ahvenjarvi et al., unpublished Cow 4 32 Omasal canal  1.00
Kuoppala et al., unpublished  Cow 4 31 Omasal canal  0.92
Shingfield et al., unpublished Cow 4 30 Omasal canal  0.96
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and a pool for the omasum (mixing pool), abomasum and small intestine (tubular flow), caecum
and proximal colon (mixing pool) and distal colon (tubular flow). Further, the model assumed a
total mean residence time of 46 h (Huhtanen and Hristov, 2001; Ahvenjérvi et al., 2004), which
was allocated between compartments based on the distribution between compartments reported
by Paloheimo and Miékela (1959). Sub-optimal rumen conditions were assumed to decrease the
rate of DNDF digestion from 0.075 to 0.030 h™!, while the rate of DNDF digestion in the hindgut
was assumed to be optimal (0.075), irrespective of rumen conditions. The results indicate that
within the given range of the rate of digestion, DNDF digestibility in the forestomach decreased
from 0.81 to 0.56 and that in the total tract from 0.85 to 0.66 (Figure 1).

The DNDF digestibility in the hindgut increased from 0.04 to 0.10 while the proportion of DNDF
digestion in the hindgut as a proportion of total digestion increased from 0.05 to 0.16. These
simulated results clearly suggest that due to limited residence time, the capacity of the hindgut to
digest fibre is limited and can only partly compensate for lowered digestion in the forestomach.
Consistent with flow measurements and modelling approaches, Huhtanen and Vanhatalo (1997)
found using a combined rumen in situ incubation and mobile bag technique that the contribution
of the hind-gut to the total NDF digestion was small. In the case that the hind-gut fermentation
requires microbial colonisation (lag time), the extent of the cell wall digestion in the hindgut of
ruminants would be further limited.
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Figure 1. Simulated effects of digestion rate (k) in the forestomach on DNDF digestibility in the forestomach
(reticulo-rumen and the omasum), hindgut (caecum and colon) and the total tract.
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Digestion kinetics

The digestive system of ruminants is well adapted to the utilization of cell walls by microbial
fermentation and the specialised ruminant stomach is comprised of four compartments
(rumen, reticulum, omasum and abomasum). Fermentation of cell walls occurs in the first
three compartments in a complex ecosystem that is influenced by interactions between feeds,
microbial populations and the host animal. The rumen and reticulum form a large fermentation
chamber (up to 20% of body weight) containing an active and diverse microbial population.
Physical breakdown of large particles to small particles by mastication during ingestion and
rumination is an important part of digestion process in ruminants. An optimal pH for microbial
fermentation of cell wall carbohydrates is maintained by continuous salivary flow and absorption
of volatile fatty acids (VFA) produced during fermentation. The role of the omasum, which is
more developed in cattle than in sheep, is not completely understood. It appears to be related
to the absorption and selective retention of feed particles in the rumen. In cattle, the omasum
may have a greater role in NDF digestion than the intestines (Ahvenjarvi et al., 2001). Microbial
fermentation of carbohydrates is completed in the large intestine which behaves like a hybrid
mixing-plug flow reactor.

Since the proposal of the NDF analysis as a measure of insoluble fibre some 40 years ago (Van
Soest, 1963), this analysis has gained popularity and is now generally accepted as the most
appropriate analysis for the determination of cell wall content of ruminant feeds. Although
the NDF fraction does not include certain cell wall materials such as pectins and p-glucans,
measurement of this entity does separate the completely digestible fraction from insoluble and
partially digestible nutrients. Pectins and B-glucans are rapidly fermented and almost completely
digested in the ruminant digestive tract (Van Soest, 1994), whereas the digestibility of other cell
wall carbohydrates is highly variable due to differential lignification.

Parameter estimates of intrinsic rate and extent of digestion

Accurate and precise predictions of the intrinsic digestion kinetic parameters are critical to the
accurate prediction of NDF digestibility. However, complicated symbiotic interactions between
rumen microbes, the diet and host animal are essential for the utilisation of nutrients from cell
walls. In order to be useful in dynamic rumen models, the kinetic parameters should only be limited
by the attributes of substrates, i.e. intrinsic characteristics of cell walls. Physical and chemical
attributes of the digestion environment should not be limiting factors in the determination of the
potential rate and extent of NDF digestion

Several reviews of digestion kinetics of cell wall carbohydrates (Mertens, 1993a, 1993b; Ellis et al.,
1994, 1999) have addressed the problems associated with the estimation of kinetic parameters. The
following discussion will focus primarily on the problems related to the determination of kinetic
parameters and the importance of both accuracy and precision of these measurements. Errors in
kinetic variables used for data validation limit improvement in mechanistic models as much as
for empirical models. The importance of the rate and extent of NDF digestion on OM and NDF
digestibility, rumen NDF pool and microbial N flow can be demonstrated by the Nordic model
of dairy cow metabolism “Karoline” (Danfeer et al., 2005a,b). Simulations were made for a 550
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kg dairy cow consuming 15 kg d! of grass silage DM using a range of indigestible NDF (INDF)
concentrations and rates of digestible NDF (DNDF) digestion (Table 3). Simulation results clearly
demonstrate profound effects of these parameters on OM digestibility and consequently on the
supply of energy and microbial protein.

The earliest attempts to describe the kinetics of digestion have been reviewed by Mertens (1993a,
1993b). The term “rate of digestion” appeared in the 1950s, but the assessments were mainly
based on the visual interpretation of digestion curves. The major breakthrough was made
by Waldo (1970), who suggested that digestion curves are a combination of indigestible and
digestible material. He also suggested that if the indigestible residue was subtracted, digestion
of potentially digestible cell walls might follow first-order kinetics. The hypothesis that some
material is indigestible was based on earlier work of Wilkins (1969), who observed that some
cellulose remained undigested after extended periods of fermentation. Smith et al. (1972) used
72 h in vitro fermentations to determine indigestible NDF content (INDF). The potentially
digestible NDF residue at earlier fermentation times was estimated by subtracting INDF from
total NDF residue. The regression between the natural logarithm of DNDF against time was linear
supporting the hypothesis that DNDF follows the first-order digestion kinetics. Indigestible NDF
is an ideal nutritional entity according to the Lucas principle, because by definition it is digested
at a predictable rate of zero. According to Ellis ef al. (1999) determination of INDF should be
included in all basic feedstuft analysis because (1) it has a predictable digestibility; (2) it can be
used for the estimation of DNDF as NDF-INDF and (3) it has an important role in contributing
to rumen digesta load.

The in situ method

The in situ method is the most common method used to estimate NDF digestion kinetic
parameters. Several excellent reviews (Nocek, 1988; Mertens, 1993b; Ellis et al., 1994; Stern et
al., 1997; Noziére and Michalet-Doreau, 2000) have been published that provide a detailed insight
into the sources of variation and methodological aspects of the procedure. Regardless of the
method used to generate kinetic data, the system should measure the intrinsic rate of digestion,

Table 3. The effects of INDF' concentration and fractional rate of DNDF digestion (k) on total digestibility,
rumen NDF pool and microbial N flow simulated by the Nordic dairy cow model (Danfeer et al., 2005a).

INDF (g kg™' DM) ky(h™)
60 100 140 0.04 0.05 0.06 0.07
Digestibility
oM 0.733 0.700 0.667 0.663 0.692 0.712 0.727
NDF 0.727 0.673 0.620 0.615 0.663 0.697 0.720
DNDF 0.808 0.808 0.808 0.739 0.795 0.836 0.865
NDF pool (kg) 6.76 747 8.18 791 7.20 6.65 6.25
Microbial N flow (g d™") 227 213 197 203 216 226 233

TINDF concentrations (60, 100 and 140 g kg™' DM) correspond to potential NDF digestibility of 0.900,
0.833 and 0.767, respectively.
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which requires that the system itself does not limit digestion. The number of data points collected
should be sufficient, particularly at the beginning and end of fermentation, to establish the initial
solubilisation/lag and potential extent of fermentation (Mertens, 1993b). However, most of the
published data on NDF digestion kinetics have been determined using less sampling times than
what Mertens (1993b) suggested being optimal.

Several kinetic models to describe NDF digestion kinetics have been proposed (Mertens,
1993a, 1993b; Ellis et al., 1994). The models differ with respect to the assumptions of a partition
between potentially digestible and indigestible fibre (1), the number of compartments having
a homogenous rate of digestion (2), a discrete lag time vs. compartmental lag time (3), time-
independent vs. time-dependent distribution of digestion rates in the compartment (4) and first-
order vs. second-order digestion kinetics (5). Although the assessment of INDF is critical for
the accurate estimation of kinetic parameters, too often the kinetic parameters are calculated
without accounting for the indigestible residue or by using a value determined over too short
a fermentation time (Mertens, 1993a) when using linear regression on natural logarithm
transformed DNDF residue. Using a model with heterogeneous rates provided superior or at
least as good a fit compared with first-order models (Ellis et al., 1994). The use of this model may
be justified by the heterogeneous nature of chemical entities and their physical distribution in
diverse plant tissues (Van Soest et al., 2000). However, Van Milgen et al. (1993) recommended
the use of first-order models because they provide rates that are easily interpreted, in contrast to
the parameters generated by models using heterogeneous rates. In addition, using heterogeneous
rate parameters in dynamic mechanistic rumen models is more difficult than using a first-order
rate parameter. These problems may be solved by using the mean rate for the heterogeneous rates
models (Ellis et al., 1994), but in this case the possible advantages of a better model fit of the data
are lost in the prediction of digestibility.

A plot of NDF residues against fermentation time often exhibits a lag period before the onset
of fermentation (Mertens, 1993a). Lag is assumed to represent processes such as hydration of
feeds, the time for microbial colonization and occurrence of analytically detectable digestion. The
biological mechanisms underlying the lag phenomena are discussed in more detail by Allen and
Mertens (1988) and Firkins et al. (1998). Mertens (1977) modified the first-order digestion model
by including a discrete lag time. However, in biological systems it is unlikely that first-order
digestion would start instantaneously after the lag period. Allen and Mertens (1988) proposed a
two-compartmental sequential model (lag compartment and digestion compartment) to describe
the process involving attachment of microbes to the cell walls followed by microbial digestion of
cell walls. Van Milgen et al. (1991) proposed mathematical models that can be used to estimate
the parameters for the sequential two-compartment model. This model affords a method for
describing a less abrupt initiation of digestion. However, more work is needed on the biological
accuracy of lag parameters and their importance to the accuracy and precision of NDF digestibility
predictions by dynamic mechanistic rumen models. Allen and Mertens (1988) demonstrated by
mathematical analysis, that if the lag phenomenon affect both digestion and passage, then the
lag term has no influence on digestibility. Digestibility is independent of lag because wetting of
particle is a prerequisite for both digestion and passage. However, a lag time on both digestion
and passage will severely increase rumen load and alter the prediction of feed intake.
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Two main methods are used for fitting data to the first-order kinetic models: linear regression
on logarithmic transformations of undigested residues (In-linear) and nonlinear estimation of
parameters. Nonlinear models estimate parameter values simultaneously and assume an equal
error at each fermentation time, whereas the In-linear models assume that error is proportional
to the size of residue at each time point. Neither of these approaches seems reasonable, because
random errors are typically the largest for medium (8-48 h) incubation times. In the In-linear
approach indigestible NDF must be determined experimentally using the data from the last
incubation time, and therefore any error in the estimation potential digestibility can bias the
values for other parameters. For further details of the calculations of model parameter values
the reader is referred to the reviews of Mertens (1993a, 1993b) and Ellis et al. (1994). Numerous
models describing digestion kinetics have been evaluated by comparing the fit of the data,
whereas robust testing of the kinetic models by comparing model predictions of digestibility
with reference in vivo measurements is extremely limited.

Digestion of NDF continues even after long incubation periods in situ (Robinson et al., 1986)
suggesting that extended incubations are necessary in order to estimate INDE Prolonged
incubations also present other problems such as mineral precipitation occluding bag pores,
escape of small particles from the bag or influx of material into the bag. These problems can
partly be avoided by determining INDF on an ash-free basis and using bags of small pore size.
A close empirical relationship between silage INDF content and OM digestibility (Nousiainen
et al., 2003b) indicates that INDF is a useful entity for the prediction of the nutritive value of
forages. Indigestible NDF was determined by 12 d ruminal incubations in nylon bags of small
pore size (6 or 17 um). The relationship between INDF and OM digestibility was uniform for the
primary growth and regrowth silages, whereas the relationship between OM pepsin-cellulase
solubility and OM digestibility were different for the two types of silages. Near infrared reflectance
spectroscopy (NIRS) can potentially be used for a rapid and accurate estimation of INDF content
from forage samples (Nousiainen et al., 2004). Ideally both the rate and extent of NDF digestion
should be estimated simultaneously.

In vitro methods

Digestion kinetics can be evaluated in vitro from the disappearance of NDF or by measuring
the volume of gas produced during the fermentation. When the methods are used to determine
the intrinsic characteristics of feeds, it is important that the system does not impose constraints
on digestion. Essential nutrients (e.g. ammonia, amino acids, and trace elements), pH, redox
potential, anaerobicity and microbial numbers should not be limiting when measuring intrinsic
characteristics of cell walls (Grant and Mertens, 1992). Variation in the activity of inoculum
has been reported to affect the rate of NDF digestion (Cherney et al., 1993). Variation between
animals, species of the donor animal, feeding management, time of inoculum collection relative
to feeding and the diet fed to the donor animal all affect in vitro digestibility (Weiss, 1994).
These are animal factors which could also influence digestion kinetic parameters, of which the
effect of diet is probably the most important. In vitro methodology has been extensively reviewed
elsewhere (Mertens, 1993a; Weiss, 1994; Firkins et al., 1998).
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Automated methods to measure gas production system have some advantages relative to other
methods. Frequent measurements can be made by the use of electronic pressure sensors and
datalogging equipment. Automated data collection from the same fermentation vessel allows the
collection of a sufficient number of observations for accurate parameter estimation. The second
advantage is that digestion rates of different feed fractions can be estimated by fractionation of
the feed before incubation. The NDF fraction is relatively easy to deal with because NDF can
be chemically isolated and digestion kinetics can be measured by the gas production system
(Schofield and Pell, 1995). If the digestion curve of NDF is subtracted from the equivalent amount
of intact feed, a gas production curve for neutral detergent (ND) solubles is obtained and the
kinetic parameters for ND solubles can be estimated from the latter curve. Estimation of digestion
kinetics for ND solubles by the in situ method is not possible, because most of ND solubles
escape the bag either by solubilisation or by efflux as small particles. Attempts have also been
made to relate the pools estimated by a three-pool model to chemical fractions of a feed (Cone
et al., 1997). Although some similarities were observed, the relationship was not consistent. The
pools estimated by the multi-pool models should therefore be viewed as purely mathematical
constructs that may or may not correspond to chemical entities (Schofield, 2000).

In their review, Firkins et al. (1998) referred to several problems of the gas production system
including a correction for changes in fermentation stoichiometry (VFA ratio) over time, evolution
of gas from the buffer, errors caused by small sample sizes, an inability of the system to distinguish
between different substrates, the contribution of ammonia to the gas pool and problems related
to the blank correction. Many of these problems can, however, be reduced by chemically isolating
NDF and measuring its digestion behaviour in vitro. Comparative studies on NDF digestion in
the whole forages and in isolated NDF suggest that both the extent and rate of NDF digestion
are similar (Doane et al., 1997). The systems measuring digestion kinetics from gas production
profiles have many common sources of errors with systems based on substrate disappearance,
and it is equally important that digestion rate is not limited by the system. Technical details
of automated gas production systems have been described in detail (Pell and Schofield, 1993;
Theodorou et al., 1994; Cone et al., 1996).

Rumen evacuation technique
In the steady state situation the flux of an entity in or out of the rumen is related to compartmental

mass. Fractional rates of intake, passage and digestion for the entities can be estimated by dividing
these flows by rumen pool size (Robinson et al., 1987) using the following equations:

k; (Rate of intake; h!) = Intake (kg h™! ) / Rumen pool (kg) (1)
kp (Rate of passage; h'!) = Flow (kg h™! ) / Rumen pool (kg) (2)
k; (Rate of digestion; h™!) =k, - kp (3)

For a meaningful interpretation, k; must be estimated only for digestible NDF. Estimating k , for
total NDE, although reported for some rumen evacuation studies, is meaningless and of little
value. On a biological basis, estimating k; by rumen evacuation (flux method) for total NDF is
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incorrect, because digestion rate is determined for a fraction that also contains INDE. Kinetically
it is not correct, because the pools do not have homogenous kinetic characteristics. Different
proportions of INDF and DNDF are present in the flux and rumen pool.

Theoretically, the rumen evacuation technique should be an ideal method for estimating
digestion rate, but it does have some disadvantages. It is time-consuming, expensive and laborious
precluding its use for routine analysis. An accurate estimation of rumen pool size requires steady-
state conditions which are difficult to achieve even in ad libitum fed animals. This problem can
be reduced, although not completely eliminated, by frequent rumen evacuations and careful
selection of rumen evacuation times to represent the mean rumen pool size. Estimation of k ;jand
k, for DNDF requires accurate duodenal DNDF flow measurements. This may not be a major
problem since the contribution of post-ruminal compartments to total NDF digestion is small
(see Table 2), especially when conditions in the rumen are not a limiting factor for digestion.
Under these circumstances predicting duodenal DNDF flow from faecal output as suggested by
Robinson et al. (1987) may not markedly increase the error of k; estimates. Probably the single
largest disadvantage of the technique is that only digestion parameters for the total diet rather
than for individual feeds can be estimated. Rumen evacuation technique ignores omasal cell
wall pools, which has some influence on estimated kinetic parameters. Assuming that INDF and
DNDF pool sizes in the omasum represent proportionally 0.20 and 0.13 of that in the rumen,
respectively (Ahvenjérvi et al., unpublished data), passage rate would be overestimated by a factor
of 1.25 for INDE, and by 1.15 for DNDF digestion and passage rates.

In vivo digestibility method

Digestibility coefficients measured in sheep fed at a maintenance level of feeding is still the
basis of most feed evaluation systems. Because digestibility of DNDF is a function of digestion
and passage rates, it might be possible to estimate digestion rate of DNDF if the values for the
digestibility of DNDF and compartmental residence time were available. In digestion trials
digestibility of DNDF can be calculated when INDF content of the feeds is determined. The
DNDF digestibility can be calculated from the kinetic parameters using the two compartment
model that incorporates selective retention of feed particles in the rumen (Allen and Mertens,
1988) as follows:

DNDF digestibility (D) = (k, /(k, +k,) [1 +k,/(k,  k,)] (4)

where k, k, and k,, are the rates of digestion, release from the non-escapable to the escapable
compartment and passage to the lower tract. The rate of digestion can be solved from equation 4:

ky=l-(k, + k)+[(k, + k)>+4Dk k /(1 - D)]°]/2 (5)

To estimate the rate of digestion indirectly by this method, an estimate of total mean residence
time in the fermentation compartments and the distribution of the residence time between the
two compartments are required. A data set of 52 primary growth and regrowth grass silages
harvested at different stages of maturity (Nousiainen et al., 2003a; 2003b) was used to calculate
digestion rate assuming a compartmental mean residence time (CMRT) of 50 h for sheep fed at
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maintenance and a value of 0.30 for the proportion of total CMRT in the first compartment. The
mean rate of DNDF digestion was 0.075 h™! (s.d. 0.0163, range 0.050 - 0.117). The disadvantages
of this approach are that it requires reliable estimates of the passage kinetic parameters and that
the kinetic data are estimated retrospectively from end-point determinations.

However, two questions arise; (1) are the differences between individual feed passage kinetics
important enough to be taken into account and (2) how accurately can they be determined
using current methods compared with simplifying using a constant value or deriving empirical
relationships between intake and residence time. Estimates of k; values are not markedly
influenced by small variations in CMRT. For example, an increase in CMRT from 50 to 55 h would
decrease the mean k, value from 0.060 to 0.055 h™!. Also the distribution of CMRT between the
two compartments has a relatively small influence on calculated k,; value when the proportion of
total CMRT is within a range of 0.20 - 0.40 (0.058 - 0.065 h'!).

In conventional feed evaluation the digestibility of OM in sheep at maintenance is routinely
estimated using laboratory methods. Using the Lucas principle does allow the estimation of
ND solubles digestibility which combined with OM digestibility enables NDF digestibility to
be calculated (Weisbjerg et al., 2004b). If this approach is combined with INDF determination,
estimates of k; could be obtained from conventional feed analysis.

Effect of intrinsic characteristics on digestion kinetics

Plant species and maturity are the two most important sources of variation in digestion kinetics
(Mertens, 1993a). Both the extent and rate of NDF digestion decrease with advancing maturity
of grasses and legumes (Smith et al., 1972). Close positive correlation between the indigestible
residue and growing days was observed in the data of Nousiainen et al. (2003a) for 27 grass
silages (mixtures of timothy and meadow fescue) harvested across seven years at different stages
of maturity. A similar negative relationship was observed between growing days and the rate of
DNDF digestion estimated using equation 5 (Figure 2). Cone et al. (1999) also reported close
(R? > 0.90) relationships between growing days and both the extent and rate of digestion of grass
silage. Digestion rates of legumes are higher compared with grasses (Smith et al., 1972; Grenet,
1989; Van Soest, 1994) and the difference in digestion rates between red clover and timothy is
much higher for stems than leaves (Rinne and Nykénen, 2000).

Digestion rates reported in the literature are highly variable between feeds, and surprisingly
also within plant species. This raises the question whether these differences always reflect true
differences in the digestion rate between feeds and dietary treatments and to what extent do the
differences reflect the experimental techniques used. Smith et al. (1972) were the first to measure
digestion kinetic parameters for a wide range of forage samples. The average DNDF digestion rate
for grass samples was 0.096 h™! and the range for early and late harvested samples varied from
0.140 to 0.053 h"!. Although some grasses were harvested at a very early stage, the high values may
also reflect the short incubation time (72 h) used to estimate the indigestible fraction. The average
INDF concentration was 190 g kg"! DM, which was more than 2-fold higher compared with that
in primary growth grass silages (78 g kg! DM) harvested at various stages of growth (Nousiainen
et al., 2004). Nousiainen et al. (2004) determined INDF by 12 d in situ incubations using nylon
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Figure 2. Effects of maturity of primary-growth timothy-meadow fescue silages on the proportion of
indigestible NDF (g INDF/kg NDF) and the rate of NDF digestion. The values are adjusted for a random year
effect. (Source: data from Nousiainen et al., 2003b).

bags of a small pore size. The average DNDF digestibility of grasses calculated from the data of
Smith et al. (1972) was 0.686, which was markedly lower than in vivo NDF digestibility (0.754)
measured in sheep (Nousiainen et al., 2004). The rate of digestion of silages estimated by equation
5 from in vivo DNDF digestibility was markedly lower (0.070 h'!) than reported by Smith et al.
(1972). Although the comparison of two different data sets is problematic, it is probable that
the contrasting differences of digestion parameters are more likely related to methodological
differences than a reflection of true differences in digestion kinetics.

Attempts to predict digestion kinetic parameters from chemical composition have been met
with variable success. A close linear relationship between lignin and INDF contents for a diverse
population of forage samples was reported by Smith et al. (1972) and Mertens (1973). The
correlation between permanganate lignin and INDF concentrations in the data of Nousiainen
et al. (2004) were also high both for primary growth and regrowth silages (0.86 and 0.91)
but pooling this data together resulted in a weaker relationship (r = 0.61) suggesting that the
association between lignin and INDF is not uniform. Regrowth silages contained more INDF
than primary growth silages at the same lignin concentration. Furthermore, INDF estimated by
in situ incubation predicted faecal NDF output (g NDF per kg DM intake) better than lignin (r
= 0.91 vs. 0.79), and the relationship was more uniform between primary and regrowth silages
with INDF than lignin. Satter et al. (1999) presented data demonstrating no relationship between
lignin content and in vitro NDF degradability. We conclude that although lignin certainly plays a
role in the cell wall degradation, and consequently is closely correlated with INDF concentration,
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measurements of lignin cannot be used universally for the estimation of INDF concentration or
potential NDF digestibility.

Predicting the rate of digestion from chemical parameters may be even less successful than
predicting the extent of digestion. Smith et al. (1972) reported high correlations between the
rate of cell wall digestion and some chemical measurements within forage species or type (grass
vs. legume) but when the data was combined the relationships were much weaker. Weisbjerg
et al. (2003) found using barley and whole crop wheat forages that both NDF and ADE, but
not ADL, were significantly and negatively correlated with the rate of NDF digestion. Wilman
et al. (1996) reported that the rate of cell wall digestion was negatively correlated (r = -0.81)
with silage NDF concentration and proposed that leafier crops were digested more quickly. A
similar inverse relationship between NDF concentration and the rate of DNDF digestion was
observed for primary growth silages (r =-0.80), but not for regrowth silages (r =-0.14) in the
data of Nousiainen et al. (2004). Sauvant et al. (1995) also showed based on a large data set
that the rate of cell wall digestion is negatively related to the cell wall content of forages, but no
such relationships were observed for concentrates. Mertens (1993a) suggested that the inverse
relationship between NDF concentration and NDF digestion rate may be related to thickened
cell walls which are less fragile to particle breakdown and microbial penetration. Although the
concentration and digestion rate of NDF can be closely related for certain types of forages such
as primary growth grasses, the relationship is not uniform across a wide range of feeds.

Effect of extrinsic characteristic on digestion kinetics

The intrinsic rate and extent of cell-wall digestion set the upper limit for the utilisation of forages
by ruminants. Extrinsic factors are independent of intrinsic factors, and may down regulate or
decrease the rate, such that the intrinsic rate is not achieved, if rumen conditions are not ideal.
Dietary components have different effects on rumen microbes, and interactions between dietary
components in rumen digestion can occur. In addition to accurate estimates of digestion kinetic
parameters, the effects of various extrinsic factors on digestion kinetic parameters should be
understood to predict digestibility properly by dynamic mechanistic rumen digestion models.
For low quality forages, limitations in the rate and extent of digestion can be attributed to a
deficiency in the supply of essential nutrients such as N, S or in some cases branched-chain VFA
(Hoover, 1986). In contrast, in high producing ruminants fed mixed diets, the rate of cell wall
digestion in particular can be strongly retarded by substrates which inhibit the growth of rumen
cellulolytic bacteria. In the following sections we will briefly discuss extrinsic factors, which
may influence the intrinsic digestion kinetic parameters of cell-wall carbohydrates. A detailed
discussion of the possible mechanisms behind these is beyond the scope of this review.

Carbohydrate supplementation

Increasing the concentration of non-structural carbohydrates (mainly starch and sugars) in the
diet has frequently been shown to decrease fibre digestion. Decreases in the rate of cell wall
digestion with increased supply of non-structural carbohydrates has been attributed mainly to
lower ruminal pH, because cellulolytic bacteria are more sensitive to low pH than those utilising
starch (Hungate, 1966; Russel and Dombrowski, 1980). In vitro (Grant and Mertens, 1991) and
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in situ data (Mould et al., 1983) suggest that rumen pH affect digestion kinetics in a biphasic
manner. Above pH 6.2, the effects of pH on ruminal cell wall digestion are relatively small, but
at a lower pH the effects are much stronger. Huhtanen and Jaakkola (1993) studied the effect of
increased concentrate supplementation (barley + rapeseed meal) on cell wall digestion in cattle
fed grass silage or barn dried hay as the basal forage. Total NDF digestibility decreased much
more when the proportion of concentrate was increased from 0.50 to 0.75 than for increases from
0.25 to 0.50. Rumen pH decreased linearly from 6.43 at the lowest concentrate level to 6.21 and
6.03 with the medium and high concentrate diets, respectively. The mean rate of NDF digestion
for the two forages determined by the rumen evacuation technique was depressed in a biphasic
manner from 0.081 (low) to 0.075 (medium) and 0.047 (high), respectively. These results also
suggest that a threshold pH for rumen cellulolysis is approximately 6.2, below which the degree
of decrease in the rate of NDF digestion is much higher. The effect of increased concentrate on in
situ NDF digestion rate was smaller than that observed by rumen evacuation, probably because
the extent of in situ NDF digestion also tended to decrease. A reduced rate of NDF digestion
estimated by rumen evacuation has been reported by Khalili and Huhtanen (1991) with sucrose
supplements, by Stensig et al. (1998) with sucrose and starch and by Oba and Allen (2003) with
dietary starch supplementation.

Lindberg (1981) studied the effects of oats fed proportionately at 0, 0.30 and 0.70 of diet DM on
in situ digestion kinetics of forages. It was noticeable that increasing the amount of oats in the
diet was associated with a decrease in both the rate and extent of NDF digestion. Similar effects
were later reported by Huhtanen and Jaakkola (1994), who incubated six grasses in the rumen
of cattle fed grass silage or barn dried hay with proportionally 0.25, 0.50 or 0.75 concentrates of
diet DM. However, care should be exercised in interpreting these findings. It is possible that the
longest incubation periods were too short to allow an accurate estimation of the extent of NDF
digestion.

Grant and Mertens (1991) reported that the effect of rumen pH on in vitro cell wall digestion
varied with substrate. Digestion of legumes was less sensitive to lower rumen pH than that of
grasses. The results of in situ studies by Mould et al. (1983) and Huhtanen and Jaakkola (1994)
indicate that digestion of low quality forages is influenced to a greater extent by increased
concentrate supplementation.

Mould et al. (1983) differentiated the adverse effects of non-structural carbohydrates on cell-wall
digestion between a ‘pH effect” and a "carbohydrate effect”. The depression in cell wall digestion
that could not be alleviated by increasing rumen pH with buffers was designated the “carbohydrate
effect” and the depression related to low pH was designated as the "pH effect’. When the supply
of rapidly degradable substrates such as sugars and starch is excessive, the bacteria using these
substrates will predominate in the rumen. Under these circumstances cell wall digestion could be
impeded due to high acid production or the use of limiting nutrients by these bacteria. Although
the evidence suggests that the depression in cell-wall digestion is associated with reduced rumen
pH, there is little evidence that it is the sole causative factor (Mertens, 1993a). Intraruminal
infusion studies (Rooke et al., 1987; Huhtanen, 1987) indicated that cell wall digestion can be
depressed by a continuous supply of rapidly degradable carbohydrates without decreasing rumen
pH. Mertens and Loften (1980) observed that when pH was maintained at 6.8, digestion rate of
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forage NDF was reduced slightly and the lag time increased markedly when starch was added
in vitro. Reduced cell wall digestion with continuous infusion of sucrose was associated with
lower particle-associated enzyme activities in rumen digesta (Huhtanen and Khalili, 1992).
Studies using continuous cultures allowing for independent changes in pH and level of rapidly
degradable carbohydrates showed that the level of the rapidly degradable carbohydrates was
the most important for fibre digestibility (Weisbjerg et al., 1999). In vitro work (Groleau and
Forsberg, 1981; Williams and Withers, 1982) has indicated that the activity of cell-wall degrading
enzymes depends on the carbon source.

Protein supplementation

When N supply becomes limiting, cell-wall digestion is retarded. Therefore it is essential that N
supply is not a limiting factor when intrinsic digestion parameters are determined. Hoover (1986)
suggested a minimum ammonia concentration of 3.6 mmol L when dietary crude protein (CP)
concentration exceeds 60 g kg'! DM. Ellis ef al. (1999) reported that protein supplementation
increases the rate of digestion of cell-wall carbohydrates of forages which contain less than 80 g
CP kg'! DM. Mertens (1993a) postulated that the minimum amount of available N depends on
the digestibility of forages, and is relatively higher for highly digestible forages. The concentration
of dietary N needed to optimise cell-wall digestion is also a function of ruminal protein
degradability (Qrskov, 1982). Positive effects of protein level on cell-wall digestion in dairy cows
were reported by Oldham (1984) at a much higher level than the suggested minimum for optimal
digestion. An increase of 7.3 g kg™! in NDF digestion per 10 g kg'! DM increase in dietary CP
was estimated from a data set (N = 182) of studies conducted in lactating dairy cows (Huhtanen
et al., unpublished). Dietary CP was increased by replacing energy supplements with protein
supplements such as rapeseed, soybean and fish meals. However, the mechanisms of protein
responses in dairy cows are not completely clear, and the effects may partly be mediated through
changes in the intrinsic characteristics of cell walls and partly through the effects of protein on
microbial activity in the rumen. Improved digestibility of DNDF with protein supplementation
reported by Shingfield et al. (2003) suggests that an increased availability of amino acids in the
rumen improved cell wall digestion that may have been mediated through increases in the rate
of digestion. However, the possible effects of reduced starch content in the diet can not be ruled
out as a mechanism for improved digestion rate with increased dietary CP. The singular effects
of degradable protein can be determined using urea as a N source. Weisbjerg et al. (1998) added
260 g urea d! per cow to a ration highly deficient in rumen degradable protein and increased
dietary CP from 112 to 144 g kg'! DM resulting in an enhanced rate of DNDF degradation from
0.019 to 0.031 h"l, although ad libitum feed intake increased also considerably.

Fat supplementation

Supplementation of a diet with fats or fatty acids can affect ruminal metabolism and reduce fibre
digestion. This is due to the toxic effects of fatty acids on rumen bacteria, particularly unsaturated
and to a lesser extent medium chain fatty acids which can reduce fibre digestion (Weisbjerg and
Borsting, 1989; Demeyer and Van Nevel, 1995; Doreau and Chilliard, 1997), but these negative
effects are not always seen (Ueda et al., 2003). Use of more rumen inert (protected) fat sources
such as saturated fatty acids or calcium soaps of unsaturated fatty acids reduce negative effects of
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the fat supplementation on rumen metabolism. Generally negative effects on fibre digestibility
will not be manifested until fat supplementation exceeds 40-50 g kg! DM, but this limit depend
on whether the fat is inert, on fatty acid concentration and composition of the basal ration and
on the physical structure of the diet (Doreau and Ferlay, 1994; Lewis et al., 1999).

The results of Tesfa (1992, 1993) indicate that high levels of rapeseed oil (67 gkg! DM) decreased
the rate of NDF digestion markedly when determined by in situ or rumen evacuation techniques.
Reduced particle-associated enzyme activities in rumen digesta and undigested in situ residues
suggested that decreased cell wall digestion was associated with the adverse effects of oil
supplementation on the activity of rumen cellulolytic bacteria rather than from the oil coating
fibre particles.

Due to the high energy content, isoenergetic supplements of fat can be used to replace large
amounts of rapidly degrading carbohydrates (starch) in concentrates. Therefore fat with a low
iodine value can have a positive effect when added on an isoenergetic basis, due to the substitution
with more problematic starch.

Since fat supplementation can alter rumen metabolism, it could also be expected to affect rumen
passage kinetics. Although adverse effects have been seen in some studies, Doreau and Ferlay
(1995) concluded from an analysis of 18 studies, that neither liquid or solid phase turnover was
affected by fat supplementation.

Feeding level

Diet digestibility decreases with increased feed intake. Reduced digestibility has mainly been
attributed to decreased rumen residence time allowing less complete digestion of DNDE. The
effects of feeding level on the rate of NDF digestion have not been extensively studied. Reduced
rates of NDF digestion have been reported by Staples et al. (1984), Robinson et al. (1987) and Okine
and Mathison (1991) when DM intake increased. Staples et al. (1984) used an in situ technique,
while the others used rumen evacuations. One reason for the adverse effect of feed intake on
cell-wall digestion is that rumen VFA concentrations increase, with a concomitant decrease in
rumen pH (Tamminga and van Vuuren, 1988; Volden, 1999), to which cellulolytic bacteria are
sensitive. Huhtanen et al. (1995) fed growing cattle at 8.5 or 17.0 g DM kg'! LW and reported
that feeding level had no effect on rate of NDF digestion as estimated by rumen evacuation. The
estimates based on in situ data suggested a trend towards a decrease in the extent, but an increase
in the rate of digestion with increased feed intake. The decrease in total NDF digestibility from
0.758 to 0.707 could be entirely due to higher passage rates. Indirect comparison of digestion
rates estimated by rumen evacuation data in growing cattle and dairy cows fed similar diets
(Rinne et al., 1997, 2002) suggest a reduced rate of digestion with increased feeding level. In
both studies animals were fed four grass silages harvested at one week intervals. The silages had
similar differences in INDF concentration (cattle: 143-228; cow: 149-217 g kg'! NDF) and cows
and young cattle were both fed the same proportion (0.30) of a similar concentrate (cereal grain
and rapeseed meal). Feeding level was markedly higher for dairy cows than for growing cattle
(32 vs. 17 g DM kg'! LW). Estimated rates of DNDF digestion were clearly higher in growing
cattle than in cows (0.073 vs. 0.056 h™!). Digestion parameters of the silage estimated by the in situ
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method were similar, but rumen pH was clearly lower in cows than cattle fed comparable diets,
which may be the reason for the lower digestion rate observed in cows. The results of Llano and
DePeters (1985), Huhtanen et al. (1995) and Volden (1999) suggest that reduced OM digestibility
with increased DM intake can almost entirely be attributed to lower NDF digestibility. However,
for some diet types e.g. rations rich in slowly degradable maize starch, an increase in DM intake
can also significantly reduce the digestibility of cell solubles (Colucci et al., 1982).

Validity of digestion kinetic methods

Information about the rate and extent of cell wall digestion has been increased by the use of in
situ and in vitro techniques. However, in vivo validation of the results has seldom been carried
out. Due to the lack of reliable and widely accepted reference methods, the merits and demerits
of different digestion kinetic methods can not be verified. Ellis et al. (1994) suggested that the in
situ method is preferable because aspects of rumen environment are more faithfully simulated. It
has further been argued that the in situ method also measures the combined effects of both the
animal and the diet on digestion, which can be considered as a disadvantage in the determination
of intrinsic digestion kinetic parameters. The advantages related to the applicability of in vitro
and in situ methods with respect to obtaining meaningful kinetic data have been discussed in
detail (Mertens 1993a, 1993b). Mertens presented several critical aspects of the in situ method:
kinetic results may be biased because of non steady-state conditions in the rumen (1), suboptimal
conditions in the rumen may put an upper limit on the rates (2) and inflow and outflow of particles
to the bag (3). These aspects are probably more critical for the determination of the intrinsic rate
of digestion than for the determination of the extent of digestion. The close relationship between
in vivo digestibility and the potential extent of digestion (Nousiainen et al., 2003b) suggests
that using prolonged incubations and bags with a small pore size may allow the extent of NDF
digestion to be accurately measured.

Digestion rates determined by in situ incubation have been lower than values derived from rumen
evacuation in studies conducted at different laboratories (Aitchison et al., 1986; Tamminga et
al., 1989; Huhtanen and Jaakkola, 1993; Rinne et al., 2002). These findings suggest that normal
microbial colonization of samples within the bags was not achieved and/or that conditions in
the bag were sub-optimal. Meyer and Mackie (1986) showed that the bacterial population inside
the bags was lower than in the surrounding digesta, particularly for the cellulolytic bacterial
populations. Lower fibrolytic activities in particle-associated microbes in bag residues than in
rumen digesta (Huhtanen and Khalili, 1992; Noziére and Michalet-Doreau, 1996) is consistent
with lower microbial numbers within the bags. The pH in the bags has also been lower than
in rumen digesta (Noziére and Michalet-Doreau, 2000), which points towards the sub-optimal
conditions within the bag. The differences in microbial activity may be explained by a shorter
residence time of feed particles in bags compared with rumen digesta, the lack of mastication
of forage particles placed in the bags or limiting conditions within the local bag environment
(Noziére and Michalet-Doreau, 2000). The highest particle-associated enzyme activities within
the bags were proportionally less than 0.50 of those found in rumen digesta (Huhtanen et al.,
1998) indicating that colonization of the cell degrading bacteria is constrained within the bags.
In their study particle-associated enzyme activities in bag residues and NDF disappearance were
greatly reduced with smaller pore size and/or smaller open surface area of the bags. Disappearance
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of NDF from bags of different cloth types incubated for 6, 12, 24 and 96 h was closely related to
the logarithmic transformed cumulative area under enzyme activity curves. This suggests that
enzyme activity, rather than intrinsic characteristics of forages, limit cell wall digestion of feeds
incubated in nylon bags.

If the rate of NDF digestion in situ is constrained by reduced microbial colonization and/or low
pH in the bags, digestion kinetics determined in vitro may describe the intrinsic digestion kinetics
more accurately than the in situ method. Cone et al. (1998) reported that in situ rates of NDF and
OM digestion were closely related to the rate of digestion estimated from the second sub-curve of
the total gas production curve, which corresponds to the degradation of non-soluble OM (Cone
et al., 1997). However, the estimated rates were much higher with the gas production than with
the in situ technique. The relationship between digestion rates estimated from gas production
profiles or by the in situ technique was weak for hays (Khazaal et al., 1993) and straws (Blimmel
and Qrskov, 1993). The gas production profiles were fitted to a single phase exponential model,
and the gas production from the soluble fraction is included which is not the case for the in situ
method. Firkins et al. (1998) suggested that the accuracy of determination of the rates of gas
production can never be greater than the method of the verification (in situ or in vitro substrate
depletion kinetics). However, comparing different kinetic methods (in vitro, in situ) with each
other may be of little value before the accuracy of these methods has been improved.

Hubhtanen et al. (2001) measured gas production kinetics of NDF isolated from 15 samples of
grass silages harvested at different stages of maturity. The first-order NDF digestion rate estimated
from gas production profiles was closely related with the rate of NDF digestion derived from in
vivo measurements (see equation 5). However, the rate of NDF digestion estimated for a sub-set
of six of the silages by ruminal in situ incubation was clearly underestimated compared with in
vivo measures, but a strong linear relationship between the estimates based on in situ and gas
production kinetics was observed (Figure 3).

Passage kinetics

Microbial digestion of cell walls is a relatively slow process. To achieve effective cell wall digestion,
ruminant animals have developed large fermentation chambers in the fore-stomach, where they
retain feed particles substantially longer than fluids. A long retention time in the reticulorumen
improves the utilization of cell walls but it may restrict feed intake. The ruminal digestibility is
determined by the rates of digestion and passage, i.e. digestion and passage are considered to be
competitive processes. Unlike digestion kinetics that can be measured by in vitro or in situ methods,
passage kinetics must be determined in vivo due to the interaction between diets and animals.
Methods for the estimation of passage kinetics are laborious and expensive. The advantages and
disadvantages of different markers and mathematical models applied are still debatable, such that
the biological interpretation of estimated parameters is often uncertain and the parameter values
are often erroneously used in rumen models to estimate digestibility. Different aspects related
to the techniques used to estimate digesta passage have been the subject of numerous reviews
(Lechner-Doll et al., 1991; Faichney, 1993; Mertens, 1993a; Ellis et al., 1994, 1999). This section
will focus on the aspects of digesta passage kinetics relevant to the estimation of kinetic data for
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Figure 3. Digestion rate (k) estimated from in vivo data or by using in vitro gas production and in situ
techniques (Data from Huhtanen et al., 2001; Nousiainen et al., 2004; unpublished in situ data).
mechanistic rumen models. Simulation results presented in Table 4 highlight the importance of
accurate determinations of rumen residence time on the predictions of nutrient supply.
Methodology
Markers
In parallel with digestion kinetic methodology, the progress in developing an effective and

accurate passage kinetic methodology has been retarded by the lack of a reliable, non-laborious
and simple reference method to validate and interpret the kinetic data.

Table 4. The effects of rumen residence time on digestibility, rumen NDF pool and microbial N flow simulated
by the Nordic dairy cow model (Source: Danfeer et al., 2005a).

Rumen residence time (h)

30 35 40 45 50
Digestibility
oM 0.657 0.676 0.691 0.703 0.713
NDF 0.608 0.637 0.659 0.678 0.693
DNDF 0.730 0.764 0.791 0.814 0.832
NDF pool (kg) 6.01 6.59 7.1 7.59 8.03
Microbial N flow (g d™") 200 205 210 213 217

INDF 100 g kg"' DM, DNDF 500 g kg™ DM, k ; of DNDF 0.05 h""
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Different markers, sampling procedures and methods of compartmental analysis have been
applied, but the biological interpretation of compartmental analysis is debatable.

To estimate digesta passage rate, a limited amount of the marker is administered, usually as a
single pulse-dose, followed by digesta sampling. Various external markers have been used to
describe passage kinetics. Ideal markers are indigestible, i.e. have no effect or be little affected by
the microbial population, and must be associated with undigested nutrients, or flow through the
digestive tract at an identical rate, and do not separate from the respective labelled fraction (Kotb
and Luckey, 1972; Ellis et al., 1994). Probably none of the current passage kinetic markers satisfy
all these criteria. The chromium mordanted fibre method, as described by Udén et al. (1980), has
been criticized because it renders the fibre indigestible and tends to increase particle density (Ehle
et al., 1984), which may increase passage rate. In contrast to the generally observed relationship
between density and passage rate (Lechner-Doll et al., 1991), Lirette and Milligan (1989) reported
a shorter total mean retention time (TMRT) for particles labelled at a low compared with high
levels of Cr (0.2 vs. 5 g kg DM), probably because the lower degree of mordant had less of an
effect on the digestibility of labelled particles. In their study, TMRT was 13-14 h longer for 10
mm compared with 1-2 mm particles, demonstrating the importance of particle size in passage
kinetic determinations. The particle size of the labelled feed should be similar to that of unlabelled
feed.

Rare earths are probably the most commonly used passage kinetic markers. Rare earths are
indigestible and are resistant to replacement from feed residues within the normal pH range
in the rumen (Ellis ef al., 1994). Rare earths have been criticised since they migrate to rumen
fluid (Beauchemin and Buchanan-Smith, 1989; Combs et al., 1992) and are preferentially bound
to small rather than large particles (Siddons et al., 1985). A longer CMRT of Cr-mordanted
fibre compared with Yb-labelled fibre (Beauchemin and Buchanan-Smith, 1989; Huhtanen
and Kukkonen, 1995) suggests that at least one of these markers does not behave as an ideal
marker. Removing unbound or loosely-bound rare earths by washing with a mild acid solution
may solve the problems related to the dissociation of the marker from low affinity binding sites
in labelled feed particles to rumen microbes and liquid phase or from large to small particles
(Ellis et al., 1994), which have a faster passage rates. The validity of the marker system may be
tested by comparing the marker retention time to that estimated using the rumen evacuation
technique for an internal marker naturally included in the feed such as INDF or lignin. Ellis et al.
(2002) reported a similar CMRT estimated from the passage kinetics of rare earths or from the
turnover of INDF from the rumen. They postulated that migration of rare earths from labelled
particles, which has sometimes been observed, is probably a result of applying rare earths in
excess of their binding capacity and failure to remove excess or unbound rare earths. Huhtanen
and Kukkonen (1995) compared the CMRT estimated from duodenal Yb and Cr concentrations
to that estimated by rumen evacuation technique and INDF turnover. A mean CMRT of 67, 57
and 63 h was calculated for Cr-mordanted fibre, Yb-labelled fibre and INDE, respectively, in
cattle fed at two levels of intake. These results indicate that Cr slightly overestimated, and Yb
underestimated CMRT based on ruminal INDF turnover. Lund (2002) also found that Yb-labelled
fibre underestimated CMRT compared with INDF and rumen evacuation, particularly for diets
with the highest CMRT of INDE. Earlier conclusions (e.g. Tamminga et al., 1989; Huhtanen and
Kukkonen, 1995) that Cr-mordanted fibre underestimates rumen retention time (overestimates
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the passage rate) were mainly due to the estimation of passage rate from the descending faecal
marker excretion curve and ignoring the ascending phase in marker concentrations.

Intrinsically labelled plant cell walls should be ideal markers because they undoubtedly flow
with undigested feed residues. The problem of internal markers such as 1*C and 'C is that
the label is incorporated into both the digestible and indigestible cell wall fractions. Digestible
components should therefore be removed before dosing (Smith, 1989), or alternatively the marker
concentration could be measured in the INDF fraction. Intrinsically labelled forage ADF-bound
I5N was used as a passage kinetic marker by Huhtanen and Hristov (2001). Ahvenjirvi et al.
(2004) compared ADF-'°N in grass silage to Cr-mordanted and Yb-labelled silage as passage
kinetic markers in dairy cows. They observed that the CMRT and total mean residence time
(TMRT) were similar for ADF!°N and Cr-mordanted but shorter for Yb. The use of intrinsic
markers is too laborious and expensive for routine use, but it may be a useful tool for evaluating
the reliability of external markers.

Compartmental analysis

Similarly as for digestion kinetics, various mathematical models have been proposed for the
estimation of passage kinetics. The earliest compartmental model to describe digesta flow based
on faecal marker excretion data was described by Blaxter et al. (1956). The model consisted
of two sequential age-independent mixing compartments with a discrete time delay. Grovum
and Williams (1973) proposed that the two sequential compartments represent the retention
of feed particles in the rumen and the caecum-proximal colon. Matis (1972) proposed a two
compartmental model with sequential age-dependent and age-independent compartments and a
time delay. He assigned an age-dependent distribution of residence times to the faster compartment,
which describes processes such as hydration, microbial colonization and fragmentation of feed
particles by rumination. The flow from the second, age-independent compartment is described
by simple first-order kinetics. Details of the age-dependent models are described by Pond et al.
(1988) and Ellis et al. (1994). The models of Dhanoa et al. (1985) and France et al. (1985) also
describe age-dependent processes but use different mathematical approaches.

Estimates of rumen passage kinetics can be verified by the rumen evacuation technique or by
slaughter studies. The mean residence time (MRT) in each segment of the digestive tract using
indigestible NDF as a marker is calculated as: MRT (h) = INDF (g) in the segment / INDF intake
(g/h). Paloheimo and Mikeld (1959) used this method to estimate turnover time of lignin in different
sections of the digestive tract of cows. Residence time in different sections of the digestive tract
can also be estimated by marker dosing and sampling digesta from different sites of the digestive
tract. Only small differences in the CMRT estimated from duodenal or faecal samples have been
observed in cattle when different external markers (Pond et al., 1988; Huhtanen and Kukkonen,
1995; Wylie et al., 2000; Lund, 2002) or an internal marker (Huhtanen and Hristov, 2001) were
used. These observations suggest that most of the residence time in the first compartment is pre-
duodenal. Ellis et al. (2002) proposed that the proportion of the total compartmental residence
time due to the mixing flow in the rumen is relatively constant (in order of 0.9), and that CMRT
in the rumen could be predicted from faecal marker profiles. Indeed, faecal sampling may be even
more accurate in predicting pre-duodenal CMRT due to the inability of collecting representative
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samples of rumen digesta and problems in obtaining representative samples of duodenal or ileal
digesta. Dosing particle markers in the abomasum (Wylie et al., 2000) or duodenum (Huhtanen
and Kukkonen, 1995; Mambrini and Peyraud, 1997) and sampling faeces also indicated that post-
ruminal residence time in the mixing compartments is relatively short, representing less than 0.10
of total CMRT estimated from faecal sampling. In the slaughter study (Paloheimo and Makel,
1959), the proportion of retention in the hind-gut of that in the total tract for lignin was 0.10 which
is entirely consistent with the marker kinetic data.

Interpretation of marker kinetic data obtained from duodenal sampling supports the suggestion
of Hungate (1966), who proposed that there are two different compartments: a rumination pool
of large particles and a passage pool of small particles, where the passage of initially large particles
from the rumen is a result of two sequential first-order processes. Actually, the models of Matis
(1972) and his co-workers (Pond et al., 1988; Ellis et al., 1994) proposed an age-dependency to the
rumination pool of the large particles. Faichney (1986) seriously questioned this approach. First,
the model does not take into account the entry of small particles produced by chewing during
eating, and secondly, the abomasum and caecum/proximal colon act as mixing compartments.
However, as previously discussed the contribution of post-duodenal segments to total CMRT
is relatively small, at least in cattle. When faecal particles labelled with rare earths were dosed
into the rumen followed by duodenal or faecal sampling, the CMRT in the age-dependent
compartment was about 9 h and not different between the sampling sites (Wylie et al., 2000).
Dosing labelled faecal particles into the abomasum, and estimating total CMRT from duodenal
and faecal sampling indicated residence times of 1.1 and 3.0 h in the abomasum and hind-gut,
respectively, indicating that these sites contribute relatively little to the total residence time in
mixing compartments.

The models with gamma time-dependency have improved the fit of the data compared with
the two-compartment model with first-order passage from both compartments (Pond et al.,
1988; Ellis et al., 1994; Huhtanen and Kukkonen, 1995; Lund, 2002). However, this does not
necessarily imply that these models describe the distribution of the total retention time in
different segments of the gastrointestinal tract any better than other models. Increasing the degree
of age-dependency in the first compartment changes the partitioning between the time delay
and the age-dependent residence time. However, estimates of time delay are more consistent
with observed data (first appearance of marker at the sampling site) with age-dependent models
(Pond et al., 1988; Huhtanen and Kukkonen, 1995). Conversely, estimates of CMRT should
be more consistent with actual data, but validation is more difficult. In the study of Huhtanen
and Kukkonen (1995), CMRT estimated from duodenal sampling was 52, 52, 56 and 60 h with
increasing age-dependency in the first-compartment. The last two values are in better agreement
with INDF turnover time estimated by rumen evacuation (63 h).

Most of the experimental data indicate that the passage of feed particles in ruminants is a multi-
compartmental process. When marker excretion data is fitted with a two-compartment model,
only the residence time in two compartments (or aggregated compartments) can be described
(Mertens, 1993a). However, if the passage kinetic parameters are estimated simultaneously from
duodenal and faecal sampling, fairly accurate representations of the residence time of particles
in different compartments may be obtained. We estimated the passage kinetic parameters from
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simulated duodenal and faecal marker concentration data using passage kinetic models with
increasing age-dependency in the first compartment. The following residence times in different
sections of digestive tract were used: rumen large particle (lag-rumination) pool 10 h (with an
exponential or 2"4 order gamma distribution of residence times), rumen pool of small particles
25 h (exponential distribution of residence times), omasum 4 h (mixing flow), abomasum and
small intestine 4 h (tubular flow), caecum and proximal colon 5 h (mixing flow), distal colon 4 h
(tubular flow). The parameter values estimated by the best fit model of series of the models with
age-dependency in the first compartment are shown in Table 5. When the rumen lag-rumination
(non-escapable) pool had gamma two age-dependency, G,G, model (see Ellis et al., 1994) resulted
in the best fit of simulated duodenal marker concentration, and the G,G, model was the best
for faecal sampling data. Similarly, Lund (2002) found that a higher order gamma function was
needed to fit faecal sample data compared with duodenal measurements, suggesting the existence
of an additional post duodenal compartment (Huhtanen and Hristov, 2001). The best fit models
estimated the "true’ time delay and CMRT correctly. Interestingly, the residence times in the
omasum (duodenal sampling) and omasum + caecum + proximal colon (faecal sampling) were
realised as an increase in the residence time in the lag-rumination compartment. This suggests
that the model does not correctly describe the biological processes of digesta passage. However,
this does not mean the parameter values estimated by the passage models would be of little value
for mechanistic rumen digestion models. The best fit models estimated accurately both the pre-
duodenal and total residence time in the mixing compartments, and consequently the residence
time in the post-ruminal mixing compartments was correctly estimated by difference. When more
than two mixing compartments exist and/or the residence time in the lag-rumination pool (the
first compartment) is age-dependent, a two-compartment model with an exponential distribution
of residence times also provides an adequate description of the data. When the parameters are
estimated by the two-compartment model with no time dependency, the TMRT may be correctly
estimated, but the distribution of the TMRT between the time delay and CMRT can be seriously
biased. This bias can result in considerable errors in estimates of cell wall digestibility.

Particle dynamics

Ruminant animals have developed a strategy to take full advantage of digestible energy in forages
by selective retention of digesta particles in the rumen. The large particles and particles containing
a high proportion of digestible material are selectively retained in the rumen, whereas the
particles containing less digestible material have a higher probability of escaping from the rumen.
Several excellent reviews of particle kinetics have been published (Faichney, 1986; Kennedy and
Murphy, 1988; Kennedy and Doyle, 1993; Murphy and Kennedy, 1993). The following discussion
will briefly encompass the mechanisms of selective retention, and the determination of kinetic
parameters related to the release of feed particles from the rumen lag-rumination compartment
to the escape pool.

Selective retention of feed particles in the rumen has been demonstrated by various techniques.
The passage rate of feed particles from the rumen is inversely related to particle size (Poppi et al.,
1980; McLeod and Minson, 1988). Many authors have suggested that the critical particle size is
approximately 1-2 mm because only a small proportion of particles appearing in faeces are retained
on these screens. The distribution of particle length and width in rumen contents and faeces does
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Table 5. Mean compartmental residence time and time delay estimated from synthetic marker excretion
data by using the models with increasing time dependency in the first compartment (Source: see Pond et
al., 1988).

Sampling site Model CMRT, CMRT, CMRT TD TMRT EMS
Duodenum [D] G1G1 13.3 20.0 333 4.7 38.0 32.7
GZG1 12.6 24.0 36.6 2.1 38.7 2.5
C'i3G1 14.0 25.1 39.0 0.0 39.0 0.0
C'i4G1 13.2 27.0 40.2 0.0 40.2 17.0
Rectum [R] G1G1 15.4 20.1 35.5 16.4 51.9 52.5
G2G1 15.9 22.8 38.8 12.7 514 6.8
G3G1 17.4 243 41.7 10.1 51.8 0.8
G4G1 19.0 25.1 441 8.0 52.1 0.0
Difference (R-D)’ 5.1 0.0 5.1 8.0 13.0

CMRT, = Mean residence time in the first mixing compartment (lag—rumination pool, CMRT, = Mean
residence time in the slower turnover compartment, CMRT = Total mean compartmental residence
time, TD =Time delay, TMRT = Total mean retention time, EMS = Error mean square).

The “true”residence times in the different segments of gastrointestinal tract were: rumen large particle
(lag-rumination) pool 10 h (with an exponential or 2" order gamma distribution of residence times),
rumen pool of small particles 25 h (exponential distribution of residence times), omasum 4 h (mixing
flow), abomasum and small intestine 4 h (tubular flow), caecum and proximal colon 5 h (mixing flow),
distal colon 4 h (tubular flow).

! Calculated for the best fit models

not provide evidence supporting the critical particle size controlling the flow of particles from the
rumen of cows fed grass silage (Norgaard and Sehic, 2003). It is more likely that the probability of
particles to leave the rumen decreases with increases in particle length and width. The concept of
critical particle size has been questioned since a large proportion of rumen DM and particulate
matter is below the suggested critical size (Ulyatt et al., 1986; Lechner-Doll et al., 1991). Lechner-
Doll et al. (1991) postulated that specific gravity was twice as important as particle length in
determining the likelihood of particles escaping the reticulo-rumen. Sutherland (1988) suggested
that particles separate into those having buoyant properties attained via entrapped fermentation
gases (newly ingested particles) and those having sedimentation properties after they have been
depleted in fermentable substrates. Sutherland (1988) separated ruminal particles according to
their buoyancy with warm artificial saline. Hristov et al. (2003) used a similar approach and
observed that the sedimenting particles contained more INDF than the buoyant particles.

The passage rate estimated by rumen evacuation has been faster for INDF compared with DNDF
for various diets (Tamminga et al., 1989; Huhtanen and Jaakkola, 1993; Lund, 2002; Oba and
Allen, 2003) demonstrating that digestible material is selectively retained in the rumen, in spite
of the fact that digestible and indigestible fractions are contained in the same particles. Despite
extensive efforts, the mechanisms controlling the separation and outflow of particles from
the reticulo-rumen have not been unequivocally elucidated. Particle size reduction as a result
of chewing and increase in specific gravity as a result of reduced fermentation activity occur
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simultaneously with increased time after ingestion as indicated by a close negative correlation
between particle size and specific gravity (Evans et al., 1973; Hooper and Welch, 1985). Microbial
degradation facilitates particle breakdown during mastication by increasing particle fragility
(Kennedy and Doyle, 1993). A close positive relationship between potential NDF digestibility
and the size of particles (Ahvenjérvi et al., 2001) also supports the view that the density and size
of particles are closely correlated. Gas production from an active fermentation decreases when
fermentable substrates become depleted by increased residence time in the rumen. Because the
particle size of digesta decreases concomitantly with increased residence time, it is difficult to
interpret which mechanism, particle size or specific gravity, is more important in regulating the
outflow of feed particles.

Selective retention of feed particles in the rumen is also evident from duodenal marker excretion
curves (Pond et al., 1988; Ellis et al., 1994; Huhtanen and Hristov, 2001; Lund, 2002) which
clearly indicate an ascending phase, which challenges the interpretation of the rumen as a single
compartment system, where the probability of particles to escape is a random process. Whatever
the mechanism underlying selective retention of feed particles, the process of selective retention
should be incorporated into mechanistic dynamic rumen models to accurately predict cell wall
digestibility. The total residence time in the reticulo-rumen fermentation compartments may be
estimated by the rumen evacuation method or use of appropriate markers and compartmental
models. With marker techniques, interpretation of rate constants related to specific compartments
is difficult and highly dependent on the choice of model used. Information of residence time in
the total tract may be more useful which is also less affected by the configuration of the model. As
suggested by Ellis et al. (2002), the residence time in pre-duodenal fermentation compartments
could be accurately estimated from faecal marker concentration data using appropriate kinetic
models. However, the distribution of residence time between the two compartments in the
forestomach (lag-rumination pool, escape pool) still remains debatable.

Kennedy and Doyle (1993) discussed the methods for measuring particle kinetics. One method
is to estimate the decline of particle load by complete emptying of the rumen and based on the
assumption of a linear or exponential decline, rate constants can be calculated. However, because
the large particle load also disappears by digestion, the decline for indigestible fraction of the
particle load should also be estimated to describe the rate of particle breakdown correctly. In the
second method, the particle comminution rate is calculated from steady-state kinetics as [(input
— escape (g h'!)) / load (g)]. The approach requires rumen evacuation data and an estimation
of the large particle content of ingested feed. This method also requires that an allowance is
made for digestion. Several marker techniques have been used to estimate the comminution rate
of feed particles. The rate of particle comminution can be estimated by difference of ruminal
or total retention time between the large labelled feed particles and faecal particles. Using this
approach, very high comminution rates (0.1-0.3 h'!) of feed particles have been reported by
Bowman et al. (1991) and Cherney et al. (1991). Ellis et al. (1999) estimated residence time in
the lag-rumination pool by fitting two compartmental models with age-dependency in the first
compartment to marker data and concluded that the mean residence time in the lag-rumination
pool is unaffected by dietary INDF level being relatively constant at around10 h.
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Poppi et al. (2001) suggested an alternative interpretation of marker kinetics in the rumen,
namely a raft model. Their reversible flow model based on marker kinetics data from dorsal
and ventral rumen digesta had the following features: a relatively slow age-dependent transfer
from the raft pool to the ventral rumen pool and a very rapid first-order exit from the ventral
rumen-reticulum. It is important to note that the sequence of the rate constants: (slow raft, fast
small particle) differ from earlier particle kinetic models (fast large particle, slow small particle).
The high proportion of total rumen DM in the raft (0.75 — 0.89) was consistent with the escape
from the raft being the rate limiting step. The proportion of raft material to total rumen digesta
appears to be related to feed intake. The proportion of raft in total digesta increased from 0.42 to
0.95 when DM intake increased from 6 to 24 kg/d (Robinson et al., 1987).

In animals fed ad libitum, the high proportion of raft and absence of a distinct mat and liquid phases
may prevent free particle movement by sedimentation and flotation. Under these circumstances
the capacity of the mat to entrap potentially escapable small particles may be an important
mechanism to maximise fibre digestibility. A similar particle size distribution and potential NDF
digestibility within each sieve size in the dorsal and ventral sacs and reticulum (Ahvenjérvi et al.,
2001) indicates that flotation and sedimentation may not be the main mechanisms influencing
the escape potential of digesta particles as suggested by Sutherland (1988). Observations of the
particle size distribution and potential NDF digestibility within each sieve size is consistent with
the solid mat filling both the dorsal and ventral rumen. The high proportion (>0.50) of large
particles (>2.5 mm) in rumen particulate OM in the dorsal and ventral sacs suggest that digesta
passage is more limited by the release of particles from the raft pool into the escape pool. The
results from a recalculation of data from Rinne et al. (2002) are also consistent with the raft model
concept. The mean residence time of the large particle pool estimated as [(input - flow) / load] by
making an allowance for digestion was on average 28 h for the four grass silage based diets. This
estimate is almost three times higher than the residence time assigned to the lag-rumination pool
based on two pool models with an age-dependent and age-independent residence time (Ellis et
al., 1999). The corresponding total rumen INDF residence time estimated by rumen evacuation
was 41 h. When the entrapment of small particles by the mat is taken into account, the results
can also be interpreted by the raft model, i.e. the retention time in the lag-rumination (raft)
compartment was markedly longer than that in small particle escape compartment. The large
particles (>2.5 mm) comprised proportionally 0.49 of particles in the rumen. These observations
are consistent with those of Bruining et al. (1998) who found that rumen digesta contained more
large particles than small particles. In their study the rate of particle comminution determined
by steady-state kinetics ranged from 0.034 h™! (grass silage based diet) to 0.049 h"! (lucerne silage
based diet).

The sequence of rumen compartments is difficult to determine from duodenal marker profiles.
Assuming that the two rumen compartments consist of two sequential exponential pools, the
order of the pools (fast-slow vs. slow-fast) has no effect on the marker profile. If the raft pool
is gamma age-dependent, the marker profile would change, when the sequence of the pools
is changed (Figure 4). However, a model with an appropriate age-dependency estimated the
parameter values correctly even when the sequence of the pools was switched, but this will
inevitably affect the estimated digestibility as discussed later.
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Figure 4. Simulated duodenal marker concentrations when the residence time in the two rumen compartments
are 10 + 30 h or 30 + 10 h with model of no time dependency (G,G,) or gamma two time dependency in
the first compartment (G,G,). Note that the two curves with the G,G, model are exactly similar and only
10+ 30 h is shown.

Intrinsic and extrinsic factors influencing passage kinetics

The importance of passage rate on intake and digestibility was clearly outlined by Blaxter et al.
(1956) and Waldo et al. (1972). It is often difficult to conclude whether intrinsic characteristics
of particles or diet type have a greater influence on passage kinetics. Vega and Poppi (1997)
addressed this question by labelling small (0.5-1.2 mm) grass and legume particles which had
either been extensively digested (faecal particles) or not digested (ground feed particles) and
inserted the particles into the rumen of sheep fed four different diets. The passage rate of particles
was similar within a diet, irrespective of the type (grass vs. legume) or status (undigested vs.
digested) of particles. Rumen conditions affected by diet type had the most influence on particle
passage rate. It is therefore possible that the passage kinetic parameters are often a reflection of
the effects of feed intake rather than the intrinsic plant characteristics. Welch (1982) assessed
the effects of diet and feeding level on rumen raft consistency by measuring the rate of vertical
penetration through the raft under a constant force. The rumen raft was more tightly packed with
steers offered grass hay compared with maize silage or high levels of concentrate. Increases in
feeding level from 0.40 to 1.0 of ad libitum intake increased rumen raft consistency.

Accurate passage kinetics data are a prerequisite for any nutritional model which attempts to

predict the relationship between diet and nutrient supply. Many empirical models have been
developed to predict passage kinetic parameters from dietary and animal data (e.g. Owens and
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Goetch, 1986; Sniffen et al., 1992; Cannas et al., 2003). However, the predictions have not been
very accurate, which may, at least in part, be explained by aspects of the methodologies used.
In addition to the true intrinsic and extrinsic factors involved, factors such as marker type,
kinetic model, sampling site and physical form of the marker can markedly influence the passage
kinetic values obtained. To predict the actual passage kinetics it is important that the labelled
particles simulate the passage of natural feed components. Without an accurate description of
the particle size distribution of markers it is difficult to interpret the passage kinetics parameters
from different studies. As an example, increasing the particle size of mordanted hay from <0.3
mm to 0.6-1.0 mm decreased passage rate from 0.041 to 0.021 h'! (Bruining and Bosch, 1992).
Both values may describe relative differences due to diet and animal on passage kinetics, but not
necessarily indicate the intrinsic kinetic properties of natural feeds.

The wide range of methods and procedures that have been used to quantify particle kinetics and
the biological mechanisms have been reviewed by Kennedy and Murphy (1988) and Kennedy
and Doyle (1993). It was postulated that the intrinsic characteristics of plant cell walls influencing
passage kinetics are mainly associated with the resistance of cell walls to comminution and
particle-size reduction.

Although the resistance to comminution might be expected to be lower for early harvested
forages, there is evidence that rumen retention time decreases with increasing cell wall content
and maturity. Gasa et al. (1991), Bosch et al. (1992) and Bosch and Bruining (1995) observed
that late cut grass silage with a higher NDF concentration resulted in a faster passage rate of
Cr-mordanted fibre than grass silage harvested earlier. Rinne et al. (2002) found using rumen
evacuation technique a significantly increased passage rate with the most delayed harvest time
in dairy cows offered diets based on grass silage harvested at different stages of maturity. The
proportion of large particles (>2.5 mm) of rumen particulate DM (particles >0.08 mm) decreased
from 0.56 for the earliest cut to 0.43 with the latest cut. The slower breakdown of large particles
in the early compared with late harvested silage suggests either a preferential removal of stems
from the large-particle pool to the small-particle pool, or that the fragility of both leaves and
stems increase with advancing maturity. Whether the increase in passage rate with advancing
maturity of grass is an intrinsic property or a reflection of differences in intake, remains unclear.
In the study of Rinne et al. (2002), DM intake decreased with greater maturity, but NDF intake
increased due to the proportionally higher increase in silage NDF concentration which more than
compensated for the reduction in DM intake. Similarly, Lund (2002) reported a faster passage rate
of INDF with increased maturity using the rumen evacuation method when comparing silages
harvested at 3 week intervals when forage was the sole feed, but this was not the case when the
diets were supplemented with concentrate. In contrast to the studies referred above, Ellis et al.
(2000) found that CMRT increased with increasing NDF concentration, but they did not define
the details of the forages fed. However, based on INDF concentration, these forages were of lower
quality than grass silage.

Kuoppala et al. (2004) compared the passage kinetics of primary and re-growth grass silages each
harvested at two maturities using the rumen evacuation technique in dairy cows. Within harvests,
the passage rate of INDF was not influenced by maturity, but it was markedly slower for the re-
growth than primary growth silages (0.027 vs. 0.021 h'!) despite the higher proportion of leaves
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in the re-growth grass. Because the intake of cell wall and DM were higher for primary-growth
silages, no definite conclusions on the cause and effect can be made: was the lower intake of re-
growth silages mediated by metabolic constraints that reduced passage rate or did the intrinsically
slower passage rate of re-growth grass constrain intake. A slower passage rate of silage with a
higher leaf proportion is in contrast with the observations of Poppi et al. (1981) and Cherney et
al. (1991), who reported that retention time was shorter for leaves than stems for various forage
species. More research is needed to assess the relative importance of the intrinsic properties of
forages (e.g. potential NDF digestibility, leaf to stem ratio, legume vs. grass, particle size) and
animal/diet factors in the regulation of passage kinetics.

Comparison of the passage kinetics of markers dosed either as large or small (ground feed or
faeces) particles have clearly shown differences in total retention time (Cherney et al., 1991;
Mambrini and Peyrand, 1997; Wylie et al., 2000; Ahvenjarvi et al., 2004). The differences in
total mean retention time have been approximately 10 h. However, very little is known about
the effects of forage harvesting techniques on passage kinetics. Differences in the particle size of
forages are distinctly smaller than differences in the particle size of markers used in these studies.
It is possible that within the range of chop lengths on-farm the effect on intrinsic passage kinetic
parameters is likely to be small. However, as demonstrated by Vega and Poppi (1997), the diet
fed to animals often has a much stronger effect on passage rate than the properties of the labelled
feed itself. It could be speculated that with fine chopping of forages the ability of the mat to entrap
small particles may be reduced resulting in lowered residence time in the rumen. Bernard et
al. (2000) replaced chopped orchard-grass with ground and pelleted orchard-grass. Grinding
and pelleting of hay clearly decreased the mean residence time of lignin in the rumen when
the proportion of ground hay was 0.50. No further decreases were observed at higher inclusion
rates of ground pelleted hay. Shaver et al. (1986) fed pre-bloom lucerne hay in long, chopped or
ground and pelleted form (60:40 forage to concentrate ratio DM basis) to dairy cows at three
stages of lactation. Total mean residence time of labelled concentrates and forages decreased
with increasing feed intake, but there were no effects of chopping or grinding on ruminal or
total residence time. An absence of a difference between the long and chopped (mean particle
length 7.8 mm) hay indicates that within the normal range achieved in practice, the effects of
chop length on digesta passage kinetics is insignificant. Depression of digestibility associated
with grinding was related to reduced ruminal digestion rate. In published studies the effects of
grinding on rumen or total retention time have been variable (see Bernard et al., 2000). Effects
of forage conservation methods on passage kinetics are likely to be small. Udén (1984) reported
similar values using Cr-mordanted fibre for the passage kinetic parameters of the cows fed silage
or hay. Huhtanen and Jaakkola (1993) used the rumen evacuation technique to study passage
kinetics of grass silage and hay made from the same sward. The differences between the forages,
although sometimes significant, were relatively small. Particle passage kinetics of lucerne hay
and silage measured using >N enrichment of acid detergent fibre bound nitrogen as an internal
marker were found to be similar (Huhtanen and Hristov, 2001).

Rumen residence time of concentrate particles is shorter than that of forages (e.g. Shaver et al.,
1988; Colucci et al., 1990) reflecting the smaller particle size and higher specific gravity. Offer
and Dixon (2000) compiled data in the literature and concluded that the effects of supplement
composition on passage rates appear to be small. Robinson et al. (1987) observed decreased
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passage rates using both Cr-straw and rumen evacuation techniques, when the starch content
in concentrates increased. However, these effects may be more related to the extrinsic effects of
the diet on passage kinetics, since concentrates were not labelled. Stensig et al. (1998) also found
that supplementation of a starch rich low fibre concentrate decreased passage rate. Huhtanen et
al. (1993) compared the passage kinetics of Yb-labelled barley, barley fibre, rapeseed meal and
soybean meal in cattle. Despite the large differences in chemical composition of the feeds with
respect to starch, NDF and protein content, compartmental residence times, estimated from
duodenal or faecal marker profiles, were similar. Duodenal marker profiles of labelled concentrate
feeds have clearly shown an ascending phase in the marker excretion curve (Huhtanen et al., 1993;
Mambrini and Peyraud, 1997) indicating that the passage kinetics can not be described by a first-
order single pool model. The diurnal pattern of duodenal amino acid (Robinson et al., 2002) and
starch (Tothi et al., 2003) flow are consistent with marker kinetic data, and clearly indicate that
the passage kinetics of solid feed components cannot be described using a single compartment
first-order model. Excluding the ascending phase of the marker excretion curve will markedly
underestimate the retention time of concentrates in the rumen fermentation compartments.

Most of the studies have shown a decrease in CMRT with increased feed intake. Intake is used
in many feed evaluation systems (e.g. AFRC, 1993; NRC, 2001, Sniffen et al., 1992) to predict
passage rate. These relationships are based mainly on marker kinetic data. We estimated the
relationship between intake and diet parameters from Danish and Finnish dairy cow studies. The
data included 41 treatment means with a wide range of diets (DM intake 8.2 - 23.7 kg d"!, NDF
concentration 238 - 638 g kg'! DM, proportion of concentrate 0.00 - 0.70). The passage rate of
INDF was estimated using the rumen evacuation technique, i.e. it describes the passage rate of the
total diet. Intake, rather than faecal output of INDF was used to estimate the passage rate. When
analysed with a single regression model, NDF intake predicted INDF passage rate much better
than DM intake (R? 0.68 vs. 0.31). Accounting for the random effect of study in a mixed model
regression analysis did not change the parameter values, but the model did account for more of
the observed variation (Figure 5). When NDF intake was segregated to forage and concentrate
NDF the variation explained increased to 0.73 with the single regression model but was not
further improved with the mixed model. The slope of the INDF passage rate was significantly
higher for NDF from concentrates than forages (mixed model: 0.00034 vs. 0.00023 per kg NDF
intake). This indicates that the passage rate of concentrate INDF was faster than that of forage
INDE which is consistent with the data from studies comparing the passage kinetics of labelled
forages and concentrates (Shaver et al., 1986; Colucci et al., 1990; Mambrini and Peyraud, 1997).
It seems that the passage rate of INDF for diets based on maize or lucerne silage is much higher
compared with diets based on grass silage in relation to NDF intake. The mean NDF intake and
INDF passage rate for 8 diets in the studies of Oba and Allen (2003) and Voelker and Allen (2003)
were 5.7 kg d"! and 0.035 h™l, respectively. The passage rate of INDF was markedly higher than a
value of 0.020 h™! predicted by the equation derived from our dataset. Lund (2002) also found a
markedly higher INDF passage rate for maize silage compared with other forages. There may be
differences in the consistency of the rumen raft due to intrinsic differences between the forages
that explain this finding. Bruining et al. (1998) estimated using a steady-state procedure that
comminution rates for diets based on maize or lucerne silages (0.043 and 0.049 h™!) were clearly
higher than for a diet based on grass (0.034 h!).
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Figure 5. The relationship between NDF intake and passage rate of INDF estimated by rumen evacuation
technique. The data from the Danish and Finnish studies was analysed either by single regression or by a
mixed model with random study effect. Adj kp: Values are adjusted for a random study effect.

The relationship between NDF intake and INDF passage rate in our data was linear. Cannas
et al. (2003) observed that the relationship between lignin turnover and NDF intake was best
described by a concave curve (NDF intake was transformed by the natural logarithm). However,
because the inverse of passage rate represents turnover, the relationship between NDF intake
and NDF rumen turnover time are consistent by Cannas et al. (2003). Cannas and Van Soest
(2000) showed that forage NDF passage rate, estimated by external markers, was best described
by a convex curve, i.e. at high levels of intake passage rate increased to a lower extent than at low
levels of intake. If this relationship were true, the rumen NDF pool would increase exponentially
with feed intake unless the rate of digestion increased, but this does not appear to be the case
(Robinson et al., 1987). Tamminga et al. (1989) estimated passage rate using both Cr-mordanted
straw as an external marker and the rumen evacuation technique in dairy cows fed at different
levels of intake. Passage rate of INDF increased linearly (or even slightly curvilinearly) with
increased intake, whereas the pattern was not so clear with Cr-mordanted straw. It is possible
that the relationships between intake and passage rate in this experiment were influenced by
the problems related to marker kinetics data, the most serious problem being that the passage
rate estimated from marker profiles did not account for the residence time represented by the
ascending phase of the marker excretion curve, and the inverse of marker passage rate therefore
underestimates rumen turnover.

Reducing effects of increased concentrate in the diet on passage rate were reported by Colucci et
al. (1990), Gasa et al. (1990), Bosch et al. (1992) and Huhtanen and Jaakkola (1993). In the study
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of Colucci et al. (1990) increasing the proportion of concentrate showed a significant negative
relationship with passage at a low level of feeding, but at a higher level of feeding the effects were
small and non-significant. Huhtanen and Jaakkola (1993) used the rumen evacuation technique
to estimate passage kinetics of cell walls in cattle fed at a fixed DM intake of diets supplemented
with three levels of concentrate. Increasing the level of concentrate in the diet decreased the
passage rate of INDF linearly, even though the proportion of concentrate NDF of intrinsically
higher flow characteristics increased.

The rumen evacuation technique appears to be a useful tool for estimating passage kinetics
of INDE More detailed analysis of larger sets of data might be useful for the estimation the
effects of diet, animal and feed characteristics on INDF passage kinetics. The problem with this
method relates to the fact that it estimates the passage rate for the total diet and not for individual
ingredients. A combination of marker and rumen evacuation techniques may be useful to separate
the effects due to intrinsic and extrinsic factors on passage kinetics. For the estimation of intrinsic
feed characteristics, the labelled feed should be fed in the same physical from as it is fed in the
diet. Extrinsic effects on passage kinetics can be estimated by using one common marker for all
diets in a study or by the rumen evacuation technique.

Integrated models of cell wall digestion in the rumen
Random passage models

The original model with random passage of Waldo et al. (1972) has been the basis of dynamic
rumen models predicting cell wall digestibility. The model involved a concept of potential
digestibility, fractional rates of digestion and passage and that digestibility is a competition
between digestion and passage. The simple model has been modified, but most of the published
data on predicted NDF digestibility estimated from the kinetic parameters are still based on this
concept. The use of this model has been extended to estimate the effective protein degradability
in the rumen (@rskov and McDonald, 1979), and is probably more widely used for that purpose
than predicting NDF digestibility.

Integrated models of cell wall digestion have been extensively reviewed (Allen and Mertens,
1988; Mertens, 1993a; Illius and Allen, 1994; Ellis et al., 1994). The models have considerable
differences in substrate fractionation and in the structures applied to describe digestion and
passage kinetics. The abilities of the published models to predict digestibility have not been
particularly reassuring (Illius and Allen, 1994). To be useful for practical feed evaluation and
ration formulation purposes, integrated models should predict digestibility at least with the same
accuracy as models based on empirical relationships between digestibility and selected chemical
components. Our objective here is to discuss the effects of model structure on the prediction of
NDF digestibility and the possible mechanisms and processes that relate to the model structure
that should be used.

Although the original model of Waldo et al. (1972) has been widely used to calculate NDF

digestibility in many studies, it has not been extensively validated against in vivo data based on a
large number of measurements. Archimede (1992) used in situ digestion kinetic data to predict
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ruminal NDF digestibility estimated from duodenal flow (cited by Noziere and Michalet-Doreau
2000). The model clearly underestimated ruminal NDF digestibility, but the slope between
predicted and observed values was 1.00 and the proportion of variance accounted for by this
model was relatively high (R? = 0.65). Underestimation of in vivo digestibility was suggested to
be due to the underestimation of digestion rate by the in situ technique. This model probably
results in the correct ranking of NDF digestibility, since the empirical relationship between INDF
concentration and in vivo OM digestibility is particularly strong (Nousiainen et al., 2003b). In
addition to the underestimation of the rate of digestion, too high passage rates from ignoring
the ascending phase of the marker excretion curve can lead to an underestimation of NDF
digestibility with this model.

Knowledge of in vivo digestibility of DNDF can be used to validate the feasibility of a model
structure. The mean DNDF digestibility of 52 grass silages harvested at different stages of
maturity was 0.87 (range 0.79 - 0.93) (Nousiainen et al., 2004), such that using a passage rate of
0.02 h-!, indicates that digestion rate should be 0.075, 0.128 and 0.260 h™! to achieve the observed
minimum, mean and maximum in vivo DNDF digestibility. Accordingly, using a digestion rate
of 0.06 h'l, a passage rate of 0.0094 h-! would be required to achieve the observed mean in vivo
DNDF digestibility. These simple calculations indicate that unrealistic values for the digestion
and/or passage rates have to be used in order to predict in vivo DNDF digestibility correctly,
when inappropriate models are used. It has sometimes been argued that the hind-gut digestion
compensates for the difference between predicted and observed digestibility (Moore et al., 1990).
However, in animals fed forage diets the contribution of the hind-gut to total NDF digestion cannot
be that large as discussed earlier in this chapter. Another explanation for the underestimation
of NDF digestibility is that passage rates used in various models are often estimated from the
descending phase of marker excretion curves. It can be concluded that although the model has
many basic elements of the dynamics of cell wall digestion, cell wall digestion can not be correctly
estimated by a simple mathematical function based on random passage and the model is not
biologically sound either.

Selective retention models

Ruminants have evolved an effective system of selective retention to maximise the intake of
digestible energy by retaining the newly ingested digestible and large particles in the rumen
and allowing the passage of aged particles, which are small and depleted of digestible material.
Although the mechanisms of selective retention are well described in the literature (Kennedy and
Murphy, 1988; Sutherland, 1988; Allen and Mertens, 1988; Kennedy and Doyle, 1993) and have
been incorporated in many integrated rumen models (Illius and Allen, 1994), it has not been
integrated in feed evaluation systems and very seldom in the calculation of NDF digestibility
from kinetic data (e.g. Sniffen et al., 1992; AFRC, 1993; NRC, 2001).

A two-compartment model incorporating indigestible and digestible NDF is illustrated in
Figure 6. From the first compartment (lag-rumination pool) DNDF disappears by digestion and
comminution to the second compartment (small particle pool). From the second compartment
DNDF disappears both by digestion and passage. By definition INDF disappears from the first
compartment only by release to the second compartment and from that by passage to the small
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Figure 6. Model of ruminal cell wall digestion incorporating selective retention of potentially digestible (D)
and indigestible (1) fractions in non-escapable (N) and escapable (E) pools. Cell wall fractions and rates are
represented as follows: digestible NDF (f ), indigestible NDF (f), rate of digestion (k ), rate of release from N
to E (k,) and rate of escape from E (k) (Allen and Mertens, 1988).

intestine. Derivation of digestibility was presented by Allen and Mertens (1988) (equation 4
in this chapter). The use of this model results in much more realistic values of in vivo DNDF

digestibility than the single compartment model.
An example of the effects of selective retention and time dependency of the flow in the first

compartment (Ellis et al., 1994) on ruminal DNDF digestibility is shown in Figure 7. Inclusion of
the selective retention of particles in the model increased ruminal DNDF digestibility from 0.69 to

0.85 -

©

o)

S
;

0.75 -
0.70 -
0.65 -
0.60 1--

DNDF digestibility

(raft)

Compartmental model

Figure 7. The effects of compartmental passage model on estimated DNDF digestibility. One compartment
models (G1) assume either the same compartmental residence time (45 h) or that it was estimated from the
ascending phase of the marker excretion curve (30 h). A value of 0.05 h™" was used for the rate of digestion.
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0.77 when the same rumen residence time of 45 h (15+30) was used. Assuming an age-dependent
flow from the first to the second compartment resulted in a further 0.02-0.03 unit improvement
in DNDF digestibility. If the passage rate obtained from the slower compartment of the two
compartment model (30 h) had been used in a single compartmental model, estimated DNDF
digestibility would have been only 0.60. However, this is the approach used in most published
data and also in feed evaluation systems.

In a single compartment system with first-order digestion and passage rates, the proportions of
DNDF disappearing via digestion per definition remain constant throughout a range of residence
times. In a two compartment system the proportion of DNFD disappearing by digestion is
much higher during earlier residence times when the particles are mainly in the lag-rumination
pool and not eligible for passage (Figure 8). The proportion of DNDF disappearing by passage
in the two compartment system is smaller during the early residence time compared with a
single compartmental system, but for later residence times the reverse is true. Due to the slow
disappearance via passage during early residence times a digestion lag time would have a smaller
effect than in a single compartmental system (Ellis et al., 1994). Allen and Mertens (1988)
showed mathematically that if the lag phenomena influence both digestion and passage, cell wall
digestibility is independent of lag. They also derived an equation to calculate simple first-order
passage rate from the three kinetic parameters:

k=K xk,/ (kg k+k,) (©)
——G1
1.00 4 —— G161
— G2G1
0.90 —o— G2G1 Raft
5
3 0.801
»
> 0.70
a .
o
> 0.60
(m]
0.50
0.40 T T T T T 1

0 10 20 30 40 50 60

Residence time (h)

Figure 8. Digestibility of DNDF (proportion of DNDF disappearing by digestion) at different rumen residence
times assuming rumen as a single compartment (G,) or two compartment system. In the two compartment
systems the flow followed first-order kinetics (G,G,) or the flow from the first compartment was age-
dependent (G,G,). The distribution of the residence time was 15 + 30 h for the G,G, and G,G, systems and
30+ 15 h for the G,G, raft system. Digestion rate was assumed to be 0.05 h™'.
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where k ;, is the rate of digestion, k, is release from the non-escapable to the escapable compartment
and k, is passage from the escapable compartment to the lower tract. The first-order passage
rate is not only a function of the passage kinetic parameters but also of the fractional digestion
rate. At a constant CMRT, the higher the rate of digestion, the lower the first-order passage rate
would be. It might be argued that estimating parameter values of the model is difficult. However,
for the determination of digestibility, an accurate estimate of total residence time in the two
compartments is much more important than the distribution of the residence time between the
two compartments. If the distribution of the total residence time of 45 h were 10+35, 15+30 or
20+25, the calculated DNDF digestibility would be 0.758, 0.771 and 0.778, respectively. This
example suggests that digestibility is relatively insensitive to small changes in the distribution of
the residence time between the two compartments. However, with large changes the model will
approach a single compartment model and have a large impact. The raft model recently suggested
by Poppi et al. (2001) would result in a distinctly higher DNDF digestibility provided that passage
from the raft pool to the passage pool is a time dependent process, as their data suggest. When
the same digestion rate (0.05 h™!) and total compartmental retention time (45 h) were used in
the model but assuming a gamma two time dependency in the raft pool with a distribution of
35+10 h in the two compartments, DNDF digestibility was predicted to be 0.811 (see Figure 7).
This suggest that the raft model is more effective in maximising the efficiency of ruminal DNDF
digestion than models assuming a shorter retention time in the first than second compartment.
More efficient digestion is related to the greater proportion of DNDF disappearing by digestion
during early residence times when the particles become more slowly available for escape (See
Figure 8). The data of Ahvenjarvi et al. (2001) support the concept of a raft model. In this study,
cows were fed grass silage as the sole feed and digestibility of DNDF was shown to be very high
(0.89) despite the relatively high NDF intake (12 g/kg LW). The similar particle size distribution
and potential NDF digestibility within each particle size fraction in the rumen ventral and dorsal
sacs are suggestive of a raft model concept rather than of selective retention based on particle
flotation and sedimentation.

The validity of the two compartment model has not been extensively tested against in vivo data.
Ellis et al. (1994) discussed that without the mechanisms of selective retention in the rumen
it would be impossible to attain observed in vivo DNDF digestibility with realistic parameter
values. Mertens (1973) concluded that assuming the rumen as a single compartment is not an
adequate mathematical or biological representation of rumen functions. Huhtanen et al. (1995)
and Rinne et al. (1997) predicted in vivo NDF digestibility using digestion rates derived from
in situ incubations or from rumen evacuation and passage kinetic parameters estimated from
the marker profiles. The mean NDF digestibility predicted using a two compartmental system
and digestion rates based on rumen evacuation or in situ were 0.725 and 0.581, respectively,
but only 0.424 when estimates were based on situ digestion rate and passage rate assuming the
rumen to be a single compartment. All systems ranked the diets correctly, but the latter models
clearly underestimated NDF digestibility (0.728). The data suggests two obvious reasons for
the underestimation of digestion: first, the in situ method underestimates the rate of digestion
and second, the assumptions of a single rumen compartment were not correct. Huhtanen et al.
(2001) estimated NDF digestibility of 15 grass silages in sheep fed at maintenance with a two
compartment rumen model assuming a total residence time 50 h (20+30 h). Digestion rate was
estimated by the gas production technique from isolated NDF and potential NDF digestibility by
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Figure 9. The relationship between predicted and observed NDF digestibility (NDFD) in sheep fed at
maintenance. NDFD values were predicted using digestion rates determined by in vitro gas production
(IV) or by in situ incubation (IS) using a two compartment rumen model (residence time 20+30h) or one
compartment rumen model (residence time 50 or 30 h). (Data from Huhtanen et al., 2001 and unpublished
data).

12 d in situ incubations. The model predicted NDF digestibility accurately without any mean or
slope bias (Figure 9). Using a single compartmental model with the same residence time clearly
underestimated NDF digestibility, but did not change the proportion of variance accounted for
by the model. In situ rate of digestion was determined for six of the 15 silages. Again, the method
ranked the feeds correctly, but the lower predicted NDF digestibility suggests that the in situ
method underestimated the rate of digestion.

The basal model structure in the Nordic dairy cow model (Danfer et al., 2005a) is a two
compartment rumen system and a single hind-gut compartment. Cell walls are fractioned into
digestible and indigestible forage and concentrate NDE Digestion of cell walls is assumed to be a
first-order process. Intrinsic ruminal DNDF digestion is regulated by the ratio of non-structural
carbohydrates and NDF, which models the adverse effects of rapidly degradable carbohydrates
on cell wall digestion. Cell wall digestion is assumed to take place both in the rumen and in the
hind-gut. Passage rate is regulated by feed intake in terms of NDF per unit live weight. Higher
passage rates are used for concentrates than for forages. The proportion of the lag-rumination
(non-escapable) compartment of the total rumen residence time is assumed to be 0.30 and
0.20 for forages and concentrates, respectively. Preliminary validation of the model indicates
that this approach provides an accurate prediction of ruminal and total NDF digestibility with
minimal mean and slope bias (Danfer et al., 2005b). The relationship was much stronger when
the values were adjusted for the random eftects of experiment (Figure 10). This indicates that the
model predicted the differences between the diets within experiment very accurately, and that
a large proportion of the variance in the simple regression analysis arises from methodological
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Figure 10. Relationship predicted (Nordic Dairy Cow Model; Danfeer et al., 2005a) and observed NDF
digestibility (NDFD) with or without adjustments for random experimental effects.

differences in the determination of digestion kinetic parameters. The close relationship between
digestion rates determined by different methods support this suggestion.

Conclusions

Development of useful mechanistic models for estimating digestibility and intake require both
an accurate estimation of the parameter values and appropriate model structure. More work
is required to validate the methods used to estimate digestion kinetic parameters. Most of
the validation has been conducted by comparing two systems (e.g. in vitro vs. in situ) without
validation against reliable in vivo data. Most of the systems appear to rank the feeds reasonably
well, but that is not a satisfactory criterion to be of use for mechanistic rumen models. It appears
that none of the present methods fulfil the requirements of an ideal method. It is important that
only the intrinsic characteristics of cell walls limit the rate and extent of digestion, i.e. that the
system itself is not a limiting factor. Future work is also required to estimate quantitative effects
of some extrinsic factors such as intake and diet composition on the intrinsic rate of cell wall
digestion.

A better understanding of the effects of, and interactions between, intrinsic and extrinsic factors
on passage kinetics are required. In many cases estimated passage kinetic parameters represent
interactions between animal and feed characteristics. In the future, more attention should be paid
to distinguishing between animal (e.g. intake, diet composition) and intrinsic feed characteristics.
Also more validation of the current marker systems against preferred reference methods
(slaughter, rumen evacuation, appropriate internal markers) needs to be conducted.
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Even though the mechanisms of selective retention of feed particles have been unequivocally
described, it has seldom been used to calculate NDF digestibility from kinetic parameters. This
fundamental flaw in the model structure, used extensively in most feed evaluation systems, leads
to serious underestimations of NDF digestibility. When the mechanisms of selective retention
of feed particles in the mechanistic rumen models are ignored, unrealistically high digestion
rates and/or low passage rates have to be used to correctly predict in vivo digestibility. For an
accurate prediction of NDFE, and consequently OM digestibility, reliable estimates of intrinsic
digestion kinetics and an adequate description of the underlying digestion and passage processes
are required, but it is also essential that the regulation of intrinsic digestion rate and rumen
residence time due to diet composition and level of intake are taken into account. For further
progress in developing useful mechanistic models for the prediction of digestibility and intake,
it is vital that modellers and ruminant biologists work in harmony.
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Abstract

The present state of epithelial mechanisms of intestinal sugar, amino acid, peptide and phosphate
transport in ruminants is summarized. For sugar absorption SGLT1 and GLUT5 have been
identified for luminal uptake of monosaccharides and GLUT2 is expressed at the basolateral
membrane for sugar extrusion. Sugar transport has gained special interest in lactating cows in
order to improve energy intake. For amino acid absorption similar mechanisms as for monogastric
species have to be assumed. Recently, PEPT1 has been identified to be involved in absorption of
di- and tripeptides in bovine intestinal tract. Small ruminants have been investigated in detail
for intestinal P, absorption, and it was concluded that both, a H*-dependent system and a Na*-
coupled system, are expressed in the duodenum and jejunum, respectively. Only the jejunal
system responds to changes in dietary P intake.

Keywords: intestinal absorption, sugars, amino acids, peptides, phosphate
Introduction

In recent years substantial progress has been made regarding the different epithelial mechanisms
which are involved in intestinal transport processes and this is mainly true for the small intestines.
As in monogastric animals end products of enzymatic digestion of proteins, fats, nucleic acids
and nucleotides are mainly absorbed from the small intestines. Many of these processes are
mediated by coupled mechanisms and may thus include electrolyte absorption. From a number of
recent studies in lactating cows, there is increasing evidence that most of the concepts regarding
carbohydrate metabolism have to be changed substantially. Under certain dietary conditions
substantial amounts of starch will flow into the small intestines and will thus contribute to glucose
metabolism by intestinal glucose absorption. However, this is an area with a high demand for
further research especially regarding potentially limiting factors. In addition to the forestomach
epithelium, short chain fatty acids originating from hindgut microbial fermentation can be
absorbed from the hindgut epithelium. This has been reviewed in detail by Rechkemmer et al.
(1995) and will not further be considered as the state of knowledge has not substantially changed
since then. It is the major aim of this review to summarize the relevant epithelial mechanisms of
intestinal absorption of monosaccharides, amino acids and peptides as major nutrients and of
phosphate as an electrolyte with substantial progress in recent years how intestinal absorption
is mediated.
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Carbohydrate digestion and monosaccharide absorption

In contrast to monogastric animals, it was generally assumed for fully developed ruminants that
due to microbial fermentation in the forestomach region hardly any monosaccharides would
reach the small intestines for subsequent absorption (Bassett, 1975). Weaning was shown to be the
major factor to decrease the capacity of the small intestines for glucose absorption (Scharrer, 1976;
Scharrer et al., 1979). However, this concept was changed again when it could be demonstrated in
ruminating sheep that the infusion of either D-glucose or methyl-a-D-glucopyranoside into the
duodenum resulted in activation of Na*-dependent D-glucose transport to a level similarly as it
had been found in pre-ruminant sheep (Shirazi-Beechey et al., 1991b; Lescale-Matys et al., 1993).
This led to the conclusion that even in ruminating sheep intestinal glucose transport may occur
when the substrate reaches the small intestines. Whereas most of these findings were obtained
from studies in small ruminants, intestinal starch digestion has become a topic of major interest
in high yielding cows with regard to energy metabolism and improvement of feed efficiency. In
these animals grain based concentrates provide high amounts of starch which potentially may
escape rumen fermentation and may thus reach the small intestines for enzymatic digestion.
The proportion of ruminal starch digestion is still under discussion. There is a huge number of
factors influencing rumen starch digestion such as starch source, degree of plant maturation,
feed technology, feed intake and feed particle size. These factors have been reviewed in detail by
Mills et al. (1999a). According to literature data they found a range for starch intake in lactating
cows between 3.5 and 8.6 kg/day from different grain sources with respective values for rumen
digestibility between 47 and 89 %. From rumen processes it can be concluded that small intestinal
starch digestion and monosaccharide absorption will be determined by the following criteria:

1. Rate of flow of starch into the small intestines.

2. Enzymatic hydrolysis.

3. Epithelial transport of sugars.

Rate of flow of starch into the small intestines
The high variability of flow of starch into the small intestines as affected by the source of starch

is exemplarily shown in Table 1 which summarizes data from Sutton and Oldham as published
by Reynolds et al. (1997).

Table 1. Passage of starch throughout the gastrointestinal tract of 4 lactating dairy cows (Source: Sutton and
Oldham as published by Reynolds et al., 1997).

Barley60% Barley90% Maize 60% Maize 90%
Starch passage (kg/day)

Intake 4.0 5.5 44 6.4
Duodenum 0.6 0.8 2.2 35
lleum 0.1 0.2 0.6 1.1
Faeces 0.1 0.1 0.2 0.7

140 Ruminant physiology



Transport systems in the epithelia of the small and large intestines

In these experiments overall starch digestibility was slightly higher for barley than for maize,
however, flow of starch into and net disappearance from the small intestines was significantly
higher for maize. When the net disappearance from the small intestines was calculated as
percentage of starch entering the duodenum which indicates the efficiency of net absorption,
the average value for both barley diets was 79 % in comparison with 70 % for both maize diets.
This might be interpreted as an indication for a limited capacity for starch digestion in the small
intestines. Flow rates of starch into the duodenum between 0.5 and 3.5 kg/day are in accordance
with data obtained from many other studies. According to McCarthy et al. (1989), the maximal
amount of maize starch entering the duodenum and subjected to hydrolysis and absorption can
be around 4.6 kg/day.

Enzymatic hydrolysis

As in monogastric species intestinal starch digestion is mediated by different enzymes such as
pancreatic a-amylase and brush border membrane bound maltase and isomaltase (Mills et al.,
1999b). In contrast to monogastric species, no sucrase activity could be determined (Harmon,
1992). The pH optimum for a-amylase is around 6.9 and for maltase and isomaltase between 5.8
and 6.2, respectively. This might be disadvantageous when the low pH values in the upper small
intestines of ruminants are considered, especially since for a-amylase differences of about 0.5 from
pH optimum resulted in changes of activity of up to 20 % (Owens et al., 1986). The quantitative
distribution of disaccharidase activity along the intestinal axis is not yet fully understood. In
calves the lowest activities for maltase and isomaltase were found in the duodenum whereas
the highest activities were present in the mid jejunum and ileum (Kreikemeier et al., 1990). In
contrast, a decline in activity from the duodenum to the ileum has been described by Nocek
and Tamminga (1991) in cows. Increases in energy intake resulted in higher specific activities
of pancreatic amylase with no changes in maltase activity (Russell et al., 1981; Kreikemeier et
al., 1990). However, starch infusions into the abomasum resulted in decreases of pancreatic a-
amylase concentration (Walker and Harmon, 1995). They discussed regulatory peptides such as
peptide YY as mediators for the negative feedback, however, the biochemical concept regulating
enzyme secretion has not yet been clarified. Other inhibitory dietary factors for o-amylase are
lignin and tannin derivatives which can be associated with starch granules (Owens et al., 1986).
The potential limitations of intestinal starch digestion at the enzyme level are still under debate.
Huntington (1997) has discussed the a-amylase as the most relevant limiting enzyme for starch
hydrolysis rather than the brush border membrane enzymes.

Epithelial transport of sugars

Intestinal sugar absorption can principally be mediated by passive and secondary active
processes. For passive transport either the paracellular or the transcellular pathway may be
used. Evidence for paracellular glucose transport has been obtained from studies in rats and
has introduced a rather controversial discussion on its biological significance (Pappenheimer
and Reiss, 1987). So far this route has not been investigated for ruminants in detail, however,
there is still no experimental evidence that this pathway is of major relevance in ruminants.
Therefore, it will not be considered further in this review. For facilitated diffusion of fructose
across the apical membrane of jejunal enterocytes, the GLUTS5 has been identified for different
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species such as rats and rabbits (Thorens, 1996). The GLUT5 mRNA has also been detected
in all gastrointestinal segments except the abomasum of lactating dairy cows. The functional
properties for ruminants, however, have not yet been clarified (Zhao et al., 1998). For secondary
active glucose and galactose transport, the SGLT1 has been identified for many vertebrate species
including ruminants (Hediger and Rhoads, 1994; Shirazi-Beechey et al., 1995; Zhao et al., 1998).
It is energized by the basolateral Na*/K*ATPase and from stoichiometry of both components it
can be calculated that three glucose molecules are transported per two ATP hydrolysed in the
enterocyte. The SGLT1 is a high affinity transport system with a great deal of homology (80 %
or more) between species. The transporter density decreases along the intestinal axis and in the
upper intestinal parts the number of transporters per enterocyte is estimated to be around 10°
~ 107. The sodium:glucose ratio per cycle is 2:1 and its K ranges between 0.1 and 0.5 mmol/
L. Both parameters differentiate the SGLT1 from its renal isoform SGLT2 which, in addition,
can only transport glucose (Hediger and Rhoads, 1994). In ruminants, Shirazi-Beechey and co-
workers have been the first to demonstrate age- and developmental-dependent differences in
SGLT1 expression in the ovine intestinal tract. They could demonstrate that the activity of the
SGLT1 protein in the intestinal brush border membrane was high in the pre-ruminant lamb,
decreased substantially in association with development of rumen functionality and could
be stimulated again when D-glucose or derivatives were introduced into the intestinal lumen
(Shirazi-Beechey et al., 1995). The expression of SGLT1 mRNA and SGLT1 protein differed with
regard to distribution along the crypt-villus axis. Whereas most of the mRNA was found in the
crypt region the protein was detected in the villus region. With these findings they have developed
an appropriate model for studying the principles of nutrient regulation of transport systems. On
the basis of their studies the SGLT1 mRNA expression has also been detected for all segments
of the bovine gastrointestinal tract and SGLT1 protein expression could be demonstrated for
jejunal and ileal brush border membranes of lactating cows (Zhao et al., 1998). With respect to
feeding behaviour, ruminants can be divided into grass and roughage type (e. g. cow and sheep),
intermediate type (e. g. goat and fallow deer) and concentrate selecting type animals (e. g. moose
and roe deer). Comparative experiments on SGLT1 expression have shown that in contrast to
sheep and cows, the level of SGLT1 mRNA and SGLT1 protein expression remained significantly
high in intermediate and concentrate selecting type animals which can be correlated with the
availability of monosaccharides in the intestinal tract in these animals due to feeding behaviour
(Wood et al., 2000).

For basolateral extrusion of glucose, galactose and fructose by facilitated diffusion, the GLUT2
has been identified as a low affinity system (Thorens, 1996). So far it has not been demonstrated
for ruminants that glucose can be transported by GLUT?2 in the apical and basolateral membrane
at very high luminal glucose concentrations as it has been found for rat jejunum (Helliwell and
Kellett, 2002).

Substrate induction of sugar transport has been detected as an important principle of regulation.
Expression of SGLT1 was induced when D-isomers of glucose, galactose, fructose, mannose and
xylose were present at the luminal side of the tissues. This was in contrast to induction of GLUT2
by high glucose, galactose or fructose diets and induction of GLUT5 by high fructose diets
(Hediger and Rhoads, 1994; Thorens, 1996). With regard to turnover time of enterocytes along
the crypt-villus axis, the functional SGLT1 protein could only be detected in mature enterocytes
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from the upper villus region after 3 days of D-glucose infusion and reached its maximum after 4
days (Shirazi-Beechey et al., 1995). From luminal induction of SGLT1 the concept of the glucose
sensor has been developed. There is experimental evidence that the sensor is externally localized
in the crypt region and consists of a G protein coupled receptor and the cAMP/protein kinase A
pathway (Dyer et al., 2003). In addition to substrate induction, other nutrients such as casein have
been found as potential modulators. By abomasal infusion of casein, Mabjeesh et al. (2003) could
demonstrate an increase in digestibility of non-structural carbohydratesand in V,_, of SGLT1 in
the mid jejunum of lambs. Since proteins can induce pancreatic enzyme secretion, it cannot be
differentiated whether the SGLT1 stimulation was a direct or indirect effect.

Evidence for regulation by different peptides such as epidermal growth factor, transforming
growth factor o, peptide YY, insulin like growth factors, somatotropin and somatostatin and
others has been obtained from different studies, their relevance for ruminants, however, has still
to be clarified (Bird et al., 1996).

Gastrointestinal absorption of amino acids and peptides

As in monogastric species, nitrogen is taken up with feed in the form of protein and non-protein
nitrogenous (NPN) compounds, including - amongst others - free amino acids, ammonia and
urea. What is different in ruminant animals as compared to monogastric species is the fact
that ruminants are only partly dependent on dietary protein quality, e.g., a balanced intake of
dispensable and indispensable amino acids. This is due to the fact that the major part of dietary
protein and NPN substances are finally transformed within the forestomachs to microbial protein
which in turn is the major nitrogenous fraction arriving at the duodenum.

Despite these peculiarities, present knowledge indicates no substantial differences with respect to
either the absorptive site or the principal mechanisms involved in the absorption of absorbable
products deriving from enzymatic protein digestion. Thus, as in monogastric species, ci-amino
nitrogen, either in the form of free amino acids (A As) or small peptides (mainly tri- and dipeptides)
is principally absorbed in the small intestine. Although some absorption of free amino acids
may occur from the forestomachs and hindgut (Krehbiel and Matthews, 2003), these sites can be
considered of minor importance for overall AA absorption. With respect to peptide absorption,
several studies indicate a major contribution of the forestomachs to peptide-bound AAs. This
interpretation, however, is almost exclusively based on calculated net fluxes across the portal-
drained (forestomachs, cranial abomasum, spleen and pancreas) and mesenteric-drained (small
intestine, caecum, colon, mesenteric fat and pancreas) viscera (Krehbiel and Matthews, 2003) with
no convincing evidence for the existence of functionally active carrier-mediated mechanisms for
AA and peptides in the forestomachs (Martens et al., 2001) and large intestine (Binder, 1970).

In the following, present knowledge regarding the absorption of AAs and peptides will be shortly
reviewed with emphasis on the transport systems involved. Most of the pertinent information,
however, stems from experiments with cell cultures or tissues derived from monogastric species
with only relatively few papers considering this important aspect specifically in ruminant animals.
Net-fluxes of free and peptide-bound AAs across the portal drained viscera will not be covered by
this contribution. Several recent comprehensive review articles dealing with the gastrointestinal
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handling of AAs and peptides in various species including farm animals are available for the more
deeply interested reader (Barker and Ellory, 1990; Mailliard et al., 1995; Ganapathy et al., 2001;
Matthews, 2000; Krehbiel and Matthews, 2003).

Absorption of amino acids

Irrespective of the species considered, AAs can principally be absorbed by the paracellular and
transcellular route, whereby transcellular uptake can be further differentiated into passive (no
specific carrier involved) and carrier-mediated processes including active and facilitated transport
mechanisms (Barker and Ellory, 1990; Matthews, 2000). In contrast to passive and facilitated
diffusional processes, an active transport mechanism is capable of transporting substrates
against a concentration gradient. Basically, carrier-mediated transcellular mechanisms are of
increasing importance for an efficient amino acid absorption at decreasing substrate levels within
the intestinal contents (Barker and Ellory 1990; Matthews, 2000). Interestingly, the basolateral
membrane of enterocytes appears to have a higher passive permeability for free amino acids
as compared to the luminal brush-border membrane. Thus, for instance, studies using isolated
membrane vesicles derived from the luminal and antiluminal poles of enterocytes indicate a 4.5
times higher passive permeability for L-alanine at the basolateral membrane compared to the
brush-border membrane (Stevens et al., 1984). Findings with regard to passive permeability of
membranes, however, obtained with isolated membrane vesicles, should be interpreted carefully
because alterations of membrane characteristics during the isolation of those membranes may
occur during preparation.

As in monogastric species, transcellular AA absorption from the gastrointestinal tract in
ruminants mainly occurs from the small intestine which is therefore equipped with a multitude
of AA carriers differing with respect to substrate specificity and membrane distribution. In this
context, it is important to keep in mind that the epithelial cells, lining the mucosal surface,
are so-called polarized cells with distinct patterns of carrier proteins integrated in the brush-
border membrane (luminal) and the so-called basolateral membrane (antiluminal), respectively.
This principle, which can be found in several absorbing and secreting epithelia, is a prerequisite
for vectorial transport of substrates from the intestinal contents into the systemic circulation.
Until now, however, AA carriers in intestinal tissues from ruminant species have not been well
characterized with respect to substrate specificity and membrane distribution (Matthews, 2000).
In contrast to pigs and other monogastrics, in sheep and cattle the distal parts of the small intestine
appear to possess a greater potential for the absorption of free AAs (Matthews, 2000).

Carrier-mediated uptake of free AAs in the small intestine in monogastric and ruminant species
is mediated by an orchestra of several Na*-dependent and Na*-independent transport proteins
with significant overlap in their substrate specificity. Transport systems identified so far for
neutral, cationic, anionic and imino acids in the small intestine are summarized in Table 2.

Although the expression of all of these transporters has been confirmed on the mRNA level,
much work has to be done to identify the respective proteins. Furthermore, expression levels as
well as expression patterns in the brush-border and basolateral membranes can be expected to be
modified according to AAs (protein) nutrition and physiological state of an animal (see below).
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Table 2. Amino acid transport systems of the mammalian small intestine (Sources: Ganapathy et al., 2001,
Krehbiel and Matthews, 2003 and Mailliard et al., 1995).

Transport Specific Transport Membrane Coupled ions
system transporter substrates location
A ATA2 Neutral AAs BLM Na*t
BO ASCT2 BBM Na*t
Asc Asc-1 BLM -
L LAT2 BLM -
N SN2 BBM or BLM Na*t
T TAT1 BLM -
IMINO unknown BBM Na*, CI
BO+ ATBO+ Neutral and BBM Na*, (CI")
ytL y*LAT1 cationic AAs BLM Na* (only neutral AAs)
y*LAT2 BLM
bO+ BAT1 BBM -
bO+AT BBM -
4F2-Ic6 BBM -
yt CAT1 Cationic AAs BBM/BLM =
2She EAAT2 Not known Nat, K*
EAAT3 Anionic AAs Not known Nat, K*
X xCT Not known -

BLM = basolateral membrane
BBM = brush-border membrane

The complexity and functional interconnections between various AA carriers can be deduced from
the model proposed by Chillaron et al. (1996). In this model (Figure 1), dipolar (neutral) amino
acids are taken up against their gradient via a Na*/AA® symporter named BP. This secondary
active mechanism is energized by the inwardly directed transmembrane electrochemical Na*
gradient which in turn is maintained by the Na*/K*-ATPase exclusively located in the basolateral
enterocyte membrane. The gradient of neutral AAs directed from the cytosol to the extracellular
compartment is then used to drive uptake of cationic AAs and cystine against their concentration
gradients via the b®* antiporter located in the brush-border membrane. Cationic and neutral
AAs (including cysteine produced by glutathion-dependent intracellular reduction of cystine) are
proposed to leave the enterocyte via systems y*L and L, respectively, in the basolateral membrane.
Taken together, transepithelial absorption of cationic amino acids would thus be driven by the
Na* gradient (Van Winkle, 2001).

With respect to dietary regulation of AA transport in the small intestine, only the influence of
dietary protein or dietary AAs will be shortly addresse