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Foreword

The Animal Production and Health Section of the Joint FAO/IAEA Division of
Nuclear Techniques in Food and Agriculture recognises that the trend towards
intensification of livestock production in developing countries presents both oppor-
tunities and challenges. The potential opportunities are the flow-on benefits to the
producers and local economy while the potential challenges are the flow-on costs
to the environment, animal health and welfare. The intensification of livestock pro-
duction can lead to higher levels of greenhouse gas emissions and a localisation
or concentration of nutrients, which increases the risk of pollution of waterways,
increased chemical and drug use to overcome disease transmission and put pressure
on the livestock production systems as local communities strive to provide more and
better quality feed for the animals. The growing global pressure from consumers for
producers to engage in sustainable production systems, i.e. to produce high quality,
wholesome and safe products in an efficient manner with minimal impact on the
environment and human health, will also impact livestock production in developing
countries. This will put producers in developing countries under similar pressures
to those in developed countries to limit the input of, and find “natural” alternatives
to chemical use by exploring alternative sources of feed resources.

The successful intensification of livestock production in developing countries
will depend on the ability of local producers to design sustainable feeding sys-
tems based on locally available feed resources that are efficient, profitable and with
minimum effect on the environment. To design these feeding systems, these produc-
ers need the technical capability to screen local plant resources for their nutritive
value, anti-nutritional factors and/or toxicity. This would be followed by incorpora-
tion of the selected species in animal studies to measure the efficiency of nutrient
utilisation, monitor reproductive efficiency and their effects on the health of the
animals.

This publication stems from a meeting between the Joint FAO/IAEA Division
and Writtle College, UK entitled “Alternative feed resources: a key to livestock
intensification in developing countries” held in September, 2006 prior to the British
Society of Animal Science meeting on ethnobotany/ethnoveterinary medicine enti-
tled “Harvesting Knowledge, Pharming Opportunities”. The participants included
ten experts in nutrition, screening native plants for bioactive compounds for animal
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vi Foreword

production and health, rumen molecular microbiology, gut parasitology, and feed-
ing behaviour from agricultural research organisations and universities in Germany
(Dr. Evelyn Mathias and Dr. Harinder Makkar), India (Dr. Devki Kamra), Australia
(Dr. Dean Revell, Dr. Chris McSweeney and Dr. Zoey Durmic), UK (Dr. Frank
Jackson and Dr. John Wallace) and USA (Dr. Fred Provenza), as well as IAEA
livestock production staff (Dr. Philip Vercoe, coordinating Technical Officer). The
main objective of the meeting was to review the opportunities and challenges asso-
ciated with in vitro screening of plants for bioactive properties and to use feeding
behaviour and selection principles to develop systems that integrate novel plants and
plant extracts into feeding systems.

The aim of this manual is to provide a comprehensive guide to the methods
involved in collecting, preparing and screening plants for bioactive properties for
use in manipulating key ruminal fermentation pathways and against gastrointesti-
nal pathogens. The manual provides both isotopic and non-isotopic techniques for
screening plant and plant products for extra-nutritional attributes to find “natural”
alternatives to chemicals for manipulating ruminal fermentation and gut health. The
isotopic techniques include the labelling of part or whole plants, protozoa and bac-
teria to improve the assaying of plant material for improved livestock production.
Each chapter has been contributed by experts in the field and methods have been
presented in a format that is easily reproducible in the laboratory. It is hoped that
this manual will be of great value to students, researchers and those involved in
developing efficient and environmentally friendly livestock production systems.
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Introduction

The plant kingdom has been a source of medicinal, pharmaceutical and bioac-
tive compounds for treating diseases and enhancing animal production, health and
welfare as well as food processing for time immemorial. However, these gains
are now seriously jeopardized by another recent development: the emergence and
wide-spread incidence of chemical residues in human food and antimicrobial and
anthelmintic resistance causing a surge of interest in the use of “natural” alterna-
tives to chemicals in livestock production systems. In ruminant production, the main
focus has been on identifying plants with extra-nutritional benefits that may be used
to manipulate ruminal fermentation to improve the efficiency of nutrient utilization.
Usually, the initial screening is conducted in vitro because of the large number of
candidate plant species and the prohibitive cost of screening them in vivo. The num-
ber of species for in vivo testing is narrowed down over several stages of screening,
and the top two or three are eventually evaluation in animal experiments. The focus
of this book is on the in vitro techniques that are used to screen plants or plant prod-
ucts, with an emphasis on those that involve the use of nuclear and nuclear related
technologies.

Researchers initiating a programme to screen plants for extra-nutritional benefits
are confronted with a number of questions, for example, how to start the programme,
how to choose the plants to screen, how to collect and store the plants, which parts of
the plants to test, whether to test the whole plant or an extract from the plant and, of
course, what technique to use to screen for particular characteristics. The chapters
in the book have been chosen to help researchers embarking on this type of pro-
gramme by addressing these questions and harmonising the screening techniques to
be used. The first chapter provides an example of the type of processes that can be
established to help make decisions about which plants to include in a screening pro-
gramme. There is no “one size fits all”. Some groups use botanical information that
is available about families of plants and the likelihood of the presence of particular
types of secondary compounds as a starting point, whereas others use a “random”
approach and favour “novel” plants that have little known about them, or use geo-
graphical and climatic data to select plants that grow in a targeted region. However,
the principles and approaches described in this chapter can be applied more gen-
erally to projects with different aims, budgets and manpower. The second chapter
describes the collection, processing and storage of plants for nutritional analysis.
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xii Introduction

Chapters 3–10 are dedicated to various techniques used for screening a large number
of plants and plant compounds for a wide range of properties, including; antimicro-
bial, anthelmintic, anti-proteolytic, anti-protozoal, and methane-reducing activities
as well as their potential to modify ruminal fermentation, for example, improve
fibre degradation or prevent acidosis. The final chapter discusses the challenges of
extrapolating in vitro findings to in vivo evaluation of plant resources.

The chapters in this book are written by experts interested in exploring and
making better use of plant biodiversity for improving livestock production and
reducing its environmental footprint. This book will provide a guide to researchers
in developing and developed countries to initiate and coordinate large-scale screen-
ing programmes of the local plant diversity and contribute to the global knowledge
base on novel extra-nutritional benefits of plants and their extracts for use in animal
agriculture. It will enable researchers worldwide to harmonise the techniques they
use to screen for eight key bioactivities for manipulating ruminal fermentation and
improved gut health. The information gathered could lead to the purification of spe-
cific compounds that could be used as feed supplements or for the development of
new grazing systems involving multifunctional polycultures of plants to improve the
long-term sustainability of ruminant production. There is little doubt that the more
we explore the potential of our global plant biodiversity the greater the chances are
of developing livestock production systems that are more clean, green and ethical.



Chapter 1
Selecting Potential Woody Forage Plants
That Contain Beneficial Bioactives

Mike Bennell, Trevor Hobbs, Steve Hughes, and Dean K. Revell

Introduction

Current viewpoints on animal production systems are being challenged in many
parts of the world by the importance of safeguarding their long-term environmental
stability and improving productivity. Pressure for change is arising from a range of
environmental problems including dryland salinity, degradation of rangeland graz-
ing systems and desertification; the need to address growing resistance to chemical
anthelmintic drugs [3] and pressure to reduce the use of antimicrobial drugs in
livestock production [8]. Plants with anthelmintic properties are of special interest
because of a growing problem of nematode resistance to the chemical anthelmintics.
There is also concern that antibiotics used in stock feed will lead to development of
resistant organisms that could harm human health. The European Union has applied
a total ban on antibiotics in stock feed and producers in other countries will be
under pressure to follow suit to gain entry into European markets. Global warming
is also an important issue where we need to adapt to maintain productive capacity
while contending with more variable rainfall patterns, while reducing greenhouse
gas release into the atmosphere a particular issue with methane production from
ruminant animals. These various pressures have led to an increase in the interest in
exploring global plant diversity for solutions to these issues and “natural” alterna-
tives to the chemicals used in livestock production. Financial and human resources
determine the extent to which we can explore our plant diversity, which means we
have to make a choice about which to include in a screening programme. In this
Chapter, we have used our research programme as an example of an approach that
can be taken to selecting plants for a large-scale screening programme. We acknowl-
edge that ours is just one approach of many that can be taken and is shaped by the
goals of our programme, but the principles behind our approach can be applied more
broadly to any screening programme.

M. Bennell (B)
Department of Water, Land and Biodiversity Conservation, Adelaide, SA 5001; Future Farm
Industries – CRC, University of Western Australia, Crawley, WA 6009, Australia
e-mail: mike.bennell@anu.edu.au

1P.E. Vercoe et al. (eds.), In Vitro Screening of Plant Resources for Extra-Nutritional
Attributes in Ruminants: Nuclear and Related Methodologies,
DOI 10.1007/978-90-481-3297-3_1, Copyright © International Atomic Energy Agency 2010
Published by Springer Science+Business Media B.V., Dordrecht 2010. All Rights Reserved.



2 M. Bennell et al.

In Australia, the focus on sustainability is stimulating research to develop new
innovative farming systems that incorporate a much higher proportion of perennial
species [6]. The potential of shrub based forage systems is gaining acceptance as a
means of providing options that:

• Provide a feed base made up of a functional mixture of plant species includ-
ing shrub options that are resilient to prolonged dry periods and provide feed in
periods of seasonal shortfall;

• Integrate into a productive livestock enterprise based on current pasture options
but are of a sufficient scale to have a positive impact on land management issues,
and

• Provide the opportunity to include plants in a mixed assemblage that provide
compounds of medicinal value, or compounds that have favourable effects on gut
health through manipulating the micro flora and fauna of the digestive tract.

To address these multiple objectives it will be necessary to introduce a greater
degree of perennial-based feed production together with an increased diversity of
plants available to grazing animals. Combining this with a broader approach in
plant selection that includes indigenous plant species offers exciting prospects for
the future. For example, Australia’s native flora is well adapted to the extreme con-
ditions of the continent, can utilise water at depth in the soil profile, is responsive to
“out of season” rainfall events, and has unrealized potential for domestication.

Australian plants have evolved to produce an array of secondary compounds
as chemical defences against herbivores [2]. Extracts of Australian plants have
been shown to inhibit the growth of one or more species of bacteria, with five
extracts showing broad-spectrum antibacterial activity [5]. Extracts from the leaves
of Eremophila species (Myoporaceae) were the most active.

A key goal of current research is the domestication of a larger number of pro-
ductive native species with forage and health values. There is a significant pool of
species identified from Australia’s history of rangeland grazing industries that are
palatable and have high nutritive value. Oldman Saltbush (Atriplex nummularia)
is the only native species to date that has widespread usage as a cultivated forage
species and is widely utilised in dryland salinity affected as well as agricultural
areas. However even this species is at an early stage of development in regard to
overcoming animal nutrition issues, improved agronomy or exploiting the potential
for genetic improvement.

Overview of Process

We have developed a systematic approach to the identification of native species hav-
ing forage potential that requires screening a large pool of native species. Our focus
has been on woody perennial species for agricultural areas of the wheat/sheep belt
of southern Australia. There are concurrent projects evaluating herbaceous species
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[4, 7]. Southern Australia has in the order of 26,000 taxa for which there is
limited information apart from taxonomic descriptions, recorded in ecological sur-
veys or being noted as having potential value for a commercial purpose including
grazing systems, and are often largely unknown to cultivation [1]. The general
goal of this process is to identify a relatively small number of species (10–20)
that have attributes making them suitable for domestication and inclusion into a
plant improvement programme, and ultimately being incorporated into livestock
production systems. The selection process can be simply described as a step-by-step
process:

1. Define the plant attributes
2. Specify the regional characteristics (soil, climate, land-use) of the target areas
3. Identify the search area
4. Assemble a database of species occurring in the search area
5. Review family and genera and remove those that have characteristics not

matching the specified plant attributes
6. Review literature and collect expert knowledge to identify species recorded as

having forage value
7. Working list of potential species
8. Undertake a detailed collection of attribute information on working list

species – Download and collate Global Positioning System (GPS) data on
herbarium records

9. Develop indices and rank based on attributes and Geographic Information
System (GIS) derived parameters

10. Undertake an expert review of listing of species
11. Germplasm collection of prioritised species and collection of samples for

testing of nutrient value, impact on rumen function and anthelmintic effects.
12. Field evaluation of plant performance (productivity, adaptability, nutrient value,

secondary compounds, toxicity, palatability)
13. Select target species for domestication

This allows information gained throughout the evaluation process to be entered
into the database that informs an ongoing process of identification of superior
species. For example, there is feedback of information from the field evaluation
in Step 12 to Step 8 where data is fed back into the database and informs the final
selection of species for domestication. Each of these parameters are defined in more
detail below and divided into separate stages of the process.

Defining the Project Parameters (Steps 1–3)

The initial component of the screening process requires careful consideration of the
goals and targeted regions of the project. This will include the general attributes
of the plant species being sought and the geographic regions that have natural
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populations of species likely to be adapted to the target region where the new crop
plants are to be established for productive purposes. The key questions that need to
be considered are:

Step 1

What are the target characteristics of the species you are seeking? Some of these
characteristics will be particular to the location of the project but many will be com-
mon across different situations including productivity, feed value and secondary
compounds.

Step 2

What are the characteristics of the region that is targeted for the introduction
of the new species and systems? Identify the climatic and soil conditions, the
nature of the existing land-uses and the characteristics of the production sys-
tems that the new species are to be part of. Geographic Information System
mapping and spatial analysis can be a powerful tool in this process, allowing spa-
tial mapping of major factors that will influence adaptability including climate,
soil type and texture, salinity, potential for inundation and other features of the
landscape.

Step 3

Define the geographic range that you will survey to locate likely species. It is most
likely that species adapted to neighbouring areas of harsher climate/soil conditions
will perform best in the better climatic conditions of the introduction zone. Species
from wetter sites will frequently not be adaptable to drier conditions however be
careful in making generalised assumptions.

In the Australian project on which this description is based, the aim of the process
was to select woody native species with potential to be included in in-situ forage pro-
duction systems providing feed or beneficial secondary compounds. Only perennial
woody plants are being considered here with perennial herbaceous material being
the objective of a parallel project [4]. There is expected to be a degree of overlap
between the studies as there is a grey area where woodiness is a matter for defi-
nition. The degree of woodiness considered here is minimal but plants must have
as at least a woody stump that the plant can be grazed back to and to be able to
re-shoot from under favourable conditions. This will allow consideration of plants
with a wide range of habit including ground cover species through to trees but with
the majority being shrubs. Apart from being a woody perennial plant the guiding
criteria for identification of a potential species included:
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• Produce forage that is palatable and nutritious
• Is productive on a per hectare basis
• Contains secondary compounds that are beneficial for animal health
• Is resilient to environmental stress
• Be free of toxins
• Will re-grow following grazing
• Readily sets seed that is easily harvested
• Has resistance to insect and diseases
• Will propagate and establish readily
• Has a low potential of becoming an environmental weed

Database Collation (Steps 4 and 5)

Step 4

The development of a computer-based database is a critical step in the process pro-
viding the capacity to systematically capture the scattered information available and
keep track of the originating source. Assemble a list of plant species occurring in
the search region identified above together with taxonomic information including
family and plant division information. This task can be complex due to the chang-
ing botanical names that arise as classification is reassessed by taxonomists. Uptake
of new names can be different across national and state borders and close atten-
tion to synonyms is required during the development of the list. Taxonomic records
will generally contain detailed plant descriptions and if in a digital form this can be
drawn into the database at this stage. Information on habit, plant height and width
and other morphological information will be useful in following steps.

In the Australian experience, a list of all plant species for the southern Australian
states (Western Australia. South Australia, Victoria and New South Wales) was
extracted from a range of state-based and national plant databases and compiled into
an Access database. These databases principally contained information on plant tax-
onomic relationship that enabled the identification of the plant divisions, families,
genera, species and subspecies level. The taxonomy of each database was standard-
ised to create a common species list to cover the region. Some discrepancies in
scientific names occurred due to the continual process of reclassification mentioned
above. Some of these datasets contained information on plant life form, height, and
crown width, and introduced and threatened species status under state and federal
legislation that was incorporated into the database.

Step 5

Cull the list at the family and generic taxonomic level using the characteristics of
target species defined above. This will be a multistage process commencing with
identification of plant characteristics through taxonomic affiliations i.e. defining
characters of the taxonomic levels of classification: division, family and genus.
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For example, in our survey the first level of cull starts by considering only seed
plants that includes the angiosperms and gymnosperms. Although some records of
grazing of members of the gymnosperms exist, they were not considered further and
only the angiosperms were retained. This division (Anthophyta) are the flowering
plants, and are the largest and most diverse group. They are divided into two groups
based on the number of cotyledons on the embryo, the dicots and the monocots. A
characteristic of the monocots is the absence of secondary growth. Most seed plants
increase their diameter through secondary growth, producing wood and bark but
the monocots (and some dicots) have lost this ability (Some monocots produce a
substitute however, as in the palms and agaves) but based on this general character
the monocots were excluded from this study, as they will not meet our basic search
criteria of woodiness.

The next levels of taxonomic classification – families and genera, can be
reviewed at this point so that only those that include species fitting essential
criteria of being woody perennials and not one of the specialised groups of plants
such as arboreal parasites or only annuals are retained. Botanic texts that provide
generic descriptions can be utilised at this point. In addition, plant species listed as
endangered under conservation regulations were excluded from the primary selec-
tion list; and poorly described, hybrid or rare species variants were also excluded.
In our study, this initial level of cull reduced the possible list of species from
approximately 26,000 across southern Australia to about 7,000 angiosperms with
a potentially woody habit.

Literature Search (Step 6)

More detailed species information will be required to support the next level of cull so
that only plants with a history of forage utilisation are carried forward. It is expected
that there will be a body of published information in the scientific, technical and
popular literature that describes the history of plant utilisation in the region of inves-
tigation. In addition, there will be many individuals from the scientist to landowner
with an interest in use of the flora by grazing animals who can be located and inter-
viewed in order to share their knowledge on species suitability. This information can
be entered into the database under headings such as; palatability (ranked), nutrient
value, protein level, digestibility and metabolisable energy if available and/or a rank-
ing of observed performance of stock using the feed source, presence of secondary
compounds and evidence of toxicity. The output at this stage is the identification of
species that have at least one reliable record of forage utilisation.

In the Australian study, there was a bias to semi-arid to arid species where there
has been a longstanding reliance on rangeland plants to support a grazing indus-
try and limited information on higher rainfall species occurring in regions were
clearance and development of European style farming was the norm.

The rangeland livestock industry has declined in importance in recent times but
has played an important role in the agricultural economy of Australia in the past.
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This provided a substantial body of research and technical commentary on species
with grazing value that provides much of the background information for the lit-
erature search. There were various other books, scientific papers, technical reports
and fact sheets with information or commentary on forage value including palata-
bility, nutritional value, toxicity and utilisation by stock that have been examined
as well, although much of this is captured in the texts mentioned above. This mate-
rial was collected and all observations of forage value for woody species entered
into the database. Workshops and one to one discussions with botanists, rangeland
experts and landowners were undertaken to gather local knowledge and experience
to assist the survey staff in the species selection process. Observations on plant dis-
tributions; life histories; known physical, chemical and product values; and previous
history of utilisation were collated and used to identify candidate species for further
evaluation. All records were cross-referenced to original sources using Endnote R©
reference listing.

Working List (Step 7)

The base list can be reduced at this point to a working list of known potential
species. An assumption is made that the species identified are indicative of gen-
era that may contain species of potential, even if no other species in the genera
have a reference to fodder value noted from the proceeding section. The existing
records may suggest species in the same genera but occurring in other regions that
could be worthy of examination in the future. All genera where there is no record
are removed. Simultaneously the species that occur in retained genera but do not
have an observation of forage value recorded against them are nominated within the
working database as plants of potential but are not examined further at this stage.
We have left at this stage with the working list of potential forage species with a
referenced source to support the nomination.

Prioritisation (Step 8)

Once a core list of species is identified more detailed information can be obtained
from herbarium databases. Herbarium records with GPS locations for plant collec-
tions can be downloaded to the database and utilised for basic GIS analysis. This
potentially provides the opportunity to consider the natural geographic range of
each species, the range of mean rainfall zones crossed and associations to major
soil types. Now a smaller list of species has been created, a detailed literature
search on each species can be undertaken. This includes detailed information on
known animal utilisation, prior feed value testing, presence of secondary compounds
and their medicinal value where known. In addition, information in the broader
horticultural literature can be collected to add information the growth habit, growth
rate, mature height and width, leaf density, ability to coppice and re-shoot after graz-
ing, drought tolerance, seed bearing characteristics and ease of propagation. This
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can be added to the database providing a basic level of information on the species
of interest although this is likely to have many gaps.

In the Australian study, point location data for plant species was obtained from
Australian government agencies. A Geographic Information System was used to
identify the geographic and rainfall distribution for each plant record. Plant species
records were plotted and matched to the rainfall and soil distributions. The number
of point records for specimen collection for each species within the study region
and within each rainfall and soil band was totalled. This provided an estimate of
the frequency of occurrence of a species measured against the underlying environ-
mental parameter and within the study area. Species that appeared to be vagrants
or unsuited to the region were excluded. The availability of GIS herbarium location
also provides the opportunity for application of bioclimatic modelling that uses cli-
mate parameters to predict the areas for which a species may be adapted. For the
prioritisation process a preferred height based on the recorded mature height for the
fodder species can be selected allowing a focus, for example, on shrubs between 0.5
and 2 m, or a sub-shrub or groundcover of less than 0.5 m.

Indices for Ranking (Step 9)

The data set developed so far can be used to produce a series of indices, for example,
the number of rainfall increments the species occurs over, a possible indication of
adaptability. A similar approach can be taken to soil types. Plant habit can be used
to nominate a range for the ideal plant height or the recorded information on palata-
bility or nutrient value used to create indices of forage value. The data set is most
likely going to be incomplete and default values will need to be inserted in gaps.
The indices used will depend on the objectives of the researcher and the amount of
base information available. The approach taken in the Australian study is outlined
below and can be used as a guide.

The important parameters used in our study are set out in Table 1.1. Indices were
created based on some key selection criteria including:

• Rainfall range
• Plant volume/growth rate
• Palatability and nutrient value

To prioritise and rank species for further analysis and collection, a series of
calculated indices were created:

• Volume index – Using maximum height and crown width the cylindrical volume
(m3) that each species occupies was calculated. The highly skewed distribu-
tion of volumes was normalised using a natural logarithmic transformation. The
results were then rescaled into an index ranging from smallest volume to greatest
volume. The index is a surrogate for the maximum potential yield at full maturity
for each species;
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Table 1.1 A summary of plant species attributes compiled for the southern Australian species
selection process [1]

Information type (units or classification)
Genus, species and infra-specific variants (subspecies, varieties)
Family
Number of records in the study area
Mean annual rainfall (mm)
Minimum and maximum annual rainfall (mm)
Maximum height and crown width (m)
Life form (tree/mallee/shrub/subshrub/ground cover)
Growth rate (fast/moderate/slow)
Coppicing and suckering ability (yes/no)
Palatability to livestock (high/moderate/low/not palatable)
Presence of useful secondary compounds (presence/absence)
Fodder digestibility (% dry matter)
Crude protein (% dry matter)
Drought fodder persistence (high/moderate/low)

Calculated indices (indices between 0 = least desirable and 1 = most desirable)
Volume index – maximum potential space an individual plant occupies
Biomass priority index – a combination of volume, rainfall range and growth rate indices
Rainfall range index – rainfall range of a species as a proportion study region
Growth rate index – growth rate (fast, moderate, slow)
Fodder palatability index – palatability to livestock (high, moderate, low, not palatable)
Optimal fodder height index – height above optimal grazing height
Adaptability priority index – a combination of volume, rainfall range and growth rate indices
Fodder priority index – a combination of adaptability priority, fodder palatability and fodder

height indices

• Rainfall range index – To indicate a species’ adaptability to rainfall, and in part
its spatial distribution, the overlap of each species’ minimum and maximum rain-
fall records with the 200–700 mm annual rainfall zone has been expressed as
a proportion and rescaled to lowest proportion of the range to across the entire
range;

• Growth rate index – 3 categories of growth rate, based on expert observations or
the literature, have been transformed into an index of growth rate (fast, moder-
ate, slow). Species without reliable information on growth rate were assigned a
moderate default value;

• Fodder palatability index – 4 categories of fodder palatability to livestock, based
on expert observations or the literature, have been transformed into an index of
fodder palatability (high, moderate, low, not palatable). Species without reliable
information on palatability were assigned a moderate default value

• Optimal fodder height index – the maximum optimum grazing was nominated
at 1.2 m (fodder height score of 1), to give a selection advantage to species that
do not require any mechanical management in a grazing system. Fodder species
taller than 1.2 m had their score reduced by their height above 1.2 m expressed as
a proportion of the height of the tallest fodder species above 1.2 m. Fodder height
scores were scaled from 0.25 (tallest fodder species) to 1 (below 1.2 m);
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• Adaptability index – The average of volume, rainfall range and growth rate
indices, with double weighting of Growth Rate Index; and

• Fodder priority index – The average of biomass priority, fodder palatability,
useful secondary compound and fodder height indices.

• Biomass priority index – The average of volume, rainfall range and growth rate
indices.

The Adaptability index and Fodder priority index were then used to rank and
prioritise potential fodder species.

External Expert Review (Step 10)

Once a prioritised list is created, evaluation by a panel of experienced individuals
with practical experience in the study area and on the utilisation of native pastures
by livestock will add depth and credibility to the preceding prioritisation process.
The criteria for selection will need to be clearly established by the research team to
provide a template for the panel.

A process of subjective evaluation has been employed by Hughes et al. [4] in
a parallel study of exotic and native herbaceous species. In that case a process of
information exchange and the compiled database was provided to a team of experts
within the project team and international forage specialists at the N.I. Vavilov
Research Institute (VIR), St. Petersburg, the International Centre for Agricultural
Research in the Dry Areas (ICARDA), Syria, and the United States Department of
Agriculture (USDA), and the University of Perugia, Italy. The representative team
applied their expert knowledge, literature and experience to the species listed. Their
expert knowledge base, together with an understanding of the problems (e.g. hydro-
logical stability and commercial seed production) and objectives of the research
team resulted in the addition of further species and identification of species of
highest potential. Each new species was rated against the following criteria:

• Level of domestication and/or economical significance
• Tolerance to soil salinity
• Tolerance to saline water logging
• Tolerance to drought

The knowledge base for prospective Australian native woody species is much
narrower, but within Australia, a small group of technical experts with a depth of
knowledge in forage species and the management of rangeland pastures is available.
An invaluable step in the species appraisal process was for these individuals to apply
their own ranking to the list and to add any additional species or remove any they
considered inappropriately included, together with comments as to their reasons.
The reviewed lists were appraised and species inclusion or ranking adjusted to meet
to consensus views of the panel when this occurred.
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Germplasm and Sample Acquisition (Step 11)

The acquisition of seed or cutting material of the priority plants to establish nursery
stock is the next key step. Plant able to be propagated will form the basis of field
trials established in a few locations with soil and climate attributes representative of
the broader study area. Concurrent with this collection, leaf samples can be collected
to allow wet chemistry testing of the feed value and testing for the presence or
absence of beneficial secondary compounds.

In Australia, germplasm for many species was poorly represented in existing
institutional collections and needed to be assembled through the network of seed
collectors and merchants that provide the majority of native seed in Australia. Many
of the species were difficult to obtain as they occur in remote areas and are in low
demand due to their obscurity. Direct collection of seed through in situ collections
in the wild was also undertaken however drought conditions in recent years has
impacted on much of the native range of many species and seed availability was
poor. This acquisition phase needs to be undertaken over several years to com-
pile a collection coming near to being a complete representation of the priority list.
Sample material for testing was collected where possible and the results added to
the database to contribute to selection and evaluation.

Field Evaluation (Step 12)

Undertake field evaluation of the selected species in a site(s) representative of
the region targeted for introduction. Select a site of uniform topography and soil
type so that the population is growing under conditions as even as possible to
allow comparison of performance between species. The ease of seed collection
and ability to germinate will be an early indication of the potential suitability
of a species for eventual commercial adoption. The field evaluation trial will
provide ongoing data on the productive potential of edible biomass from each
species, adaptability, plant biology, response to simulated or actual grazing and
will provide sample material for more detailed testing of a range of nutrition char-
acteristics and secondary compounds with medicinal value or have a beneficial
effect on rumen function. The data collected from this trial can be added to the
database and assist in building a complete picture of the attributes of the candidate
species.

The first step in southern Australia on the characterisation of the acquired
germplasm was the establishment of spaced plant or row nurseries of up to 3 rep-
resentative accessions of all species acquired, with the duel objective of obtaining
sufficient seed for subsequent agronomic screening and of acquiring preliminary
data on the agronomic value of the species. The nursery phase can be effec-
tively utilised to advance selection if the desired traits or breeding objectives have
been clearly defined and if the observed agronomic characteristics are maintained
in the subsequent phases of plant selection. The objectives of the preliminary
characterisation programme were:
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• To reduce the number of species to more manageable numbers as efficiently as
possible through collection of data on ease of propagation and establishment,
productivity, shrub form, seed production, nutrient value and presence of sec-
ondary compounds. This process will allow selection of a smaller group of plant
species for more extensive germplasm by environment trials and assessment of
traits including palatability and ability to recover from grazing pressure.

• To make the best use of the restricted seed supply and ensure sufficient quantities
of seed are available for further testing.

Species for Ongoing Development (Step 13)

As the evaluation trial data becomes available and is incorporated into the database
the best performing species that match the original criteria determined in the initial
stages of the project can be selected. These can then become the basis of a traditional
plant improvement programme.

Oldman Saltbush has been elevated to this level in the Australian research pro-
gramme with projects underway or being developed on germplasm collections at
representative sites, evaluation of variability in the natural population of the species,
planning a breeding programme, understanding of the animal responses to saltbush
when used as a major component of feed rations and development of innovative
management approaches to perennial pasture systems incorporating shrubs.

Conclusions

The approach described here is at an early stage of application in southern Australia.
The process is emerging as being iterative and ongoing with the limited plant knowl-
edge, acquisition of germplasm and overcoming seed dormancy mechanisms being
particular barriers to progress. It is likely that new species will be introduced to trials
over several years with feedback into the knowledge base leading to a steady trickle
of potential species emerging over time.
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Chapter 2
Collecting, Processing and Storage of Plant
Materials for Nutritional Analysis

Jean Hanson and Salvador Fernandez-Rivera

Introduction

A solid sampling strategy for plant material is the first step in screening forages
for nutritional analysis and extra-nutritional attributes to determine if potential for-
age species, with good adaptation and biomass production are suitable for use as
livestock feeds. Since the morphological phenotype is rarely a good indicator of
nutritional traits, nutritional analysis is essential when selecting plants as feeds. It
is not possible to select forages based solely on biomass production without taking
into account the nutritional and anti-nutritional attributes. Some species with leafy
and high productivity may contain plant secondary metabolites that may be toxic
and make them unsuitable for use as feeds. A good example of this is Leucaena,
which is fast growing and yields up to 15 tons/ha of forage dry matter per year, but
because of the mimosine in the leaves could initially only be fed in quantities up
to 30% of the diet without causing toxicity symptoms. This was not apparent from
looking at the plant and emphasizes the need to do a thorough nutritional evaluation
before introducing new species as livestock feeds. However, identification of mimo-
sine degrading rumen microbes now allows livestock to consume larger quantities
[5] and makes this both a productive and nutritionally useful forage plant in many
tropical livestock systems.

Sample Collection

Sampling strategies for assessment of nutritional attributes must consider plant
diversity and replication. Not all plants are identical and considerable diversity
occurs even within species in nutritional traits, giving the potential to select supe-
rior genotypes with both high yield and good nutritional attributes. In addition,
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some nutritional traits are also influenced by environment, plant age, sampling envi-
ronment and time of sampling causing variation between samples from the same
genotype or even within the plant. A good sampling strategy considers all these
factors and aims for uniformity in sampling protocols so that environmental effects
can be minimised and the true nutritional and extra-nutritional traits can be anal-
ysed. Several issues need to be taken into consideration when designing sampling
strategies.

Diversity Within a Species

A large amount of diversity in nutritional traits and level and type of plant sec-
ondary metabolites has been observed within samples of genotypes from the same
species whether grown at one location or collected from different geographical loca-
tions. These differences can be quite substantial and therefore it is important to
account for the diversity and test samples from different genotypes within a species
before drawing conclusions about its nutritional attributes. The tendency is to pro-
vide information at the species level, while in fact it would be more useful to provide
this information at the variety or genotype level. A study on Sesbania sesban to
determine influence of accession, environment and individual tree within an acces-
sion on nutritive value concluded that nitrogen, neutral detergent fibre, in vitro true
digestibility, lignin content and polyphenolic compounds all differed significantly
between accessions and sites [4].

Genotypic diversity is often seen within an accession of forage germplasm
because sampling is either random or representative individuals showing phenotypic
diversity are sampled from within the population at the time of plant collection to
capture maximum diversity within the accession. Such accessions can include mixed
genotypes. Some mixtures may show differences in agro-morphology while diver-
sity in other traits may only show during laboratory analysis. The optimum way to
ensure that all diversity within the accession is represented is to use large numbers
of plants so that there is a high probability that genes in low frequency will be main-
tained [1]. However, using large numbers of plants will make sampling more time
consuming and expensive and usually a balance has to be struck between capturing
maximum diversity within the sample and practical issues involved in the screening
programme. In order to capture diversity within the sample, it is recommended that
leaf material be collected from a minimum of 10 plants and preferably 25 plants
within each accession.

Physiological Age of Plants and Leaves

The chemical composition of leaves and pods of many forage types is transient
owing to rapid biochemical changes occurring during the maturation process.
Therefore, physiological age of the plant or plant part will often have a major effect
on nutritional and extra-nutritional attributes. Nutritional quality deteriorates as the
leaf to stem ratio reduces and the plant ages. Comparison of nutritional quality
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among accessions should be undertaken at the same physiological age to provide
meaningful data. Taking Napier grass as an example, trebling the time interval
between cuts doubled yield, but halved the crude protein and leaf to stem ratio.
The same is true for fodder trees where older leaves are less nutritionally useful.
Genotypic differences can be clearly seen when age differences are controlled [7].

Juvenile stages tend to have higher levels of plant secondary metabolites. This
ecological adaptation confers a competitive advantage when plants are young
and more susceptible to grazing animals. It is well documented that polypheno-
lic compounds such as tannins are a common defence mechanism in plants [3].
Younger tissue on the same plant also shows differences in levels of these com-
pounds. For example, the highest levels of alkaloids occur in young pods in lupins.
Concentrations of 4-N-acetyl-2,4-diaminobutyric acid (ADAB), a toxic non-protein
amino acid present in Acacia angustissima was tripled when ADAB was extracted
from young leaves [10]. In order to make valid comparisons between plant material
harvested from different plants or accessions, it is recommended to always harvest
leaves of a similar physiological age from plants.

Position on the Plant

As well as age, micro-environmental differences may also result in chemical differ-
ences in leaf material depending on the leaf position on the plant. This is not very
significant in small herbaceous legumes or grasses due to their size, but is relevant
when considering fodder trees. This may be due to enhanced respiration or water
balance in leaves in direct sunlight with elevated temperatures and light intensity
compared to leaves growing in shade. Higher light intensity and temperatures are
known to increase amounts of ascorbic acid in tomatoes, with the result that fruits
harvested from different locations on the same vine have differing levels of ascor-
bic acid [8]. The same is true for other micronutrients and anti-nutritional factors,
including plant secondary metabolites. Research has shown that there are significant
differences in tannin content from leaves growing in shade and in direct sunshine in
Sesbania (unpublished information). In order to ensure a representative sample, it is
recommended that leaves be harvested at a similar stage of maturity from all around
the plant.

Seasonality

Seasonal differences in nutritional compounds and plant secondary metabolites have
been reported in several species. Many of these differences are compounded by
physiological age effects, but there are also effects of environment involved in these
changes. This is related to day length, temperature and amount of water available
that will determine metabolism and growth rate within the plant. Studies have shown
that samples of leaves of several fodder tree species with high moisture content
collected during the rapid growing season showed different nutritional attributes
to those collected in the dry season [9]. It is recommended that when plant sam-
pling one should always record the sampling date and that the collection of samples
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for comparative purposes should be carried out over a short time period within the
same season to minimise seasonal effects when collecting leaf material for plant
proximate analyses.

Methodology

Collection Method for Leaf Material for Proximate Analysis

Materials Required

• Secateurs or Cutters
• Scissors
• Strong paper bags of 80–100 g paper of size 200 × 400 mm
• Pencil, notebook and marker
• Balance (range 0–1600 g)

Procedure

1. Determine how many samples to take by observing the plants. If variable, sample
more plants to obtain a representative sample of the population.

Note: A good representative sample is needed to ensure accurate results. If the
plants look uniform, then randomly take samples from 10 plants per population. If
the plants show variation, randomly take samples from 25 plants per population.
2. Determine how much to sample. Take approximately 6 times the weight you

need for analysis/storage.
Note: Assume that plants will loose about 80–90% of their weight as water during
drying. Use this as a guide to calculate the fresh weight you need to harvest to have
the required amount of plant material after drying.
3. Cut leaf material of a uniform maturity stage from all sides of each plant. Cut

material into small pieces with scissors or secateurs and mix well.
4. Place into a weighed and labelled paper bag. Weigh the fresh material plus bag

and record the weight.

Collection Method to Freeze Dry Leaf Material for Analysis
of Plant Secondary Metabolites/Bioactive Compounds

Materials Required

• Secateurs or cutters
• Scissors
• Balance (range 0–1600 g)
• Plastics bags (generally of size 150 × 300 mm)
• Marker
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• Stapler
• Cooler box
• Ice flakes

Procedure

The procedure to determine number and quantity of sample, and the cutting and
weighing are the same as for proximate analysis. Then:

1. Place the weighed fresh material into a labelled plastic bag and close.
2. Immediately place the bagged sample into ice in a cooler box. Transfer to a

freezer (–20◦C) as soon as possible for storage before freeze-drying.

Note: Work as quickly as possible to harvest the sample and place the bagged
sample immediately on ice in the cold box to avoid changes in composition of
extra-nutritional compounds during the sampling procedure.

Sample Processing

Results of nutritional analyses are usually reported as a percentage of dry matter.
Plant samples commonly contain from 80 to 90% water and should be dried as soon
as possible after sampling to reduce respiration and metabolism, and to prevent dete-
rioration. Leaf material is most commonly air dried in a well-ventilated oven at 60◦C
to avoid deterioration during the drying process. Freeze-drying or lyophilization is
a process where water from frozen materials is removed by converting frozen water
directly to water vapour without passing the liquid phase. A vacuum is created in
the drier to remove water vapour from the surface of the plant sample.

Selection of the drying method, temperature and time should be done with care
to avoid substantial qualitative and quantitative changes in the nutritive and extra-
nutritive attributes of samples. Many studies have been conducted to evaluate the
effect of oven drying or freeze drying on the nutritional components of forages and
have concluded that the drying method can have considerable effect on nutritional
value. Freeze-drying usually preserves the quality of the sample and avoids heat-
ing, which can cause degradation of some nutritional attributes and inactivation of
bioactive compounds. Studies with willow have shown that leaves that were put into
a freeze-dryer without being prefrozen or subjected to room drying with desicca-
tion had concentrations of most secondary compounds comparable to those found
in fresh leaves [6]. Tannins may undergo oxidative polymerisation with heat, which
reduces their solubility and leads to subsequently underestimation of tannin content
during analysis.

Dzowela et al. [2] and Papachristou and Nastis [9] reported that oven drying at
40◦C artificially increased the fibre and lignin concentration of leaves of a range
of fodder trees when compared to air and freeze-drying. There was also a reduc-
tion in soluble tannins, total nitrogen and in vitro organic matter digestibility due
to oven drying at 65◦C in some common fodder trees [2, 11]. It is recommended
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that drying temperatures should not exceed 60◦C to reduce degradation changes
during processing and that freeze-drying is the preferred method when assessing
secondary plant compounds or for screening plants for bioactive compounds. In dry
environments without access to oven drying, plant material may also be air dried
when spread in a thin layer and a shady environment to avoid direct sunlight that
can cause overheating and deterioration.

At this stage in the processing, when samples reach the laboratory for either
oven or freeze-drying, they are usually assigned a sequential laboratory number.
The details of accession number, trial entry number, replicate, collection site, plot
number, plant part, maturity, date of harvest and any unique identifier provided by
the collectors are usually entered into the register and/or computer file so that each
sample can be linked back to its source through the laboratory number. Although
some of these details appear unnecessary, it is always better to have all information
that can be used to verify sample identification in any cases of errors in recording.
When the collection is made from outside of the research station, it is important to
have an exact record of the collection site to link the collection with environmental
data. In these cases, a global positioning system (GPS) can be used to record the
exact site (longitude, latitude and altitude) and the data recorded on the collection
sheet and in the registry. Codes may be used for sites and full information kept in a
separate code file (Table 2.1).

Table 2.1 An example of the recording system used in our laboratory

Lab 
no.

Unique 
identifier

Site 
code

Trial Trial 
entry no. 

Plot 
no.

Harvest 
date

Maturity Plant 
part

Replicate

Oven Drying of Leaf Material for Proximate Analysis

Materials Required

• Pencil and notebook
• Strong paper bags of 80–100 g paper of size 200 × 400 mm
• Balance (range 0–1600 g)
• Large well ventilated or forced air oven capable of maintaining temperatures of

60◦C

Procedure

1. Place the weighed and open paper bags with leaf material into a ventilated oven
at 60◦C for 3 days.

Note: Ensure bags are sufficiently well spaced for good air circulation to avoid
uneven drying.
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2. After 3 days, weigh the dry material plus bag and record the weight.
3. Calculate the dry weight of the leaf material. Percent dry matter is calculated by

weight loss during oven drying:

Percent dry matter by weight (%w) = (weight of oven dried sample × 100)/
(weight of fresh sample)

Freeze Drying Plant Material for Analysis of Plant Secondary
Metabolites/Bioactive Compounds

Materials Required

• Balance (range 0–1600 g)
• Sample bags
• Marker
• Stapler
• Freeze dryer

Procedure

1. A tray freeze dryer is most commonly used for drying plant samples.
2. In your notebook record the tray number where each sample will be dried.
3. Arrange the samples in thin layers for rapid drying in the numbered trays in the

freeze dryer.
4. Follow the manufacturer’s instructions for your freeze drier for creating the

vacuum and setting the temperatures.
5. Freeze dry the material at –30 to –50◦C for 60 h.
6. Turn off the freeze drier and allow the material to reach room temperature.
7. Empty each tray into a numbered sample bag, checking the sample and tray

numbers carefully against the list and sample bag.

Grinding Plant Samples

After drying, most plant samples are ground to small particles to ensure homoge-
nous samples for the analysis. Oven dried, freeze-dried and air-dried samples are
all ground in the same way. A range of grinder types can be used for grinding plant
samples including hammer mills; Wiley mills and cross-beater mills are all suit-
able machines, providing they have a range of sieves to ensure uniform particle
size. Thomas-Wiley, Laboratory Mill, Model 4 mills are often used in our labora-
tory. The particle size of the ground material is important to ensure reproducible
results in the nutritional analyses. Different analyses require samples ground to dif-
ferent particle size. In some cases where several analyses are carried out on the same
sample, it is important to grind sub-samples to a specified size, as required for that
analysis. Samples that pass through a 1 mm mesh sieve are suitable for proximate
analysis while samples should not be ground through a screen smaller than 2 mm for
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nylon bag degradability studies. For quantification of plant secondary metabolites,
a screen size of 0.5 mm should be used.

Materials Required

• Grinder with 2, 1 and 0.5 mm sieves
• Stiff brush for cleaning the grinder
• Notepad and pencil
• Marker pen
• Sample cups or plastic bags

Procedure

1. Arrange all bags with dried samples in the order of the list and check that all
samples are present.

2. Open the first bag and mix the sample well in the bag.
3. Pass the sample through a clean grinder with the required size of screen for the

analysis selected.
Note: Ensure a uniform particle size and avoid fine grinding to reduce differences
in analysis from coarse and fine ground samples. Where very fine particles of a
0.5 mm screen is required, it is possible to first grind the entire sample through a
larger screen size of 1 mm or 2 mm. After careful mixing, a sub-sample can then be
taken and ground to the smaller screen size.
4. Collect the ground sample in a labelled plastic bag or sample cup and seal to

prevent absorption of moisture.
5. Clean the grinder thoroughly and carefully after each sample.

Storage of Dried Plant Samples

Dried plant samples will not deteriorate during storage for several years if stored
in good storage conditions. It is important to store samples until all analysis and
experiments are completed and you have verified that there is no need to repeat
any laboratory work. It is common to store samples for at least 2 years and possibly
longer if there is a likelihood of continuing research that requires returning to earlier
samples for additional analysis. Ground leaf materials should be stored in cool, dry
and dark environments in sealed containers to maintain quality during storage.
Note: Remember to make a list and arrange containers in order of the list for easy
access to samples later.

Materials Required

• Balance (range 0–1600 g)
• Labels and permanent pen
• Plastic containers with airtight lids
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Procedure

1. Prepare labels for inside and outside each container.
2. Pack weighed ground samples in airtight sealed and well-labelled containers.
3. Arrange in numeric order in cartons or on shelves and prepare a list of samples

and storage containers so that you can easily locate samples later.
4. Store in a cool place out of direct sunlight.
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Chapter 3
In Vitro Methods for the Primary Screening
of Plant Products for Direct Activity against
Ruminant Gastrointestinal Nematodes

Frank Jackson and Hervé Hoste

Introduction

Although the search for novel phytotherapeutics is an area of current research focus,
man has always sought plant products in an effort to alleviate illness and infec-
tion in both humans and animals. During the latter part of the twentieth century,
the emergence of the modern pharmaceutical industry and the development of a
range of effective medical and veterinary treatments tended to focus attention away
from these traditional resources. However the subsequent emergence of resistance
amongst veterinary microbial, protozoal and metazoan pathogens, the high cost of
veterinary products to resource poor farmers, and consumer interest in reducing
chemical treatments in food producing animals have all served to re-awaken interest
in bioactive plant products.

Because of the threat helminths pose to the health and welfare of ruminants
throughout the world, anthelmintics have for more than 40 years been the chief
means of controlling these debilitating diseases. However, resistance has been
reported against the three current broad-spectrum anthelmintic families and in some
countries multiple anthelmintic resistances is now a common phenomenon.

The search for cheap, effective and safe plant based alternatives for the control
of ruminant nematodes is being conducted in many countries. Plants and their prod-
ucts can not only have direct effects against parasite populations resident in the
gastrointestinal tract but also by improving host nutrition can also serve to enhance
immunity against these parasites. The search for local forages that optimise host
immuno-regulatory capacity and/or have direct antiparasitic effects is particularly
relevant for resource poor farming communities who would clearly stand to benefit
from the availability of “nutraceutical” plants, i.e. plants that are used first for their
beneficial effects on health rather than for their nutritive value. The techniques used
to study effects upon host immunity of plant products are somewhat specialised and
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are not within the realms of this article which is focused on in vitro methods for
screening plant products for direct antiparasitic effects.

Since it is reasonable to assume that local forages that ruminants currently con-
sume have, at best, only modest direct effects on the hosts’ parasite burden, the
search for novel phytotherapeutics has naturally tended to focus on other plant
species that are not currently consumed in large quantities. Given the bewilder-
ing array of plants available for testing, the first imperative is to find some way of
reducing the numbers entering the screening process to a feasible level. The initial
screening process to exclude known toxic plants and those which may be unsuitable
on agronomic grounds or to select plants using some knowledge of their biochem-
istry, use in ethno-veterinary medicine or selective animal feeding behaviour is not
the focus of this article, suffice to say that the best results will be achieved through
collaborative efforts involving a range of specialists. If only a small number of plants
are to be screened then there is little doubt that the best approach is to screen them
is in vivo; feeding or administering the plant products to infected ruminants. The
reasons for this are very simple; the extent of presentation of complex bioactive
compounds to the intended target parasite will be influenced largely by the physical
and biochemical conditions prevailing at the site of infection. Since these conditions
change throughout the gut and it is invariably impossible to duplicate them under in
vitro conditions, testing in the host is the best way to determine efficacy. However
where large numbers of plants are being examined it is clearly not feasible to test
them all in animals and researchers will need to resort to the use of in vitro tech-
niques to provide primary screening. The two key processes involved in primary
screening are:

1. Preparation of parasite material, the isolation of different pre-parasitic stages
from faecal material.

2. In vitro screening, using a range of different bioassays all of which measure
efficacy in comparative terms, examining the disruptive effects of a plant product
on some vital biological process.

The various methods used to prepare the plant products and extracts are described
in Chapter 2 and within other chapters of this book. Some pre-screening experimen-
tation is almost inevitable to decide on an appropriate concentration ranges. There
are two main reasons for this. Firstly, the way in which the whole plant or some
extract from it will be used is important. If for example forage is the sole food
source, for a period then it would be appropriate to test it, or products from it, at
a higher concentration range than if it were only being used to provide a fraction
of the daily dry matter intake. Secondly, differences in the parasite species being
subject to testing will also influence the choice of concentration used in the screen-
ing process simply because of between species differences in susceptibility to the
bioactive products.

Wherever possible it is useful to incorporate a series of controls. Negative con-
trol data provides the base line against which the effects of the plant product
are measured. Positive control data obtained by using either chemical or known
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bioactive plant products is useful for not only confirming that the bioassay is work-
ing but can also help to indicate the type of bioactive substance(s) implicated in
activity. Finally, it must be remembered that primary screening using in vitro bioas-
says will inevitably throw up a number of positives that will, due to the very different
physicochemical conditions in the gut, have little or no effect in vivo.

Preparation of Parasite Material

The preparation of clean parasite material is important since dirty preparations are
difficult to count and the presence of faecal debris can interfere with the action of
some plant secondary metabolites. Eggs, first and third stage larvae and adult worms
recovered from post mortem material can be used in in vitro bioassays.

Mass Extraction of Nematode Eggs

Description

Nematode eggs are isolated from fresh faecal material for use in egg hatch assays, or
for further culture to first stage (L1) larvae. Faecal material is thoroughly dispersed
in tap water before being passed through a series of sieves and parasite eggs are
further cleaned by floatation in saturated salt solution.

Materials

• Fresh ruminant faeces
• Top pan balance
• 130 × 230 mm polythene bags
• 1 mm, 500, 212, 75 and 38 μm sieves
• Beckmann polyallomer centrifuge tubes (Cat. No. 337986)
• 15 mL polystyrene or glass centrifuge tubes (Sterilin or similar)
• Cover slips, glass slides (26 × 76 mm)
• Saturated sodium chloride solution
• Centrifuge
• Artery forceps
• Micro pipette and disposable tips (20–400 μL)
• Stereo or compound microscope fitted with a mechanical stage

Procedure

1. Collect fresh faeces directly from the donor animal’s rectum into polythene bags
no more than 1 h prior to extraction.

2. Add tap water and disperse the faecal material to give a smooth liquid suspen-
sion, water may be added as required.

3. Wash suspension over sieves in order; 1 mm, 500, 212 and 75 μm, collecting
filtrate in a bucket or large beaker.
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4. Pass the above filtrate over 38 μm sieve and collect retentate (material off the
sieve). Transfer the retentate into centrifuge tubes and wash it with tap water,
followed by centrifugation, as described below in steps 5–9 (polyallomer tube
method) or 5a–9a (polystyrene/glass tube method)

Polyallomer Tube Method

5. Polyallomertubes are deformable semi rigid tubes that can be clamped exter-
nally to isolate the upper reaches of the suspension to isolate nematode eggs.
Fill the tubes with the retentate collected at step 4 and centrifuge at 203g for
2 min.

6. Remove supernatant with vacuum line leaving approximately 1 mL pellet and
water or alternatively tip off supernatant leaving a faecal pellet.

7. Re-suspend the pellet with saturated sodium chloride solution (specific gravity
1.2), seal the top of the tube and invert gently several times to loosen the faecal
pellet.

8. Re-centrifuge at 203g for 2 min. Clamp tubes just below meniscus using forceps
(eggs will be on top of the meniscus), pour off top layer into 250 mL beaker,
wash onto 38 μm sieve and rinse thoroughly with tap water.

9. Collect retentate and resuspend with tap water and centrifuge at 203g for 2 min,
remove supernatant with vacuum line. Steps 6–9 may be repeated to remove
further debris.

10. Make volume up to 10 mL with tap water and count eggs in 100 μl of sus-
pension by streaking this volume along the glass slide and examining using the
stereo or compound microscope.

Polystyrene/Glass Tube Method

5a. Fill the tube with the retentate collected at step 4 and centrifuge at 203g for
2 min.

6a. Remove supernatant with a vacuum line leaving approximately 1 mL pellet and
water or alternatively tip off supernatant leaving a faecal pellet.

7a. Resuspend the pellet with saturated sodium chloride solution (specific gravity
1.2), shake gently to mix and then fill the tube completely to form a positive
meniscus (see Fig. 3.1). Carefully place a cover slip on top of the tube and
place in the centrifuge.

8a. Centrifuge at 203g for 2 min, carefully remove the tube with its cover slip.
9a. Lift off the cover slip (the eggs will be held in the surface film attached to it)

and wash into a beaker with tap water. Pass the contents over 38 μm sieve and
rinse with tap water. Collect the retentate into a beaker.

10. Sediment contents of the beaker, and reduce the volume to 10 mL by removing
upper liquid portion with a vacuum line and count the numbers of eggs in 100
μL by streaking this volume along the glass slide and examining using the
stereo or compound microscope.

Clean eggs collected in this way can be used in ovicidal assays or may be used
to provide first stage larvae.
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Fig. 3.1 Re-suspended faecal material in a tube filled to a positive meniscus

Culture of First Stage (L1) Larvae from Nematode Eggs

Description

Nematode eggs obtained using Method 1 are cultured at room temperature until
hatched to first stage larvae, and then filtered using a Baermann apparatus to remove
debris and unhatched eggs.

Materials

• Nematode egg suspension
• 10 cm plastic Petri dishes (Sterilin Ltd., or similar)
• Baermann apparatus and filter collar (made from plastic tubing or similar material

plus plastic collar, with elastic band to hold filter material in place) (see Fig. 3.4
for general structure of Baermann apparatus)

• Suitable high wet strength filter paper such as Cottom Bottoms nappy liners
• (Boots Ltd., UK) or 20 μm nylon mesh (Nytal, Sefar Ltd or similar)
• 250 mL Beaker (Nalgene) or similar to support filter collar
• Glass slides (26 × 76 mm)
• Micro pipette and disposable tips (20–400 μL)
• Stereo or compound microscope fitted with a mechanical stage

Procedure

1. Place freshly extracted egg suspension into a suitable culture vessel. This should
ideally have a large liquid surface area to allow sufficient gas exchange for the
eggs to hatch.

2. Incubate at room temperature or in an incubator should the ambient room
temperature is likely to fall below 10◦C for 24 h.
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3. Examine the culture microscopically to ensure hatching has occurred.
4. Prepare the Baermann filter; the filter consists of a 22 mm diameter plastic tube

about 5 cm long 20-μm nytal mesh has been glued over one end of the tube.
5. Fill the beaker with tepid water (22◦C).
6. Pour the eggs and larvae onto the mesh of the Baermannn apparatus, ensuring

that the sample is distributed evenly over the mesh.
7. Immerse the Baermann apparatus in the warm tap water in the beaker.
8. Allow 1 h for the larvae to migrate through the fine mesh, and then carefully

remove the filter collar. Allow the larval suspension in the beaker to settle and
then reduce the volume using a vacuum line or centrifugally.

9. Count the larvae present by examining microscopically a small sub-sample taken
with a pipette (100 μL) by streaking this volume along a glass slide and counting
on a stereo or compound microscope fitted with a mechanical stage.

First stage larvae obtained in this way can be used in larvicidal assays or those
that measure the disturbance of normal behavioural activity such as the larval
feeding inhibition assay.

Culture of Third Stage (L3) Nematode Eggs from Sheep Faeces

Description

Faeces from infected sheep are incubated to allow nematode eggs to hatch and
develop into third stage larvae [12]. Faeces are flooded with water until larvae
migrate out of pellets, and then the resulting suspension is cleaned using a Baermann
filter.

Materials

• Faeces from monospecifically infected donor animal
• Culture trays
• Polythene bags
• 22◦C incubator
• Sieve – approximately 1 mm pore size
• Glass slides (26 × 76 mm)
• Baermann apparatus (20 cm diameter 5 cm long plastic tube with two layers of

high wet strength paper held over one end by a rubber band)
• Micro pipette and disposable tips (20–400 μL)
• Stereo or compound microscope fitted with a mechanical stage.

Procedure

1. Place faeces collected from infected donor animal in a culture tray to a maxi-
mum depth of 30 mm and seal tray inside polythene bag. If the faeces are very
loose (diarrhoeic), then it may be necessary to add vermiculite or washed peat or
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charcoal to provide better culture conditions. Sufficient material needs to be
added to enable the mixture to be formed into balls. Puncture bag to allow
airflow.

2. Incubate tray at 22◦C for 7 days.
3. Flood tray with tepid tap water (22◦C). Allow to soak for 1 h.
4. Sieve fluid through a 1.0 mm sieve and collect filtrate.
5. Sediment filtrate for 2 h at 4◦C. Reduce volume using a vacuum line and filter

using Baermann apparatus as described for L1 culture. Make the larval suspen-
sion up to a suitable volume and count the numbers of larvae present in 100-μL
sub sample taken with a micropipette and streaking the sub sample along a glass
slide and counting on a stereo or compound microscope fitted with a mechanical
stage. Calculate the total numbers of larvae present.

6. Larvae may be stored at 4–10◦C until required.

Infective larvae may be used in larvicidal assays or behavioural assays such as
the larval migration inhibition assay, which measures the effect of a test substance
on locomotion.

Larval Identification

Where field (mixed species) infections are used to provide material for the tests, it
can be useful to determine the prevalence of the different species simply because
there can be large interspecies differences in the sensitivity of nematodes to
bioactive substances.

The following references are the most appropriate sources of information for
identification (speciation) of ruminant nematodes based on the morphology of third
stage larvae [12, 17].

Isolation of Adult Nematodes

Description

Adult worms are isolated from gastrointestinal contents by combining the contents
with agar and soaking mixture in water. Worms will migrate from the agar slab and
can be collected from the water. Where only small numbers of adult worms are
required they can be recovered directly by using a stereo microscope to examine the
washings/contents collected from the abomasa, small intestines or large intestines.

Materials

• Abomasum or small or large intestine from freshly killed animal
• Physiological saline (0.85% w/v NaCl solution)
• Technical grade agar (Sigma Aldrich Ltd, catalogue number -A7002)
• Baermann mesh apparatus and lid (see Figs. 3.2 and 3.4)
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Fig. 3.2 Steps 2–7 of the isolation of adult nematodes

• 10 L Funnel fitted with tap at base
• Micro pipette (200–1000 μL) and tips
• Stereo microscope

Procedure

1. Heat two batches of saline to 56◦C and maintain at that temperature.
2. Collect and cut open gut sample, empty contents into 10 L bucket containing 5 L

saline kept at 39◦C, wash gut surface in further 1 L saline, pool the contents.
3. Sediment and remove the liquid portion to adjust volume.
4. Dissolve 1.8 g agar per 100 mL saline (56◦C), allowing a total volume of 500 mL

per sample. Add the 500–200 mL of digesta stirring continuously throughout the
mixing process. Cool it to 45◦C.

5. The Baermann mesh apparatus consists of the upper portion of a bucket that has
a snap on lid. A 1 mm mesh support is fitted within the apparatus next to where
the lid is attached. Carefully fit the lid and place lid down onto a cool surface
(approximately 10◦C).

6. Pour the agar-digesta mix over mesh and allow to set for 15 min. The lid of
the apparatus ensures that the mix does not leak out of the apparatus during the
period when the agar/digesta mix solidifies.

7. Remove lid from Baermann apparatus and place the apparatus in a Baermann
funnel filled with warm 0.85% saline and maintained at 37–39◦C. The Baermann
funnel should have a wide bore (4 mm internal diameter) tap fitted to enable the
collection of worms migrating out of the agar bed.

8. Add saline to ensure contact between saline and agar slab.
9. Incubate for 4 h at 37◦C (or 39◦C), remove any worms from top surface using

forceps, draw off the remaining worms using the tap fitted at the bottom of the
funnel, concentrate the adult worms and store in 0.85% saline at 37◦C (or 39◦C),
until required. Adjust to a suitable volume (between 100 mL for small numbers
of worms and 1000 mL for large numbers of worms. Take a 1 mL sub sample
(remember to clip the tip off the pipette tip to give an internal diameter of about
4 mm to allow the adult worms to be sucked into the tip) and count the numbers
of worms in 1 mL using the stereo microscope.

Adult worms can be used in adulticide trials or those measuring disruption in
locomotory behaviour because of exposure to plant material.
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In Vitro Screening

A number of different bioassays using either the pre-parasitic stages of nematodes
or adult nematodes can be used to screen plant extracts. A number of plant products
and plant secondary metabolites have been shown to have direct anthelmintic effects
in these assays. These include condensed tannins, saponins, flavonols, lectins and
various proteases. However, since most of these assays operate best within a narrow
pH range around pH 7 it cannot be assumed that activity observed in vitro will be
seen under the very different conditions that exist in vivo.

The principal assays and their target stages are shown in Table 3.1 below.
Wherever possible it is useful to incorporate positive controls using an appro-
priate anthelmintic (a compound or forage) to confirm that the assay is working
correctly.

Although all of these assays can be used for primary screening, the simple and
robust assays such as the EHT, LMIT and LFIT have tended to be used in the first
instance. The more time consuming or expensive assays such as the LEA, LDT
and AMT are generally used with products that are known to have some efficacy.
Inevitably, laboratories may need to adapt the methodologies described here to suit
to their facilities and budgets.

Table 3.1 Bioassays used to test plant extracts

Bioassay Target stage(s) Process disrupted References

Egg hatch (EHT) Eggs Hatching to L1 [6, 10, 11]
Larval migration

inhibition (LMIT)
L3 Locomotion of L3 [4, 8, 15]

Larval feeding
inhibition (LFIT)

L1 Feeding of L1 [1, 7]

Larval exsheathment
(LEA)

L3 Exsheathment of L3 stage [3]

Larval development
(LDT)

Eggs → L3 Development to L3 [2, 5, 9, 16, 18]

Adult motility
(AMT)

L5/adults Motility (viability) of worms [13, 14]

Preparation of Stock Solutions of Plant Material

Description

Since plant material for use in the bioassays can come in a variety of different forms
including whole plants, freeze dried, finely ground (milled) material, semi or fully
purified (following solvent extraction) it is not possible to provide details of the full
range of stock solutions that might be required.

For simplicity, the stock solution concentrations mentioned with the follow-
ing assays are those based around a possible 10% inclusion rate of whole plant
material and represent a concentration range that might be expected to occur in
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the gut under those circumstances. Again for simplicity the stock solutions are
also aqueous solutions, not based on the use of organic solvents and represent a
range of concentrations that are effective against the drug sensitive populations of
Teladorsagia, Haemonchus and Trichostrongylus maintained at Moredun Research
Institute (Pentland Science Park, Edinburgh, Scotland, EH26 0PZ), or in UMR 1225
INRA DGER (Ecole Nationale Veterinaire de Toulouse 23 Chemin des Capelles,
31076 Toulouse France).

The use of a phosphate buffer saline (PBS; 0.1 M phosphate containing 0.05 M
NaCl, pH 7.2) to prepare the stock solution might also be recommended to avoid
any non specific effects due to acidic or basic pH sometimes related to dilution of
plant extracts.

Using ruminal fluids collected from animals being fed bioactive forages has also
been proposed as a means of mimicking in vivo conditions. However, due to the
difficulties of maintaining, defining and standardizing this medium, this approach
has not found favour in many laboratories.

Materials

• Top pan balance
• 10 mL volumetric flask
• 0.2 μm syringe filters
• Micro pipettes and tips
• Bench top micro centrifuge
• 2 mL eppendorf tubes
• Plastic universal tubes

Preparation of a 10 mg/mL Aqueous Plant Material Stock Solution

1. Weigh 0.3 g of freeze dried finely milled plant product into a 10 mL volumetric
flask.

2. Add distilled water to the required level and mix with a vortex mixer for 2 min.
3. Pipette the suspension into labelled 2 mL eppendorf tubes.
4. Microfuge the sample for 3 min at 18,000g. Transfer the supernatant to a syringe

and pass through a 0.20 μm syringe filter into a plastic universal bottle.
5. Serially dilute the stock solution in PBS or distilled water as required to produce

working solutions of 10, 5, 2.5, 1.25 mg/mL, etc.
6. Maintain these stock solutions at 4◦C and use within 24 h.

Egg Hatch Test

Description

Freshly extracted eggs are incubated in varying concentrations of thiabendazole for
48 hr, after which they are fixed and stained and the numbers of hatched larvae and
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unhatched eggs are counted [6, 10, 11]. The concentration of extracts that is required
to inhibit 50% of the eggs from hatching (ED50) is calculated to determine the ED50.
Ideally, the assay should incorporate a solvent control (solvent used for preparing
plant extract) to confirm that the solvent has no effect on the bioassay and a positive
control (thiabendazole) to confirm the bioassay is working. The solvent control well
should contain the same amount of solvent that is present in the highest plant product
concentration. All of the test and control wells should be run in duplicate.

Materials

• Fresh nematode egg suspension
• 15 mg/mL plant extract stock solution in PBS or distilled water
• 1000 μg/mL thiabendazole (TBZ) stock solution
• 1000 μg TBZ/mL of di-methyl sulphoxide [DMSO]
• 10 mL volumetric flasks
• 24 well culture plate
• Helminthological iodine (50 g iodine and 250 g potassium iodide in 500 mL

distilled water)
• Micro pipettes (200–1000, 40–200, 1–10 μL) and disposable tips

Procedure

1. Prepare the 15 mg/mL stock solution of plant material as described in the previ-
ous section. Prepare working solutions of 15, 10, 5, 1 and 0.1 mg/mL in distilled
water. When used in the assay these will give final concentrations of 14.25, 9.5,
4.75, and 0.95 mg/mL.

2. Add 10 μl of the TBZ stock solution (1000 μg/mL) to each positive control well
(in a total volume of 2 mL this will give a final concentration of 5.0 μg/mL of
TBZ, sufficient to prevent hatching of nematode eggs).

3. Count eggs present in suspension and adjust volume to provide a concentration
of 1000 eggs/mL.

4. Add 100 μl of the egg suspension to each well, ensuring that the suspension is
thoroughly mixed prior to every aliquot being taken as the eggs will settle very
rapidly.

5. Add 1900 μl of working plant stock solution to the wells to give a total volume
of 2000 μl. Mix by pipetting in and out several times. For the control wells
simply use 1900 μl of distilled water. Both the test and control wells should be
run in duplicate.

6. Place the culture plate in a sealed polythene container on some wet paper towel
to ensure a high relative humidity and incubate at 25◦C for 48 h.

7. Following incubation, add 50 μl of helminthological iodine to each well. This
both fixes and stains the nematode egg and larvae.

8. Count the number of eggs and first stage larvae using an inverted or stereo
microscope (Table 3.2).
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Table 3.2 Raw data and ED50 estimates generated using Genstat on the egg hatch test data

Plant
concentration
(mg/mL)

Replicate 1 Replicate 2

Eggs Larvae % Hatch Eggs Larvae % Hatch Average hatch

0 2 95 98 1 99 99 98
0.95 3 92 97 6 95 94 95
4.75 21 75 78 25 83 77 77
9.5 75 28 27 72 34 32 30

14.25 98 1 1 93 2 2 2

ED50 = 7.386 ± 0.2072 (estimate ± s.e.m)

9. Calculate mean numbers of eggs and larvae at each concentration and the
percentage hatch using the formula:

Percentage hatch= [(numbers of larvae)/(number of eggs + numbers of larvae)]×100

10. Plot the percentage hatch at each concentration on a graph (Fig. 3.3), and
using a suitable statistical technique such as probit analysis calculate the ED50
estimate – the concentration at which 50% of the eggs fail to hatch.
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Fig. 3.3 Graphical
representation of egg hatch
test results

Larval Migration Inhibition Test

Description

The larval migration inhibition assay measures effects upon locomotion [4, 8, 15].
Ensheathed or exsheathed third stage larvae can be used. They are incubated in
a range of concentrations of the test substance and then their capacity to migrate
through 20-μm nylon mesh is determined. The anthelmintic levamisole can be used
to provide positive control data. Although the technique as described uses multiwell
plates and requires an inverted stereo microscope, it is also possible to use centrifuge
tubes to collect migrating larvae and to subsequently determine larval numbers using
a standard stereo microscope.
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Materials

• 15 mL centrifuge tube
• Sodium hypochlorite solution (2% w/v)
• Filter collars to fit wells of 24 well cluster plates
• 20 μm nylon mesh (Nytal, Sefar Ltd or similar)
• 24 well culture plates
• Levamisole stock solution (1000 μg/mL distilled water)
• Micro pipette and disposable tips (20–200 μL)
• Helminthological iodine (50 g iodine and 250 g potassium iodide in 500 mL

distilled water)
• Inverted stereo microscope

Procedures

Rapid Exsheathment of infective nematode larvae

1. Dispense 10 mL larval suspension into centrifuge tube and add 1 mL 2% sodium
hypochlorite solution.

2. Remove 100 μL aliquot and place onto a microscope slide. Examine slide under
microscope and watch while larvae shed their protective sheath.

3. When all the larvae have exsheathed, centrifuge at 203g for 2 min and remove
supernatant. Wash the larvae by resuspending them in tap water and cen-
trifuging. Repeat washings and centrifuging two more times to remove sodium
hypochlorite solution.

Larval migration inhibition assay

1. Fit mesh to collars as per Fig. 3.4.
2. For the negative control wells, use distilled water and for the positive control

wells use levamisole at a final concentration of 40 μg/mL of solution in the
well.

3. Count the exsheathed larvae and adjust the concentration to approximately 1000
larvae/mL.

4. Dispense 100 μl of the larval suspension (approximately 100 larvae) into
eppendorf tubes and add 1 mL of each of the working plant stock solutions
(40, 20, 10 and 5 mg/mL). Incubate for 2 h at 37◦C.

5. Centrifuge at 3000g for 2 min and remove the supernatant, reducing the volume
to approximately 200 μl.

6. Add 1800 μl of each dilution of the plant extract to the appropriate wells on
the culture plate and place a filter into the well ensuring that the mesh is fully
submerged and that there are no air bubbles trapped beneath the mesh.

7. Mix each larval suspension thoroughly and add 200 μl to the matching filter.
8. Place a cover over the plates and incubate for 2 h at 37◦C.
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Fig. 3.4 Illustration of the fitting of the mesh and collar to the well

9. Carefully remove the filters and wash any remaining larvae into individual
labelled petri dishes and stain with a few drops of helminthological iodine.

10. Add 50 μL of helminthological iodine to each well on the culture plate.
11. Using an inverted microscope at × 100 magnification, count the number of

larvae in each well and in each Petri dish.
12. Calculate the percentage migration for each concentration using the standard

formula:

Percentage migration = (Nm) × 100/(Nm + Nr)

Where: Nm = number of larvae migrating through mesh (i.e. found in the well)
Nr = number of larvae retained by the mesh (i.e. washed off from mesh).

13. Plot a graph of drug concentration against percentage migration and using the
data in probit analysis calculate the LM50 value (concentration at which 50%
of larvae fail to migrate).

Larval Feeding Inhibition Assay (LFIA)

This assay determines the effect of plant products on the feeding behaviour of first
stage larvae [1, 7]. First stage larvae that have been exposed to different concen-
trations of the test (plant) product are subsequently offered lyophilised Escherichia
coli that are labelled with fluorescein isothiocyanate (FITC). Larvae that have fed
can be readily identified using an inverted fluorescence microscope by the presence
of the labelled E. coli in their gut.
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Materials

• Lyophilised E. coli
• Fluorescein isothiocyanate FITC
• Bicarbonate buffer (pH 9.6)
• Phosphate Buffered Saline (PBS)
• Inverted fluorescence microscope (Blue Filter 475–490 nm)

Procedures

Fluorescein isothiocyanate (FITC) labelling of lyophilised Escherichia coli for use
in larval feeding inhibition assay (LFIA)

1. Incubate 1 mL of concentrated E. coli (2250 μg E. coli in 1 mL bicarbonate
buffer containing 1 mg of FITC) in a 2 mL microcentrifuge tube at 20◦C for 2 h.

2. Centrifuge E. coli suspension at 18,000g for 2 min.
3. Remove supernatant using a vacuum line. Re-suspend E. coli pellet in 1 mL of

PBS.
4. Repeat steps 2 and 3 twice.
5. Re-suspend E. coli in 1 mL of PBS.
6. Aliquot in 500 μL portions and store at –20◦C for subsequent use.

Larval Feeding Inhibition Assay (LFIA)

1. Add 100 first stage larvae in 100 μL of distilled water to 500 μL of the plant
extract (at 10, 5, 2.5, 1.25 mg/mL in distilled water) and mix thoroughly with a
further with 900 μL of distilled water. For negative control add 100 μL of the
larval suspension to 1400 μL of distilled water and for the positive ivermectin
controls add 100 μL of the larval suspension to 1390 μL of distilled water and
10 μL of 1000 μg/mL ivermectin solution.

2. Incubate tubes horizontally at 25◦C for 2 h.
3. Add 10 μL of FITC labelled E. coli and incubate tubes horizontally for a further

18 h at 25◦C.
4. Microcentrifuge tubes at 3000g for 20 s to “pellet” worms, remove 750 μL of

supernatant.
5. Examine larvae from the pellet under inverted fluorescence microscope fitted

with blue filter.
6. Determine the number of feeding/fed and non-feeding/unfed larvae at each test

concentration (Fig. 3.5).
7. Calculate mean numbers of eggs and larvae at each concentration and the

percentage hatched using the formula:

Percentage feeding =
(Number of fed larvae)100/(Number of fed and unfed larvae)
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A

B

Fig. 3.5 First stage larvae that have fed on FITC labelled E. coli (a) and those that have been
unable to feed (b) as seen under a fluorescence microscope

Plot the percentage feeding at each concentration on a graph and calculate the
LF50 value (concentration of compound at which 50% of the larvae fail to feed).

Larval Exsheathment Assay (LEA)

This test uses infective third stage larvae in a two-stage process aimed at examin-
ing the effect of the test plant product on larval exsheathment induced by a diluted
sodium hypochlorite solution. This is an adaptation of the rapid exsheathment pro-
cess described previously [3]. The aim is to obtain a progressive exsheathment of
the larvae, making microscopic observation of the process feasible. Examples of
ensheathed and exsheathed larvae at × 100 magnification are provided in Figs. 3.6
and 3.7 respectively. For control, a 100% exsheathment after 60–70 min is sought.

Fig. 3.6 Ensheathed third stage larva (× 100 magnification)
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Fig. 3.7 Exsheathed third stage larva (× 100)

Negative controls of PBS and extracts of rye grass (or some other forage that is
known to be non-bioactive) are incorporated into the assay.

Because the rate of exsheathment varies with the parasite species and/or strains, it
is important in a preliminary step, to undertake a preliminary test on control larvae,
to determine the best dilution to apply for the exsheathment fluid in order to obtain
a gradual exsheathment process within a 60-min time interval. For this, the step 2
of the procedure described herein is applied with a range of concentrations of
exsheathment fluid, usually from 1 in 100 to 1 in 500.

Materials

• Infective larvae are harvested from monospecific cultures in the manner described
previously

• PBS (0.1 M phosphate containing 0.05 M NaCl, pH 7.2)
• 2% w/v sodium hypochlorite solution
• 16.5% w/v sodium chloride solution
• 24-well multiwell plates

Procedure

1. Pre-incubate 1500 ensheathed L3 larvae in PBS at pH 7.2 with the test product
(600 μg/mL) or rye grass extract (600 μg/mL) or PBS (pH 7.2) at 22◦C for 3 h.

2. Examine the larvae and if no exsheathment has occurred then move to the second
stage of the procedure.

3. Wash the larvae centrifugally 3 times using PBS (pH 7.2) and reduce volume so
that 100 μL contains 100 ensheathed L3 larvae. Dispense the larvae (100 μL)
into the wells using 6 replicates per plant product. Also, use larvae that have
been exposed to PBS alone or rye grass extract (600 μg/mL) to provide negative
controls
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4. Dilute the 2% w/v hypochlorite solution and the 16.5% w/v sodium chloride
solutions 1 in 300 with PBS (pH 7.2) add 1900 μL of this mixture to each well
that contains 100 ensheathed larvae in 100 μL.

5. Observe the rate of exsheathment by examining material from the wells at × 200
magnification at 10, 20, 30, 40, 50 and 60 min after adding the exsheathment
fluid.

6. Calculate the mean exsheathment rate for the test substances and analyse dif-
ferences using an appropriate statistical technique such as GLM.

Larval Development Assay (LDA)

This test uses fresh eggs like the egg hatch assay, but is carried out over a longer
period. It measures the ability of the parasite to hatch and develop to the infective
third stage larva in the presence of the test substance [2, 5, 9, 16, 18]. In this assay,
it is possible to test for activity of plant products against eggs and developing larva.
Dilute 1000 μg/mL stock anthelmintic solution with distilled water to produce test
concentrations. Pure anthelmintics such as thiabendazole (TBZ), ivermectin and lev-
amisole may be used in this assay to provide positive controls. Final concentrations
in the control wells should be 2.5 μg/mL for TBZ and 20 μg/mL for Levamisole and
Ivermectin. Since the technique involves a 7-day incubation period, which increases
the risk of bacterial or fungal “overgrowths”, it is necessary to incorporate antibi-
otics and antifungals in the assay. Although the technique has clear advantages, the
long incubation period has meant that fewer laboratories have used the assay as the
primary screen for activity in vitro.

Materials

• Fresh nematode egg suspension
• Phosphate buffered saline (PBS) solution
• 5 mg/mL Amphotericin B in PBS
• 30,000 U/mL Nystatin in distilled water
• Streptopen solution (10,000 μg streptomycin 10,000 units penicillin per mL

PBS)
• Earls balanced salt solution (EBSS)
• 1 g/90 mL yeast extract in 0.85% (w/v) saline solution
• Helminthological iodine (250 g Potassium iodide and 50 g Iodine in 500 mL

water)
• Sealed plastic humidity chamber

Procedure

1. Harvest eggs from faeces as described above. Incubate eggs overnight in the anti-
fungal and antibiotic solution made up with PBS and 2% Nystatin, Amphotericin
and Streptopen solutions. Following the overnight incubation, centrifuge in a



3 In Vitro Methods for Direct Activity Against Ruminant Gastrointestinal Nematodes 43

microcentrifuge at 18,000g for 2 min, then remove supernatant and resuspend
the eggs in sterile distilled water. Repeat the washing step using sterile distilled
water and centrifugation three times.

2. Count ten aliquots to determine the concentration of eggs. Adjust volume with
sterile distilled water to give a concentration of 100-eggs/60 μL.

3. Add 20 μL of yeast extract suspension, 20 μL of lyophilised E. coli and 60 μL
of egg suspension to each well of microtitre plate. Add 20 μL streptopen, 20 μL
amphotericine B and 10 μL nystatin to each well. Fill each of the outer wells
of the microtitre plate with 200 μL distilled water and seal using the microtitre
plate lid.

4. Incubate at 22◦C for 24 h and then add plant product or anthelmintic to duplicate
wells. The control wells should incorporate DMSO at the same concentration
that it is present in the positive control (anthelmintic) test wells.

5. Re-cover the microtitre plate with a lid and seal its edges with PVC tape. Incubate
in a 100% relative humidity chamber at 22◦C for 7 days.

6. Add 10 μL of helminthological iodine to each well and count the numbers of L3
larvae at × 40 using an inverted microscope. The mean larval development for
each drug concentration is calculated using the standard formula:

7. Larval development = (Number of live L3/total number added to wells with
anthelmintic)]/[(Number of live L3/total number added to control tubes)

8. Plot the percentage larval development at each concentration on a graph
and calculate the LC50 value (concentration at which 50% of the para-
sites fail to develop) using an appropriate statistical method such as probit
analysis.

Adult Motility Assay (AMA)

This test uses freshly collected adult worms that are maintained in a culture medium
or in the medium containing the test plant product for several days [13, 14]. Activity
of the worms is scored over the period by counting the numbers of active worms at
regular times throughout the assay. Paralysing anthelmintics such as ivermectin or
levamisole can be used to provide positive control material for the assay. Negative
controls (i.e. worms in PBS) are also included.

Materials

• Freshly collected adult worms
• Plant product dilutions (suggested range 75–1200 μg/mL in distilled water).

Phosphate buffered saline (PBS)-antibiotic solution (with 4% w/v penicillin and
4% streptomycin)

• 2% w/v Levamisole solution for positive control
• 24 (for Haemonchus) or 48 (for Teladorsagia and Trichostrongylus) multiwell
• Plates
• Inverted microscope or stereomicroscope.
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Procedure

1. Add 1 mL of the plant product in the PBS antibiotic solution to each of three
wells.

2. For the 3 negative control wells, use 1 mL of the PBS/antibiotic solution.
3. For the 3 positive control wells, add 1 mL of a 1% w/v levamisole solution made

in the PBS-antibiotic solution.
4. Count adult worms into each of the wells for large worms such as Haemonchus

and then use about 2–3 worms per well and increase the numbers for smaller
worms (e.g. about 4–6 for adult Teladorsagia and adult Trichostrongylus). If
too many worms are used in the assay, it becomes difficult to make accurate
observations.

5. Observe and score the activity of the adult worms after 6, 24, 48 or 72 h of
incubation at 37◦C, 100% relative humidity in a 5% CO2/air mixture. In general,
the survival of control Haemonchus is less (48 h) than for Trichostrongylus or
Teladorsagia (72 h).

6. Change the incubation medium every 24 h. Medium with the plant concentration
can be prepared at the start of the assay and stored at 4◦C but the solution have
to be placed at 37◦C before the changes.

7. For each time point, calculate a motility index based on the numbers of immobile
worms divided by the total number of worms in the well.

8. Analyse the survival curve, taking into account the different concentrations,
using a suitable non-parametric test such as the stratified Cox regression test
run using suitable software.
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Chapter 4
Assessing Antiprotozoal Agents

C. Jamie Newbold

Introduction

Nitrogen metabolism in the rumen affects both the efficiency of ruminant produc-
tion and the environmental impact of excreta from ruminant livestock production.
Inefficient N retention by rumen microorganisms is compensated in production
terms by feeding excessive amounts of dietary protein to the animal to meet required
output levels. This leads directly to the excretion of N-rich wastes. Microbial protein
synthesis in the rumen is the major source of amino acids entering the small intestine
and available for absorption in ruminants [1, 4]. However, microbial protein turnover
in the rumen may result in the net microbial protein outflow being less than half the
total protein synthesised [9]. In vitro studies suggest that engulfment and diges-
tion of bacteria by protozoa is by far the most important cause of microbial protein
turnover in the rumen, with autolysis, other lytic factors and endogenous proteolysis
being of minor importance [11]. Thus, it is apparent that removing ciliate proto-
zoa from the rumen (defaunating) should avoid the recycling of nitrogen between
bacteria and protozoa and thereby increase the efficiency of nitrogen metabolism
in the rumen and stimulate the flow of microbial protein from the rumen [12]. A
variety of techniques to remove protozoa from the rumen has been tested exper-
imentally, but none is used routinely, because of toxicity problems, either to the
rest of the rumen microbial population or to the host animal [12]. Recently, there
has been an increased interest in plant secondary metabolites for use as possible
defaunating agents. Here we describe three methods for screening plant material for
antiprotozoal activity.
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Screening of Antiprotozoal Agents Based on Their Ability to
Inhibit the Breakdown of 14C-Leucine-Labelled Selenomonas
ruminantium

As noted above engulfment and digestion of bacteria by protozoa is responsible
for the majority of bacterial protein breakdown in the rumen. Thus it has been
suggested that it should be possible to screen antiprotozoal agents based on their
ability to inhibit the breakdown of 14C-leucine-labelled Selenomonas ruminantium
as described by Wallace and McPherson [11], Newbold et al. [8] and Teferedegne
et al. [10].

Basis of the Method

The cellular proteins of the rumen bacteria S. ruminantium are labelled by growth in
a 14C-leucine enriched media. The labelled bacteria are incubated in mixed rumen
fluid in the presence of an excess of 12C-leucine and the release of 14C TCA soluble
material during the incubation reflects degradation of the labelled bacteria and hence
protozoal activity.

Preparation of Labelled Bacteria

1. S. ruminantium can be obtained from the American Type Culture Collection
(ATCC) (www.lgcpromochem-atcc.com).

2. Cultures are easily maintained in modified Hobson, medium no. 2 (M8,
Table 4.1) [5] under anaerobic conditions in Hungate tubes (details of anaero-
bic technique can be found in: Hungate [6] and Bryant [2], Hungate tubes can be
obtained from Bellco Glass; www.bellcoglass.com)

3. On the night prior to experiments a sub culture (7 mL) is labelled by growing
overnight at 39◦C in Wallace and McPherson media [11] containing 14C-leucine
as the sole N source (Table 4.1).

4. On the morning of the experiment bacteria are harvested by centrifugation
(3000g, 15 min) and resuspended in 7 mL of anaerobic 50 mM potassium
phosphate buffer (pH 6.8) containing 5-mmol 12C-L-leucine to prevent re-
incorporation of released 14C-leucine.

Bacteriolytic Activity of Protozoa

1. Rumen fluid is collected via a rumen cannula or by stomach tube or at slaughter
and strained through a double layer of muslin and stored under CO2 at 39◦C with
12C-L-leucine added to a final concentration of 5 mmol/L.

2. Strained rumen fluid (4.5 mL) is added to a Hungate tube containing the antipro-
tozoal agent (concentration will need to be determined empirically but our
studies have typically used 1 and 10 g/L of ground plant material).
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Table 4.1 Composition of media (/100 mL) used to culture and label Selenomonas ruminantium

Ingredients M8
Wallace and McPherson
modified medium

Bacto-casitone (g) 1 –
Yeast extract (g) 0.25 –
Glucose (g) 0.2 0.2
Maltose (g) 0.2 0.2
Cellobiose (g) 0.2 –
NaHCO3 0.4 0.4
Rumen fluid (mL) 20 20
Mineral solution I (mL) 15 15
Mineral solution II (mL) 15 15
Resazurin (mL) (0.1% w/v) 0.1 0.1
Vitamins solution –N4a – 10
Dist. H2O (mL) 49 40
Cysteine HCl (g)a 0.1 0.1
[14C]leucine 1.26 μCi/7 mL

Mineral solution I: KH2PO4, 3 g, Dist. H2O, 1 L
Mineral solution II: KH2PO4, 3 g, (NH4)SO4, 6 g, NaCl, 6 g, MgSO4, 0.6 g, CaCl2, 0.4 g, Dist.
H2O, 1 L
Vitamins solution –N4a
Pyridoxine HCl, 0.2 g, Riboflavine, 0.2 g, Thiamine HCl, 0.2 g, Nicotinamide, 0.2 g, Ca-D-
pantothenate, 0.2 g, P-aminobenzoic acid, 0.01 g, Folic acid, 0.005 g, Biotin, 0.005 g, Vitamin
B12, 0.0005 g, Dist. H2O, 100 mL
aThe ingredients were mixed and the solutions were boiled once and bubbled with O2 free CO2.
Cysteine HCl was added after boiling.

3. This mixture is pre-incubated for 1 h at 39◦C before adding 0.5 mL of 14C-
leucine labelled S. ruminantium (for convenience this can be done by injection
using a sterile 1 mL plastic syringe with a 23 gauge needle). The incubation is
continued under CO2 in shaking water bath (Grant Instrument Ltd, Cambridge,
80 strokes/min) at 39◦C.

4. Samples (0.5 mL) are removed (again a 1 mL plastic syringe with a 23 gauge
needle can be used) at 0 h and at 1 h intervals up to 3 h into Eppendorf tubes
containing 0.125 mL trichloroacetic acid (25%, w/v) The Eppendorf tubes are
then centrifuged (11,000 g, 5 min).

5. Samples of the supernatant fluid are counted by liquid-scintillation spectrometry
(Packard 1900 CA, Berkshire, UK). Generally, we add 200 μL of the supernatant
to 2 mL of scintillation fluid.

6. A sample of the 14C-leucine labelled S. ruminantium bacteria should also be
counted by liquid-scintillation spectrometry (Packard 1900 CA, Berkshire, UK).
Generally, we add 50 μL of the bacterial culture to 2 mL of scintillation fluid.

7. The degradation of 14C-leucine labelled S. ruminantium at each incubation
time is calculated from the acid soluble radioactive label and expressed as a
percentage of the total dpm (disintegration per minute) present in labelled
bacterial suspension.
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8. The rate of degradation per hour is calculated as the difference from the linear
portion of the degradation curve (normally 0–3 h).

9. When testing large numbers of plants over several days it is normal to see con-
siderable variation in absolute values from day to day due to variation in the
protozoal population collected, thus it is useful to express results relative to a
control (no addition) run on each day.

Calculations

As noted above it is necessary to determine the radioactive label (as dpm) in the sam-
ple of 14C-leucine labelled S. ruminantium as added in stage 3 above and typically
we count 50 μL of this sample.

We also count 200 μL of the supernatant after centrifugation in stage 4.
Assuming that:

• the count obtained from 50 μL of the 14C-leucine labelled S. ruminantium added
in stage 3 is 10,000 dpm

• the counts recovered in 200 μL of supernatant from stage 4 at 0, 1, 2 and 3 h are
250, 469, 654 and 830 dpm for the control sample and 268, 377, 460 and 560 dpm
in the sample preincubated with the potential antiprotozoal agents respectively.

• The released counts in 0 h sample from the control is: dpm ×100 (to change to
a percentage) ×5 (to correct to a total sample volume of 5 mL) ×5 (to correct
from 200 μL to 1 mL) ×1.25 (to correct for dilution of the acid)/(10,000 × 10)
(to correct from 50 μL to 0.5 mL in the added bacteria) = 7.8%

Thus by the sample calculation the released activity is 7.8, 14.7, 20.4 and 25.9%
at 0, 1, 2 and 3 h incubation in the control and 8.4, 11.8, 14.4 and 17.5% in the
sample preincubated with the potential antiprotozoal agents.

When plotted as a graph (Fig. 4.1) the rate of degradation of S. ruminantium
is 6%/h in the control and 3%/h in the sample preincubated with the potential
antiprotozoal agents.
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Fig. 4.1 The effect of an
antiprotozoal agent on the
breakdown of S. ruminantium
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The antiprotozoal agent has thus reduced the breakdown of S. ruminantium by
50% in Fig. 4.1.

Screening of Antiprotozoal Agents Based on Their Ability
to Inhibit the Uptake of 14C-Choline in Mixed Rumen Fluid

In the rumen, choline is taken up specifically by ciliate protozoa and not apparently,
by the bacteria; as such, 14C-choline has been used to label rumen protozoa for use
in in vivo studies [7]. Campbell et al. [3] suggested that the antiprotozoal effects of
surfactants could be assessed by measuring the uptake of methyl-14C-choline into
protozoa in mixed rumen fluid.

Basis of the Method

Strained rumen fluid is incubated with methyl 14C-choline under anerobic condition;
uptake of the label is measured in protozoa recovered by low speed centrifugation.

1. Rumen fluid is collected via a rumen cannula or by stomach tube or at slaughter
and strained through a double layer of muslin and stored under CO2 at 39◦C.

2. Strained rumen fluid (5 mL) is added to a Hungate tube (Bellco Glass Inc.,
Vineland, NJ, USA) containing the antiprotozoal agent (concentration will need
to be determined empirically we have typically used 1 and 10 g/L of ground plant
material in our studies).

3. This mixture is pre-incubated for 1 h at 39◦C before adding 0.25 μCi methyl
14C-choline. The incubation is continued under CO2 in a shaking water bath
(Grant Instrument Ltd, Cambridge, 80 strokes/min) at 3◦C for a further 30 min.

4. At the end of the incubation, the tube is centrifuged at 500g for 2 min.
5. The supernatant is discarded and the pellet resuspended in 5 mL formalin saline

(formaldehyde (4% w/v) in NaCl (0.9% w/v)).
6. Finally, the pellet is resuspended in 1 mL formalin saline and a sub-sample

counted by liquid-scintillation spectrometry. Generally, we add 200 μL of the
supernatant to 2 mL of scintillation fluid.

7. Results are expressed as dpm/mL and expressed as percentage of the control (no
additive incubation).

Calculations

If the uptake of 14C-choline in the control incubation was 500 dpm and in the sam-
ple preincubated with the potential antiprotozoal agents, the count was 250 dpm
then it might be assumed that the antiprotozoal agent has reduced protozoal activity
by 50%.
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Visual Assessment of Protozoal Viability

It is not always possible to have access to facilities to work with 14C compounds.
Under such situations, it is possible to access the antiprotozoal action of test mate-
rials using a visual assay. However, it should be noted that by its very nature such
an assay is subjective and can at best be only semi quantitative.

Basis of the Method

Ciliate activity is assessed against a common scale when examined at low magnifi-
cation (× 100) using light microscopy.

1 Rumen fluid is collected via a rumen cannula or by stomach tube or at slaughter
and strained through a double layer of muslin and stored under CO2 at 39◦C.

2. Strained rumen fluid (5 mL) was added to a Hungate tube (Bellco Glass Inc.,
Vineland NJ, USA) containing the antiprotozoal agent (concentration will need
to be determined empirically but we have typically used 1 and 10 g/L of ground
plant material in our studies).

3. This mixture is incubated for 1 h at 39◦C before accessing protozoal activity
at low magnification (×100) using light microscopy according to the following
scale.

Score Comment

5 All genera active
4.5 Holotrichs active
4 Reduced motility/ciliary activity in holotrich protozoa only
3 No ciliary activity/motility
2 Vacuoles visible in holotrich protozoa
1 Cellular disruption
0 No whole protozoa evident
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Chapter 5
Screening for Anti-proteolytic Compounds

Ellen M. Hoffmann, Natascha Selje-Assmann, Klaus Becker, R. John Wallace,
and Glen A. Broderick

Introduction

Dietary protein entering the rumen is broken down in an apparently uncontrolled
way, resulting in ammonia formation and subsequent loss of N in the urine. The low
efficiency of nitrogen retention represents a major economic loss, causes metabolic
stress in the animal, and places a burden on the environment, by way of nitrogen-
rich wastes. If a means of slowing the breakdown process at any of the individual
steps can be identified, these problems would be decreased.

Many different microbial species, employing a range of proteolytic enzymes,
carry out the initial step of protein breakdown. The variety of proteolytic microbes
present has made rational manipulation of the initial proteolytic step impossible,
and solutions have generally required treatment of the protein before feeding, by
heating for example. Tannins have been explored as a means of decreasing pro-
tein breakdown, but they frequently impair other aspects of rumen fermentation,
including fibre breakdown. New plant materials that bind to proteins and prevent
their digestion, or preferably which inhibit the proteinases directly, yet are not oth-
erwise detrimental, would be of enormous benefit to ruminant livestock production
globally.

The subsequent processes of peptide and amino acid breakdown are carried out
by more defined populations. The only methods available for altering these activities
are dietary addition of antibiotics and ionophores, which suppress the growth of
the bacteria responsible. Finding substances, which decrease ammonia formation,
could lead to more acceptable ways of inhibiting the processes leading to ammonia
formation in the rumen.

In this chapter, we describe methods that can be used to measure different aspects
of the processes involved in degradation of protein by ruminal microorganisms in
vitro. The methods described include the use of diazotized or radio-labelled protein
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substrates to assess the first step in proteolysis, a method for screening for anti-
proteolytic plant compounds that involves a short-term incubation with a complex,
protein rich substrate, and an inhibitor in vitro assay of the rate and extent of ruminal
protein degradation.

Screening for Antiproteolytic Plant Compounds Using
Diazotized or Radio-Labelled Proteins

Diazotized Proteins

Diazotized or radio-labelled protein substrates can be used to assess the first step
in proteolysis, i.e. conversion of polypeptide to smaller, acid-soluble peptides.
A longer incubation with other protein substrates is described which, unlike the
aforementioned methods, incorporates to a degree any adaptation of the microbial
community to additives; both the initial proteolysis and the overall end products are
measured, by polyacrylamide gel electrophoresis and ammonia/branched chain fatty
acids, respectively.

Preparation of Azoproteins

This method works well for soluble proteins, but less well for insoluble proteins,
particularly heterogeneous protein supplements because the surface tends to become
labelled more than internal regions of particles (see [32]). The method is also
less suitable for grazing animals due to background colour derived from the for-
age. The preparation of azoproteins is based on the paper of Tomarelli et al. [28].
Alternatively, and recommended, azocasein and azoalbumin can be purchased from
Sigma (A2765 and A2382, respectively).

To prepare the azoproteins, dissolve 10 g of substrate protein (casein is usually
used, but other proteins such as bovine serum albumin can be used as well) in 100
mL of 4% NaHCO3 in distilled water. Prepare diazotized sulfanilic acid by dissolv-
ing 0.26 g of sulfanilic acid in 20 mL of 0.25 M NaOH. Stir on ice and gradually
(over 5 min) add 0.35 g sodium nitrite. Then add 2 mL of 5 N HCl, stir for 2 min,
and add 2 mL of 5 M NaOH. Within 5 s of adding the NaOH, mix the diazotized
sulfanilic acid solution to the substrate protein solution and stir on ice for 1 h. Add
to dialysis tubing (e.g. Visking). Dialyze against distilled water for 24 h at 4◦C,
changing water four times. Freeze and freeze-dry resulting dialyzed solution.
Caution: The diazotizing solution should not touch the skin – wear gloves! The HCl
and NaOH solutions are hazardous.

Measurement of Proteolysis

Make up 2-mg/mL azocasein in 0.1 M potassium phosphate buffer, pH 7.5. Take
sample of rumen liquor and use fresh (This method is not suitable for frozen
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samples!). Strain the rumen liquor through 4 layers of muslin cloth. Set up four
numbered plastic 10-mL polypropylene centrifuge tubes for each sample that is to
be analysed, containing:

2 mL of azocasein solution [1]
2 mL of azocasein solution + 1 mL 25% trichloroacetic acid [2]
2 mL 0.1 M potassium phosphate buffer pH 7.5 [3]
2 mL 0.1 M potassium phosphate buffer pH 7.5 + 1 mL 25% trichloroacetic

acid [4]
Equilibrate in water bath adjusted at 39◦C

At t = 0, add 2 mL of strained rumen digesta to all tubes. Continue to incubate
at 39◦C. After 1 h1 at 39◦C, add 1 mL 25% trichloroacetic acid to [1] and [3].

Transfer the tubes to ice water and then centrifuge at 5000 g for 30 min. [Or
transfer the tubes to a cold room (4◦C) for about 48 h and then centrifuge.]

Carefully2 remove 2.0 mL of supernatant into another tube containing 2.0 mL of
0.5 M NaOH. Measure A440 of this solution.

Calculation of Proteolytic Activity

Make up the following tubes for calibration with 0.2-mg/mL azocasein (a 10-fold
dilution of the stock solution used as substrate (Table 5.1)):

Table 5.1

0.2 mg/mL azocasein (mL) Buffer (mL) 0.5 M NaOH (mL)

0 2.0 2.0
0.1 1.9 2.0
0.2 1.8 2.0
0.3 1.7 2.0
0.4 1.6 2.0
0.5 1.5 2.0

Measure A440. Draw a standard curve of A440 vs. concentration of azocasein (i.e.
0–0.025 mg/mL). From the best fitting straight line (i.e. linear regression), calculate
the extinction coefficient (E) in units of A440 of a 1-mg/mL solution of azocasein.

1 Exactly. Time may vary depending on the activity of ruminal liquor. Calculate how much of the
azocasein has been digested – if it is more than half, the assay should be repeated for a shorter time.
Or, if there is insufficient colour generated, extend the incubation time. Azoalbumin is hydrolysed
more slowly.
2 This is the step where the greatest error can occur. Some of the part-digested azocasein floats
on the meniscus in some samples. The pipette should be submerged gently through this layer
before drawing the 2-mL volume. When withdrawn, some of the part-digested azocasein often
clings to the pipette tip. Take care not to touch the recipient tube with the tip in order to minimize
contamination with this material.
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Note that different batches of azocasein have different E values

The proteolytic activity of ruminal digesta is then calculated from the absorbance
read in the four numbered tubes (see Measurement of proteolysis) as follows:

Absorbance of digested azocasein at time t = [A1 – A2 – A3 + A4]
Concentration of azocasein digested (mg/mL NaOH solution) = [A1 – A2 –

A3 + A4]/E
Concentration of azocasein digested (mg/mL TCA extract) = 2 × [A1 – A2 –

A3 + A4]/E
Dilution of ruminal digesta was 2 mL to a final volume of 5 mL in TCA extract,

so:
Concentration of azocasein digested (mg/mL strained rumen digesta) = 2.5 ×

2 × [A1 – A2 – A3 + A4]/E
Therefore, proteolytic activity (mg azocasein hydrolysed/h per mL of ruminal

digesta) = (5 × [A1 – A2 – A3 + A4])/(E × t)

Radio-Labelled Proteins

The use of radiolabelled proteins overcomes many of the limitations of the azocasein
assay, in that there is minimal interference from chromogenic compounds in plant
materials, including forages.

Note: All procedures should be carried out using gloves and protective clothing
and in a designated laboratory. Strict rules for the use and disposal of radioactive
material should be observed. The half-life of 14C is 5730 years – any spillage or
inappropriate disposal will leave a long legacy of hazard.

Preparation of 14C-Formaldehyde-Labelled Proteins

The method is based on the reductive methylation of protein using formaldehyde and
sodium borohydride. The result is a tiny structural modification of the protein that
has no effect on its susceptibility to proteolytic digestion. Either 14C-formaldehyde
or 3H-sodium borohydride can be used. The latter is much cheaper, but its use is
much less widely reported.

For the application of the method to measuring the proteolytic activity of ruminal
digesta, see [31].

Note: This method works well for soluble proteins, but less well for insoluble pro-
teins, particularly heterogeneous protein supplements because the surface tends to
become labelled more than internal regions of particles.

Dissolve 0.1 g of casein sodium (Sigma) in 10 mL of 0.2 M sodium borate buffer
pH 9.0. Make up fresh 0.5 mg/mL NaBH4 and a solution of 0.01% (0.1 mg/mL)
formaldehyde. The stock solution is 37% (w/v) and has a specific gravity of
1.09 g/mL, so use 0.25 mL/L of water. Chill the casein solution on ice.
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Add 10 μL of stock 1 μCi/μL 14C-formaldehyde to 50 μL of the 0.01%
formaldehyde (add more radioactivity if required; this method should give about
40,000 dpm per mg casein). On ice, add 0.15 mL of NaBH4 solution to the casein
solution, mix, and after a few seconds add the diluted 14C-formaldehyde. Incubate
on ice for 30 min, then dialyse overnight at 4◦C and freeze dry. Redissolve the
freeze-dried material in 10 mL of water and count 50 μl in duplicate and calculate
the specific radioactivity (DS) in dpm/mg. This solution can then be used as the
basis of the substrate solution in proteinase assays. You should aim to dilute the
radioactive casein with unlabelled casein to give a count of about 40,000 dpm per
mL in the solution added to the assay mixture.

Measurement of Proteolysis

This protocol is small-scale in order to minimise the use of radioactivity. On this
scale, it may not be suitable for the testing of small quantities of plant samples in
powder form. However, it will be excellent for the testing of liquid extracts. For
testing solids, it may be necessary to scale-up ten-fold.

Make up a stock 2-mg/mL 14C-labelled casein (approx. 80,000 dpm/mL, but a
higher specific activity can be used) in 0.1 M potassium phosphate buffer pH 7.5.
Dilute the radio-labelled casein solution with 2 mg/mL unlabelled casein in 0.1 M
potassium phosphate buffer pH 7.5. Remove sample of rumen liquor and use fresh.
This method is not suitable for frozen samples. Strain through 4 layers of muslin
cloth.

Set up two micro-centrifuge tubes for each sample that is to be analysed,
containing:-

100 μL of 14C-labelled casein [1]
100 μL of 14C-labelled casein + 50 μL 25% trichloroacetic acid [2]
Equilibrate in water bath at 39◦C

At t = 0, add 100 μL of strained rumen digesta to all tubes. Continue to incubate
at 39◦C. After 1 h3 at 39◦C, add 50 μL 25% trichloroacetic acid to [1]. Transfer the
tubes to ice water then centrifuge at 12,000 g for 10 min [Or transfer the tubes to a
cold room (4◦C) for about 48 h and then centrifuge].

Carefully4 remove 100 μL of supernatant into a scintillation vial. Add scintilla-
tion fluid and measure 14C. In addition, count 2 × 50 μl of the 14C-labelled casein
solution added to tubes 1 and 2. Calculate mean as DS dpm/50 μL = 20 × DS/mL
= 20/2 × DS dpm/mg casein = 10 × DS dpm/mg casein.

3 Exactly. Time may vary depending on the activity of ruminal liquor. Calculate how much of the
casein has been digested – if it is more than half, the assay should be repeated for a shorter time.
4 This is the step where the greatest error can occur. Some of the part-digested casein floats on
the meniscus in some samples. The pipette should be submerged gently through this layer before
drawing the 100 μl volume. When withdrawn, some of the part-digested casein often clings to the
pipette tip. Take care not to touch the recipient vial with the tip in order to minimize contamination
with this material.
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Calculation of Proteolytic Activity

The proteolytic activity of ruminal digesta is then calculated as follows (subscripts
to D refer to the respective tube numbers, see Measurement of proteolysis):

Dpm of digested casein at time t = [D1 – D2] dpm/100 μL supernatant
= 10 × [D1 – D2] dpm/mL supernatant
= 2.5 × 10 × [D1 – D2] dpm/mL rumen

digesta
= 25 × [D1 – D2] dpm/mL rumen digesta

But specific radioactivity of casein = 10 × DS dpm/mg casein
So, concentration of casein digested = 25 × [D1 – D2]/(10 × DS) mg/mL

reaction mixture
Therefore, proteolytic activity of
ruminal digesta.

= (2.5 × [D1 – D2])/(DS) mg casein
hydrolysed/h per mL

Screening for Antiproteolytic Plant Compounds by Short-Term
Incubation with a Complex, Protein Rich Substrate

This screening method is based on short-term batch incubation as described by
Mauricio et al. [20]. It is thus small enough to work with small amounts of plant
samples (ca. 1.5 g DM) and quick enough to process sets of 15–20 samples per
experiment. The plant material to be tested is added to a standardized, protein rich
substrate. Over a period of 10–12 h with repeated sampling the disappearance of sol-
uble substrate protein as well as the release of branched SCFA and ammonium are
monitored as proteolysis-specific parameters. Total SCFA release gives supplemen-
tary information on general fermentation. If undisturbed parallels are included and
incubation time is extended, gas production and 24 h digestibility can be optionally
determined alongside. As shown in Selje-Assmann et al. [26, 27] this experimen-
tal approach is able to detect immediate effects, such as the precipitation of dietary
protein by tannins, as well as slower effects mediated by modification of the micro-
bial activity. When monensin, a well-established inhibitor of ruminal proteolysis,
was added to this system, the effects described in the literature could be reproduced.
On one hand, this validated the experimental approach. On the other hand, mon-
ensin could be introduced as an external standard to correct for the variability in
biochemical responses associated with variations in the rumen fluid inoculum.

Incubation

Substrates

The substrate was composed to resemble a concentrate rich ruminant diet. Maize
silage served as roughage component, barley grain as energy supplement, and a
combination of soybean meal (Sigma-S9633) and BSA (bovine serum albumin)
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Table 5.2 Substrate composition for batch incubations

Component (mg/bottle) Negative control Positive control Treatment

Maize silage 450 450 300
Barley grain 225 225 225
Soybean meal 150 150 150
BSA 10 10 10
Monensina – 11.5 μl (ad 3 μM) –
Test plant in optional

parallels
– – 150

PEG 450 45 450

aA stock solution (14 mg/mL) in ethanol is prepared freshly prior to each experiment and is added
immediately after filling in the buffered rumen fluid.

(Sigma-A9647) as protein supplement. The proportions are given in Table 5.2. With
our materials, the crude nutrient composition of the control substrate was: CA 3.9%,
CP 16.9%, EE 1.9%, NDF 31.3%, ADF 23.1% and ADL 3.5% DM.

If entire plant material (i.e. dried, ground (green) biomass) was to be tested, it
was added to replace an equivalent amount of maize silage, as this resulted in the
lowest changes of crude nutrient composition. Routinely, 150 mg of test material
were added; series of 30–200 mg of test material were successfully assayed for
dosage effects. If purified extracts are to be evaluated, addition of the extract without
reducing the maize silage may be a more suitable strategy [15]. This should be
decided by the lowest interference with crude nutrient composition.

A negative control shows the proteolytic activity of a given inoculum under stan-
dard conditions. A positive control shows the inhibitory effect of monensin, relative
to the negative control. Treatments can be evaluated relative to the negative control,
or relative to the effect achieved by monensin.

The contribution of tannins to any observed effects on proteolysis can be eval-
uated if the experimental design is amended by additional parallels of all controls
and treatments including polyethylene glycol (PEG) [26].

All substrate components (except monensin, which is added as stock solution
immediately after inoculation) are weighed directly into 100 mL serum bottles,
which are then pre-warmed prior to the addition of buffered rumen fluid.

Donor Animals and Preparation of Inoculum

For the screening system described here, the donor animals of rumen fluid (fistulated
cattle or sheep) should be adapted to a concentrate-rich diet. If hay-fed animals are
used as donors, the kinetics of fermentation are slower and total incubation time
and sampling points need to be adapted. Rumen fluid is collected prior to morning
feeding by manually squeezing liquid from the feed mat into pre-warmed thermos
flasks. Again, if rumen fluid is withdrawn from the liquid phase by pump, kinetics
are likely to be slower due to lower microbial density.



62 E.M. Hoffmann et al.

Experimental Design

Only incubations run with different inocula can be considered true replicates. This
can be achieved by using different donor animals within the same experiment, or by
subsequent experiments using the same donor animal. The lowest variation should
be expected when the rumen fluid of two or three donors is mixed to provide a single
inoculum, and experiments are repeated on different days.

In any case, positive and negative controls as well as blanks (bottles without any
substrate) need to be included for every inoculum. Every treatment is incubated in
3 parallels, one of which is kept closed for exact gas readings, while the other two
are designated for repeated sampling. Incubations run for 12 h, with samples being
taken repeatedly from the same bottle after 1, 6, 8, and 10 h.

Thus, the total number of bottles to prepare is b = (9 + 3 × T) × I, where I =
number of inocula, T = number of treatments respective additives to be tested, and
the 9 resulting from triplicates of blank, positive and negative control. Substrates
should be weighed into the bottles a day ahead. Collection of rumen fluid, inocula-
tion, incubation (12 h) and processing of samples will add up to a total duration of
ca. 16 h for the actual experiment.

Incubation Medium

The incubation medium (Table 5.3) can be considered as “artificial saliva”, provid-
ing the buffer capacity and minerals to maintain favourable conditions for microbial
fermentation. It is prepared freshly before each incubation and is pre-warmed and
reduced before rumen fluid is added. Reduction is achieved by bubbling the solution
with CO2-gas for several hours, and by addition of the reducing solution (Table 5.4)
shortly before the incubation. Reduction is indicated by the dye Reazurin, which
changes from blue (over pink) to colourless.

Table 5.3 Composition of incubation buffer

Components MW Final conc. Amount

Ammonium bicarbonate 60.1 13.5 mM 4.06 g
Sodium bicarbonate 84.0 86.5 mM 36.33 g
Di-Sodium hydrogen phosphate 142.0 5.5 mM 3.91 g
Potassium di-hydrogen phosphate 136.1 9.5 mM 6.46 g
Magnesium sulphate (× 7 H2O) 246.5 0.5 mM 0.62 g
Micro-minerals (stock solutionb) 0.020% 1000 μL
Resazurine (1%) 0.001% 500 μL
dH2O 4190 mL
Reducing solution 6% 310 mL
Total volume 4500 mL
Rumen fluid to be added 10% 500 mL
Total volumea 5000 mL

aThe final volume of 5 L allows for the incubation of ca. 15 treatments plus blanks
and controls in triplicates. It can be adjusted to the experimental design.
bThe composition of the micro-minerals stock solution is given in Table 5.4.
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Table 5.4 Reducing solution

Components MW Final conc. Amount

Cysteine HCl 52.9 0.118 M 1.938 g
NaOH (1 M) 40.0 0.040% 12.40 mL
Na2S 240.2 0.026 N 1.938 g
dH2O to make total volume 310 mL

Table 5.5 Micro-minerals stock solution

Components MW Final conc. Amount

Calcium chloride 2 × H2O 147.0 0.45 M 3300 mg
Manganese chloride 4 × H2O 197.9 0.25 M 2500 mg
Cobalt chloride 6 × H2O 237.9 0.02 M 250 mg
Ferric trichloride 6 × H2O 270.3 0.15 M 2000 mg
dH2O to make total volume 50 mL

Note: For reasons of time management, the buffer, without reducing solution and
rumen fluid, can be prepared a day ahead and gassed for 2–3 h with CO2. It can
then be pre-warmed over night. In the next morning, prior to the collection of rumen
fluid, the reducing solution is prepared and added, and gassing continues while
collecting the rumen fluid.

Inoculation

When the buffer is completely reduced, one volume of filtered (100-μm) rumen fluid
is added to 9 volumes of buffer, to make up the “buffered rumen fluid”. Three 1 mL
samples of this are taken for subsequent analysis (see “Sampling section below”).
Aliquots of 75 mL are then dispensed in the pre-warmed serum bottles containing
the substrate. Routinely, all treatments are run in triplicate; three bottles without any
substrate serve as blanks (to monitor gas production arising just from the inoculum
rather than the incubated substrate). Monensin solution (Table 5.6) is pipetted in the
designated controls. The headspace is flushed with CO2 gas; the bottles are closed
with rubber stoppers and incubated at 39◦C.

Gas Reading

As fermentation sets on, gas is released into the headspace of the bottle and builds
up a pressure. A syringe needle with an attached pressure transducer is inserted
through the rubber stopper at regular intervals to measure the current pressure. Once

Table 5.6 Monensin stock
solution Components Amount

Monensin 3.5 mg
dH2O 250 μL
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the value has been recorded (along with the time of measurement), the transducer
is detached and the pressure is released through the open syringe needle. Finally,
the needle is removed and pressure can build up again until the next measurement
point. Routinely, pressure is measured after 1, 2, 3, 4.5, 6, 8, 10 and 12 h (where
applicable: prior to sampling). Further measurements are necessary if incubation
time is extended to 24 h. A calibration series is used to convert pressure data to gas
volume.

In order to obtain the calibration curve shown in Fig. 5.1, serum bottles were
filled with 75 mL water, warmed to 39◦C (i.e. the incubation temperature) and
closed with rubber stoppers. Defined gas volumes of 5, 10, 15, 20 . . . to 40 mL
were injected into four parallel bottles each with calibrated, gas-tight syringes. The
pressure was then measured as described above. This calibration should be done
with the specific equipment available in the lab when introducing the methodology.
The same calibration curve can then be used in subsequent experiments.

y = 2,424x – 1,4148
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Fig. 5.1 Example of a
calibration curve to convert
pressure to gas volume

Calculation of Gas Production Rate and Cumulative Gas Production

All pressure readings are converted to mL gas by the calibration curve; the aver-
age gas volume produced in the blanks is calculated at each time point, and all
measurements are corrected by their corresponding blank.

The exact incubation time since the previous gas reading is determined for each
bottle (from time data recorded along with the pressure measurement), and net gas
production is related to the hours of incubation to express data as gas production
rate (mL/h)

Net gas production is added up over the entire incubation period, and the sum is
related to the amount of substrate incubated in the respective bottle and expressed
as cumulative gas production (mL/g).

If bottles with and without PEG are incubated, gas production of the sample +
PEG is set to 100%, and inhibition in the sample without PEG is expressed relative
to this.
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Note: Exact gas measurements can only be taken from undisturbed bottles, which
have never been opened for sampling. Gas readings from sampling bottles can only
serve as a rough indicator for the speed of fermentation.

Sampling

After 1, 6, 8, 10 and 12 h samples are withdrawn repeatedly from the designated
bottles. After recording and release of gas pressure, the stoppers are removed, and
aliquots of 1 mL volume are pipetted into prepared sampling tubes (e.g. 1.5 mL
Eppendorf cups) kept on ice to stop the fermentation process. To ensure the with-
drawal of homogeneous samples, a stirbar is inserted into the bottle, and contents are
vigorously stirred while pipetting; wide bored tips have to be used to avoid plugging
by feed particles. The stir bar remains inside the bottle for subsequent samplings.
The headspace is flushed again with CO2 gas, bottles are closed again with the same
stopper, and incubation continues.

An overview of the sample processing is given in Fig. 5.2. The samples are cen-
trifuged (10 min, 10,000 g, 4◦C) and supernatant and pellet are carefully separated.
An aliquot of 50 μl of the supernatant is transferred to a fresh vial and frozen
at –20◦C for determination of soluble protein under native conditions.

Another 50 μl of the supernatant are mixed with 50 μl of double strength
Laemmli-buffer (2 × LBF, Table 5.17) and boiled for 3 min to generate denatured
samples of soluble protein. Pellets are re-suspended in 1 mL of Laemmli-buffer
(1 × LBF), boiled for 5 min to generate denatured samples of insoluble pro-
tein. Both of the denatured samples are backups for protein determination by dot
blot (see “Quantitative protein analysis by dot blot assay”) and, if desired, subse-
quent qualitative analysis by SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis) (see “Qualitative protein analysis by SDS-PAGE” below).

Sample
1 ml

centrifuge

–20°C 4°C
overnight

centrifuge

–20°Cglass vial
capped

boil:
2 min 90°C

4°C

–20°C

1 2 3

4 5

Sample
1 ml

+
70 µl
int std

+
50 µl

2 x LBF

boil:
2 min 90°C

–20°C

+
50 µl

2 x LBF

1 2 3

4 5

Subsamples for determination of:
1. Insoluble protein (denatured)
2. Soluble protein (native)
3. Soluble protein (denatured)
4. SCFA
5. Ammonium

P

P

S:

S:

50 µl

500 µl rest

50 µl 630 µl

Fig. 5.2 Flow diagram of sample processing
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Another aliquot of 630 μl of the supernatant is transferred into a fresh vial and
70 μl of internal standard (int std, Table 5.8) are added. These samples are kept at
4◦C over night to precipitate soluble proteins. They are centrifuged again (10 min,
10,000 g, 4◦C) to remove the precipitate. 500 μl of the acidified, de-proteinized
supernatant are transferred into glass vials, sealed with serum caps, for SCFA anal-
ysis. The remaining supernatant is transferred into a fresh vial, frozen at –20◦C, and
kept for determination of ammonium.

Note: Due to the complex sampling scheme and the large number of samples to
process all cups and vials should be prepared and labelled ahead of the experiment.

The amount needed is: sampling bottles = bs = (4 + 2 × t) × I
glass vials = bs × t × a
sampling cups = bs × t × 5 × a

(where: t = no. of sampling times, a = no. of aliquots, I = no. of inocula)

One set of cups is needed for collecting the original 1 mL aliquots; after cen-
trifugation, the pellet is left in these cups and re-suspended in 1 × LBF. Three
sets of cups are needed for sharing the first supernatant as indicated; one of these
sets should be prefilled with 2 × LBF. Another set of cups is needed to collect the
supernatant after the second centrifugation.

Optional: 24 h Digestibility

If applicable, digestibility is determined in undisturbed incubation bottles set aside
for gas reading only. Incubation time is extended to 24 h, which usually requires
1 or 2 additional gas readings to avoid high pressure in the gas space. At the end,
all bottles are transferred to an ice bath to stop fermentation, and the contents are
emptied quantitatively into pre-weighed nylon bags (50 μm pore size, e.g. from Bar
Diamond Inc. Parma, ID, USA). The nylon bags are held by glass beakers to collect
the filtrate, any particulate matter is held back in the bags. Analytical samples are
withdrawn from the filtrate as described in previous section. After this, the bottles
can be rinsed with distilled water and residues are combined in the respective bag.
The bags are closed by folding the upper edge, excess liquid is gently squeezed
from the bags, and they are hung up using a fold back clamp until drained com-
pletely. The bags are dried overnight at 100◦C and weighed to determine apparent
digestibility. Dry bags are heat-sealed and boiled for 1 h in NDS (Table 5.7), rinsed
several times in distilled water and dried again to determine in vitro true digestibil-
ity. The mass difference of original residue and NDS-boiled residue can be taken as
a rough estimate of microbial mass.

Analytical Procedures

SCFA Analysis by Gas Chromatography

SCFA are determined in an acidified, de-proteinized rumen fluid sample (see “sam-
pling” section above) containing 10% (v/v) of internal standard. The sample is
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Table 5.7 Neutral detergent solution (NDS)

Components MW Final conc. Amount

EDTA 372.2 0.050 M 93.0 g
Sodiumtetraborate (10 H2O) 381.4 0.018 M 34.0 g
SDS 3.0% 150.0 g
Monoglycolether 1.0% 50.0 mL
Sodium dihydrogenphosphate 142.0 0.032 M 22.8 g
dH2O to make total volume 5000 mL

provided in a 1.5 mL glass vial, closed tightly by a serum cap. Samples are analysed
in a gas chromatograph (e.g. GC 14A, Shimazu Corp., Kyoto, Japan) with a stain-
less steel column packed with GP 10% SP, 1000 1% H3PO4, Chromosorb W AW
(Supelco Inc. Bellafonte, PA). The method was developed by [13].

To guarantee reliable measurements, internal as well as external standardization
is used. Methylvaleric acid, which does not naturally occur in rumen liquid, is used
as internal standard (Table 5.8). This serves as reference for the analytical device and
needs to be present in every sample measured. Double distilled water containing
10% (v/v) internal standard is used to clear the column in regular intervals. For
samples derived from the described incubation, two vials of water are inserted after
every 15 vials of samples. An external standard (Table 5.9) is inserted once per run
among the second half of the sample set.

The gas chromatography program automatically detects the individual SCFA-
peaks and converts the peak area to concentration (μmol/mL). All readings are
corrected for SCFA brought in with the inoculum. The net SCFA concentration can
then be related to the amount of substrate present in each bottle (mol/g). The sum

Table 5.8 Internal standard for SCFA analysis

Components Final conc. Amount

Methylvaleric acid (100%) 1.0% 1.0 mL
Formic acid to make total volume 100 mL

Table 5.9 External standard (10x stock solution)

Components MW Final conc. Amount

100% acetic acid 60.1 60.0 μmol/ml 3.03 g
100% propionic acid 74.1 30.0 μmol/ml 2.22 g
100% butyric acid 88.1 10.0 μmol/ml 0.81 g
100% valeric acid 102.1 1.0 μmol/ml 0.102 g
98% isobutryric acid 88.1 1.0 μmol/ml 0.090 g
100% isovaleric acid 102.1 1.0 μmol/ml 0.102 g
dH2O to make total volume 100 mL

When diluting the stock solution (1/10) to the final concentration, 10%
(v/v) internal standards are added.
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of branched SCFA is considered a proteolysis-specific parameter and is expressed,
either in absolute terms (μmol/g) or as proportion of total SCFA (%), relative to the
negative and positive control.

Ammonium Determination by Phenol Hypochlorite Reaction

The assay is based on the method of Koroleff [17]. In alkaline solution, ammonium
ions react with hypochlorite and form an intermediate product, monochloramine. If
hypochlorite is in excess and nitroprusside is added as catalyst, this reacts further
with phenol to form a dark blue dye, indophenol. The maximum absorbance of this
dye occurs around 620–640 nm. Absorbance is proportional to the initial ammonium
concentration.

This test has wide application in the analysis of water quality; other trivalent
forms of nitrogen do not interfere with the assay. Turbidity or hydrogen sulphide,
however, may disturb it. Therefore, when applied to rumen liquid, the sample has
to be clarified by centrifugation and hydrogen sulphide has to be eliminated by
acidification. Both are achieved in the sample preparation outlined above. The vol-
umes given below were downscaled as compared to the original protocol, and the
concentrations are adapted to measurements in 150 μl aliquots in a microplate
reader.

A standard curve is prepared according to Table 5.10, using 0.5–5 mM
(NH4)2SO4 (i.e. 1–10 mM NH4, respectively). Aliquots of 300 μl of phenol nitro-
prusside reagent (Table 5.11) are pipetted into a 1.5 mL vial, then 15 μl of standard
or sample are added and mixed well. 15 μl of ddH2O are added for a blank. All
treatments should be prepared at least in duplicates. Finally, 300 μl of alkaline

Table 5.10 Pipetting scheme of calibration series for ammonium determination

(NH4)2SO4 stock solution 10 mM (μl) H2O (μl) Final conc. (mM)

100 900 1.0
200 800 2.0
400 600 4.0
600 400 6.0
800 200 8.0

1000 0 10.0

Table 5.11 Phenol nitroprusside

Components Final conc. Amount

Phenol∗ 10.0 mg/mL 2.5 g
Sodium nitroprusside 50.0 μg/mL 12.5 mg
dH2O to make total volume 250 mL

The solution can be stored at 4◦C for 1 month.
∗Phenol is very hazardous compound. When handling it make sure to
wear gloves and protective clothing and always work in a fume hood.
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Table 5.12 Alkaline hypochlorite

Components Final conc. Amount

NaOH 10.0 mg/mL 2.5 g
Sodium hypochlorite 0.84% (v/v) 2.1 mL
dH2O to make total volume

The solution can be stored at 4◦C for 1 month.

hypochlorite reagent (Table 5.12) are added and the mixture is incubated for 30 min
at 37◦C. After the colour has fully developed, absorbance is read at 625 nm.

Absorbance measured in unknown samples is converted to ammonium concen-
tration by the respective calibration curve. In contrast to cumulative parameters such
as gas or SCFA concentration, ammonium concentration reflects the current balance
between release by fermentation and uptake by microbes.

Quantitative Protein Analysis by Dot Blot Assay

This assay is based on the method of Neuhoff [23], as modified by Hoffmann et al.
[14]. It works in the presence of SDS, but due care has to be taken that the SDS
concentration of the samples is the same as that in the standards used for calibra-
tion. Denaturation is recommended only if qualitative analysis of protein patterns
by SDS-PAGE is to follow, or if the insoluble protein pellet is to be quantified.

The protein concentration in the native supernatant can be determined without
further processing.

Dot Blot Procedure

A calibration series is prepared with BSA as shown in Table 5.13.
A cellulose acetate membrane (Sartorius 12200) is placed in a holder (Fig. 5.3),

i.e. between two plates with an application grid of 84 holes (ca. 1 cm in diameter),
and fixed by inserting two pins. The holder can be manufactured from any kind of

Table 5.13 Pipetting scheme of calibration series for protein determination

BSA stock solution 2 mg/mL (μl) H2O (μl) (2×) buffera Final protein conc.

20 180 200 0.1
40 160 200 0.2
80 120 200 0.4

120 80 200 0.6
160 40 200 0.8
200 0 200 1.0

aThe components of the RPT-buffer do not affect the staining intensity; therefore water can be used
for native calibration standards; for denatured samples, 2× Laemmli-buffer has to be used, as SDS
affects the staining with amido black.
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a) Holder: 

A 1–3 = BSA 0.1
B 1–3 = BSA 0.2
C 1–3 = BSA 0.4
D 1–3 = BSA 0.6
E 1–3 = BSA 0.8
F 1–3 = BSA 1.0

A 4–6 = sample x
B 4–6 = sample y
C 4–6 = ...etc.
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b) Application pattern: Stained membrane with
regions defined for evaluation.

c) Calibration curve generated by the image analysis program AIDA 2.31
(net pixel values plotted against BSA concentration, logarithmic regression)

Fig. 5.3 Illustration of holder, application pattern and a stained membrane. (a) Holder; (b)
Application pattern: Stained membrane with regions defined for evaluation; (c) Calibration curve
generated by the image analysis program AIDA 2.31 (net pixel values plotted against BSA
concentration, logarithmic regression)

inert plastic and guarantees, that within the cavities, the membrane does not touch
the support and the samples can be quantitatively applied. An application pattern
is designed to define each sample by its position on the grid. Triplicates of 2 μl of
standard or sample are applied very slowly in the centre of the cavities. The protein
concentration should be in the range of 0.1–1.0 mg/mL. Gilson/Eppendorf pipets
or 2 μl glass capillaries can be used for sample application. When the sample is
completely absorbed by the membrane, there should still be a small margin between
the edge of the spot and the cavity wall. The membrane should dry completely at RT
before removing it from the holder. If denatured samples are applied, a heat-fixation
step is recommended; i.e. the membrane is baked for 3 min at 98◦C in a dry heating
block (or incubator).

The dry membrane is slowly immersed into the staining solution (Table 5.15) and
stained for 3 min with gentle agitation. The staining tray should be closed with a lid
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Table 5.14 Methanol-acetic acid

Components Final conc. (%) Amount (Ml)

Methanol 90 450
Acetic acid (100%) 10 50

Total volume 500

Stored at 4◦C to minimize evaporation.

Table 5.15 Staining solution

Components Final conc. Amount

Amido black 0.5% 250 mg
Methanol-acetic acid 50 mL

Total volume 50 mL

Stored at 4◦C to minimize evaporation.

Table 5.16 Butanol-methanol-acetic acid

Components Final conc. (%) Amount (mL)

Butanol 60 120
Methanol 30 60
Acetic acid (100%) 10 20
ddH2O to make total volume 200

The solution can be used several times, as long as it stays clear. Stored
at 4◦C to minimize evaporation.

to avoid the evaporation of methanol. The membrane is then destained for 3 × 5 min
and 1 × 15 min in methanol-acetic acid (Table 5.14). Again, the vessels should
be closed and the membrane should never fall dry during transfers! If methanol
is allowed to evaporate from the membrane, the acetic acid will concentrate and
destroy the membrane. Finally, the membrane is equilibrated for 2 min in butanol-
methanol-acetic acid (Table 5.16). As acetic acid evaporates faster than butanol, now
there is no more danger of destroying the membrane.

A digital picture is taken of the wet membrane, avoiding any air bubbles between
the membrane and the support. A video camera system or a flatbed scanner may
be used for taking the picture. Any image analysis program able to count pixels
values in defined areas (e.g. AIDA 2.31, Raytest GmbH, Straubenhardt, Germany)
can be used to convert the staining intensity of the spots to numbers. The net pixel
numbers per spot will then be converted to protein concentrations according to the
calibration series blotted on the same membrane. Protein concentrations determined
in the samples are then plotted against the incubation time to show the degradation
kinetics. An exemplary result for positive and negative control is shown in Fig. 5.4.
Linear regression has been used to calculate the degradation rates.
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Fig. 5.4 Degradation kinetics of soluble protein in positive and negative controls

Evaluation of Results

The soluble protein concentration at 1 h is taken as reference point for each kinetic.
It was shown that 1 h is the point of maximum concentration, due to the slow solu-
bilization of soybean protein [26]. On the background of soybean meal and BSA the
inclusion of 150 mg of normal, green plant samples did not significantly increase
the measured concentration. (If an unknown sample should be high enough in solu-
ble protein to show up as false positive for anti-proteolytic activity, it can be noted
at this point.)

Measurements at later sampling times can be expressed relative to the corre-
sponding 1 h value, or in absolute terms as μg protein degraded. In the latter case,
degradation rates (μg/h) can be calculated by linear regression. Both, relative pro-
tein concentrations at a given hour, or protein degradation rates can then be evaluated
relative to the negative and positive control.

Insoluble protein concentration is of particular interest at 1 h, as increased values
will indicate precipitation of dietary proteins, and at the end of 24 h incubation as
an estimate of microbial biomass. The sum of soluble and insoluble protein (cor-
rected for respective dilution factors) gives an estimate of total true protein in the
sample. However, if proteolysis is inhibited, protein measured at 24 h may still par-
tially constitute undegraded dietary protein. In that case, PAGE analysis is needed
to discriminate substrate from microbial protein.

In the negative control (without monensin) the substrate protein was degraded
close to background level (bkg) after 9 h, therefore the 12 h value was excluded
from regression; the corresponding degradation rate was 72.8 μg/(mL × h). In the
presence of monensin, the rate was reduced to 38.8 μg/(mL × h) and degradation
was not yet complete after 12 h.

Qualitative Protein Analysis by SDS-PAGE

SDS-PAGE is a technique that separates polypeptides by their molecular mass.
The name refers to the detergent sodium dodecylsulphate (SDS), which is used to



5 Screening for Anti-proteolytic Compounds 73

Table 5.17 Laemmli buffer (LBF)

Components Final conc. Amount

Tris-HCl pH 6.8 (0.5 M) 62.5 mM 12.5 mL
SDS (20%) 2% 10.0 mL
Glycerol (87%) 10% 11.5 mL
2-mercaptoethanol 5% 5.0 mL
Bromophenol blue (0.5%) 0.0025% 0.5 mL
ddH2O 60.5 mL
To make total volume 100.0 mL

For double strength buffer add only 10.5 mL H2O ad total volume
50 mL. Stored at room temperature.

denature the proteins prior to separation. This also confers a strong negative charge
on the proteins, irrespective of their native charge due to amino acid composition.
All proteins will thus move towards the anode (+) in an electric field.

The matrix used for electrophoresis is a polyacrylamide gel (PAGE). Small
molecules can move faster through this matrix than large ones, thus resulting in
separation by molecular mass. A discontinuity in gel concentration and buffer sys-
tem between the upper “stacking gel” and the actual “separation gel” improves the
sharpness of the protein bands and thus the resolution. This system was originally
established by Laemmli [18]. It is nowadays a standard method in protein analysis.

Preparation of the Polyacrylamide Gels

Standard protein electrophoresis equipment comprises a setup for casting the gels,
a setup for running the gels, and a power supply. Refer to the instructions of the
respective manufacturer, how to assemble and use them. The procedure below refers
to the Minigel-System of Hoefer (USA) with gel dimensions of 10.1 cm × 8.3 cm ×
0.75 mm.

Glass plates and spacers are assembled to form the gel chambers and are tight-
ened by foldback clamps. The lower edge of the chambers is sealed, either by a
rubber gasket in the casting stand, by a 1% agarose seal or by an acrylamide plug
(see below).

The acrylamide solution for the separating gel (T, Table 5.18) is prepared on
ice; immediately before casting the starter compounds (TEMED and ammonium
persulphate) are added, carefully mixed, and ca. 4.5 mL of gel solution are pipetted
into each chamber to fill it to ca. 2 cm below the upper edge. The gel solution is over
layed with water, to get a smooth edge and to exclude oxygen, which would prevent
polymerization of the gel in the upper layer. The gels are left undisturbed at room
temperature until polymerization is complete; after 1–2 h a sharp interface becomes
visible which indicates that the gel has polymerized.

The water layer is removed carefully with a drawn out pipette tip (e.g. gel loader
tips), and the surface is rinsed once or twice with water until any unpolymerized
residues of acrylamide are removed. Meanwhile the acrylamide solution for the
stacking gel (S, Table 5.19) has been prepared on ice; when the separating gels
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Table 5.18 PAGE separation gel solution (T)

Components Final conc. Amount

1.5 M Tris-HCl pH 8,8a 375 Mm 1.50 mL
30% Acrylamide/Bis Solution (37,5:1) 15.0% 3.00 mL
ddH2O
10% SDS 0.100% 60.00 μl
TEMED 0.012% 7.20 μl
10% Ammonium persulphate 0.035% 21.00 μl
Total volume (for 1 gel) 6.0 mL

Multiply by the number of gels you intend to cast!
aThe composition of the buffer stock solution is given in Table 5.21.

Table 5.19 PAGE stacking gel solution (S)

Components Final conc. Amount

0.5 M Tris-HCl pH 6,8a 125 mM 0.75 mL
30% Acrylamide/Bis Solution (19:1) 3% 0.30 mL
ddH2O 1.91 mL
10% SDS 0.1% 30.00 μl
TEMED 0.012% 3.60 μl
10% Ammonium persulphate 0.035% 10.50 μl
Total volume (for 1 gel) 3.0 mL

Multiply by the number of gels you intend to cast!
aThe composition of the buffer stock solution is given in Table 5.20.

are ready, the starter compounds are added. Teflon combs are inserted in the upper
space of the gel chamber, leaving sufficient space (ca. 1 cm) between the bottom
of the wells and the edge of the separation gel. Then the stacking gel solution is
pipetted into the chamber, avoiding any air bubbles, and is left to polymerize. The
chamber is filled to the upper edge, and if necessary, more solution can be added
carefully during polymerization. After another 1–2 h the gels are ready. The combs
are carefully removed and the wells are rinsed once or twice with water. Finally,
they are filled with electrophoresis buffer (EP, Table 5.20). Immediate use of the
gels is recommended.

Table 5.20 Electrophoresis buffer stock solution (2 × EP)

Components MW Final conc. Amount

Tris 121.1 100 mM 12.1 g
Glycine 75.1 760 mM 57.1 g
10% SDS 0.2% 2 mL
dH2O ad total volume 1000 mL
pH ca. 8.5 (do not titrate!)

Dilute 1 + 1 with dH2O to get the working solution.
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Table 5.21 Stacking gel buffer stock solution (Tris/HCl pH 6.8)

Components MW Final conc. Amount

Tris 121.1 0.50 M 6.06 g
ddH2O 50 mL
Titrate with HCl to pH 6.8
ddH2O to make total volume 100 mL

Store at 4◦C.

Gels can be stored overnight at 4◦C in a moist chamber; the well should then be
filled with 0.125 M Tris-HCl pH 6.8. Before loading, they need to be washed again
and filled with electrophoresis buffer.

Note: If an acrylamide-plug is to be used for sealing the gel chambers, 0.5 mL
per gel are taken from the solution and mixed with 10 μl TEMED and 15 μl 10%
ammonium persulphate. This solution is carefully and slowly dispensed along the
bottom of the gel unit; capillary force should draw the solution into the chamber
and form a seal of 1–2 mm width. Because of the high starter concentration, the
plug polymerizes very quickly (5 min) and gels can be cast as described above.

Loading and Running the Gels

An application scheme is prepared for each gel, to define which sample, marker or
standard is loaded in which lane. The gel chambers are inserted in the electrophore-
sis apparatus, and the buffer tanks are filled with electrophoresis buffer. To facilitate
sample application the upper can be filled just below the level of the gel edge. With
drawn-out tips 6 μl of denatured sample (see “sampling” section above) are care-
fully pipetted to the bottom of the designated wells, avoiding disturbance by air
bubbles. When all lanes are loaded, the buffer tank is filled up above the gel level.
The electrodes are connected to the power supply, and the gels are run for 10 min at
80 V and 40 min at 120 V. When the front (visible as a blue line) reaches the bottom
of the gel, the run is finished. The apparatus is disassembled; the gels are removed
from the chambers and transferred into a fixation bath.

Table 5.22 Separation gel buffer stock solution (Tris/HCl pH 8.8)

Components MW Final conc. Amount

Tris 121.1 1.50 M 18.17 g
ddH2O 50 mL
Titrate with HCl to pH 8.8
ddH2O to make total volume 100 mL
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Fixation and Staining

The gels are fixed in 10% sulfosalicylic acid (Table 5.23.) for 30 min with gentle agi-
tation. After that, they are transferred to the staining solution and stained overnight
in closed containers with gentle agitation.

Table 5.23 Fixation solution for PAGE gels

Components Final conc. Amount

Sulfosalicylic acid 10% 20 g
H2O 200 mL

Store at RT; repeated use is possible.

Note: The conventional agent for fixing PAGE gels is trichlor acetic acid (TCA). The
use of sulfosalicylic acid instead avoids toxic wastes (halogenated organic solvents).

The staining solution given in Table 5.24 follows the procedure of Neuhoff et al.
[22]. In contrast to common alcoholic staining solutions with CBB-R (Coomassie
Brilliant Blue), this provides CBB-G in a colloidal form and thus allows clear back-
ground staining at gel concentrations above 9% acrylamide. Furthermore, sensitivity
is higher than with CBB-R. The stained gels are briefly rinsed with water to remove
dye particles settled on the gel surface (5–15 min, several changes of water). They
can then be recorded with a digital camera or a scanner. An exemplary result is
shown in Fig. 5.5.

The PAGE-gel in Fig. 5.5 is showing the degradation of individual protein bands
during a 24 h incubation of control substrate without and with 3-μM monensin.
Lanes are labelled according to the hour of sampling. M = molecular weight marker,
high range. Band A (BSA) disappeared after 12 h in the control, but was persis-
tent even after 24 h in the presence of monensin. Band B (an unidentified soybean
protein) disappeared after 6 h in the control, and after 9 h with monensin. Band

Table 5.24 CBB-staining solution

Components Final conc. Amount

85% Phosphoric acid dissolved in 300 mL dH2O 2% 10 g
CBB 250 g dissolved in 20 mL dH2O 0.1% 500 mg
Ammonium sulphate dissolved in 80 mL dH2O 6% 30 g
– First add CBB to phosphoric acid and stir
– While stirring, add ammonium sulphate, bit by bit
– Keep stirring
Finally add dH2O to make total volume 500 mL

Store at RT; repeated uses is possible, but avoid acidification due to carry-over of fixation
solution, as this will affect the sensitivity of staining. If correctly prepared, the dye is dis-
pensed in a colloidal form, and small particles settle on the bottom of the flask; therefore
shake well before use!
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Fig. 5.5 Example of SDS-PAGE analysis of protein degradation in the screening system

C (trypsin inhibitor) disappeared after 16 h in the control, and was still present
after 24 h with monensin. The delay of protein degradation due to monensin is thus
clearly documented with the described experimental approach.

Calibration and Evaluation

Individual protein bands on a PAGE gel are usually identified/addressed by their
molecular mass. Therefore, molecular weight standards should be run on each gel.
They are available from various sources; the example shown above (Fig. 5.5) used
high range markers from Biorad (161-0303, SDS-PAGE-Standards, high). Broad
range markers also cover the lower range down to 6.5 kDa (BioRad #161-0317
SDS-PAGE-Standards, broad). If provided in lyophilized form, marker proteins are
reconstituted in water, denatured by adding the same volume of 2 × LBF, and finally
diluted to yield suitable band intensity.

Individual protein bands can be quantified, if suitable equipment for densitometry
or image analysis is available. In our experiments, we used the same software as in
the evaluation of dotblot membranes to quantify selected bands (AIDA 2.31, Raytest
GmbH, Straubenhardt, Germany). For calibration BSA standards were prepared at
0.05, 0.1 and 0.2 mg/mL in LBF, and 6 μl of these were loaded on the same gel
as the samples to be quantified. The intensities of the target bands could thus be
converted to protein concentrations. If the major protein bands of a given lane are
quantified like this and added up, the sum correlates quite well with the total protein
content determined by dotblot.

Conclusion

Based on an incubation of 12 h, the described screening system allows the detec-
tion of slow effects in ruminal protein metabolism, that require microbial growth, in
addition to immediate ones mediated e.g. by the precipitation of dietary protein. Yet,
it is still short enough to be considered a high throughput system; 15–20 samples
per incubation can be handled conveniently. The amount of plant material required
is small, with ca. 1.5 g DM for three independent incubations of triplicates. The
composition of the standard substrate is optimized not only to sustain high prote-
olytic activity, but also to reveal the response in proteolysis by straightforward and
reliable measurements in the parameters investigated, avoiding extensive dilution
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or purification of samples. Nevertheless, analyses can proceed to various degrees
of detail. For a rough screening, it may be sufficient to determine total protein
by dotblot, SCFA, and ammonium, which can be accomplished in ca. 3 days. To
acquire further information on the nature of anti-proteolytic effects, the experimen-
tal design can be amended by incubations with and without PEG, to discriminate
tannin related activities. PAGE analysis of supernatant and pellet, especially of the
1 h samples, can be an alternative to, or a further validation of this. While the overall
influence of a plant additive on general fermentation can already be seen from gas
and total SCFA-production, this aspect can be deepened if incubations are extended
to 24 h to determine digestibility or microbial protein synthesis by the respective
methodologies of nutrition research.

Inhibitor In Vitro Assay of Rate and Extent of Ruminal
Protein Degradation

Rationale and Overview

Rates and extents of ruminal degradation of feed proteins are required in a num-
ber of systems of ruminant ration formulation. Lack of reliable data on protein
degradation can cause farmers to under- or over-feed protein to their livestock. To
avoid problems due to either under or over-feeding of protein, routine methods that
are both accurate and rapid are needed to allow timely characterization of protein
degradation of common feeds. We have devoted a number of years to developing an
inhibitor in vitro (IIV) method for assessing protein degradation [2; 3; 4; 5; 7]. With
this approach, substrate limiting amounts of protein (i.e., under first-order condi-
tions) are incubated with ruminal inocula to which metabolic inhibitors have been
added to allow quantitative recovery of protein breakdown products. Degradation
rate (kd) is derived from the time-course of net (i.e., blank-corrected) appearance
of degraded protein in the form of total free amino acids plus ammonia. Extent
of degradation is computed using this rate and an assumed ruminal passage rate
(kp), typically 0.06/h, from the ratio: kd/(kd + kp) [30]. This IIV procedure suc-
cessfully predicted differences in milk and protein yield of dairy cows fed solvent
and expeller soybean meal [8], characterized the ruminal degradability of differ-
ent species of legume forages [4] and several protein concentrates [11], identified
the optimal extent of heating required for protecting protein in roasted soybeans
[12], and served as the basis of a solubility test [16] and a near infrared spectro-
metric calibration [29] to estimate protein degradability in roasted soybeans. Other
workers have employed the IIV inoculum, but quantified extent of degradation from
net release to total N remaining soluble in the presence of protein precipitants
[24, 25].

The following protocol describes the method as used in our laboratory for routine
estimation of protein degradation rate and escape, including a shorthand method
version that may be useful when assaying large numbers of samples.
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Incubation

The basis of the IIV technique is that inhibitors of microbial amino acid and
ammonia incorporation, hydrazine sulphate (HS) and chloramphenicol (CAP), when
added to in vitro inocula containing mixed ruminal organisms, allow all or virtually
all of the protein degradation products to be recovered as ammonia and amino acids.
In short-term incubations (less than 6-h long), extent of protein degradation is not
underestimated due to microbial uptake of the degradation products. In incubations
longer than 6-h, proteolytic activity begins to decline, possibly due to autolysis of
microbial enzymes and build-up of end products.

Feed samples are analyzed for dry matter (DM) and total N. Enough sample to
provide 1.875 mg N is weighed into each incubation tube (50-mL plastic centrifuge
tubes). Each sample is “soaked” in 5 mL McDougall’s [21] buffer at 39◦C for 1 h
prior to starting the incubation. The inoculum is prepared from strained ruminal
fluid (SRF) obtained by straining solids from rumen cannulated donor cows through
two then four layers of cheesecloth. Pre-incubation of the SRF with soluble carbo-
hydrates is done at 39◦C for 3–4 h to reduce background concentrations of ammonia
and total amino acids (TAA). The inoculum is a mixture of SRF and McDougall’s
[21] buffer containing 1.5 mM HS and 45 μg/mL of CAP. Tubes are inoculated with
10 mL of the inoculum (final concentrations = 1.0 mM HS and 30 μg/mL of CAP).
Tubes are flushed with CO2, capped with Bunsen valves (see supplies below) and
incubated at 39◦C for various time-points up to 6 h. Water baths and incubator ovens
and rooms have all been used successfully for this purpose. In the shorthand version
of the assay, time-points of only 0- and 4-h are used when large sample numbers
are to be studied in the same incubation. This method is described below. Microbial
activity is stopped by adding trichloroacetic acid (TCA) to a final concentration of
5% (w/v).

The fraction degraded, and remaining undegraded, at each time-point is com-
puted from net (i.e., blank corrected) release of N in the form of ammonia and total
free amino acids (TAA), which are assayed using automated equipment. Formally,
TAA were determined by ninhydrin assay, including a correction for ammonia
contribution to total colour that was adapted to a continuous-flow system [5].
However, this method has been replaced by a fluorimetric procedure based on ortho-
phthaldialdehyde (OPA) adapted to flow-injection [6]. A variation on the original
colorimetric ammonia assay [5] is still used but it is also conducted by flow-injection
[6]. The net N released as TAA is computed from the ratio TAA/mg N determined
for each protein source being studied after hydrolysis in 6 N HCl. This value is
added to N released as ammonia and the fraction degraded is computed based on the
amount of protein-N added to each tube (usually 1.875 mg). Fractions degraded and
undegraded may be corrected for acid detergent insoluble nitrogen (ADIN) but this
has been found to have little effect on rate except for samples that have been exten-
sively heated. Rate of degradation is estimated as the slope of the linear regression
of the log of the fraction remaining undegraded on time. Equations used for these
computations are described below in detail. Casein and two standard soybean meal
samples of known in vivo ruminal degradability are included in each incubation to
assess day-to-day variation in activity.
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Materials

Chemicals

McDougall’s buffer (4 L batch) [21]

• 39.2 g NaHCO3
• 37.1 g Na2HPO4.12H2O

– 2.28 g KCl
– 1.88 g NaCl

Dissolve in 4 L of distilled water, and then add

• 0.52 g MgCl2.6H2O
• 0.182 g CaCl2, anhydrous

Mix until dissolved and then bubble with CO2 for 2 h (until pH reaches 6.8).
Rebubble with CO2 as necessary to bring pH back to 6.8.

• 3 N NaOH
• TCA solution – 65% wt/vol trichloroacetic acid in distilled water.
• Antifoam 204 (Sigma A-6426)
• Maltose (Sigma M-2250)
• Starch (Sigma S-2004)
• Xylose (Sigma X-1500)
• Pectin (Sigma P-9135)
• Mercaptoethanol (Sigma M-6250) (noxious odour – keep and use in hood)
• Hydrazine sulphate (Sigma H-7394) (toxic)
• Chloramphenicol (Sigma C-0378) (toxic)

Standard Proteins

• Casein (Sigma C-5890)
• Solvent soybean meal (SSBM)
• Expeller soybean meal (SSBM; “SoyPlus”)
• Ammonium sulphate (Fisher Scientific A938-500; “Primary Standard”)
• Leucine (Sigma L-8000)
• 0.1 N HCl
• 6 N HCl

Supplies

• 1 L thermos
• Large diameter funnel
• Cheese cloth (#58706-4325: American Wipers and Supplies, Milwaukee, WI

USA)
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• Large graduated cylinders
• 2-l and 5-l Bottles
• 50-mL Polyethylene centrifuge tubes (Nalgene # DS3112-0050; Fisher

Scientific, Itasca, IL USA)
• 4 50-mL tubes are dried at 60◦C overnight and weighed (see below)
• 5-mL, 12×75 mm, Centrifuge tubes (# 55.5266: Sarstedt, Newton, North

Carolina USA)
• Stoppers with Bunsen valve: # 5.5 one-hole rubber stopper; 3/16" outside dimen-

sion (O.D.) glass tube; rubber policeman (w/slit) (# 53801-0087: VWR, St. Paul
Minnesota, USA).

Inoculum

Steps are conducted under CO2 to “protect” microbes as much as practical from
contact with air. Collect whole rumen contents (liquid plus solids) from 2 rumen
cannulated lactating dairy cows just prior to the morning feeding. At the barn,
squeeze enough whole rumen contents through 2-layers of cheesecloth into a ther-
mos (warmed previously using 39◦C tap water) to yield the required volume of
SRF, collecting about half of the total SRF from each cow. Discard squeezed
whole contents in the gutter. Back at the laboratory, strain the SRF through 4-
layers of cheesecloth into an appropriately sized graduated cylinder that had been
flushed with CO2 and rinsed with warm water. Measure pH and transfer to the
pre-incubation flask.

Pre-incubation

A 3 h pre-incubation is carried out in a water bath at 39◦C to decrease the back-
ground ammonium concentration in the inoculum. In a few cases, ammonia has
remained in excess of 2 mM after 3 h and incubating for 4 h was useful to reduce
concentration to less than 1 mM. However, the 3 h pre-incubation usually reduces
ammonia to < 0.5 mM. For each litre of final inoculum, add 800 mL of SRF, 2.5 g
NaHCO3 (dissolved in 50 mL McDougall’s [21] buffer), and 0.16 mL antifoam 204
(see above).

Then add the following carbohydrates:

• 6.4 g Maltose
• 3.2 g Starch
• 3.2 g Xylose
• 3.2 g Pectin dissolved in 100 mL warm McDougall’s [21] buffer overnight.

Flush flask continuously with CO2 during pre-incubation. At 0 h and once each h
for the total 3 h, take two 3-mL samples and transfer in 12 × 75 mm sampling tubes
with 0.25 mL 65% (w/v) TCA solution; hold on ice for 30 min. Also, monitor pH
(by inserting electrode into pre-incubating inoculum) and temperature: as necessary,
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adjust inoculum pH back up to 6.4 by adding 3 N NaOH. Record volume of NaOH
used (total used over 3-h is a crude index of fermentative activity).

After pre-incubation is complete, add (per 950 mL of pre-incubated inoculum),
0.39 mL mercaptoethanol; this should be done in the fume hood because of the
noxious odour. Then add the inhibitors: 0.3252 g hydrazine sulphate (dissolved in
25 mL McDougall’s [21] buffer) and 0.075 g chloramphenicol (dissolved in 25 mL
water). This gives a total volume of 1 L. Mix inoculum with these reagents at 39◦C
for 20 min before starting the incubation.

Sample Preparation

Samples should be ground through a 1-mm screen. Concentration of N in samples
must be determined. Duplicate tubes are used for each sample at each time-point.
Empty tubes are used for blanks at each incubation time-point; additional blanks
are used if sample set is large. Within each run, at least 3 standard proteins (casein,
SSBM, ESBM) are incubated.

Label all incubation tubes and centrifuge tubes with indelible marker.
Weigh into each of 50 mL tube an amount of sample equivalent to 1.875 mg

of N.
“Hydrate” these samples for 1 h prior to the incubation by adding 5 mL of warm

McDougall’s [21] buffer into each tube. Hold at 39◦C in the incubator.
Add 1.25 mL 65% w/v TCA (before inoculum to prevent any degradation) to

the 0-h-incubation tubes and place these in the ice bath.

Incubation

Add to each tube 10 mL of the inoculum using a Cornwall, re-pipette (or similar
rapid dispenser). Start with timed incubations and end with 0 h incubations. Flush
the tubes with CO2 and close them with a stopper fixed with bunsen valve, and
incubate for prescribed times with shaking at 150 rpm. We have also found that
swirling tubes by hand every 60 min provides satisfactory agitation and mixing over
the incubation. After completing inoculation of tubes to be incubated, add 10 mL
of inoculum to each of 4 labelled pre-weighed, dry 50-mL centrifuge tubes for the
determination of inoculum DM. When incubation time is complete, add 1.25 mL
65% w/v TCA to each tube to kill microbial activity. After each tube at each time-
point has received TCA, hand swirl the tubes to mix and place in ice bath for 30 min.

Sampling

For ammonium and total amino acid analyses

• All tubes with TCA are kept on ice for at least 30 min.
• Mix contents of tubes treated with TCA either by hand swirling or using a Vortex

mixer and pour an aliquot into a labelled 5-mL 12 × 75 mm centrifuge tube.
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• Centrifuge at 10,000g for 10 min.
• Pour supernatants into a second set of labelled 5-mL 12 × 75 mm centrifuge

tubes, cap them and label cups, and store at 4◦C until analysis.

Analytical Procedures

Inoculum Dry Matter Determination

Centrifuge samples taken for inoculum DM determination at 30,000g for 15 min.
Discard supernatant and dry the pellet at 60◦C for at least 48 h. After 48 h, cool
these tubes in a desiccator to room temperature for at least 2 h and weigh.

Determination of Ammonium and TAA

Samples from 0-h and other time-point incubations are analyzed for ammonium
(based on phenol-hypochlorite reagent) and TAA (based on OPA-fluorimetry)
using assays adapted to the flow-injection system [6]. Calibration/recovery is con-
ducted by either standard solutions of ammonium sulphate and leucine in 0.1 N
HCl, or using the method of standard additions (MOSA), adding ammonium sul-
phate and leucine directly to the inoculum matrix [9, 10]. Standards or MOSA
standards are placed at the beginning and end of the sample series; additional
sets of standards/MOSA standards are used if sample number is large. Standards
with appropriate concentration ranges are prepared using ammonium sulphate and
leucine in 0.1 N HCl.

Calculations

• Dry matter (DM) of the inoculum in g/l is calculated as:

[Weight of tube plus dry pellet in mg − Weight of empty tube in mg]/10

Most of the DM in the high-speed pellet from SRF is bacterial; variation in inocu-
lum DM content from run to run accounts for some of the variation in degradative
activity observed.

• Fraction degraded at each time-point (FDt) is computed from net (i.e., blank cor-
rected) release of N in the form of NH3 and TAA (in leucine equivalents) using
the equation:

Fraction degraded (FDt) = [[(μmol NH3 × 0.014007)
+(μmol TAA/(μmol TAA/mg N)]/mg N]

where μmol TAA/mg N is the AA content (per unit total N) of each protein source
determined (after acid-hydrolysis) by OPA-fluorimetry; and mg N is the amount of
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protein-N added to each tube (usually 1.875 mg). The FDt may also be computed
using the equation:

Fraction degraded (FDt) = [(mg NH3 − N) + (mg TAA − N/0.7003)]/mg N

where “0.7003” is the average proportion of alpha-amino N in total N determined
for a number of protein sources and “mg N added” is the amount of feed-N weighed
into each tube (usually 1.875 mg N/15 mL incubation mixture). The ratio 0.7003
derives from a mean of 50-mmol total amino acids/mg total N found for a number
of feed proteins after acid hydrolysis. This value can differ somewhat between feed
proteins because of variation in AA composition. To determine the actual TAA/N
ratio for each protein, duplicate protein samples are hydrolyzed for 24 h at 105◦C
in sealed vials under a N2 atmosphere in 6 N HCl containing 0.1% wt/vol phenol
[19] using a ratio of 1 mg sample N/5 mL of acid [1]. After hydrolysis, samples
are cooled, HCl removed by vacuum evaporation, and the residues re-dissolved in
0.1 N HCl. These protein hydrolysates are then analyzed for TAA using the same
OPA-fluorimetry assay (with leucine as standard) that is used for samples deriving
from in vitro incubations. Response in μmol Leu equivalents/mg N for each protein
is then used to compute the value for net TAA release into the amount of degraded
protein N. The fraction undegraded is computed:

Fraction Undegraded (FUDt) = 1 − FDt,

When individual time-points are used, the natural log of FUDt is regressed on
time using linear regression function in Excel; the slope of this line is the fractional
degradation rate and has the units “/h”. When the shorthand version of the method
is used (time-points only at 0- and 4-h only), degradation rate is computed:

• Degradation Rate (kd), / h = [ln (FUD4) – ln (FUD0)]/4

where ln is the natural log and 4 is the incubation time in h. Degradation rate will
be negative (reflecting the decreasing amount of intact protein). The potentially
degradable fraction (fraction B) is computed using the equation:

Fraction B, % = [1 − FD0)] × 100

Fraction escaping the rumen (the “bypass” value) may be estimated assuming
passage rate (kp) = 0.06/h:

Estimated Ruminal Protein Escape, % = B × [kd / (kd + kp)].
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Chapter 6
Screening for Compounds Enhancing
Fibre Degradation

Devki N. Kamra, Neeta Agarwal, and Tim A. McAllister

Introduction

Ruminants have a unique capacity to utilize ligno-cellulosic feeds as a major com-
ponent of their diet to get energy for their survival. They are also able to utilize
non-protein nitrogen sources for the synthesis of microbial protein in the rumen.
These tasks are accomplished in the rumen by a complex consortium of rumen
microbes that live in an ecto-symbiotic relationship with the host animal. This
microbial eco-system consists of bacteria, archaea, protozoa, fungi, mycoplasmas
and bacteriophages. These microbes are a mixture of micro-aerophilic, facultative
and obligate anaerobes that utilize a minimal amount of feed energy for their sur-
vival and conserve more than 85% of gross energy intake in the form of volatile
fatty acids which are used by the host as a source of energy. The rumen contains
microbes that represent a rich pool of a large number of highly active fibrolytic
enzymes. The extraction of energy from the ligno-cellulosic feed is only partial and
a substantial amount of dietary energy remains unutilized due to resistance of ligno-
cellulose to digestion. Digestion of ligno-cellulose may be limited by the ability
of enzymes to gain access to target substrates or by direct inhibition arising from
the presence of anti-nutritional factors. Cereal straws, sugarcane tops, green forages
and a variable amount of cereal grains are commonly used as feeds for ruminants.
Enhancing the digestibility of ligno-cellulosic feeds will be beneficial to that popu-
lation of ruminants that rely on high-fibre agricultural by-products as staple feed for
production.

The physical and chemical characteristics of ligno-cellulosic feeds, such as
degree of crystallinity of cellulose, extent of lignification and levels of other anti-
nutritional factors, vary considerably. The microbial consortium of the rumen is
highly sensitive to the type of diet fed to the animal and therefore the enzyme
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profile changes. Tajima et al. [18] reported a decrease in cellulolytic bacte-
ria (Ruminococcus flavefaciens and Fibrobacter succinogenes), hemi-cellulolytic
bacteria (Eubacterium ruminantium) and an increase in starch-utilizing bacteria
(Prevotella ruminicola, 7 fold and P. bryantii, 263 fold) by shifting the diet from
hay to grain. The variations in rumen microbial and enzyme profile with changing
ratio of concentrate to roughage have been reported by Kamra et al. [9] and Agarwal
et al. [2]. Their results indicated increased carboxymethylcellulase (CMCase) and
xylanase activities by increasing the level of roughage in diet of buffalo. In another
in vitro experiment, Agarwal et al. [1] reported that the activities of CMCase and
xylanase were significantly higher with maize than with lucerne as substrate, which
corresponded to the higher fibre content in maize. Similarly, Hristov et al. [7] and
Martin and Michalet-Doreau [13] observed a decrease in cellulase and xylanase
activities and increase in amylase activity by shifting the diet from forage to high
grain. Increased lignin and nitrogen contents in the diet stimulated cellulase activity
in the rumen [15]. It appears from various studies that the enzyme profile of the
rumen is dependent on diet composition and that the nature of this profile changes
depending on the digestibility of feed. Consequently, alteration in the activity of
enzymes and their profile can be used as an indicator of the effect of various feed
additives on the digestion process. In screening experiments for improving fibre
degradation, enzyme activities of a group of selected enzymes (Table 6.1) responsi-
ble for degradation of ligno-cellulosic feed or those responsible for the hydrolysis
of bonds between lignin and carbohydrates can be determined. Additionally, in
vitro true degradability and degradation of radio-labelled substrates can be used
as additional parameters for such screening experiments.

Table 6.1 Major enzymes in the degradation of ligno-cellulosic feeds in the rumen

Substrate Enzyme Enzyme code

Carboxymethylcellulose Endo-β-1,4-glucanase EC 3.2.1.4
Crystalline cellulose (avicel) Exo-β-1,4-glucanase EC 3.2.1.91
Cellobiose, p-nitrophenyl-β-D-

glucopyranoside
β-1,4-glucosidase EC 3.2.1.21

Xylan from oat spelt or birchwood Xylanase EC 3.2.1.8
p-Nitrophenyl-β-D-xylopyranoside β-1,4-xylosidase EC 3.2.1.37
Mannan β-1,4-mannanase EC 3.2.1.78
p-Nitrophenyl-β-D-

mannopyranoside
β-1,4-mannosidase EC 3.2.1.25

p-Nitrophenyl-α-L-
arabinofuranoside

α-L-arabinofuranosidase EC 3.2.1.55

p-Nitrophenyl-α-D-
galactopyranoside

α-galactosidase EC 3.2.1.22

2-0-(4-O-Methyl-α-D-
glycopyrano-xyluronic
acid)-xylobiose

α-glucuronidase EC 3.2.1.3

Acetylated xylan Acetyl xylan esterase EC 3.2.1.72
Starch free wheat bran Ferulic esterase EC 3.1.1.73
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Fibre-Degrading Enzymes

Extraction of Enzyme

The fibre-degrading enzymes are extra-cellular but mostly cell bound. Therefore,
the enzymes are extracted from the microbes by cell lysis for estimation of enzyme
activity [3, 7].

Reagents

1. 0.1 M phosphate buffer, pH 6.8.
Stock solutions

a) 0.2 M monobasic sodium phosphate (NaH2PO4) 27.8 g/1000 mL
b) 0.2 M dibasic sodium phosphate (Na2HPO4.7H2O) 53.65 g/1000 mL

Mix 51 mL of solution (a) and 49 mL of solution (b) and make volume up to
200 mL to provide a 0.1 M buffer, pH 6.8.

2. Lysozyme (0.4%): Dissolve 0.4 g lysozyme in 100 mL 0.1 M phosphate buffer,
pH 6.8. Make fresh before use or store in small aliquots at –20◦C.

3. Carbontetrachloride.

Procedure

1. Incubate feed (200 mg) for 24 h in in vitro gas production test (method described
in this laboratory manual: Chapter 7). The substrate used is either hay or a mix-
ture of wheat straw and concentrate mixture in the ratio of 1:1. The compounds
to be tested can be added as such in the substrate. To test the plants containing
secondary metabolites, the plant parts are either added after drying and grind-
ing or extracts are prepared using different solvents. A required amount of plant
extract (10–500 μL/30 mL reaction mixture) is pipetted into the syringe before
the buffer (containing the rumen liquor) is added. While testing of extracts,
syringes containing respective solvents are to be prepared which serve as con-
trol. For each treatment, a minimum of 4–6 syringes should be used. Along
with controls and treatments, 2–3 syringes should be prepared as blank (with-
out substrate) to estimate the contribution of inoculum to the production of gas
and other fermentation products, which should be subtracted from the respec-
tive observations from the treatment syringes. Every set of syringes should also
contain two syringes of standard (a feed with known gas production) to check
the reproducibility of the system. We use maize hay as a standard in all our
experiments.

2. After the incubation, transfer the contents of each syringe to a 100 mL beaker.
3. Add 5 mL lysozyme solution and 5 mL carbon tetrachloride.
4. Incubate for 3 h at 39◦C.
5. Stop reaction by placing it in ice bath.
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6. Sonicate (50 mV) the sample for 6 min with 30 s pulses and intermittent cooling
for 30 s/min. During sonication, the sample should be immersed in ice bath.

7. Centrifuge the sample at 27,000g, at 4◦C for 20 min.
8. Collect supernatant and determine enzyme activity.

Cellulases

Carboxymethylcellulase (Endo-1,4-β-glucanase, EC 3.2.1.4)

Endoglucanase (endo-1,4-β-D-glucan-4-glucanohydrolase EC 3.2.1.4) hydrolyses
β-1,4-glycosidic bonds of the cellulose chain at random sites, resulting in a
decrease in chain length and an increase in reducing ends of the polymer. To esti-
mate the enzyme activity, amorphous celluloses such as carboxymethylcellulose
or hydroxymethylcellulose are used as substrate. With these substrates the action
of exoglucanase (exo-1,4-β-D-glucan-4-cellobiohydrolase EC 3.2.1.91) is limited
therefore it represents only endoglucanase activity. During incubation of substrate
with the enzyme at suitable temperature for 1 h, the reducing sugars are released and
then are estimated spectrophotometrically using method described by Miller [14].
The amount of reducing sugars (glucose) released per unit of time during incubation
represents the enzyme activity.

Reagents

1. 0.1 M phosphate buffer, pH 6.8.
2. Carboxymethylcellulose (1%): Place 1 g of carboxymethylcellulose in a 250 mL

Erlenmeyer flask and add 100 mL distilled water. Stir on magnetic stirrer until a
homogenous viscous solution is obtained. Store at 4◦C.

3. Dinitrosalicylic acid (DNS): Dissolve 10 g sodium hydroxide pellets in 500 mL
distilled water. Add 10 g DNS and 2 g phenol and dilute to 1 L with distilled
water. Sodium sulphite (0.05%, w/v) is added just before use. Store it in an amber
coloured bottle at room temperature. Without sodium sulphite, it can be stored
for a period of 1 month.

4. Rochelle salt (40%): Dissolve 40 g of Rochelle salt (sodium-potassium tartrate)
in distilled water and make volume up to 100 mL. Store at room temperature.

5. Standard glucose (0.1%): Dissolve 100 mg of glucose in 100 mL distilled water.

Procedure

1. Prepare tubes as follows

• Test: Combine 1.0 mL phosphate buffer, 0.5 mL sample and 0.5 mL car-
boxymethylcellulose in a test tube and mix well. Incubate the tubes for 20 min
at 39◦C. Stop the reaction by adding 3 mL DNS.
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Table 6.2 Plotting a calibration curve for estimation of glucose

Tube No. Blank 1 2 3 4 5 6

Distilled water (mL) 2.00 1.75 1.50 1.25 1.00 0.75 0.50
Standard glucose (mL) 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Glucose concentration (μg) 0.00 250 500 750 1000 1250 1500
DNS reagent (mL) 3.00 3.00 3.00 3.00 3.00 3.00 3.00

• Control: Mix 1.0 mL phosphate buffer, 0.5 mL sample in a test tube. Add
3 mL DNS and followed by 0.5 mL carboxymethylcellulose solution (DNS
to be added before the substrate so that enzyme does not get a chance to react
with the substrate).

Note: Control tube is prepared to account for the reducing sugars present in the
enzyme sample. It also takes care of colour imparted by the sample, if any.

• Standard: Prepare tubes in duplicate with the standard glucose solution and
distilled water to plot a calibration curve as described in Table 6.2.

2. Keep all the tubes in boiling water bath for 10 min.
3. Add 1 mL Rochelle salt in each tube and cool to room temperature.
4. Read absorbance at 575 nm against blank (the samples may be diluted to 10 mL

with distilled water, if it reads very high absorbance, but do not forget to draw a
standard curve with volumes made to 10 mL).

5. Prepare calibration curve by plotting absorbance against glucose concentration.

Calculation

Change in absorbance A = Absorbance of Test – Absorbance of Control

Read �A on the calibration curve to determine the μg glucose released during
incubation where:

Enzyme activity (Units) = μmol glucose/mL/h = (μg glucose)/T × S × 180,

and T = Incubation time (h), S = volume of sample (mL), and 180 = molecular
weight of glucose.

Avicelase (Exo-β-1,4-glucanase, EC 3.2.1.91)

Avicel (from Fluka BioChemika, catalogue number 11365) is a microcrys-
talline cellulose and when used as substrate it represents the activity of all the
three enzymes (exoglucanase, endoglucanase and β-glucosidase) with majority of
exoglucanase. The procedure for estimation of avicel-degrading activity is similar
to that for endo-l,4-β-D-glucanase, but with the following differences:
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1. Avicel (1%): Suspend 1 g avicel in 100 mL of 0.1 M phosphate buffer (pH 6.8)
and incubate at 4◦C for 48 h for proper swelling of the substrate.

2. Assay mixture: 1 mL of 1% avicel suspension (pipette with continuous shaking)
and 1 mL enzyme sample.

3. Incubation time: 1 h at 39◦C with continuous shaking.
4. Before measuring absorbance, filter or centrifuge the contents to remove un-

hydrolyzed avicel crystals.

β-Glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21)

This enzyme catalyses the hydrolysis of cellobiose and other water-soluble cel-
lodextrins to release glucose. For the estimation of enzyme activity, commonly used
substrates are cellobiose and p-nitrophenyl-β-D-glucopyranoside (PNPG). With
PNPG as a substrate, the enzyme activity is determined by measuring the amount of
p-nitrophenol released during incubation of substrate with the enzyme as described
by Shewale and Sadana [16].

Reagents

1. 0.1 M phosphate buffer, pH 6.8.
2. PNPG (0.1%): Dissolve 100 mg of PNPG in 100 mL of the phosphate buffer.

Store in amber-coloured bottle at 4◦C.
3. p-Nitrophenol (0.01%): Dissolve 10 mg of p-nitrophenol in 100 mL distilled

water.
4. Sodium carbonate (2%): Dissolve 2 g sodium carbonate in 100 mL distilled

water.

Procedure

1. Prepare the tubes as follows:

• Test: Mix 0.1 mL enzyme and 0.9 mL PNPG. Incubate the tubes for 10 min at
39◦C. Stop the reaction by adding 1 mL sodium carbonate. Read absorbance
at 400 nm against blank.

• Control: Mix 0.1 mL enzyme and 1 mL sodium carbonate. Add 0.9 mL PNPG
solution. (Sodium carbonate is to be added first so that enzyme does not get
chance to react with the substrate).

Note: Control tube will take care of colour of the sample, if any.

• Standard: Prepare tubes of graded concentration of p-nitrophenol in duplicate
as described in Table 6.3.

2. Read absorbance at 400 nm against blank.
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Table 6.3 Plotting a calibration curve for estimation of p-nitrophenol

Tube no. Blank 1 2 3 4 5 6 7

Distilled water (mL) 1.00 0.98 0.96 0.94 0.92 0.90 0.85 0.80
p-nitrophenol (mL) 0.00 0.02 0.04 0.06 0.08 0.10 0.15 0.20
p-nitrophenol (μg) 0.00 2.0 4.0 6.0 8.0 10.0 15.0 20.0
Sodium carbonate (mL) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3. Prepare a calibration curve by plotting absorbance against concentration of
p-nitrophenol.

Calculations

Change in absorbance A = Absorbance of Test – Absorbance of Control
Read �A on calibration curve to get the amount (μg) of p-nitrophenol released.

Enzyme activity (Units) = μ mol p-nitrophenol/mL/min
= (μg p-nitrophenol)/T × S × 139.11

where T = time (minutes), S = volume of sample taken (mL), and 139.11 =
molecular weight of p-nitrophenol

Xylanases

Endoxylanase (β-1,4-xylan xylanohydrolase;
Endo-β-1,4-xylanase, EC 3.2.1.8)

This enzyme breaks the backbone of xylan, producing both substituted and non-
substituted shorter oligomers, xylobiose and xylose. Activity of the enzyme is
determined by estimating spectrophotometrically the amount of reducing sugars
released in terms of xylose during incubation of enzyme with substrate.

Procedure

The procedure for estimation of xylanase is similar to that of endoglucanase

1. 0.25% xylan: Combine 250 mg xylan (from Birchwood, catalogue number
X-0502 SIGMA) and 100 mL distilled water. Warm at 70◦C for 10 min with
continuous shaking.

2. Prepare standard curve using graded concentration of xylose.
3. The assay mixture contains 1 mL phosphate buffer, 0.5 mL sample and 0.5 mL

0.25% xylan.
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4. Incubation time 30 min.
5. Enzyme activity Units/mL = μ mol xylose/mL/min = (μg xylose)/T × S ×

150,

where T = time (minutes), S = volume of sample taken (mL), and 150 = the
molecular weight of xylose.

β-Xylosidase (β-1,4-D xylan xylohydrolase: Exo-β-1,4-D

xylosidase, EC 3.2.1.37)

Hemicellulose is the predominant xylo-glucan polymer in plant tissues which
on hydrolysis releases small chain xylose polymers and xylose. β-Xylosidase
further hydrolyses these small polymers to release xylose. Using p-nitrophenyl-β-
D-xylopyranoside as a substrate, the activity of enzyme is determined spectrophoto-
metrically by measuring the amount of p-nitrophenol released during incubation of
the enzyme with substrate.

Procedure

Procedure for β-xylosidase estimation is similar as that for β-glucosidase with the
only difference that the substrate is 0.1% p-nitrophenyl-β-D-xylopyranoside.

Acetyl Esterases (EC 3.1.1.6)

These enzymes hydrolyze acetylated carbohydrates like acetyl xylose, acetyl man-
nose, acetyl glucose, acetyl maltose, acetyl cellobiose, etc. The enzyme activity is
estimated by measuring the amount of p-nitrophenol released during reaction of
enzyme with p-nitrophenyl acetate. Method of Huggins and Lapides [8] is described
with some modifications.

Reagents

1. Phosphate buffer (0.1 M), pH 6.8.
2. p-Nitrophenyl acetate (2 μmol/mL): Dissolve 36 mg p-nitrophenyl acetate in

minimum volume of dimethyl sulfoxide and dilute to 100 mL with the buffer. For
the dilution, tip of the pipette containing the substrate is dipped in the buffer and
dispensing is carried out with continuous shaking of volumetric flask otherwise
precipitates are formed.

Note: The substrate is unstable; it should be used within 30 min of its preparation.
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Procedure

1. Mix 1.0 mL buffer, 0.9 mL p-nitrophenyl acetate and 0.1 mL enzyme sample.
2. Incubate at 39◦C for 10 min.
3. Read absorbance at 410 nm.
4. A reagent blank is prepared that includes all the reagents except enzyme.
5. If enzyme is coloured, prepare an enzyme blank with all the ingredients except

substrate.
6. Prepare a calibration curve using graded concentration of p-nitrophenol.

Feruloyl and p-coumaryl Esterases

These esterases selectively hydrolyse the ester bond between L-arabinosyl residues
of xylan and ferulic or p-coumeric acid. The enzyme releases ferulic acid or p-
coumaric acid from the substrate (starch-free wheat bran) when the enzyme is
incubated with substrate. The ferulic acid or p-coumaric acid thus released is
quantified using HPLC [12].

Reagents

1. Phosphate buffer: 0.1 M, pH 6.8.
2. Starch free wheat bran: Prepare starch-free wheat bran by treating it with excess

volume of potassium acetate (0.25% w/v) at 95◦C for 10 min. In our laboratory,
we suspend 10 g wheat bran in 200 mL potassium acetate (0.25% w/v). Wash
thoroughly the treated wheat bran until the washings are neutral, which indicates
removal of potassium acetate completely. Dry it in oven at 80◦C and store at
room temperature.

Procedure

1. Combine 100 mg starch-free wheat bran, 1.0 mL buffer and 1.0 mL enzyme in a
test tube.

2. Incubate the tubes for 30 min at 39◦C.
3. Stop the reaction by boiling for 3 min.
4. For control tube, add enzyme sample after denaturation by boiling for 3 min.
5. Centrifuge the tubes to remove residual substrate.
6. Filter the supernatant through a 0.2-μm membrane before loading onto the

HPLC.
7. The quantification of ferulic acid and p-coumaric acid is done by using the

following conditions:

• Column reverse phase C18 (Octadecylsilane)
• Column temperature 40◦C
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Mobile phase: Use either

(i) 10 mM NaOH solution, adjusted to pH 3.0 by adding formic acid (88%, v/v).
Mix this NaOH solution and methanol (HPLC grade) in 79:21 ratio.

or

(ii) Mix 750 mL water, 250 mL acetonitrile, 40 mL of tetramethyl ammonium
hydroxide (25%,v/v), and 5.7 mL of orthophasphoric acid (88%, v/v; pH 3.0).

• Flow rate 1.5 mL/min.
• Ferulic acid or p-coumaric acid (1μg/mL) is used as a standard.
• A Unit of enzyme activity is expressed as μg ferulic acid or p-coumaric acid

released/mL/h.

Note: The linearity of the enzyme reaction was assessed with respect to time and
enzyme concentration for all the enzymes assays. It is suggested that the workers
confirm this for the enzyme preparation they obtain.

Protein Estimation

Estimating Protein Quantities

Protein estimation as described by Lowry et al. [11] is carried out by the forma-
tion of copper protein complex in alkaline medium. This complex then reduces
phosphomolybdic-phosphotungstate reagent to yield intense blue colour.

Reagents

1. Standard solution of bovine serum albumin (0.06% BSA): It is prepared in
distilled water to contain 0.6 mg BSA/mL.

2. Trichloroacetic acid (20% TCA): Dissolve 20 g TCA in distilled water and make
the final volume to 100 mL.

3. Solution A: Dissolve 2 g sodium carbonate in 100 mL of 0.1 N NaOH.
4. Solution B: Dissolve 1 g sodium-potassium tartrate in 100 mL distilled water.

Add to it 0.5 g copper sulphate and keep it overnight at room temperature.
Filter to remove the precipitate, if any. Solution A and B can be stored at room
temperature.

5. Solution C: Mix 50 mL solution A and 1 mL solution B just before use.
6. Solution D: Mix 1 mL of 2 N Folin and Ciocalteu’s phenol reagent and 2 mL

distilled water just before use.

Procedure

1. Mix 1.0 mL sample with 1.0 mL 20% TCA and leave it overnight.
2. Centrifuge at 5000 g for 5 min. Discard the supernatant.
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3. Dissolve the precipitate in 1 mL of 1 N NaOH.
4. Combine 0.1 mL sample and 0.4 mL distilled water in a test tube in duplicate.
5. Prepare tubes of standard BSA in duplicate as described in Table 6.4.
6. Add 5 mL solution C in all tubes and leave for 10 min at room temperature.
7. Add 0.5 mL solution D and mix it immediately and vigorously.
8. After 10 min record absorbance (A) against blank at 600 nm.
9. Prepare calibration curve by plotting absorbance against BSA concentration.

10. Calculate protein concentration mg/mL by reading absorbance of sample on
standard curve.

Table 6.4 Plotting a calibration curve for estimation of protein

Tube no. Blank 1 2 3 4 5 6

BSA (mL) 0.0 0.05 0.10 0.20 0.30 0.40 0.50
Distilled water (mL) 0.50 0.45 0.40 0.30 0.20 0.10 0.00
BSA (μg) 000 30 60 120 180 240 300

Precautions

Folin and Ciocalteu’s reagent is only stable in the acidic medium. Care should be
taken while adding it to the alkaline medium. It should be well mixed immediately
to reduce the solution in step 7 above before it becomes degraded in the alkaline
medium.

The protein content in the sample is used to express enzyme activity in terms of
specific activity as follows:

Specific activity (units/mg protein) = Activity (in units/mL)/mg protein/mL

In Vitro True Digestibility

Reagents

Neutral detergent solution

1. Sodium lauryl sulphate (SLS) 30.00 g
2. Disodium ethylene diamine tetra-acetate (EDTA) 18.61 g
3. Sodium borate decahydrate (Borax) 6.81 g
4. Disodium hydrogen phosphate anhydrous 4.56 g
5. 2-Ethoxy ethanol (purified grade) 10.00 mL
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Take weighed amount of EDTA and borax in a beaker (2000 mL capacity) and
add 500 mL distilled water. Heat to dissolve ingredients and add weighed amount of
SLS and 2-ethoxy ethanol. In another beaker dissolve disodium hydrogen phosphate
in 100 mL distilled water. Mix well the two solutions and check pH. If properly pre-
pared, the pH should be 6.9–7.1. Adjust pH if required. Make volume to 1000 mL.

Procedure

Incubate feed (200 mg) for 24 h in in vitro gas production test (method described in
this laboratory manual in Chapter 7) and transfer the of the syringe is to a spoutless
beaker by repeated washing with 100 mL neutral detergent solution. Reflux the con-
tent of the beaker is refluxed for 1 h and filter through pre-weighed Gooch crucibles
(Grade G1). After drying for 24 h at 80◦C, weigh the crucible to obtain NDF content
of the residue. In vitro true digestibility of feed is calculated as described by Van
Soest and Robertson [19]:

%True digestibility (TD) = {(Initial DM of feed − NDF in residue)
× 100}/(Initial DM of feed)

The enhancement in fibre-degrading activity due to inclusion of a compound
can be assessed by comparing the results of samples tested (enzyme activity and
in vitro true digestibility) with those obtained in control reactions. If the extracts are
tested, comparisons are made with the controls containing respective solvents used
for the extraction of the compound. An increase in the activity of fibre-degrading
enzymes and in vitro true digestibility will indicate fibre degradation-enhancing
activity of the compound.

Isotopic Labelling of Plant Cell Walls

Isotopic labelling of plants has also been used as a method of defining the extent
of microbial hydrolysis of plant cell walls and to assess the digestibility of for-
ages by ruminants. Early studies almost exclusively utilized 14C as a means of
labelling plant tissues [6, 10], but more recent studies have used the stable iso-
tope 13C for this purpose [17]. Others have focused on specifically labelling lignin
through the introduction of 14C–phenylalanine into the plant [4]. Degradation of
lignin is of particular focus in many studies due to its role in limiting the rate and
extent of overall cell wall digestion. Increased restrictions on the use of radioac-
tive isotopes in the laboratory and in animal feeding experiments have encouraged
the use of stable isotopes to assess the rate and extent of ligno-cellulose degra-
dation. There is also evidence that 13C results in more uniform labelling of plant
tissues as well. Both of these procedures require the availability of sophisticated
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laboratory equipment such as solid-state oxidizers and liquid scintillation counters
for radioactive isotopes and an isotope ratio mass spectrometer for stable iso-
topes. The sophistication of the analytical equipment required and the need for
specialized training in the handling of radioactive isotopes may limit the number
of laboratories that can utilize isotopes to characterize the degradation of plant cell
walls.

14C- and 13C-Labelling of Plant Cell Walls as a Means
of Assessing Ligno-Cellulose Degradation

Equipment Required

Sealed growth chamber with circulation fans
Combustion analyzer and scintillation counter; 14C
Isotope mass ratio spectrometer; 13C:12C ratios

Reagents

1. 99% atom% 13CO2
2. Pee Dee Belemnite standard for 13C
3. 14CO2 in the form of Ba14CO3 or NaH14CO3 (150 μCi)
4. Phosphoric or sulphuric acid for liberation of 14CO2
5. L-[U-14C] phenylalanine

14C or 13C Procedure for Whole Plant Labelling

1. Place plants in a transparent gas tight chamber equipped with circulation fans.
Figure 6.1 illustrates a simple chamber system designed by Fallon and Pfaender
[6] consisting of a Plexiglas chamber equipped with fluorescent lights and a fan
to circulate the air in the chamber. Temperature of the overall system can be
controlled by placement of this unit in a larger temperature-controlled chamber
or by running tap water at a controlled temperature down the walls of the cham-
ber. Include a dehumidifier in the chamber if labelling is going to be conducted
over a prolonged period [10]. Fertilize plants prior to placement in the chamber
and ensure adequate light.

2. For 14C, directly infuse 14CO2 into the chamber or liberate 14CO2 via the
addition of acid into an aqueous solution of Ba14CO3 or NaH14CO3.

3. Monitor levels of 14CO2 in the chamber via collection of gas samples and their
subsequent absorption into 2 N NaOH and measuring counts using a liquid
scintillation counter.
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Fig. 6.1 A simplistic growth chamber for the labelling of plants with 14CO2 or 13CO2 for digestion
studies. Adapted from [10]

4. For 13C, infuse 99 atom% 13CO2 directly into the chamber to achieve a total
CO2 concentration that is at least 640 ppm above ambient CO2 concentration.

5. Retain plants in the presence of labelled CO2 for a minimum of 40 min.
Uniform labelling of all C fractions within the plant may require exposure
periods greater than 8 h.

6. If more uniform labelling of cell wall fractions is desired, the harvest time can
be extended to a week or longer. Complete uniform labelling of the cell wall
may require that the plant be exposed to 14CO2 from the seedling stage onward,
as the turnover of C in the cell wall fractions occurs at a very slow rate.

7. After harvest, air-dry plants at 25–30◦ C for a period of 3–5 days.
8. Dissect plants into component parts (e.g., leaves, stems, roots) to examine

digestion of specific components or grind the whole plant (1–4 mm screen)
to assess total plant cell wall digestion.
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9. Utilize labelled plant material in in vitro or in in situ digestibility procedures as
described in the present manual.

10. Estimate the liberation of 14CO2 or 13CO2 from plant cell wall or the amount
of labelled C in the residue after digestion as a means of estimating the extent
and rate of degradation of the plant cell walls. Plant dry matter can be further
fractionated into components as described by Alexander et al. [5] and as shown
in Fig. 6.2.

Once generated 14C- and 13C-labelled forages can then be employed in a variety
of digestive procedures that will result in the liberation of C from the labelled sub-
strate. This could include the use of the in vitro digestibility procedure as described
above. The in vitro procedure can be performed with collected digestive fluids (e.g.,
ruminal, intestinal, faecal), defined enzyme cocktails or pure cultures of microor-
ganisms. Substrates are incubated with the digestive solution for a defined period
(e.g., 4, 24, and 48 h).

Labelled substrates can also be employed in the in situ procedure where nylon
bags of known pore size and a weighted amount of substrate are incubated
within the rumen and removed at predetermined time points. Remaining residue
is subsequently collected and the level of label remaining is assessed.

14C/ 13C labelled plant

Soluble sugar

Residue A

Lipid
Residue B

Residue C

Residue D

Residue E

Oxalate extraction

Chlorite extraction

Pepsin digestion

Soxhlet extraction
a. Azeotropic benzene and ethanol
b. 95% Ethanol

Hemicellulose

Chlorite lignin

Protein

Pectin

Partition of residue
after solvent removal

Water
phase

Ether
phase

Acid insoluble lignin

70% H2SO4

1N H2SO4

Cellulose

Fig. 6.2 Scheme for the chemical fractionation of labelled plant material in order to study specific
degradation of soluble sugar, lipid, pectin, protein, hemicellulose, lignin and cellulose components
of plants. Adapted from [5]
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14C-Labelled Plant Substrates

Collection of Liberated 14CO2

Liberated 14CO2 arising from digestion in incubation flasks is trapped by passing
liberated gases through sparging tubes containing 2 N NaOH during the incubation.
In prolonged incubations (>48 h), NaOH solutions are renewed every 48 h to ensure
that saturation of the NaOH solution with CO2 does not occur. Incubations can be
terminated with 0.5 M H2SO4 at quantities to ensure that the pH of the incubation
fluid is <2, with care taken to ensure that because of acidification, the released CO2
is passed through the sparging tubes. A solution of NaH14CO3 of known radioactiv-
ity can be placed in the incubation vial and used to estimate the yield of 14CO2 from
acidified fermentation liquids. NaOH along with trapped 14CO2 are introduced into
counting vials. Radioactivity in the liquid is determined by liquid scintillation using
a PCS solubilizer (Amersham Corp., Arlington Heights, IL) or other suitable scintil-
lation liquid such as Hydrofluor or Picofluor 30 containing 1% Carbosorb (Packard,
Stockholm, Sweden). Counting solutions should be allowed to standard for at least
1 h prior to counting in a liquid scintillation spectrophotometer. Degradation data
can be expressed as 14CO2 liberated per unit time (e.g., h, day) and expressed as
a percentage of the total radioactively labelled 14C substrate that was included in
the incubation. Samples are corrected for background radioactivity and counting
efficiency as determined by using an external standard such as 226Ra.

Estimation of Retained 14C in Plant Material

Retained 14C in the remaining residual solid substrate is estimated by combustion of
the residue in an oxidizer such as a Packard Tri Carb sample oxidizer. The liberated
14CO2 is trapped in a mixed scintillation liquid consisting of a mixture of Carbosorb:
Permafluor V at 9:13. In in vitro incubations, differential centrifugation of the cul-
ture liquid (i.e., 2500g for 5 min, 5◦C followed by 10,000g for 30 min, 5◦C) results
in the isolation of a microbial fraction. The microbial fraction is washed/centrifuged
3 times using phosphate buffered saline and the microbial fraction dried at 60◦C.
The isolated microbial fraction can then be subjected to combustion in order to
estimate incorporation of 14C into microbial matter.

13C-Labelled Plant Substrates

13C-Labelled plant material can be prepared in a manner similar to that described
above with the exception that 13CO2 as opposed to 14CO2 is provided to the plants
for photosynthesis. 13C/12C ratios are determined either in trapped CO2 or within
the residual substrate using stable isotope ratio mass spectrometry. By determining
the natural abundance of 13C in non-labelled plants, the excess 13C attributable to
the labelling procedure can be determined. 13C/12C ratios are determined in the
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sample and standards and reported relative to the international PeeDee Belemnite
standard and expressed as parts per thousand.

Indicators of Digestive Activity

In in vitro incubations, enhanced liberation of 13C- or 14C-labelled CO2 is indica-
tive of increased digestion. Fractionation of plant material (as illustrated in Fig. 6.2)
and incubation of these fractions with microbial cultures separately is a powerful
approach to defining the rate and extent of degradation of various plant fractions.
Conversely, conservation of labelled 13C or 14C in the residue remaining after diges-
tion is indicative of those substrates that were not readily subject to enzymatic
liberation by microbial enzymes. In the in situ procedure, analysis of the residue
remaining after incubation is the only method of estimating the degree of degra-
dation of cell wall fractions as trapping of any liberated 14CO2 or 13CO2 is not
practical under these conditions. Remaining residue can still be subjected to the
fractionation scheme illustrated in Fig. 6.2 as a means of assessing the extent of
degradation of various chemical components within plants.

14C-Labelled Lignin Using L-[U- 14C] Phenylalanine

1. Label lignin by administration of [L-U-14C] phenylalanine through the last node
using the stem infusion method. Plants are cut under water at the last node and
placed in tubes containing water. Water is removed and a radioactive solutions
containing L-[U-14C] phenylalanine is introduced and retained with the plants
until uptake of the labelled lignin precursor is complete. Once uptake is com-
plete, a standard plant nutritive solution is added and after a period of at least 6 h
in the light, plants are allowed to metabolise for a minimum of a 96 h in the dark
at 25◦C while being retained in the nutritive solution.

2. Grind the upper and lower halves of the apical internodes in liquid nitrogen.
3. Remove labelled proteins by incubating ground powder in pronase (2250 units/g)

in 50 mL of 0.1 M phosphate buffer (pH 7) for 2 h at 35◦C.
4. Wash residue in distilled water and dry at 60◦C for 48 h.
5. Prepare cell wall residues by refluxing the cell wall material in 1:2 ethanol-

toluene followed by 95% ethanol until the extracts become colourless.
6. Labelled phenolic residues are then used as substrates in the in vitro procedures

described above.
7. Liberated 14CO2 is trapped in sparging tubes or 14C in the residue remaining

residue can be determined as described above. The use of radiolabelled phenyl-
alanine and sinapic acid results in a more targeted labelling of the phenolic
elements of lignin as opposed to the use of 14CO2, which results in the labelling
of all carbon fractions within the plant.
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Indicators of Digestive Activity

The level of radioactivity is examined in the solid (remaining residual) liquid (solu-
bilised phenolic acids) and 14CO2 fractions (liberated C) as described above. Those
incubations that produce the highest fraction of 14CO2 are indicative of high lignin
degradation whereas high levels of 14C in the residue reflect a low degree of lignin
degradation. Label in the liquid fraction is indicative of solubilized, but undegraded
phenolic acids.
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Chapter 7
In Vitro Screening of Feed Resources
for Efficiency of Microbial Protein Synthesis

Harinder P.S. Makkar

Introduction

Recent advances in ration balancing include manipulation of feed to increase
the quantity and quality of protein and energy delivered to the small intestine.
Proportionally high conversion of feed degraded in the rumen into microbial mass,
i.e. a high efficiency of microbial mass production, will lead to efficient utilization
of feed nitrogen and carbon. Selection of fibrous feeds based on high efficiency
of microbial protein synthesis in the rumen along with high dry matter and fibre
digestibility; and development of feeding strategies based on high efficiency as well
as high microbial protein synthesis in the rumen will lead to higher supply of protein
post-ruminally. This will decrease both the need for supplementing rumen undegrad-
able feed protein and the flow of feed carbon flow to fermentative carbon dioxide
and methane (environment pollutants). The prediction of feed-dependent differences
in efficiency of microbial protein synthesis is, therefore, of considerable interest in
feed analysis. In addition, as a result of strong pressure from consumers to phase out
antibiotics and other chemicals from feeds, because of the risk to human of chemical
residues in food and of antibiotics resistance being transferred to human pathogens,
intensive efforts are being made to identify plants, plant extracts or plant compounds
which could substitute antibiotics and growth promoters. In quest for this, plants are
being screened for properties that could lead to the use of plants or plant products
for enhancing efficiency of rumen fermentation. In this context, how these plants
or plant extracts when used as additives to diets affect the efficiency of microbial
protein synthesis becomes important.

In this chapter, a number of approaches for measuring efficiency of microbial
protein synthesis in vitro using the gas method are presented. In addition, vari-
ants of the gas method enabling measurement of fibre degradability and methane
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production are also dealt with. The theory behind the methods and explanations of
the procedure by giving examples are also provided.

In Vitro Feed Evaluation Methods

In vitro methods for laboratory estimations of degraded feeds are important for
ruminant nutritionists. An efficient laboratory method should be reproducible and
the values obtained should correlate well with those actually measured in vivo. In
vitro methods have the advantage of being less expensive, less time-consuming,
and more ethical (minimizes the number of animals); and they allow maintaining
experimental conditions more precisely than do in vivo trials.

The methods based on the digestion by rumen microbes are more meaningful
since microorganisms are more sensitive to factors influencing the rate and extent
of digestion than are chemical methods [50]. Four major techniques, based on the
digestion by rumen microbes, are currently available for determining the nutritive
value of ruminant feeds:

• in situ incubation of samples in nylon bags in the rumen [41],
• digestion with rumen microorganisms as in [49], and
• in vitro gas methods such as [18, 42, 44, 48],
• a modified in vitro gas method: gas production with concomitant microbial mass

measurement [4, 8, 35].

Nylon Bag Technique

The nylon bag technique has been used for many years to provide estimates of both
the rate and extent of disappearance of feed constituents. This technique provides a
useful mean to estimate rates of disappearance and potential ruminal degradability
of feedstuffs and feed constituents whilst incorporating effects of particulate passage
rate from the rumen. The disadvantage of the method is that only a small number of
forage samples can be assessed at any one time, and it requires at least three fistu-
lated animals to account for variations due to animal. It is therefore of limited value
in laboratories undertaking routine screening of a large numbers of samples. It is
also laborious, and requires large amounts of samples. Substantial error could result
in values obtained at early stages of digestion due to a low weight loss; and for poor
quality roughages, adherence of microbes at early stages can even lead to higher
weights and thus distortion of results if kinetic modelling does not incorporate the
lag-phase [19, 40].

Tilley and Terry Technique

The technique [49] is used widely because of its convenience, particularly when
large-scale testing of feedstuffs is required. This method is employed in many
forage evaluation laboratories and involves two stages in which forages are
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subjected to 48 h fermentation in a buffer solution containing rumen fluid, followed
by 48 h of digestion with pepsin in an acid solution. The method was modified
by Goering and Van Soest [26], in that the residue after 48 h incubation was treated
with neutral detergent solution to estimate true dry matter digestibility. Although the
method of Tilley and Terry [49] has been extensively validated with in vivo values
[50], the method appears to have several disadvantages. The method is an end-point
measurement (gives only one observation) thus, unless lengthy and labour-intensive
time-course studies are made, the technique does not provide information on the
kinetics of forage digestion; the residue determination destroys the sample and
therefore a large number of replicates are needed. The method is therefore difficult
to apply to materials such as tissue culture samples or cell-wall fractions.

Both the Tilley and Terry and nylon bag methods are based on residue determi-
nations and may result in overestimation of dry matter digestibility for feeds rich in
plant secondary metabolites, such components are solubilized in both these systems
but may or may not contribute to nutrient supply to animals [29, 30].

In Vitro Gas Method

General Description

A number of gas devices have been used to measure the gas volume in in vitro gas
methods [20]. In this chapter, use of the in vitro gas method developed by Menke
et al. [42] and based on incubation in calibrated syringes, is discussed; since, it is
easier to use and a large set of values obtained using this method have been vali-
dated with the in vivo work. In the method of Menke et al. [42], fermentations are
conducted in 100-mL capacity calibrated glass syringes containing feedstuff and a
buffered rumen fluid. The gas produced on incubation of 200 mg feed dry matter
after 24 h of incubation together with the levels of other chemical constituents are
used to predict digestibility of organic matter determined in vivo and metabolisable
energy of feeds. Aiple et al. [1] compared three laboratory methods (enzymatic,
crude nutrient and gas measuring technique) as predictors of net energy (as esti-
mated by equations based on in vivo digestibility) content of feeds and found that
for predicting net energy content of individual feeds, the gas method was superior
to the other two methods.

More recently, the increased interest in the efficient utilisation of roughage diets
has led to an increase in the use of this technique due to the advantage in study-
ing fermentation kinetics [4, 5, 15]. Gas measurement provides a useful data on
digestion kinetics of both soluble and insoluble fractions of feedstuffs. Several
gas measuring techniques and in vitro gas methods are in use by several groups.
Advantages and disadvantages of these methods are discussed by Getachew et al.
[20]. The in vitro gas method based on syringes [7, 42] appears to be the most
suitable for use in developing countries. Other in vitro methods such as Tilley and
Terry and nylon bag methods are based on gravimetric measurements which follow
disappearance of the substrate (the components which may or may not necessarily
contribute to fermentation), whereas gas measurement focuses on the appearances of



110 H.P.S. Makkar

fermentation products (soluble but not fermentable products do not contribute to gas
production). In the gas method, kinetics of fermentation can be studied on a single
sample and therefore a relatively small amount of sample is required or a larger num-
ber of samples can be evaluated at a time. The in vitro gas method is more efficient
than the in sacco method in evaluating the effects of tannins or other anti-nutritive
factors. In the in sacco method these factors are diluted in the rumen after getting
released from the nylon bag and therefore do not affect rumen fermentation appre-
ciably. In addition, in vitro gas methods can better monitor nutrient-antinutrient and
antinutrient-antinutrient interactions [34].

Origin of Gas and Stoichiometry

On incubation of a feedstuff with buffered rumen fluid in vitro, the carbohydrates
in the feed are fermented to produce short chain fatty acids, gases and microbial
cells. Gas production is the result of fermentation of carbohydrates to acetate, pro-
pionate and butyrate. Gas production from protein fermentation is relatively small
as compared to carbohydrate fermentation. The contribution of fat to gas production
is negligible. When 200 mg of coconut oil, palm kernel oil and/or soybean oil were
incubated, only 2.0–2.8 mL of gas were produced while a similar amount of casein
and cellulose produced about 23.4 and 80 mL gas in 24 h.

The gas produced in the gas technique is the direct gas produced as a result of
fermentation plus the indirect gas produced from the buffering of short chain fatty
acids. For roughages, when bicarbonate buffer is used, about 50% of the total gas
is generated from buffering of the short chain fatty acids and the rest is evolved
directly from fermentation. At very high molar propionate, the amount of CO2
generated from buffering of short chain fatty acids is about 60% of total gas produc-
tion. Gas is produced mainly when substrate is fermented to acetate and butyrate.
Substrate fermentation to propionate yields gas only from buffering of the acid and,
therefore, relatively lower gas production is associated with propionate production.
The gas that is released with the generation of propionate is only the indirect gas
produced from buffering. The molar proportion of different short chain fatty acids
produced is dependent on the type of substrate. Therefore, the molar ratio of acetate
to propionate has been used to evaluate substrate related differences. Rapidly fer-
mentable carbohydrates yield relatively higher propionate as compared to acetate,
and the reverse takes place when slowly fermentable carbohydrates are incubated.
Many workers reported more propionate and thus lower acetate to propionate ratio
in the ruminal fluid of cows fed a high grain diet. If fermentation of feeds leads to
a higher proportion of acetate, there will be a concomitant increase in gas produc-
tion compared with a feed with a higher proportion of propionate. In other words, a
shift in the proportion of short chain fatty acids will be reflected by changes in gas
production.

The gas produced on incubation of cereal straws [4], a wide range of feeds includ-
ing many dairy compound feeds and their individual feed components whose protein
and fat contents vary greatly [11], and tannin containing browses [25] in absence or
presence of polyethylene glycol (a tannin complexing agent) in the buffered rumen
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fluid was closely related to the production of short chain fatty acids as per Wolin
[51] stoichiometry, which is as follows:

Fermentative CO2 (mmol) = A/2 + P/4 + 1.5B (7.1)

where A, P and B are moles of acetate, propionate, and butyrate respectively.

Fermentative CH4 (mmol) = (A + 2B) − CO2 (7.2)

where A and B are mmol of acetate and butyrate respectively and CO2 is mmol of
CO2 calculated from Eq. (7.1). Using these equations one can calculate, the waste
products of fermentation: carbon dioxide and methane from acetate, butyrate and
propionate produced during the fermentation.

In the in vitro gas method, the “expected gas volume” can also be calculated from
acetate, butyrate and propionate produced during the fermentation.

Total volume of gas (mmol), calculated from short chain fatty acids production =
(FG + BG)

FG = fermentative gas (mmol) (CO2 + CH4); calculated using Eqs. (7.1) and
(7.2)

BG = gas volume (mmol) from buffering of short chain fatty acids
CF = correction factor for altitude and pressure

For the determination of BG, one requires the amount of short chain fatty acids
(acetate + butyrate + propionate) produced during the fermentation. One mmol of
short chain fatty acids releases one mmol of CO2 from the bicarbonate-based buffer
in the incubation medium, and is described as buffering CO2. Therefore, mmol of
buffering CO2 is equal to mmol of total short chain fatty acids generated during
incubation.

The total gas produced (mmol), which is the addition of mmol FG and mmol BG,
can be converted to volume (mL) by the following equation:

Gas volume at mean sea level = mmol of gas × gas constant (R) × T

Where R = the ratio between molar volume of gas to temperature (Kelvin zero; K)
i.e.

(22.41 l/273 = 0.0821),T = incubation temperature(Kelvin); 273 + 39◦C = 312 K

So the volume of 1 mmol of gas at 39◦C at sea level would be: 1 × 0.0821 ×
312 = 25.6 mL.

The volume of gas depends on the altitude of a place, and hence a correction
factor is required. If the incubation is conducted at Hohenheim, Germany, which is
at an altitude of 400 m, the correction factor is 0.953 [11]. The volume of 1 mmol of
gas at 39◦C in Hohenheim would therefore be: 1 × 0.082 × 312/0.953 = 26.5 mL.
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The total volume of gas as mmol, calculated from mmol of FG and BG, can be
converted to volume (mL) by multiplying with 26.5 for a place with an altitude of
400 m and by multiplying with 25.6 for a place at mean sea level. The detailed infor-
mation on behaviour of gases at different temperature (as temperature increases, the
volume increases) and pressure (as altitude increases, pressure decreases) can be
obtained from a textbook on physical chemistry. The origin and stoichiometry of
gas production, given above, have been described in details in [11] and [20].

The in vitro gas production measured after 24 h of incubation of tannin con-
taining browses in the presence or absence of polyethylene glycol was strongly
correlated with the gas volume stoichiometrically calculated from short chain fatty
acids. The relationship between short chain fatty acid production (mmol) and gas
volume (mL) after 24 h of incubation of browse species with a wide range of
crude protein (5.4–27%) and phenolic compounds (1.8–25.3% and 0.2–21.4% total
phenols and total tannins as tannic acid equivalent respectively) was [25]:

• In the absence of polyethylene glycol:

Short chain fatty acids = 0.0239 × Gas − 0.0601;
R2 = 0.953; N = 39; P < 0.001

• In the presence of polyethylene glycol

Short chain fatty acids = 0.0207 × Gas + 0.0207;
R2 = 0.925; N = 37; P < 0.001

• Overall (pooling the data)

Short chain fatty acids = −0.00425 + 0.0222 × Gas;
R2 = 0.94; N = 76; P < 0.001

These relationships are similar to those obtained for wheat straw [6].
The short chain fatty acid production could be predicted from gas values using

the above relationship. The level of short chain fatty acids is an indicator of energy
availability to the animal. Since short chain fatty acid measurement is important
for relating feed composition to production parameters and to net energy values
of diets, prediction of short chain fatty acids from in vitro gas measurement will
be increasingly important in developing countries where laboratories are seldom
equipped with modern equipments to measure short chain fatty acids.

A modified in vitro gas method: gas production with concomitant
microbial mass measurement

General Description

A simple in vitro approach is described here which is convenient and fast, and allows
a large number of samples to be handled at a time. It is based on the quantification of
substrate degraded or microbial protein produced using internal or external markers,
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and of gas or short chain fatty acid production in the in vitro rumen fermentation sys-
tem based on syringes [42]. This method does not require sophisticated equipment
or the use of a large number of animals (one or preferably two fistulated animals are
required) and helps selection of feeds or feed constituents based not only on the dry
matter digestibility but also on the efficiency of microbial protein synthesis.

The method of Menke et al. [42] was modified by Blümmel and Ørskov [4] in
that feeds were incubated in a thermostatically controlled water bath instead of a
rotor in an incubator. Makkar et al. [35] and Blümmel et al. [8] modified the method
further by increasing the amount of sample from 200 to 500 mg and increasing the
amount of buffer two-fold, as a result the incubation volume increased from 30 mL
in the method of Menke et al. [42] to 40 mL in the modified method. In the 30 mL
system, the linearity between the amount of substrate incubated and the amount of
gas produced is lost when the gas volume exceeds 90 mL because of the exhaustion
of buffer of the medium resulting from short chain fatty acid production; and in the
40 mL system, the linearity is lost when the gas volume exceeds 130 mL [21]. The
exhaustion of the buffer decreases pH of the incubation medium; consequently the
fermentation is inhibited. If the amount of gas production exceeds 90 mL using the
30 mL system [42] and 130 mL using the 40 mL system [7, 35], the amount of feed
being incubated should be reduced.

The main advantages of the modified method (the 40 mL system and incubation
in a water bath) are:

a) an increase in amount of sample from 200 to 500 mg reduces the inherent error
associated with gravimetric determination needed to determine concomitant in
vitro organic matter degradability (see below),

b) almost no drop in temperature of the medium during the period of recording
gas readings (when compared to the incubation of syringes in an incubator at
39◦C as in the original method of Menke et al. [42]). This is useful for studying
the kinetics of fermentation where gas volume must be recorded at various time
intervals, and

c) drastic drop in the temperature of the incubation is prevented in case of power
breakdown for a short duration because of large volume of water in the water
bath and its higher temperature holding capacity.

Determination of Microbial Mass

In vitro gas tests are attractive for ruminant nutritionists since it is very easy to
measure the volume of gas production with time, but the measurement of gas only
implies the measurement of nutritionally wasteful and environmentally hazardous
products (CO2 and CH4). In most studies, the rate and extent of gas production
have been wrongly considered equivalent to the rate and extent of substrate (feed)
degradation. Current nutritional concepts aim at high microbial efficiency, which
cannot be achieved by measurement of gas only in in vitro gas methods. In vitro
gas measurements reflect only short chain fatty acid production. The relationship
between short chain fatty acids and microbial mass production is not constant and
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the explanation for this resides in the variation of microbial mass production per
unit ATP generated. This can impose an inverse relationship between gas volume
(or short chain fatty acid production) and microbial mass production particularly
when both are expressed per unit of substrate truly degraded. This implies that
selecting roughages by measuring only gas using in vitro gas methods might result
in a selection against the maximum microbial mass yield. Blümmel et al. [7, 8]
have demonstrated how a combination of in vitro gas production measurements
with a concomitant quantification of the truly degraded substrate provides important
information about partitioning of fermentation products.

Partitioning Factor and Efficiency of Microbial Protein Synthesis

The partitioning factor is defined as the ratio of organic matter degraded in vitro
(mg) to the volume of gas (mL) produced by it. A feed with higher partitioning
factor means that proportionally more of the degraded matter is incorporated into
microbial mass, i.e., the efficiency of microbial protein synthesis is higher. Different
in vitro partitioning factor values are also reflected by in vivo microbial protein
synthesis as estimated by purine derivatives (the higher the partitioning factor, the
higher the excretion of urinary purine derivatives [12]), in methane production by
ruminants (the higher the partitioning factor, the lower the methane output [12, 15]),
and in predicting the dry matter intake (the higher the partitioning factor, higher the
dry matter intake [8, 9]). These results show that the partitioning factor calculated
in vitro provides meaningful information for predicting the dry matter intake, the
microbial mass production in the rumen, and the methane emission of the whole
ruminant animal.

The procedures for the determination of truly degraded substrate and organic
matter degraded, and the calculation of the stoichiometrical factor; stoichiometri-
cal relationship between short chain fatty acids and gas volume; and relationship
between short chain fatty acid production, ATP production and microbial mass yield
are given in Blümmel et al. [7] and Getachew et al. [20]. For roughages, partition-
ing factor values from 2.75 to 4.45 mg/mL approximately reflects YATP from 10
to 32. It may be noted that these procedures and relationships are valid for sub-
strates consisting predominantly of structural carbohydrates, and the findings might
not extend to substrates such as those high in soluble carbohydrate, protein, fat or
starch. Rymer and Givens [47] have shown that, as observed by [7], good quality
feeds (grass silage, wheat, maize, molasses sugar-beet feed and fishmeal) which
produce large amounts of gas and short chain fatty acids yield small amounts of
microbial mass per unit of feed truly degraded.

It seems therefore justified to suggest that feeds or feed ingredients should be
selected that have high in vitro organic matter degradability but low gas production
per unit organic matter degraded.

Microbial mass production in in vitro can be calculated as [7]:

Microbial mass (mg) = mg substrate truly degraded −(mL gas volume

× stoichiometrical factor)
(7.3)
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The above equation becomes:

Microbial mass (units) = gas volume (partitioning factor − stoichiometrical factor)
(7.4)

For roughages, the stoichiometrical factor was 2.20.
The derivatization of these two equations, based on balancing of substrate supply

and product formation in the in vitro gas method, is given in [7].
The partitioning factor reflected efficiency of microbial protein synthesis and

microbial mass determined using the approach presented here (Eqs. 7.3 and 7.4)
was found to be in good agreement with 15N studies [8, 13]. This concept of par-
titioning factor analysis demands a close stoichiometric relationship between short
chain fatty acids and gas production, and a reliable determination of organic matter
degradability of the substrate. The partitioning factor based approach for prediction
of efficiency of microbial protein synthesis is simpler compared to that suggested
by the Cornell net carbohydrate and protein system [13].

The Partitioning Factor as a Reflection of Efficiency of Microbial Protein
Synthesis for Tannin-Containing Feeds

Unfortunately, the method based on the gas method and the detergent system of fibre
analysis to calculate the microbial mass produced for fibrous feeds (the method
outlined above) did not work for tannin-rich feeds. The partitioning factor for
tannin-rich feeds (calculated as mg truly degraded substrate needed to produce
one-mL gas) ranged from 3.1 to 16.1 [22], which is well above the theoretical
partitioning factor range of 2.75–4.41 [7]. The high partitioning factor could be
due to:

a) solubilization of tannins from the feed. These tannins would make no con-
tribution to gas or energy in the system but would contribute to dry matter
loss,

b) the cell solubles contributing to dry matter loss but not to gas production because
the gas production is inhibited by tannins or

c) a combination of a) and b).

In addition, the appearance of tannin-protein complexes as artefacts in the true
residue also makes the gravimetric approach of quantification of microbial mass
redundant [36–38].

For the in vitro evaluation of tannin-rich feeds, the microbial mass should be
quantified using diaminopimelic acid or purines as markers, or by 15N incorpora-
tion into the microbes [34, 39], and the partitioning factor for tannin-rich feeds can
be expressed as the microbial mass determined by these markers per mL of gas
produced (or per mmol short chain fatty acids produced).

Using diaminopimelic acid, purines and 15N approaches for measuring micro-
bial mass it has been shown that for tannin-rich feeds the presence of polyethylene
glycol (Molecular weight 4000 or 6000) – a tannin-inactivating agent, increased
feed degradability and microbial mass production, but decreased the efficiency of
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microbial protein synthesis [3, 23, 34, 39]. Similar results have also been obtained
by following other approaches based on the gas method in which the rate of ammo-
nia uptake [45] is taken as the efficiency of microbial protein synthesis [39] or
microbial protein is determined by the nitrogen balance approach [23]. Conversely,
efficiency of microbial protein synthesis is expected to be higher in the pres-
ence of tannins. The net microbial mass production would depend on the balance
between the extents of “decrease in dry matter degraded” and “higher microbial
mass produced per unit of dry matter degraded” in presence of tannins.

Incubation Time and Partitioning Factor

Another study [10], in addition to once again describing the importance of mea-
suring microbial mass, has highlighted the importance of the fermentation time at
which the microbial mass should be measured. In this study, substrate degradation
and kinetics of in vitro partitioning of three hays, with similar in vivo digestibil-
ity, into short chain fatty acids, microbial mass yield, and ammonia, carbon dioxide
and methane production were examined after 8, 12, 18 and 24 h of incubation in
the gas method under both low and adequate nitrogen levels. Microbial synthesis
was quantified gravimetrically [7], by nitrogen balance [23] and by purine analy-
sis [31]. The short chain fatty acids and gas production were positively correlated
(P < 0.0001) and cumulative at all times of incubation under both low and ade-
quate nitrogen levels. On the other hand, microbial mass, microbial nitrogen and
microbial purine yields declined after 12 h of incubation while ammonia production
increased. Per unit of substrate degraded, gas and short chain fatty acid produc-
tion were always inversely (P < 0.05) related to microbial mass yield regardless of
incubation time and medium (low or adequate nitrogen). At later incubation times,
continuously more short chain fatty acids or gas and less microbial mass were pro-
duced reflecting microbial lysis and probably increasing microbial energy spilling.
All three hays differed (P < 0.05) consistently in how the degraded substrate was
partitioned into short chain fatty acids, gas and microbial mass in both the low
and adequate nitrogen medium. Purine analysis indicated substantial differences in
microbial composition across treatments, which might be one explanation for these
different microbial efficiencies [10].

For tannin containing feeds [33], the efficiency of microbial growth was higher
for 16 h of incubation than 24 h when these were incubated in presence or absence of
polyethylene glycol, a tannin-inactivating agent. Additional nitrogen in the medium
also affected the efficiency of microbial protein synthesis from tannin-tannins feeds,
both after 16 and 24 h [22]. For proper characterisation of feed and feed ingredi-
ents, approaches need to be developed for measuring the partitioning factor for the
incubation time at which the lysis of microbes is minimal. Some possible simple
approaches worth investigating to identify this incubation time are:

a) the time at which half of the maximum gas is produced (t/2), and
b) the inflection point at which the rate of gas production is maximum (the

rate increases up to a certain incubation time and thereafter decreases as the
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incubation progresses), both these parameters can be mathematically calculated
from the gas profiles. Some efforts have been made to measure partition-
ing factor at t/2, 16 and 24 h for various feed resources and to correlate
the values obtained with the measured in vivo efficiency of microbial protein
synthesis [13,14].

In this chapter, the method for measuring partitioning factor, a reflection of
efficiency of microbial protein synthesis is presented. Based on the available infor-
mation in the literature, the suggested incubation times are: 16 h for concentrate
based feeds/diets and 24 h for roughages. These incubation times would adequately
serve the purpose of screening a large number of samples for efficiency of microbial
protein synthesis. In addition, an error which could arise in the determination of
truly degraded substrate through dissolution of the undegraded substrate in the neu-
tral detergent solution (and thus overestimating truly degraded substrate) is expected
to be minimal for most of the feed resources except those rich in starch such as
maize grains [13]. Determination of truly degraded substrate required for determi-
nation of partitioning factor at incubation times lower than 16 h could substantially
overestimate truly degraded substrate and the partitioning factor, leading to incorrect
reflection of efficiency of microbial protein synthesis.

Method for Measuring Partitioning Factor

Sample Preparation

Dried sample should be passed through a 1 mm sieve.

Reagents

1. Bicarbonate buffer solution: Dissolve 35 g sodium bicarbonate (NaHCO3) and
4 g ammonium carbonate (NH4HCO3) in approximately 500 mL distilled water
and then make up the volume to 1 L with distilled water.

2. Macromineral solution: Dissolve 6.2 g potassium dihydrogen phosphate
(KH2PO4), 5.7 g disodium hydrogen phosphate (Na2HPO4), and 0.6 g magne-
sium sulphate (MgSO4.7H2O) in approximately 500 mL distilled water and then
make up the volume to 1 L with distilled water.

3. Micromineral solution: Dissolve 10 g manganese chloride (MnCl2.4H2O),
13.2 g calcium chloride (CaCl2.2H2O), 1 g cobalt chloride (CoCl2.6H2O), 8 g
ferric chloride (FeCl3.6H2O) in approximately 50 mL distilled water and then
make up the volume to 100 mL with distilled water.

4. Resazurine: Dissolve 0.1 g resazurine in 100 mL distilled water.
5. Reducing solution: Dissolve 996 mg sodium sulphide (Na2S.9H2O) in 94 mL

distilled water and then add 6 mL of 1 N sodium hydroxide solution (dis-
solve 4 g sodium hydroxide in 100 mL distilled water for 1 N sodium
hydroxide).
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Weighing of Samples and Preparation of Syringes

Tear a specially made scoop (approximately 4 cm in length and 1 cm in depth/radius;
standard sodium hydroxide-containing plastic container can be cut horizontally to
half to form the scoop) on an analytical balance. Weigh 500 mg of air-dry feed
sample in the scoop and then insert a 5 mL capacity pipette or a glass rod into the
narrow end of the scoop and transfer the sample from the scoop into 100-mL cal-
ibrated glass syringes. The feedstuffs are incubated at least in triplicate. The blank
syringes do not contain feed.

Preparation of In Vitro Rumen Fermentation Buffer Solution and Incubation

Collect the rumen fluid and particulate matter before the morning feed from two
cattle, fed a diet of the type similar to that of the samples being analysed in vitro.
Mix the contents taken from two cattle, homogenize, strain and filter them through
four layers of cheesecloth. Keep all glassware at approximately 39◦C and flush
these with carbon dioxide before use. Carbon dioxide is heavier than air and hence
it remains in the glassware for a reasonable period provided the container is not
inverted up side down. The strained rumen fluid is kept at 39◦C under carbon diox-
ide and should be prepared just before start of the incubation. As the amount of feed
taken is 500 mg, composition of the medium is according to [49]. Menke et al. [42]
reduced the rumen buffer volume per syringe by half as they used 200 mg of the
substrate because of the limited volume of the syringes and the inconvenience of
emptying the syringes. Here, besides recording the gas volume, we are interested to
use the fermented material for various analyses; therefore, the amount of substrate
taken is 500 mg [8, 35]. There is an inherent error associated with gravimetric deter-
mination of the fermented residue which (error) is large if 200 mg feed is taken in
place of 500 mg.

Medium Composition

(According to [35])

Rumen buffer solution (bicarbonate buffer) 630 mL
Macromineral solution 315 mL
Micromineral solution 0.16 mL
Resazurine 1.6 mL
Distilled water 945 mL
Freshly prepared reducing solution 60 mL
The rumen fluid 660 mL
(see above for collection and preparation)

The above volume is sufficient for 60 syringes (40 mL/syringe) plus 10% extra.
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Incubation Procedure

Mix, in the order mentioned above, all the above-mentioned solutions, except the
reducing solution and rumen fluid, in a 3 or 5 L capacity glass container. The con-
tainer is kept in a water bath adjusted at 39◦C. This water bath is a plastic rectangular
container (approximately 400 cm × 300 cm × 200 cm) filled with water, the tem-
perature of which is adjusted at 39◦C using a portable thermostat suspended from
the top of the plastic container in water. This plastic water bath is kept on a mag-
netic stirrer. The contents are flushed with carbon dioxide and kept stirred using a
magnetic stirrer. After about 5 min, add the reducing solution and keep the mix-
ture stirring and flushing with carbon dioxide at 39◦C. When the mixture has been
reduced (blue colour of the dye changes to pink and then to colourless; it takes
about 15–20 min for the reduction process to complete and during this time we
generally homogenized and strained the rumen liquor and the particulate material
collected from cattle), add 660 mL of the rumen fluid. Keep this mixture stirring
and flushing with carbon dioxide for another 10 min. Transfer a portion (40 mL)
of the rumen-fluid medium into each syringe using a dispenser, and incubate in a
water bath at 39◦C. After some practice, filling 60 syringes should take 30–35 min.
After completion of the filling-up process, shake the syringes well and transfer them
to the water bath. Shake all the syringes every hour for the first 4 h and then after
every 2 h.

Generally, the incubation is started at about 7.30–8.0 a.m. and after 12 h of incu-
bation, the syringes are not shaken until the termination of the incubation (24 h).
When 500 mg of the air-dry sample is incubated with 40 mL of the medium con-
taining rumen microbes, invariably the amount of gas in 24 h exceeds the capacity
of 100-mL capacity syringes. After 8–10 h of incubation (depending on the fer-
mentability of the feed), the amount of gas produced is registered and the piston is
pushed back to 40 or 45 mL mark on the syringe (after pushing back the piston to
40 or 45 mL mark, shake the syringe contents after about 30 min; this will prevent
sticking of feed particles on bottom of the piston, which otherwise will not get fer-
mented). At 24 h, again the position of the piston is recorded. The addition of these
two sets of values gives the total amount of gas production in 24 h (see an example
below). The blanks (at least three in number) contain only the rumen-fluid medium
and no feed material. For blanks, there is no need to push back the piston.

An Example

Suppose, at 0 h of incubation the piston was at 41-mL mark. After 8 h of incubation,
the piston reached the 86-mL mark and it was pushed back to the 45-mL mark. The
following morning after 24 h of incubation the piston was at 67-mL mark. Total gas
produced during 24 h = (86 – 41) + (67 – 45) = 77 mL.

The operational aspects of the gas method are available at: http://www.iaea.org/
programmes/nafa/d3/mtc/invitro-slideshowapr01.pdf
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Notes:

1. The procedure given here suggests termination of the incubation after 24 h; how-
ever, for concentrate-based feeds the incubation should be terminated after 16 h
(see Incubation time and partitioning factor). Generally, the incubation is started
in the morning (7.30–8.0 a.m.) and termination of the incubation after 24 h is
convenient from the practical point of view. On the other hand, for 16 h of incu-
bation (around mid-night), after recording the gas, the syringes can be kept in ice
for determination of undegraded organic matter the following day; or better the
syringe contents and the syringe washings (see “Organic matter degradability”
and “Preparation of apparent undegraded residue”) could be transferred into a
beaker for digestion the following day. For 16 h of digestion, the incubation could
also be initiated at around 4 p.m. so that the incubation could be terminated at
8 a.m. the following day; however, variation in the activity of the rumen liquor
taken at this hour could be higher than that of the rumen liquor taken before
the morning feed. When methane proportion is to be measured in the gas (see
Determination of other parameters), the syringes should not be kept in ice, since
the solubility of methane and carbon dioxide is different at different temperature
(solubility of carbon dioxide in water/buffered medium is higher than methane).

2. When the objective is to evaluate the effect of an additive on partitioning factor
of a feed, a set of three syringes containing the feed, the additive and 40 mL of
the incubation medium form a test set, and the corresponding blank contains a
set of three syringes with the additive and 40 mL of the incubation medium (and
no feed).

3. The 40 mL of the incubation medium consists of 10 mL each of rumen contents
and bicarbonate buffer, 5 mL of macro-mineral solution (0.002 mL of which is
micro-mineral solution) and 15 mL of distilled water. The nitrogen content in a
syringe, delivered from the buffer is approximately 7 mg.

Net Gas Production

The gas volume is recorded after 24 h in test and blank syringes for roughages
and after 16 h for concentrate-based feeds. The net gas production is calculated by
subtracting values of the blank from that of the test syringe. Let this net gas value
be x mL.

Organic Matter Degradability

The syringe contents are digested with neural detergent solution to dissolve the
microbes, leaving the undegraded residue. This residue is ashed to obtain unde-
graded organic matter (undegraded residue minus ash).

Reagents

Neutral detergent solution: Mix the Reagents 1 and 2, and dilute to 4 L with distilled
water. Check the pH. It should be between 6.9 and 7.1.



7 In Vitro Feed Evaluation Methods 121

Reagent 1: Weigh 74.4 g EDTA (disodium ethylenediamine tetraacetate
dehydrate) and 27.2 g sodium teraborate (Na2B4O7.10.H2O) and place together
in a large beaker, add distilled water (approximately 2 L) and dissolve with
gentle heating, add to this solution 120 g sodium lauryl sulphate (also called
as sodium dodecyl sulphate) and 40 mL of 2-ethoxyethanol (ethylene glycol
-monoethylether) and mix.
Reagent 2: Weigh 18.24 g disodium hydrogen phosphate (anhydrous), add
approximately 1 L of distilled water and dissolve with gentle heating.

Procedure

After measuring the gas volume after 24 h (or after 16 h for concentrate-based
feeds), transfer the contents of the syringe quantitatively in a beaker (in practice,
after emptying the syringe contents in a beaker, we rinse the syringe twice, each
time with approximately 20 mL of double strength neutral detergent solution; each
time the syringe is shaken to remove residual feed particles) and digest it with the
neutral detergent solution for 1 h using the heating and refluxing unit generally used
for estimation of neutral detergent fibre in feeds. The purpose of this treatment is to
solubilize the microbes from the syringe contents and obtain only the undegraded
feed. Filter the contents of the beaker through a crucible (porosity 2) and wash the
residue on the crucible with hot water till the residue is free of the detergent. Dry
the crucibles at 130◦C for 2 h or at 100◦C for 10 h (overnight). Record weight of the
crucibles after transferring them to a desiccator. This weight minus weight of empty
crucible gives the weight of undegraded feed in that particular syringe.

Note: This method of measuring undegraded residue does not work satisfactorily for
tannin-containing feeds/samples (presence of tannin-protein complexes as artefacts
in the residue) and for starch-rich feeds (some starch might not be degraded by
microbes up to 16 h of incubation but it would get solubilized in the neutral detergent
solution leading to underestimation of truly undegraded residue). It may be noted
that this method of measurement of undegraded residue should not be applied at
the initial hours of incubation (before 16 h of incubation) since during this period
a portion of the feed, which is undegraded by microbes could be solubilized in the
neutral detergent solution.

Let the weight of this residue (undegraded feed) be a mg. Now transfer the cru-
cibles containing this residue to a Muffle furnace (550◦C) and ash the sample. The
organic matter will disappear leaving the ash. After transferring the crucibles to
a desiccator, weigh them and subtract from this weight the weight of the empty
crucible to obtain the weight of ash (called as b mg). Subtract b from a to obtain
undegraded organic matter (a–b) in mg.

For determination of organic matter degraded in 24 h, one needs (a–b) value and
organic matter in 500 mg of the air-dried sample incubated in the syringe.

Organic matter weighed into the syringe
= [500 × Feed DM content in percentage/100] minus [500 × ( Feed DM content

in percentage/100) × ( Feed Ash content in percentage/100)]
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or (500 × Feed DM content in percentage/100) × (1 – Feed Ash content
in percentage/100)

Let this value be c in mg (ash content of the feed could be determined by burning
in a Muffle furnace, 550◦C)

Organic matter degraded (mg) = c − (a − b)

Determination of Partitioning Factor

For determination of partitioning factor, organic matter degraded and net gas values
are required

Partitioning factor = (mg organic matter degraded)/mL gas

or
Partitioning factor = c – (a–b) divided by mL net gas (x) produced in the syringe

for which c – (a–b) has been calculated. Higher is this factor, higher the efficiency
of microbial protein synthesis.

An Example

Scenario 1. Screening feeds for efficiency of microbial protein synthesis
Two samples (500 mg each) of Feed A and Feed B containing 95% and 93% dry

matter (DM) and 5% and 4% ash respectively were incubated for 24 h in the in vitro
gas method.

Organic matter weighed into the syringes, c:
Feed A = (500 × 95/100) (1 – 5/100) = 451 mg
Feed B = (500 × 93/100) (1 – 4/100) = 446 mg
Gas production at 24 h for blank syringes: 5 mL (average of three syringes)
Gas production at 24 h for Feed A (syringe 1): 115 mL
Gas production at 24 h for Feed B (syringe 1): 105 mL
Net gas production, x
Feed A = 115 – 5 = 110 mL
Feed B = 105 – 5 = 100 mL
Undegraded organic matter, (a–b)
Feed A (syringe 1) = 144 mg
Feed B (syringe 1) = 164 mg
Organic matter degraded (mg) = c – (a–b)
Feed A = 451 – 144 = 307 mg
Feed B = 446 – 164 = 282 mg
Partitioning Factor
Feed A = 307/110 = 2.79
Feed B = 282/100 = 2.82
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On one day, three syringes are incubated for each feed, so one has three values
of partitioning factor for each Feed A and Feed B.

Conclusion: Efficiency of microbial protein synthesis is higher for Feed B than
Feed A. It may be noted that in this example, both the gas production and organic
matter degradability are higher in Feed A. Therefore to, the efficiency of microbial
protein synthesis may not follow the same pattern as the organic matter degradabil-
ity or the net gas production. These results should not be looked in isolation. Ideally,
a feed with higher organic matter degradability and higher partitioning factor should
be preferred when the objective is to use the feed for increasing livestock productiv-
ity. On the other hand, in situations such as extreme cold where the aim is to keep
the body generating heat and protect the animal from dying, or for draught animals
where the energy requirement is high, a feed with higher organic matter degrad-
ability and lower partitioning factor could be preferred, since for this feed a higher
proportion of the substrate would be partitioned to short chain fatty acids (main
energy source for ruminants) and lower to microbial mass. In addition, in feed-
ing situations below the maintenance requirements, high partitioning factor values
might not be beneficial.

Some Data from the Literature

Values for partitioning factor and related parameters are presented in Table 7.1,
showing the importance of measuring partitioning factor in an in vitro gas method.
Sodium hydroxide and ammonia treatments of straws not only increased the true
substrate degradability and gas production but also the efficiency of microbial pro-
tein synthesis. The efficiency of microbial production (as reflected by partitioning
factor) was inversely related to methane production/kg digestible organic matter in
vivo [15]. The reader is suggested to refer to [13] for partitioning factor of another
set of roughages and mixed diets and the importance of partitioning factor values in
predicting efficiency of microbial protein synthesis in vivo.

Table 7.1 In vitro gas production (GP), truly degraded substrate (TDS) and partitioning factor
(PF) of untreated and NaOH- and ammonia-treated wheat straw and oat after 24 h of incubation
(Partitioning factor derived from data of [15])

TDS (mg) GP (mL) PF

Winter wheat variety Pastiche, untreated 240 98 2.45
Winter wheat variety Pastiche, NaOH-treated 307 110 2.79
Winter wheat variety Pastiche, NH3-treated 280 103 2.72
Oat, untreated 235 91 2.58
Oat, NaOH-treated 298 108 2.76
Oat, NH3-treated 279 102 2.74

TDS is not truly degraded organic matter since it has not been corrected for the ash content.
This approach of calculating partitioning factor based on TDS could be used for comparative
assessment of feeds (or of treatments on a feed) provided the ash content is similar in the samples
tested. In the present case the presence of NaOH in the incubated material would lead to an
overestimation of TDS and hence of partitioning factor.
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Table 7.2 In vitro gas production (GP), truly degraded substrate (TDS) and partitioning factor
(PF) of hybrid and local varieties of maize stover leaves (data from [12])

TDS (mg) GP (mL) PF

Hybrid maize stover leaves 328.7 107.2 3.1
Local maize stover leaves 327.3 114.9 3.3.

Table 7.2 is from the data of [12]. It gives fermentation parameters, including
partitioning factor of hybrid and local varieties of maize stover leaves. True substrate
degradability of the two varieties at 24 h is the same; however, the gas production
for the local varieties is lower, suggesting higher microbial mass production for this
variety. The partitioning factor of local varieties was higher. This was reflected in
vivo when microbial protein synthesis was estimated [17, 32] by urinary excretion
of purine derivatives. Higher in vivo efficiency of microbial protein synthesis and
higher microbial protein supply to the animal was recorded for local varieties.

Scenario 2. Study of the effect of an additive (water/buffer soluble) on efficiency of
microbial protein synthesis

A sample (500 mg) of a feed containing 95% dry matter and 5% ash was incu-
bated for 24 h in the in vitro gas method, without and with the additive (in three
syringes each, with corresponding blanks)

Organic matter weighed into the syringes, c:
Feed = (500 × 95/100) (1 – 5/100) = 451 mg
Gas production after 24 h in blank syringes (without additive): 5 mL (average

of three syringes)
Gas production after 24 h in blank syringes (with additive): 7 mL (average of

three syringes)
Gas production after 24 h for feed, without additive (syringe 1): 95 mL
Gas production after 24 h for feed, with additive (syringe 1): 102 mL
Net gas production, x
Feed, without additive = 95 – 5 = 90 mL
Feed, with additive = 102 – 7 = 95 mL
Undegraded organic matter, (a–b)
Feed, without additive (syringe 1) = 140 mg
Feed, with additive (syringe 1) = 135 mg
Organic matter degraded (mg) = c – (a–b)
Feed, without additive = 451 – 140 = 311 mg
Feed, with additive = 451 – 135 = 316 mg
Partitioning Factor
Feed, without additive = 311/90 = 3.45
Feed, with additive = 316/95 = 3.32

On one day, three syringes are incubated for each feed, so one has three values
of partitioning factor each for Feed, without additive and Feed, with additive.
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Conclusion: The additive has increased gas production and true degradability but
decreased the efficiency of microbial protein synthesis. Some relevant information
from the literature is given in Table 7.2.

Note: The theoretical range for partitioning factor is 2.74–4.41. Any value above or
below this range should be critically evaluated. For tannin-rich samples, the parti-
tioning factor is normally above 4.41. The higher partitioning factor (for example
7.2) would mean that 7.2 mg of the truly degraded organic matter produce one
mL of the gas. The reasons for the high values for tannin-rich feeds are given in
the section above “The partitioning factor as a reflection of efficiency of micro-
bial protein synthesis for tannin-containing feeds”. For tannin-containing feeds, the
syringe contents are not digested after incubation with the neutral detergent solu-
tion to determine truly undegraded organic matter. Instead, the syringe contents are
taken for the determination of purines and/or 15N incorporation studies (see section
below “Methods for measurement of microbial mass, microbial-nitrogen, micro-
bial purines and 15N incorporation in microbes and determination of efficiency of
microbial protein synthesis”).

Determination of Other Parameters

From the above analyses, the following additional information can also be obtained:

i) Organic matter degradability (%) = (c – (a–b)) 100/c
In the above two examples, organic matter degradability for:

Scenario 1

Feed A = (307) × 100/451 = 68.1%
Feed B = (282) × 100/446 = 63.2%

Scenario 2

Feed, without additive = (311) × 100/451 = 69%
Feed, with additive = (316) × 100/451 = 70.1%

ii) Neutral detergent fibre (NDF) degradability (or fibre degradability)
NDF degradability (fibre degradability) (%) = [{500 × (Feed DM con-

tent in percentage/100) × (Feed NDF content in percentage/100)} – {(a–b)}]
100/{500 × (Feed DM content in percentage/100) × (Feed NDF content in
percentage/100)}
(Neutral detergent fibre content of the feed could be determined by cooking the
sample for 1 h in neutral detergent solution, followed by filtration through a
crucible of porosity 2)
Scenario 1

Let, neutral detergent fibre values for Feed A and Feed B are 50 and 55%
respectively.
NDF degradability (fibre degradability) (%)

Feed A = ({500 × (95/100) × (50/100)} − {135}) × 100/{500 × (95/100)
×(50/100)}

= (237.5 − 135) × 100/237.5 = 43.2



126 H.P.S. Makkar

Feed B = ({500 × (93/100) × (55/100)} − {142}) × 100/{500 × (93/100)
×(50/100)}

= (255.8 − 142) × 100/255.8 = 44.5

Scenario 2
Similarly, the effect of addition of additive on neutral detergent fibre degradabil-
ity (fibre degradability) could be determined, once the neutral detergent fibre
content of the feed incubated in the syringes is known.

iii) Estimated microbial mass
For most conventional feed resources (not the tannin-containing feeds or

starch-rich feed ingredients), microbial mass production can be estimated at
the time of termination of the incubation, using Eq. (7.3).

mg microbial mass production = ({c – (a–b)} – (net gas in mL x 2.2)); c –
(a–b) is in mg and 2.2 is the stoichiometric factor

For the above example of Feeds A and B:

mg microbial mass production for Feed A = 307 − 110 × 2.2 = 307 − 242
= 65 mg

mg microbial mass production for Feed B = 282 − 100 × 2.2 = 282 − 220
= 62 mg

iv) Efficiency of microbial mass production = (({c – (a–b)} – (2.2 × net gas in
mL)) × 100)/{c – (a–b)}

These values for Feed A and Feed B are: 65 × 100/307, and 62 × 100/282,
or 21.2 and 22% respectively. The order for the efficiency of microbial protein
synthesis calculated by this method is the same as obtained with partitioning
factor (partitioning factor for Feed B is higher than Feed A).

Note: Based on the Cornell Net Carbohydrate and Protein System, a maximum
incorporation of feed carbohydrate into microbial mass of 50% and 40% in the
absence and presence of protozoa respectively has been suggested [ 46 ].

v) Methane production
In our laboratory, we measure methane content of the gas in the syringe

using an infrared-based methane analyser (0–30% range methane analyser from
Pronova Analysentechnik GmbH & Co KG, Berlin, Germany). The methane
analyser is calibrated against 10.6% or 12% standard methane. A gas chro-
matograph can also be used for methane measurement; however, the use of the
infrared-based methane analyser is simple, convenient and takes less time and
resources.

After measuring the total gas volume, the tubing of the syringe outlet is
inserted into the inlet of the methane analyser; the piston is pushed to insert
the accumulated gas into the analyser. The methane as percent of the gas is
displayed on the methane analyser. This value is used for calculation of methane
in the total gas volume. When the feed incubated is 500 mg, the volumes of total
gas and methane are measured while pushing back the piston after 8 or 10 h of
incubation, and similarly volumes of gas and methane are measured after 24 h.
These two values are added to obtain the total methane production in 24 h of
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incubation. Generally, we have observed that percent methane level in a syringe
is lower for the period 0–8 or 10 h of incubation than for the period 8 or 10–
24 h of incubation. If pushback of the piston is to be avoided, 200 mg of the
sample can be incubated and the volumes of gas and methane can be measured
after 24 h of incubation. These volumes could be multiplied by 2.5 to obtain the
volumes corresponding to 500 mg of the sample. However, for determination
of organic matter degraded in 24 h (required for expressing methane production
based on per unit of organic matter degraded), incubation of 500 mg of air-dried
sample is suggested.

The results on methane production can be expressed as:

1. Methane as percent of the total gas (on volume basis)
2. Methane (mL) produced/100 mg of organic matter degraded

(Methane in the corresponding blank should be subtracted from that in the
test syringe).

The in vitro gas method is a useful tool for screening various plants/plant extracts/
plant compounds or any other additive having potential to reduce methane emission
from ruminants. Lower is the methane produced per unit organic matter degraded,
better the feed. In addition, effect of various supplementation strategies could also
be evaluated for reducing methane production, enhancing efficiency of microbial
protein synthesis or for achieving higher fibre degradability.

If the facilities for methane measurement do not exist, methane production
can be calculated from the net short chain fatty acid production (after subtracting
short chain fatty acids in the blank), using stoichiometric relationships. Using a
gas chromatograph, short chain fatty acids are measured in the supernatant of the
fermentation medium after 24 h (see section “Preparation of apparent undegraded
residue”). High correlations between stoichiometrically calculated gas and actually
observed values have been observed by many workers [20]. This forms the basis
for the determination of carbon dioxide and methane from the amount and molar
proportion of short chain fatty acids.

For example, for Feed 1 (roughage), net production of short chain fatty acids in
24 h is 1.2 mmol with a molar proportion of: 0.75 acetate, 0.19 propionate and 0.06
butyrate.

Using Eq. (7.1), fermentative CO2 from 1 mmol short chain fatty acids for
Feed 1= 0.75/2 + 0.19/4 + 1.5 × 0.06 = 0.5125 mmol.

Using Eq. (7.2), fermentative CH4 from 1 mmol short chain fatty acids for
Feed 1 = (0.75 + 2 × 0.06) – 0.5125 = 0.3575 mmol.

Total fermentative CH4 from 1.2 mol short chain fatty acids for Feed 1 =
0.3575 × 1.2 = 0.429 mmol.

Volume of methane = mmol methane × gas constant × temperature
in Kelvin/atmospheric pressure.

= 0.429 × 0.0821 × 312(atmospheric pressure taken as 1 at mean sea level)
= 10.99 mL
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If the experiment has been conducted at, for example, Hohenheim, Stuttgart
which has an altitude of 400 metres, the p = 0.953, the volume of methane in the
syringe would be 10.99/0.953 = 11.53 mL.

Let us assume that in in vitro the organic matter degraded in 24 h for Feed 1 is =
250 mg.

Estimated methane production (mL)/g organic matter degraded = (11.53/250) ×
1000 = 46.12 mL

From the in vitro gas system, estimated methane production (mL)/kg organic
matter degraded = 46.12 L.

If intake of the Feed 1 is known, using the values obtained from the in vitro gas
method, methane excretion in vivo can be estimated [15].

If the organic matter intake (dry matter intake minus ash) of Feed 1 was 946 g/day
in a sheep. Using the organic matter degradability value obtained after 24 h in
the in vitro gas method (see section “Organic matter degradability”), the expected
digestible organic matter in vivo could be calculated. Let us assume that the organic
matter degradability (as directed in “Organic matter degradability”) is 55%.

Expected digestible organic matter in vivo = 946 × 0.55 = 520 g.
Estimated methane production/day in vivo = (520 × 46.12)/1000 = 23.98 L.

From the amount of short chain fatty acids and their molar proportions, other
parameters such as ATP produced, substrate required for microbial mass, total sub-
strate required for formation of products (short chain fatty acids, microbial mass
and fermentative gases), and partitioning factor can be calculated. The procedure for
their calculation at YATP of 10 and 20 is given in Table 1 and Figure 1 of Getachew
et al. [20].

Note: For Feed 2 (for example concentrate based), net production of short chain
fatty acids in 24 h is 1 mmol with molar proportion: 0.46 acetate, 0.465 mmol
propionate and 0.075 butyrate. For this feed, methane production would be only
3.4 mL at 1 atmospheric pressure. It may be noted that for the same total short
chain fatty acid production of 1 mmol for Feed 1 and Feed 2, methane production
could differ substantially, depending on the molar proportion of short chain fatty
acids. Therefore, besides intake and digestibility, the nature of fermentation product
formed from the digested feed determines the proportion of methane production. In
the rumen, partitioning of the digested feed into microbial mass and short chain
fatty acids, and within short chain fatty acids, the molar proportion of short chain
fatty acids determines methane production.

Methods for Measurement of Microbial Mass, Microbial-Nitrogen,
Microbial Purines and 15N Incorporation in Microbes and
Determination of Efficiency of Microbial Protein Synthesis

This section deals with measurement of efficiency of microbial protein determina-
tion for tannin-containing feeds, since the concept of determination of partitioning
factor based on the determination of organic matter degraded does not hold true for
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such feeds rich in tannins, saponins or in any other plant secondary compounds.
However, the approaches listed below could be used for any feed resource.

The ratio of mg Microbial-N to mL net gas production in 24 h of incubation, as
an index of efficiency of microbial protein synthesis

Microbial-N (MN) could also be measured after incubation by following two
nitrogen balance approaches [23, 30]. The first approach is:

MN = TN − (NDF-N + Ammonia-N24 h) (7.5)

where TN is total N i.e., feed N + N in buffered rumen fluid in the syringe before
incubation (at 0 time), NDF-N is the N bound to neutral detergent fibre fraction
following incubation (24 h) and Ammonia-N is the ammonia-N in the supernatant
following the incubation (24 h). In a closed system, the total N present at the start
of the incubation can be in microbial mass, NDF-N, ammonia-N and amino acids
during any time of the incubation. Negligible amounts of amino acids and peptides
are present in the supernatant during fermentation and therefore these can be ignored
in calculation of microbial-N.

For determination of TN at time 0, one required nitrogen content of the feed
on dry matter basis. For a syringe containing 500 mg sample of 95% dry matter
and nitrogen content of 4% on dry matter basis, the feed-N at time 0 will be: (500 ×
0.95) × 4/100 = 19 mg. To this value, N in buffered rumen fluid in the syringe before
incubation needs to be added. For determination of N in the buffered medium, we
collect approximately 50 mL of the buffered medium while the syringes are being
filled at time 0. It is centrifuged at approximately 20,000g for 20 min at 4◦C to
obtain the supernatant which is free of microbes. The supernatant is kept frozen until
analysis for ammonia-N. The supernatant is thawed and an aliquot (10 mL) of this
medium is taken in a Kjeldahl flask and to it is added 3 mL of 1 N sodium hydroxide
and immediately steam distilled to liberate ammonia. The ammonia is absorbed
in 2% boric acids solution and titrated with 0.1 N sulphuric acid. The volume of
sulphuric acid (mL) used is converted to mg ammonia-N by multiplying with 1.4.
This analysis in triplicate and average of the three values gives mg ammonia-N
in 10 mL of the medium. This is multiplied by 4 to obtain mg ammonia-N in 40
mL syringe contents. The total-N is the sum of this ammonia-N and the feed-N
incubated in the syringe.

Ammonia-N24 h is calculated by centrifuging (20,000g for 20 min at 4◦C) the
contents of the syringe after 24 h of incubation and determination of ammonia-N as
described for time 0.

For determination of neutral detergent fibre fraction for NDF-N after incubation,
the syringe contents at 24 h of incubation (after recording the gas volume) are trans-
ferred into a 600 mL beaker and the syringes are washed twice with a total of 50 mL
neutral detergent solution and emptied into the beaker. The contents are refluxed
for 1 h, and then filtered through pre-tarred filter crucibles (porosity 2). The cru-
cibles are dried overnight at 100◦C and weighed. The residue after neutral detergent
solution treatment (neutral detergent residue, NDF) on the crucibles is subjected to
micro-Kjeldahl digestion for determination of nitrogen, NDF-N.

Equation (7.5) is used for determination of microbial-N.
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The second approach for determination of microbial-N (MN) is:

MN = APUR-N − NDF-N,

where APUR-N is N bound to apparent undegraded residue after incubation. The
preparation of apparent undegraded residue is given in section “Preparation of
apparent undegraded residue”). N bound to this fraction is determined in a manner
similar to NDF-N determination, using the micro-Kjeldahl method.

The ratio of microbial-N (measured by any of the two methods) to the net gas
produced in a syringe is a reflection of efficiency of microbial protein synthesis.

The ratio of microbial-N to net short chain fatty acids produced in 24 h is also a
reflection of efficiency of microbial protein synthesis (using a gas chromatograph,
short chain fatty acids are measured in the supernatant of the fermentation medium
after 24 h; see section “Preparation of apparent undegraded residue”).

On incubation of six tannin-rich browses in the presence or absence of polyethy-
lene glycol, a strong correlation (R2 = 0.98) occurred between the two N balance
methods. In addition, the pattern observed using these methods was similar to that
observed with purines [23].

Another approach for determination of microbial mass is the difference between
the apparent undegraded residue after incubation and truly undegraded residue [8,
12]. The former contains undegraded feed and microbes and the latter only the unde-
graded feed since the microbes have been digested by the neutral detergent solution.
Mathematically this could be described as:

Microbial mass (mg) = ((mg apparent undegraded residue of the test – mg apparent
undegraded residue of the blank at 0 h) – mg truly
undegraded residue) = [(y – y’) – a]

For determination of y and a see sections “Preparation of apparent undegraded
residue” and “Organic matter degradability” respectively. The determination of y’
is similar to that of y, except that 40 mL aliquot of the buffered medium containing
rumen liquor which is added into the blank syringes at 0 h of incubation is cen-
trifuged (20,000g, 20 min, 4◦C) and the pellet washed, centrifuged and lyophilized,
as for the 24 h sample (see “Preparation of apparent undegraded residue”).

The ratio of the microbial mass to the net gas (or short chain fatty acids) produced
in a syringe or ((y – y’) – a) × 100/c – (a–b) is the efficiency of microbial protein
synthesis, as percent of organic matter degraded.

Since the values for apparent undegraded residue and truly undegraded residue
are distorted by the presence of tannins [29, 30], the approach based on the dif-
ference between the apparent undegraded residue after incubation and the truly
undegraded residue should not be used for tannin-rich feeds [36–38].
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Determination of Microbial Protein Production and Efficiency of Microbial
Protein Synthesis Using Purines as a Marker

This method involves the determination of purines in apparent undegraded residue
left after fermentation (According to [31]).

Preparation of Apparent Undegraded Residue

After 24 h of fermentation, centrifuge (20,000g, 20 min, 4◦C) the contents of the
syringe (volume 40 mL) and discard the supernatant (if one has to measure short
chain fatty acids and ammonia-N, retain this supernatant; generally we freeze it at
–20◦C till analysis). Wash the syringe three times with distilled water, by dispensing
each time 15 mL through the spike into the syringe, shaking it to remove residual
particles and transferring the contents to the centrifuge tube. After completing rins-
ing of the syringe, repeat the centrifugation (20,000g, 20 min, 4◦C) and discard
the supernatant. Wash the pellet with distilled water (see Notes below) followed
by centrifugation (20,000g, 20 min, 4◦C). Lyophilize the pellet, which consists of
undegraded feed and microbial mass. If a lyophilizer is not available, dry the pellet
in a vacuum over at approximately 50◦C. The lyophilized residue is the appar-
ent undegraded residue. The weight of this residue should be determined: (weight
of centrifuge tube plus the residue) minus weight of empty centrifuge tube). This
weight (let it be y) needs to be taken into account in the calculations at a later stage.
Use a representative sub-sample of this preparation for analyses. In order to obtain
a representative sub-sample, it is advised to grind the entire residue in a pestle and
mortar or in a small rotating-ball grinding mill.

Notes:

1. Saline solution instead of water has also been used for washing the pellet. In such
a situation the pellet after drying contains sodium chloride, which will distort the
value for apparently undegraded residue.

2. In our laboratory, short chain fatty acid determination is done using the pro-
cedure described in [27]. In brief, 1.8 mL sample and 0.2 mL formic acid
containing internal standard (1 mL 2-methylvaleric acid dissolved in 99 mL
formic acid) are incubated overnight at 4◦C. The samples are centrifuged at
approximately 20,000 g for 10 min at 4◦C and about 1 mL of the supernatant is
pipetted into 2 mL gas chromatograph vials. Short chain fatty acids are deter-
mined with a gas chromatograph (GC-14A, Shimazu Corporation) fitted with
a flame ionization detector. Separation is carried out with Chromosorb WAW
(100/200 mesh) containing a stainless column packed with GP 10% SP 1000
1% H3PO4. The analytical conditions are: N2 60 mL/min, injection tempera-
ture 170◦C, detection temperature 220◦C, oven temperature with temperature
program of 130–165◦C with 2◦C/min.
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Preparation of Lyophilized Rumen Microbial Fraction

Two hour after the morning feed, collect about 1 L rumen liquor from a cow fed a
diet of the kind being analysed in the in vitro gas method. Pass the liquor through
two layers of muslin cloth and then keep at 4◦C for 30 min in a carbon dioxide-
flushed cylinder of 1 L capacity. Separate the rumen fluid devoid of heavy and light
particles by pipetting the liquor from the cylinder between the heavy particles that
settle down and the light particles, which float on the top. This method for collec-
tion of rumen fluid is adapted from [52]. Centrifuge (20,000g, 20 min, 4◦C) several
portions (each 30–35 mL) of this liquor. Wash the pellets with distilled water fol-
lowed by centrifugation (20,000g, 20 min, 4◦C). Repeat this washing step two more
times, lyophilize the pellets and pool them. Use a sub-sample of one preparation.
The nitrogen content of this fraction should be approximately 7.7% [43]. In the
lyophilized rumen, microbial fraction prepared in our laboratory in the manner as
described above, the nitrogen content was 7.7–8%.

Spectrophotometric Method for Determination of Purines (Marker
for Microbial Mass/Protein) ([53], With Some Modification
as Described in [13])

Reagents

1. Ammonium dihydrogen phosphate (0.2 M): Dissolve 23 g ammonium dihydro-
gen phosphate in about 700 mL distilled water and then make up the volume to
1 L with distilled water.

2. Sodium hydroxide (10 M): Dissolve 40 g NaOH in approximately 70 mL distilled
water and then make up the volume to 100 mL with distilled water.

3. AgNO3 (0.4 M): Dissolve 1.6987g AgNO3 in approximately 15mL distilled
water and then make up the volume to 25 mL with distilled water. Protect the
solution from light. Store in a brown bottle and surround the bottle with black
paper.

4. HCl (0.5 M): Dilute 10 mL HCl (37%) to 240 mL with distilled water.
5. Ammonium dihydrogen phosphate (0.2 M): Dissolve 23 g ammonium dihydro-

gen phosphate in approximately 700 mL of distilled water and then make up the
volume to 1 L with distilled water.

6. Ammonium dihydrogen phosphate (28.5 mM): Measure 100 mL of the above
0.2 M solution of ammonium dihydrogen phosphate and make up to 700 mL
with distilled water.

Procedure

Weigh (25–75 mg) of the apparent undegraded residue (see above) or the lyophilized
microbial fraction (see above) in 25 mL screw-cap tubes and add 2.5 mL of 0.6 M
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perchloric acid (commercially available 70% phosphoric acid is 12 N). Incubate the
mixture in a water bath at 90–95◦C for 1 h. After cooling, add 7.5 mL of 28.5 mM
ammonium dihydrogen phosphate and return the tubes to a water bath (90–95◦C)
for 15 min. After cooling, centrifuged (3000g, 10 min) the contents and collect
the supernatant. Add an aliquot (0.25 mL) of the supernatant to 4.5 mL of 0.2 M
ammonium dihydrogen phosphate and adjust the pH between 2 and 3 (generally to
2.5) using 10 M NaOH. After the pH adjustment, add 0.25 mL of AgNO3 (0.4 M)
and keep the mixture overnight at 5◦C in the dark. Centrifuge (3000g, 10 min) the
contents and discard the supernatant. Take care not to disturb the pellet. Wash the
pellet with 4.5 mL distilled water adjusted to pH 2 (with sulphuric acid) followed
by centrifugation. Suspend the pellet in 5 mL of 0.5 M HCl, vortex thoroughly and
transfer to the 90–95◦C water bath for 30 min after covering the tubes with mar-
bles. Centrifuge (3000g, 10 min) the tubes and record absorbance of the supernatant
at 260 nm against 0.5 M HCl. For studies with RNA in the range of 25–75 mg
(instead of lyophilized microbial preparation or the apparent undegraded residue),
read the absorbance at 260 nm after 1:10 dilution of the supernatant. Without adjust-
ment of the pH (which is generally 3.4) to between 2 and 3 before addition of the
AgNO3 solution, the recovery of purine basis from yeast RNA (Sigma) is gener-
ally lower (80–90% vs. 94–99%), suggesting the importance of the pH-adjustment
step in obtaining satisfactory recoveries. Addition of the AgNO3 solution does
not change the pH of the solution. Use o-phosphoric acid for adjustment of
pH to 2.7.

Express results either based on RNA or lyophilized microbial preparation.
The value for microbial protein (as RNA equivalent or directly as adenine plus

guanine content) or microbial mass (as lyophilized microbial preparation) obtained
from an amount (say 25 mg of the apparent undegraded residue) is used for calcu-
lating purine basis in the total amount of the apparent undegraded residue (in y, see
section “Preparation of apparent undegraded residue”) obtained from the syringe
(purine bases after 24 h in the syringe).

Similarly, microbial mass is calculated in the total apparent residue obtained by
centrifuging (20,000g, 20 min, 4◦C) 40 mL of the 0 h medium containing rumen
liquor (used for filling the syringes for initiating the fermentation), washing with dis-
tilled water, followed by re-centrifugation (20,000g, 20 min, 4◦C) and lyophilisation
(purine bases at 0 h in the syringe).

Microbial protein produced in 24 h (as purine basis) = (purine bases in the appar-
ently undegraded residue after 24 h – purine bases in the apparent residue at 0 h). It
is assumed that microbial lysis is negligible during this period.

Microbial protein as RNA equivalent or (or microbial mass) produced after
24 h = (microbial protein (or microbial mass) in the apparently undegraded residue
after 24 h – microbial protein (or microbial mass) in the apparent residue at 0 h). It
is assumed that microbial lysis is negligible during this period.

Microbial protein as RNA equivalent (or microbial mass) produced after 24
divided by net gas produced (or short chain fatty acids produced) in 24 h is a measure
of efficiency of microbial protein synthesis.
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Some Data on Purines [31]

Purine determination (as A260 nm) using spectrophotometric method

Absorbance at 260 nm

Mean S.D.

25 mg LRM 0.215 0.006
50 mg LRM 0.456 0.005
75 mg LRM 0.675 0.005
25 mg RNA∗ 0.210 –
50 mg RNA∗ 0.414 –

LRM, lyophilized rumen microbes
A260 nm = (0.009207) mg LRM - 0.01178 (r2 = 0.99; n = 3)
∗Average of two values and after 1:10 dilution

High Performance Liquid Chromatograph (HPLC) Method
for Determination of Purine Bases (Adenine and Guanine) ([2],
with some modifications as described in [31])

Equipment, reagents, HPLC conditions and analysis: The HPLC equipment
that we use consists of a Merck Hitachi L-7100 HPLC pump, an L-7450
photo diode array detector, an L-7200 autosampler, a D-700 interphase
module and an LC organiser.

Analytical column: Reverse phase C18 (LiChrospher 100, endcapped 5 μm)
250 mm × 4 mm I.D. (Lichrocart; Merck, Darmstadt, Germany) protected
by a guard column containing the material as in the main column.

HPLC solvent A: 10 mM NH4H2PO4 and adjust pH to 6 with 10% NH4OH.
(Dissolve 11.503 g NH4H2PO4 in about 500 mL distilled water and then make

the volume to 1 L with distilled water. It is 100 mM solution. Pipette 100 mL
of this solution and dilute to 1 L to obtain 10 mM solution)

HPLC solvent B: Add 150 mL of acetonitrile to 600 mL of 12.5 mM
NH4H2PO4 (75 mL of 100 mM solution plus 525 mL of distilled water)
and adjust pH to 6 with 10% NH4OH.

(Filter solvents A and B through a 0.45 μm filter and degas by ultrasonication
and by application of vacuum).

Purine bases and internal standard solution for converting integration units to
the concentration: Prepare 1 mM stock solution. Put a measuring flask (250
mL capacity) containing approximately 50 mL distilled water on a magnetic
stirrer fixed with a hot plate. Add to the flask 100 μl of 10 M sodium hydrox-
ide solution. Heat at about 90◦C and then transfer 33.77, 37.77 and 34.03 mg
of adenine and guanine and allopurinol respectively to the flask. Wait (gen-
erally 30 min) until the contents dissolve. Cool the contents and make up the
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volume to 250 mL with distilled water. This solution can be stored at 4◦C
for 10 days. Dilute this stock solution 12.5 times; pipette 2 mL of the stock
solution into 25 mL measuring flask and make up the volume to 25 mL with
buffer A of the HPLC. Inject 40 μl of this solution into the HPLC.

Preparation of 3 mM allopurinol solution: Take 100 mL measuring flask and
weigh-in 40.83 mg allopurinol. Add approximately 50 mL of distilled water
and 20 μl of 12 N (70%) perchloric acid. Heat the contents to approxi-
mately 90◦C with stirring on a magnetic stirrer. Cool the contents to room
temperature and make up the volume to 100 mL with distilled water.

Preparation of 8 mM caffeine solution: Dissolve 155.36 mg caffeine in 80 mL
of distilled water and then make up the volume to 100 mL with distilled
water.

Gradient: A 30-min linear gradient from 0 to 100% solvent B. After 40 min,
increase solvent A to 100% in the following 5 min and equilibrate the column
to the starting condition (100% A) in the next 15 min before injecting the next
sample (Table 7.3).

Table 7.3 Gradient used for the HPLC

Time (min) Solvent A (%) Solvent B (%)

0.0 100 0
30 0 100
40 0 100
45 100 0
60 100 0

Detection wavelength: 254 nm with a full scale deflection set at 0.2 absorbance
Column temperature: Ambient (approximately 22◦C)
Guanine and adenine appear at about 11 and 15.5 min respectively. Allopurinol

or caffeine can be used as internal standards. These appear at about
13.5 and 29.5 min respectively. For tannin-containing feeds, do not
use caffeine since it binds with tannins, which lowers the recovery of
caffeine [31].

Sample Hydrolysis

Weigh 25–100 mg sample (the lyophilized microbial fraction or the apparent unde-
graded residue) in 25 mL screw-cap tubes and add 2.5 mL of perchloric acid (0.6 M)
and 0.5 mL of an internal standard (3 mM allopurinol or 8 mM caffeine). Incubate
the mixture in a water bath at 90–95◦C for 1 h. After cooling, add 7.0 mL of
Buffer A of the HPLC system, adjust the pH between 6.6 and 6.9 using concen-
trated KOH (approximately 8 M) and centrifuge (3,000g) to remove the precipitate
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formed. Filter through 0.45 μm filter and inject appropriate volume (15–50 μl) into
the HPLC.

Express results based on adenine plus guanine.
The value for purine bases (adenine plus guanine) obtained from an amount (say

25 mg of the apparent undegraded residue) is used for calculating purine basis in
the total amount of the apparent undegraded residue (in y; see section “Preparation
of apparent undegraded residue”) obtained from the syringe (purine bases after 24 h
in the syringe).

Similarly, purine bases are calculated in the total apparent residue obtained by
centrifuging (20,000g, 20 min, 4◦C) 40 mL of the 0 h medium containing rumen
liquor (used for filling the syringes for initiating the fermentation), washing with dis-
tilled water, followed by recentrifugation (20,000g, 20 min, 4◦C) and lyophilisation
(purine bases at 0 h in the syringe).

Microbial protein produced in 24 h (as purine basis) = (purine bases in the appar-
ently undegraded residue after 24 h – purine bases in the apparent residue at 0 h). It
is assumed that microbial lysis is negligible during this period.

Microbial protein produced in 24 h (as purine basis) divided by net gas produced
(or short chain fatty acids produced) in 24 h is a measure of efficiency of microbial
protein synthesis.

Purine amount can be converted to microbial mass microbial-N by taking rumen
fluid sample, centrifuging it at approximately 20,000g to obtain microbial pellet,
washing it once with distilled water and recentrifuging, and lyophilising it [32].
In a weighed lyophilised pellet, purines can be determined by HPLC or using a
spectrophotometeric method after precipitation of purine with silver nitrate. Using
this purine to microbial mass ratio, the purine can be converted into microbial mass.
If there is a need to convert purine to microbial-N, a portion of the same lyophilised
pellet can be subjected to the determination of N using micro-Kjeldahl method.

Microbial mass (or microbial-N) produced in 24 h divided by net gas produced
(or short chain fatty acids produced) in 24 h is also a measure of efficiency of
microbial protein synthesis.

Some Data on Purine Bases [31]

Purine base determination using HPLC method

Adenine (μmol) Guanine (μmol)

Mean SD (n=3) Mean SD (n=3)

50 mg LRM 2.35 0.03 2.95 0.02

LRM, lyophilized rumen microbes

Note: It may be noted that workers can optimize their own system for a particular
material being studied once equipped with a sound grasp of the rationale behind
these procedures.
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Table 7.4 Effects of saponins on gas production, purine content (index of microbial protein), truly
degraded substrate (TDS) and efficiency of microbial protein synthesis after 24 h of incubation

TDS (mg) Gas (mL) Purines
(μmol)

Efficiency of microbial
protein synthesis

μmol
purine/mL
gas

μmol
purine/mg
TDS

Control 300.0 ± 10.3a 95.3 ± 0.9a 6.94 ± 0.36a 0.0728 0.0231
Yucca saponins 320.7 ± 7.1b 91.2 ± 0.9b 9.11 ± 0.34b 0.0998 0.0284
Quillaja saponins 323.0 ± 1.0b 94.5 ± 1.9a 7.99 ± 0.34c 0.0845 0.0247
Acacia saponins 297.6 ± 6.0a 83.5 ± 0.3c 8.38 ± 0.23c 0.1004 0.0282

Data are from Makkar et al. [39], 500 mg hay (475 mg DM) was incubated in the syringes. The
means with different superscripts differ (P < 0.05).
Data on, and implications of, purines in apparently undegraded residues and efficiency of micro-
bial protein synthesis as a ratio of purines to short chain fatty acids on incubation of tannin-rich
feeds alone or with polyethylene glycol are available in Getachew et al. [22–24].

Table 7.4 presents a unique set of data on gas production, true dry matter degrad-
ability, microbial mass and efficiency of microbial protein synthesis on addition
of potential additives (0.6 mg/mL of various saponins) in the gas method. These
parameters were affected to different extents by saponins. For example, addition
of Quillaja saponins did not affect gas production, but increased purine content
and truly degraded substrate by about 7%. Since truly degraded substrate in an
in vitro system can only lead to production of gas and microbial mass, implying
that all of the increase in truly degraded substrate by Quillaja saponins resulted
in higher microbial protein mass (i.e., saponins increased efficiency of microbial
protein synthesis). Had only gas production been measured, the conclusion could
have been that Quillaja saponins had no effect on fermentation. In contrast, Acacia
saponins decreased gas production, but increased microbial protein synthesis with-
out affecting true degradability. Thus saponins affected partitioning of degraded
nutrients such that more microbial mass was produced at the cost of gas, and/or short
chain fatty acid production; again reflecting higher microbial efficiency. This higher
microbial efficiency would not have been detected had only gas production been
measured. The effect of Yucca saponins differed from those of Quillaja or Acacia
saponins. Yucca saponins decreased gas, increased microbial protein synthesis and
increased true degradability [39], suggesting that measurement of gas only is not
sufficient to describe the “true” response of saponins (or of any additive). This high-
lights the importance of measuring microbial protein (and efficiency of microbial
protein synthesis) along with the gas in an in vitro gas method. Similar conclusions
have been arrived at by using partitioning factor as a measure of efficiency of micro-
bial protein synthesis [20, 30]. A holistic view of the effects of an additive on rumen
fermentation could only be obtained by incorporating analysis of partitioning factor
or of another indicator of efficiency of microbial protein synthesis.
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Determination of Microbial Protein Production and Efficiency
of Microbial Protein Synthesis Using 15N Incorporation

Reagents

Same as in the “reagents” section under “Method for measuring Partitioning
Factor”, except for the following:

Bicarbonate buffer solution: Dissolve 35 g sodium bicarbonate (NaHCO3) and
4 g ammonium carbonate (NH4HCO3) (consisting of 5% 15N-enriched N) in
approximately 500 mL distilled water and then make up the volume to 1 L with
distilled water.

Notes:

1. If 50% 15N-enriched NH4HCO3 is available, add 0.4 g of this 15N-enriched
NH4HCO3 and 3.6 g of NH4HCO3 in 1 L solution.

2. If 96.5% 15N-enriched NH4HCO3 is available, add 0.207 g of this 15N-enriched
NH4HCO3 and 3.793 g of NH4HCO3 in 1 L solution.

3. Using 5% 15N-enriched bicarbonate buffer, the expected enrichment in the
apparently undegraded residue would be approximately 1%. The enrichment will
also depend on the nitrogen content of the feed incubated and the rumen liquor
added to the incubation medium.

Procedure

Other procedures such as “Weighing of samples and preparation of syringes”,
“Preparation of in vitro rumen fermentation buffer solution and incubation”, and
“Net gas production” were as described in sections “Weighing of samples and prepa-
ration of syringes”, “Preparation of in vitro rumen fermentation buffer solution and
incubation” and “Net gas production” respectively.

After recording the gas volume after 24 h, the syringe contents were sub-
jected to the procedure given in “Preparation of apparent undegraded residue” to
obtain apparent undegraded residues (undegraded feed plus microbes after 24 h
of incubation). This residue should be quantitatively collected and ground to
fine powder preferably using ball mill. This residue (1–3 mg containing approxi-
mately 100 μg N; could be lower depending on the N content of the residue and
sensitivity of the mass spectrometer) is weighed into tarred tin foil cups using a
microbalance, and subjected to Mass Spectroscopy to measure 15N enrichment.
Ammonium sulphate (or ammonium chloride) solution containing 50 μg N/μl
of known 15N enrichment (standard), covering the observed enrichment range, is
included in the measurements. An amount of 15N in excess of 0.366% is considered
as enrichment.

The values obtained from the Mass Spectroscopy gives the proportion of the total
nitrogen as 15N (percent enrichment). If the mass spectrometer is combined with an
elemental analyser, total N content can also be obtained. The N content can also
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be determined separately using an elemental analyser or micro-Kjeldahl method
(digestion followed by ammonia determination by steam distillation, absorption
in boric acid and titration with sulphuric acid or by reaction with hypochlorite-
nitroprusside and measurement of the blue colour spectrophotometrically [16].
Using these values, total 15N enrichment in the total amount of apparently unde-
graded residue can be calculated:

15N in apparently undegraded residue (mg) = ((weight of apparently undegraded
residue in mg × % N)/100) × (% 15 N in apparently undegraded residue/100)

As described above, the apparently undegraded residue is composed of unde-
graded feed and microbes produced during the incubation. However, 15N incor-
poration from 15N-labelled ammonium bicarbonate added in the buffer is in the
microbes, and hence it is an index of microbial protein (or microbial mass) synthe-
sis. Higher is the 15N incorporation in the residue, higher the microbial protein or
microbial mass produced.

15N incorporation in the microbes in 24 h (mg) = (mg 15N in the apparently
undegraded residue of the test syringe after 24 h – mg 15N in the apparently unde-
graded residue of the corresponding blank after 24 h). It is assumed that microbial
lysis is negligible during this period.

Efficiency of microbial protein synthesis = 15N incorporation in the microbes in
24 h/net gas (or short chain fatty acids) produced in 24 h.

Do’s and Don’ts for the Gas Method

1. The plunger should be properly lubricated using white Vaseline.
2. Collect rumen liquor from both the liquid and the solid phase and handle it

properly (use of warm containers, flushing the containers with carbon dioxide,
always keeping the rumen liquor under carbon dioxide).

3. Reducing solution should be prepared fresh on the same day of conducting the
experiment.

4. Start flushing the medium with carbon dioxide well before (approximately
10 min) adding the reducing solution. Also, flush the medium for at least 10 min
after adding the rumen liquor and before starting filling the syringes. Keep
flushing the medium with carbon dioxide while filling the syringes (the flow
could be reduced at this stage).

5. While filling the syringes with the medium, keep an eye on the medium (carbon
dioxide gas should be flushing into the medium and the medium should be
stirring).

6. After dispensing 40 mL of the medium into the syringe, create a light vac-
uum by pushing back the plunger and then open the clip, for removing air
from the syringe. This procedure will bring the medium lying in the nozzle
back into the syringe. Otherwise there could be a loss of the medium and/or
sample.
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7. After filling of the syringes has been completed (might take 30–40 min), shake
the syringes. Shake them again after every 30 min until first 2 h of the incuba-
tion, and then after every two h till the first 10 or 12 h of the incubation. Make
sure that all feed particles are taken into the medium while stirring (swirling
shaking action might help).

8. Wash the dispenser with distilled water immediately after finishing filling the
syringes, otherwise the dispenser could get stuck up and might not then be
usable.

9. Check temperature and level of water in the water bath at least twice a day.
10. In the evening before going home, if the plunger is above 80 mL level, push it

back; record the readings (before and after) pushing back the plunger.
11. When you push back the syringe in the evening, give a shake after approx.

30 min in order to prevent taking up the sample along with the bottom portion
of the plunger and out from the incubation medium.

12. Use carbon dioxide gas cylinder with caution. Ask someone if you do not know
its operation. Misuse could cause an accident.

13. While taking the gas volume readings, use the brown ring marked on the
plunger and not the bottom end of the plunger. Keep the syringe in inverted
position and in parallel with eye while recording the gas reading. Immediately
transfer the syringe into the water bath after taking the reading.

14. For cleaning the syringes, the syringe should be emptied (preferably pulling
back the plunger and removing contents from the back and not from the noz-
zle). Clips should be removed. The plunger and the outer graduated part of the
syringe (barrel) should be separated. Excess Vaseline on the plunger should be
cleared with a tissue paper or a piece of soft cloth, and then transfer both the
parts in hot water containing detergent (soap) solution. Rub the plunger with
hand and inside of the barrel with a soft brush to clean these. Wash thoroughly
both the portions with hot water and finally rinse them with distilled water. Dry
them well before weighing sample into the syringe.

15. Fix the clip in such a manner (by keeping the portion, where pressure is applied
to open or close it, facing the syringe) that it does not open by striking on
the edges of the lid of the water bath while taking out the syringe for taking
reading.

16. Mark the crucibles well (preferably with a diamond pencil). Keep them in
increasing or decreasing order; this might help you in identifying the crucibles,
which have not been marked well, especially after these have been placed in the
Muffle furnace.

Note: There are a number of in vivo methods for determination of net microbial
protein synthesis in the rumen (and hence of the efficiency of microbial protein syn-
thesis) based on the use of microbial markers. They require the use of post-ruminally
cannulated animals to determine flow of digesta. The cannulation approach is
tedious and has several limitations [17] to its applicability under most research
conditions in developing countries. A simpler technique for determination of micro-
bial protein supply to the intestine is based on the determination of total urinary
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purine derivatives [28]. Although the method is based on the collection of urine for
determination of purine derivatives (allantoin and uric acid for cattle, and allantoin,
uric acid, xanthine and hypoxanthine for sheep), the approach has been further sim-
plified using spot urine samples [32]. This technique does not require cannulated
animals, but involves feeding of the diets under investigation to animals, and there-
fore is not suitable for screening a large numbers of samples or for developing feed
supplementation strategies using various feed constituents.

Conclusions

The methods reported here in which gas production and microbial mass production
are concomitantly measured have several major applications:

i) study of rumen modulators or in the screening plants or plant extracts for
increasing efficiency of microbial protein synthesis and decreasing emission
of methane and carbon dioxide,

ii) potential for screening a large number of feed resources, for example in
breeding programmes for the development of varieties and cultivars of good
nutritional value, and

iii) development of supplementation strategies using locally available conventional
and unconventional feed constituents to achieve maximum microbial efficiency
in the rumen; and

iv) study of roles of various nutrients (by changing the composition of the incuba-
tion medium) with respect to production of fermentative gases, short chain fatty
acids and microbial mass.

The choice of methods for determination of microbial mass, and estimation of
efficiency of microbial protein mass synthesis, and for investigation on the partition-
ing of nutrients to various products depends on the facilities available and objective
of the experiment. The determination of partitioning factor as the ratio of organic
matter degraded to gas production is simple and can be used for evaluation of con-
ventional feeds or for studying the effects of plant extracts, plant compounds or
any other additives provided these are not rich in tannins. The use of this parti-
tioning factor-based approach should be used with caution for feeds rich in plant
secondary metabolites. The determination of microbial mass using the nitrogen bal-
ance approaches, by measuring purine or 15N incorporation in the microbes could
be used for all type of feeds.
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Chapter 8
Screening of Plants for Inhibitory Activity
Against Pathogenic Microorganisms
from the Gut of Livestock

Greg W. Kemp and Chris S. McSweeney

Introduction

One of the major hazards facing the livestock industries in food safety is commensal
gut microorganisms (e.g. Escherichia coli, Listeria monocytogenes, Yersinia ente-
rocolotica, Campylobacter spp. and Salmonella spp.), which contaminate animal
products and cause illness in humans. Traditionally, pathogenic gut microorganisms
have been controlled by antibiotic growth promoters [8]. Use of such supplements
in livestock is being phased out because of the emergence of antibiotic-resistant
human-pathogens [4]. The use of growth promoters as feed supplements in live-
stock was banned by the European Union at the start of 2006 and similar bans
are under review in Australia [16]. A number of approaches, such as vaccination,
probiotics, chemical inhibitors and dietary manipulation are being considered for
reducing these organisms in livestock. One possible control strategy is the use of nat-
ural antimicrobial plant compounds as an alternative to antibiotic growth promoters.
These plants could then be incorporated into animal feeding systems provided there
were no adverse affects on the animal and the products from those animals [6, 3].

Often large numbers of natural products and extracts from plant or chemical
libraries are available for screening. Therefore, the first step in identifying a bioac-
tive compound in a plant is to develop a screening assay against the target organism.
Success in finding a candidate bioactive compound is often dependent upon the
ability to screen large numbers of these samples in a simple and rapid format.

Methods used in extraction of bioactive compounds from plants vary and are
selected according to the overall objective of the research (e.g. water extractions
will favour the polar compounds while extraction in chloroform will favour oils and
terpanoids; if the research is aimed at finding volatile oils then chloroform extrac-
tion methods will be favoured). A variety of screening techniques are available to
measure the in vitro susceptibility of microorganisms to antimicrobial agents and
most assays are either broth or agar based [11, 12].
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Agar assays used in screening are divided into diffusion and replica plating
assays. A diffusion assay is performed in a large petri dish containing agar-based
media which is inoculated with the target organism. Extracts are then added to wells
cut into agar or to a blotting paper disk, which is placed on the surface and the extract
is allowed to diffuse into the agar. After incubation, a zone of clearing indicates inhi-
bition but this depends on the ability of the bioactive compounds to diffuse into the
agar [12]. As an initial screen, this approach provides an indication of the com-
pound’s inhibitory activity, but is influenced by its diffusion properties through the
agar. The advantage of this assay is that a few compounds can be screened rapidly
with simple and cheap equipment. However, the technique becomes laborious when
large numbers of compounds need to be evaluated against several target organisms.

Replica plating techniques involve a series of test compounds being dissolved
into individual agar plates and a set template of inoculums (several different
microorganisms) being replicated on each individual agar plate. The technique
enables the consistent reproduction of a pattern of bacterial colonies on each of
the plates where growth and inhibition can be observed. Some limitations of the
technique are that it requires a large amount of test compound and has limited use
when many compounds are being tested [13].

A broth (liquid) culture assay differs from the agar-based screen in that the bioac-
tive compound is dissolved into the medium, which has been inoculated with the
target organism. Bacterial growth can be visually assessed or optical density mea-
sured at 620 nm (OD620), after inoculation and incubation. The simplest form of
assay is to measure growth at a set concentration of the bioactive target. Growth
can be assessed as a change in OD620 over a set time or calculated as percentage
inhibition. A more informative assay is to assess growth over a series of descending
concentrations; this constitutes a minimum inhibitory concentration determination.
Liquid assays can be performed in a variety of growth containers, but a useful for-
mat is the 96-well micro-titre plate. This enables preparation of the assay to be
automated by the use of robotics allowing reproducibility and a relatively high
through-put that can be scaled up to increase the number of compounds and bac-
terial strains under evaluation. Alternatively, multi-channel pipettes can be used to
dispense media, bioactive compounds and target organisms into individual wells of
the 96-well plate.

Inhibitory activity of extracts is estimated as minimum inhibitory concentration,
which is defined as the lowest concentration of a given extract where growth is
completely inhibited [11]. This is performed with the use of a series of descending
concentrations of a pure compound or crude extract from a plant. The medium is
inoculated with the test organism and the minimum inhibitory concentration calcu-
lated as the concentration where growth is inhibited. This has several advantages
over other screens. The extent of information about the compound is increased and
with forethought about concentration used in the minimum inhibitory concentration
assay, percentage inhibition can be calculated within the one assay. The disad-
vantage is that each compound now takes at least four wells with corresponding
increases in time and resources.
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Initial screening assays against gut pathogens are performed under aerobic con-
ditions since many of these microorganisms are facultative anaerobes. A screening
assay, which involves testing an extract against a monoculture of a microorganism,
is a simplistic approach when the objective is to inhibit the target organism in the
anaerobic environment of a complex gut microbial ecosystem. The bacteria in the
rumen or digestive tract of the animal could modify natural compounds within the
test plants. A better model might involve a mixed culture anaerobic fermentation
of gut inoculum in the presence of ground plant material and periodic sampling for
enumeration of the microorganisms on a medium, which is selective for the target
organism. Such an experiment is complex and time consuming, but is an excellent
secondary screen.

It is difficult to provide a generic technique for screening bioactive compounds
against pathogenic organisms since each application will vary in the nature of the
bioactive compound, the target organism and assay conditions. It has been shown
that conditions, such as media composition, pH and temperature within the same
assay can vary the outcome. Therefore, methodology must be carefully controlled
to ensure consistency in results [14].

In our laboratory, we have developed a set of general methods to screen a col-
lection of plant extracts for inhibitory activity. The present paper addresses key
elements of screening against pathogenic E. coli as follows:

1) the extraction of dried plant material;
2) culture selection, inoculation and growth conditions;
3) agar diffusion assays;
4) broth assays using 96-well plates to calculate percentage inhibition and mini-

mum inhibitory concentration; and
5) in vitro assays to simulate gut conditions of ruminant animals.

The methods described can be adapted to provide a guide for researchers who
wish to employ similar strategies for identifying bioactive molecules in nature,
which could be used to control pathogenic organisms in livestock.

Experimental Approach

This section describes some of the methods such as the preparation of extracts,
choice of bacterial strains and preparation of inoculum involved in these assays
which are common to most screening tests. These methods will need to be adapted
depending on the compounds/extracts/substances under evaluation and the target
organism.

Plant Extractions

Freeze-dried, ground plant material (0.25 g) is extracted with 5 mL of ethanol/water
(0.7:0.3, v/v) in polypropylene centrifuge tubes (10 mL; Starstedt, Nümbrecht,
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Germany). The mixture is gently agitated on a rotary mixer for 60 min with
vortexing every 30 min. After centrifugation (2000g, 5 min) the supernatant is
removed, 5 mL of ethanol/water (0.7:0.3, v/v) is added and the agitation and vor-
texing repeated (90 min). The tubes are again centrifuged and the supernatants
combined. The resulting ethanol extract is evaporated under nitrogen at 25◦C in
a pre-weighed glass vial for 36 h and then freeze-dried for 48 h. Vials are weighed
and the extraction efficiency calculated.

Dissolving Plant Extracts for Testing

The greatest difficulty with testing extracts is to dissolve them into a solvent and
their subsequent solubility within the testing media [14]. Freeze-dried extracts are
dissolved in N,N-dimethylformamide (DMF; Auspep, Parkville, Australia) result-
ing in a 40 mg/mL solution. The solvent DMF is preferred in our laboratory as it
is regarded as a universal agent, which dissolves both polar and non-polar com-
pounds. To dissolve particulate matter, the mixture is gently shaken at 37◦C for 1 h.
A pipette tip is then used to crush any solid material and the solution is returned to
the shaker (1 h). The solutions can also be dissolved at 160 mg/mL for testing at
higher concentrations, although this may make the solubilization more difficult.

Many plant extracts contain pigments, which can mask OD620 when growth is
measured (Fig. 8.1). Another problem is that the extract, when added to media at
high concentrations may precipitate and settle to the bottom of the well, blocking
the optical path of the OD620 measurement. These complications should be taken
into account by visual inspection of the assay before OD620 analysis is performed
and data interpreted accordingly. When pigments and precipitates interfere with the
optical density analysis, it is possible to assess metabolic activity within the assay
as an indicator of growth (see “Detection of metabolic activity using p-iodonitro
tetrazolium violet,” described later in the chapter).

Fig. 8.1 A typical 96-well micro-titre test plate showing the masking effect (i.e. darker wells) of
the test compounds



8 Screening Against Pathogenic Microorganisms 149

Microorganism Selection, Inoculation and Culture Conditions

Microbial Panel Selection

The panel of microorganisms used in screening assays should be selected with
respect to the task being undertaken. A typical panel consists of a single species or
series of target organisms and adjunct strains (i.e. strains being tested but not direct
targets of the assay). For example, a Gram-positive and Gram-negative organism
and a negative control such as yeast.

When the target organisms are pathogens, it is a common practice to include sev-
eral strains of the pathogen in the test panel. In our laboratory, we use the pathogenic
E. coli serotypes O23, O111 and O157 as targets representing the enterohaemor-
rhagic E. coli group. However, the pathogens must not pose a significant risk for the
laboratory workers. Therefore, safe handling and good laboratory practice should be
considered when selecting the panel of strains. In some cases, it may be advisable
to use non-pathogenic strains of the target organism in initial screens.

Adjunct strains should be selected based on continuity with other experiments.
For example, our laboratory has routinely used Staphylococcus aureus ATCC
25923, E. coli ATCC 35218 and Candida albicans ATCC 24433 in antibacterial
assays for several years. Thus comparisons can be made between assays. These
three strains are used as standards in the National Committee for Clinical Laboratory
Standards (NCCLS) for determining antibiotic susceptibility [11, 12].

Media Selection

The culture medium used in the assays will vary depending on the organisms being
targeted. Our laboratory routinely uses Muller-Hinton broth (Oxoid, Basingstoke,
UK) to grow the cultures for inoculation and as the medium in the screening assays.
This broth is also used as the basis of solid agar (Difco Laboratories, Detroit, MI,
USA, 1.2% medium) in diffusion assays. Specialised media may be used for more
fastidious strains of test bacteria. Media is usually made and used under aerobic con-
ditions for screening against gut pathogens, but screening can be performed using
anaerobic culturing techniques provided the laboratory facilities are available. The
facilities and equipment used routinely in an anaerobic microbiology laboratory are
described by McSweeney et al. [9].

Microbial Inoculation Culture

Starter cultures of all bacterial and yeast strains used in both the plate diffusion and
the 96-well dilution assays, begin with a sub-culture from a fresh plate, inoculated
into broth (6 mL) and shaken at 37◦C for 5–6 h. These cultures are then diluted
according to the assay in which they are used.

In the plate diffusion assay, E. coli, S. aureus and C. albicans cultures are diluted
250, 100 and 10 times respectively into sterile normal saline (0.9% w/v, NaCl; BDH
Chemicals, Kilsyth, Australia). These specific dilutions are modifications of the
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NCCLS methods for antibacterial resistance [11, 12] and were determined as the
lowest dilution to result in confluent growth on an agar plate.

For 96-well plate assays, the 5–6 h culture is diluted 2500, 1000 and 10 times for
E. coli, S. aureus and C. albicans respectively. For E. coli and S. aureus, the dilutions
are carried out in two consecutive steps. All dilutions have been determined so that
growth is observable after 18 h of incubation at 37◦C in a 96-well plate using 10 μl
of inoculum in a well containing 190 μl of media.

Detection of Metabolic Activity Using p-iodonitro tetrazolium Violet

It is sometimes difficult to determine bacterial growth using OD620. This is due to
the plant extracts precipitating and/or being dark in colour. To overcome this,
p-iodonitro tetrazolium Violet (INTV; 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
phenyl-2H-tetrazolium chloride; Sigma, St. Louis, MO, USA) can be added (10
μl of 2 mg/mL) to the wells in question and incubated for 1–3 h. p-Iodonitro
tetrazolium Violet is an indicator of metabolic activity, which turns the media
purple in the presence of respiring bacteria. When the purple colour develops, the
dilution series can be examined visually and the minimum inhibitory concentration
determined readily [5]. However, the use of INTV is target species dependent, since
it works well for the E. coli but not for S. aureus or C. albicans.

Control Inhibitor Selection

A microbial inhibitor of known activity (positive control) should be included in
all screens to demonstrate the efficacy of the assay. Typically, a broad-spectrum
antibacterial substance which inhibits both Gram-positive and Gram-negative bac-
teria (e.g. Tetracycline; MP Biomedicals, Irvine, CA) could be used as a control
inhibitor. A standard inhibitor for yeast or fungi (e.g. amphotericin B; Sigma) is
also required if these microorganisms are part of the testing panel. Additionally, a
negative control should be included, which normally is the solvent used to dissolve
the plant extract for the assay.

Agar Plate Diffusion Assay

From the diluted inoculation culture, described above, a sterile cotton swab is dipped
into the mixture and rotated several times. Excess inoculum is removed and the
swab is streaked over the entire surface of a Mueller-Hinton medium agar plate.
The swabbing is repeated twice, with the plate being rotated 120◦ between streaks
to ensure confluent growth on the plate.

An alternative inoculation technique is to add 200 μL of diluted starter culture
(see Microbial inoculation culture) to 20 mL of molten agar, then overlay this mix-
ture on the agar plate. This is a particularly useful method for testing species that
swarm or produce mucoid colonies on agar plates.
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A sterile blank anti-microbial disk (Oxoid) is placed onto the surface of the agar
in a predetermined pattern. Disks must be no less than 24 mm from centre to centre.
A sample 5.0 μl of the inhibitor (20 mg/mL) is then aliquoted onto a disk in a spe-
cific location thus giving 100 μg of sample per disk. Positive and negative controls
are also added to other disks on the same plate (See control inhibitor selection).
Extracts are allowed to soak into the agar from the disc, which takes about 10 min.
The plates are then inverted and incubated at 37◦C for 16–18 h.

Plates are read by measuring the zone of clearing (not including the disk radius).
The zone of clearing is an indication of the antimicrobial activity of the compound or
extracts activity, but this is influenced by the diffusion characteristics of the inhibitor
in the agar [12].

Broth Microbial Growth Assay

Extracts and compounds can be screened for inhibitory microbial activity in a liquid
96-well plate assay. Master plates (96-well v-bottom poly-vinyl; Nunc, Roskilde,
Denmark) are created by adding stock extract solutions either as single extracts or
as a series of dilutions of the extract. The master plate is used to create daughter test
plates for optical analysis (96-well flat bottom polycarbonate; Nunc), containing
media and a small aliquot of the extract at the test concentration.

Each well in the master plate should contain approximately 50 μL of extract to
be tested (40 mg/mL), negative controls such as a DMF and positive controls such
as tetracycline and/or amphotericin B (2 mg/mL) should be included in the plate.
Positive controls will depend on the panel of microorganisms to be tested.

When diluting extracts on the master plate, 100 μL of each extract should be
placed in the first well and 50 μL of DMF added to consecutive adjacent wells. The
compound is then diluted in 2-fold increments. This type of procedure can be done
by hand with a multi-channel pipetter or programmed into a liquid handling robot
such as the Beckman Biomek 2000 (Beckman, Fullerton, CA, USA).

When the master plate is complete with compounds or dilution series, a daugh-
ter plate is produced for each strain of microorganisms to be tested. Each well on
the daughter plate will contain 2× Muller-Hinton Broth (100.0 μL, Muller-Hinton
contains Beef Dehydrated Infusion 200 g/L, casein hydrolysate 17.5 g/L and starch
1.5 g/L at pH 7.3), sterile water (84.9 μL) and an aliquot (5.1 μl) from a corre-
sponding position on the master plate. Again, the use of multi-channel pipettes or
robotics is invaluable in producing these plates (Fig. 8.2).

The final concentrations for inhibitors in the wells on the daughter plate are given
in Table 8.1 and are based on a dilution of 5.12 in 200 in each well of the daughter
plate. For dilution series, each consecutive well will contain a natural halving of the
concentration.

All daughter plates are then inoculated with 10.0 μL of the diluted inocula-
tion culture. The OD620 is read immediately after inoculation for each plate; this
measurement is used as a blank within the assay. The plates are observed after
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Fig. 8.2 Plates being loaded with media on the Beckman Biomek 2000TM robot

Table 8.1 Concentration of extracts, compounds and internal standards in the dilution series
contained on the daughter plates

Extract, compound or
internal standard

Concentration (μg/mL)

1st Column 2nd Column 3rd Column 4th Column

Extract or compound at
40 mg/mL

1024.0 512.0 256.0 128.0

Tetracycline and
amphotericin B at
2 mg/mL

51.2 25.6 12.8 6.4

16 and 40 h of incubation at 37◦C and an appraisal is made of the growth fol-
lowed by calculation of percentage inhibition or minimum inhibitory concentration
or both.

Percentage Inhibition

Percentage inhibition is calculated on wells that have a test concentration of 1024
μg/mL. The OD620 measurements for unincubated wells are subtracted from those
for the incubated wells. By comparing the resulting value with OD620 of both DMF
(0% inhibition) and tetracycline or amphotericin B, (100% inhibition) for bacteria
and yeast respectively, a percentage inhibition is calculated. The relative OD620 of
each test compound is reported as the percentage with reference to these results
(Fig. 8.3).
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Fig. 8.3 Calculation of percentage inhibition from OD620 values compared between the 0 and
100% inhibition standards

Minimum Inhibitory Concentrations

We consider growth to be inhibited when the OD620 is less than 0.07. The minimum
inhibitory concentration is reported as less than the lowest concentration where the
OD620 is below this level (see Fig. 8.4).

In Vitro Testing with Rumen Fluid Inoculum

It is possible that compounds contained within the plant may undergo metabolic
transformation in the gut of animals which could induce or reduce the activity of
the compound against the target organism. To address this issue we mixed plant
extracts and rumen fluid together in an anaerobic medium to determine whether
compounds identified as inhibitory in the primary screening process demonstrated
similar activity in a mixed culture fermentation from the rumen.

Anaerobic Culture Techniques and Media Preparation

The anaerobic techniques of Hungate [7] as modified by Bryant [1] are used for
the growth of organisms and preparation of media. A more detailed description of
these methods and other types of media [10] that could be employed for rumen-
simulated media is given in McSweeney et al. [9]. In our experiments on E. coli
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Fig. 8.4 Identification of the concentration where growth is inhibited for a particular target
organism and calculation of minimum inhibitory concentration

inhibition, a basal medium (12 mL, see Appendix) is dispensed into Balch tubes
containing pasture grass, (60 mg) and test plant (15 mg) both of which are finely
milled, oven and freeze-dried. The media and plant material is immediately stop-
pered and inoculated with an overnight E. coli O157 culture (1.5 mL; approximately
5 × 108 CFU) and rumen fluid (1.5 mL). The rumen fluid for inoculation is prepared
using a freshly collected digesta sample from an animal fed a conventional diet. The
collected rumen digesta is strained through muslin cloth into an insulated vacuum
flask and kept at 39◦C for use within 1–2 h. The inoculated tubes are incubated at
37◦C for 60 h and samples taken at 12 h intervals for analysis of E. coli growth.

Enumeration of Target Bacteria

Culturing techniques and selective media for enumeration will vary depending on
the target organism. In the case of detection of E. coli, the Petrifilm “Coliform count
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plate” (3 M Microbiology, St Paul, MN, USA) was used. Firstly, the mixed culture
sample is serially diluted in 10 fold increments into aerobic peptone water (Oxoid,
Basingstoke, UK). Normally the dilutions tested are 10–7, 10–6 and 10–5. From the
selected dilutions, 1 mL is inoculated onto a Petrifilm plate and incubated overnight
at 37◦C. Individual coliforms appear as dark red colonies on a pink background
and are easily counted. As the experiment progresses and counts are observed, the
dilution steps for forthcoming samples are adjusted to ensure that the counts remain
on scale.

Conclusions

For discovery of compounds possessing antibacterial activity, there is a lack of uni-
form and harmonised testing methods [15]. This is understandable since the target
organisms; the source and nature of compounds under investigation, and the envi-
ronment in which the antimicrobials will be employed usually differ markedly for
each application. In our experiments, we have tried to maintain continuity between
past and present procedures by using similar culture methods and bacterial panels
that overlap between different antimicrobial testing studies. Our studies are primar-
ily designed to identify plants that could be used as dietary supplements for ruminant
animals. However, the initial steps in identification of plant compounds for anti-
bacterials, drug discovery or dietary supplements remains the same. The difference
is what is done after identification of the crude bioactive sample. In drug discov-
ery, lead compounds need to be isolated from the plant material characterised and
modified for specific uses.

The process of bioactive discovery is a compromise between what will pro-
vide the most useful information with given resources and the practicality of the
approach. It has been shown that conditions of testing can be critical for the final out-
come [15]. Conditions can be varied at many levels (e.g. pH, type of media, culture
used etc), but it is difficult to justify the increased resources to test plants/compounds
at more than a limited set of conditions in the initial screen. Our methods utilise a
defined set of standard conditions and the results are used to determine the next
stage of testing. This strategy is also suited for screening large libraries of bioactive
materials.

Testing plant and compound libraries can create extremely large sets of raw and
calculated data. It is essential that such data sets be handled in a manner that allows
visualization of results. For example, Microsoft Excel R© using the background pro-
gramming language or visual basic for applications, can sort and categorise with
colour coding, subsets of the data contained within the spreadsheets. This allows
rapid identification of compounds that can be selected for further phases within the
screening process. The importance of this aspect of the screening process cannot be
underestimated when dealing with large libraries or an extensive bioactive discovery
project.
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Appendix – Basal Media Composition

Table 8.2 Basal media components as modified from Caldwell and Bryant [2]

Basal media components

Mineral solution 1 (Table 8.3) 38 mL
Mineral solution 2 (Table 8.3) 38 mL
Pfenning trace solution (Table 8.4) 1 mL
Na2HPO4.12H2O 18 g
VFA Mixture (Table 8.5) 100 mL
Clarified rumen fluid 200 mL
Sodium bicarbonate (NaHCO3) 6 g
Resazurin solutiona 1 mL
Hemin solutionb 1 mL
Yeast Extract (Oxoid) 0.5 g
Water 625 mL
Na2S.9H2O 0.25 g
L-cysteine HCl (Added last) 0.25 g

aResazurin solution is made up to a concentration of 0.1% in 20 mM, NaOH
bHemin solution is 0.05% in 50 mM, NaOH

Table 8.3 Mineral solutions used as components of the basal media

Minerals (g/L)

Mineral solutions 1 2

CaCl2 0.2
MgSO4 0.2
K2HPO4 1.0 6.0
NaHCO3 10.0
NaCl 2.0

Table 8.4 Pfennings trace elements solution used in the basal media

Trace elements diluted in distilled H2O mg/L

H3BO3 300
ZnSO4.7H2O 100
MnCl2.4H2O 30
CoCl2.6H2O 20
NaMoO4.2H2O 30
Na2SeO3 10
NiCl2 20
CuCl2.2H2O 10
FeCl2.4H2O 150
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Table 8.5 Volatile fatty acid
mixture used as a component
of the basal mixture

Volatile fatty acids mL/L

Acetic acid 17
Propionic acid 6
n-butyric acid 4
n-valeric acid 1
iso-valeric acid 1
iso-butyric acid 1
2-methylbutyric acid 1
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Chapter 9
Screening Plants for the Antimicrobial Control
of Lactic Acidosis in Ruminant Livestock

Peter G. Hutton, T.G. Nagaraja, Colin L. White, and Philip E. Vercoe

Introduction

Lactic acidosis, characterized by excessive accumulation of lactic acid in the rumen,
is a major ruminal disorder that reduces productivity and the welfare of animals, par-
ticularly in dairy and beef feedlot systems. Lactate in the rumen is an intermediate
microbial product that is metabolized further to volatile fatty acids (VFA). Normal
concentrations of lactate in the rumen are maintained by the microbial balance
between the major lactate-producers, Streptococcus bovis and Lactobacillus spp.,
and major lactate-utilisers, Megasphaera elsdenii and Selenomonas ruminantium
[18]. However, large increases of rapidly-fermentable carbohydrate in the diet can
cause a major microbial imbalance in the rumen [29]. The imbalance is due mainly
to the initial rapid increase in S. bovis that utilises freely available and highly fer-
mentable carbohydrate and produces lactic acid as an end product. The microbial
balance then shifts to dominant populations of Lactobacilli that are acid-tolerant and
produce more lactic acid. As the ruminal pH drops there is a simultaneous decrease
in lactate-utilisers, such as M. elsdenii and S. ruminantium resulting in microbes that
produce lactic acid outnumbering those that utilise it [18]. Subsequently, normal
rumen fermentation is inhibited and there is a decline in the production of gas and
VFA by the rumen microbes [13, 38]. A spiraling effect is initiated and at ruminal
pH of below 5.2 the animal develops acute acidosis [29, 31]. During acute acidosis,
lactobacilli become the predominant species and can form almost a monoculture
within 24 h [8].

The addition to the feed of sub-therapeutic doses of antibiotics, such as vir-
giniamycin inhibits the growth of lactate-producing bacteria without affecting
lactic acid-utilizing bacteria or normal rumen fermentation [1, 17, 25, 39]. These
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antibiotics are effective at preventing acidosis but growing concern of antimi-
crobial resistance that can carry over to human pathogens has led to bans or
limitations on the feeding antibiotics to livestock [40]. It is therefore necessary
to find alternatives that are safe for the consumer, but maintain animal produc-
tion. Many plants are known to produce compounds with antimicrobial activity
for defence against predators [3, 32]. Some of these compounds have broad-
spectrum antimicrobial activity, while others seem to target specific bacterial species
[6, 14, 22]. However, the antimicrobial activity of many of these plants has not
been tested on rumen bacteria, including those responsible for lactic acidosis in
ruminants.

We have developed an in vitro screening protocol to select plants that may
protect against ruminal acidosis. Through this procedure we were able to iden-
tify plants with potential to control acidosis without inhibiting normal rumen
function.

Overview of the Protocol

In this publication we describe a three-step protocol to screen large numbers of
plants. Step one, the initial screening, provides a reliable indication of the protec-
tion that each plant may have against ruminal acidosis. Step two, the agar dilution
method, provides information on the selective antimicrobial activity of screened
plants on rumen bacteria. It allows us to interpret the effects of plant extracts on the
microbial pathways responsible for both acidosis and normal rumen fermentation.
Step three, allows more detailed analysis of the likely extent of protection against
acute and sub-acute acidosis by the most promising plants as well as their likely
effect on normal rumen fermentation.

The data that is generated from these methods provides reliable and meaningful
information on the effect of selected plant species on rumen kinetics.

Methodology

This protocol is divided into 3 sections: (Step 1) Initial screening; (Step 2) Agar
dilution method; (Step 3) Extent of acidosis protection. We provide detailed pro-
tocols for the step-wise screening of plants for their antimicrobial control of lactic
acidosis in ruminant animals. The use of this protocol allows a simple, cost effec-
tive, analysis of large numbers of plants in order to identify plants that are most
likely to demonstrate protection against acidosis in vivo. This protocol is intended
for use at the pre-clinical stage of product development. It cannot be used to screen
plants for their direct commercial application because it does not include analysis
of plants for toxins or the direct effects of plants on lactic acidosis in animals.
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Fig. 9.1 We used an anaerobic chamber in all three steps of the protocol to maintain an anaero-
bic environment. However, an anaerobic chamber is not essential to maintain an oxygen-reduced
environment. An anaerobic environment in Steps 1 and 3 could be achieved by continuous flush-
ing of containers with nitrogen. An anaerobic environment in Step 2, the agar dilution method,
could be achieved by incubating the agar plates in anaerobic jars or other airtight containers with
added anaerobic system envelopes containing palladium catalyst. However, bacterial species that
are very sensitive to the presence of oxygen such as Butyrivibrio fibrisolvens, may not grow under
these conditions

Step 1 Initial Screening: In Vitro Batch Fermentations

Background

Selected plants are collected, ground and tested in an in vitro system designed to
mimic an acidotic rumen environment. The difference between plant treatments in
pH change, during incubation, is used as an indicator of the effect of plant com-
pounds on lactic acid production. The gas produced by microbial fermentation is
used as a marker for indicating the level of rumen fermentation. The in vitro gas
production method using a pressure transducer was devised in 1974 by Theodorou
[37] to provide detailed information on the fermentation kinetics of ruminant feed.
It is a simple yet sensitive procedure that is used as an indirect measure of the rate
and extent of degradation of ruminant feeds in vitro.

Although this technique was designed to determine the nutritive value of rumi-
nant feeds, it can be modified to suit specific requirements [23]. For the method
described in this chapter it can be adapted to indirectly measure the general effect of
plant compounds on microbial fermentation [19]. When accumulated gas pressure
in the headspace of the treatment flasks falls below the level that is produced dur-
ing a normal fermentation, it is an indication that total microbial activity has been
inhibited.
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The parameters of pH and gas production can be used to screen plants for their
protection against acidosis. The desirable effect of plant candidates is to inhibit
declining pH without significantly inhibiting total gas production relative to the
positive control (antibiotic containing fermentation vessel).

Note: If a pressure transducer is not available, cumulative gas can be measured
using the syringe technique of Menke et al. [21].

Material Required

Plant processing

• Insulated containers or 12 volt fridge for transporting plant material
• Crushed ice
• Balance (0.001–510 g)
• Zip lock freezer bags
• Freezer
• Freeze-drier
• Grinding mill
• 4 mm and 1 mm grinding screens
• Airtight plastic containers

Rumen fluid sampling

• Rumen fistulated wethers housed and maintained on a diet that is primarily
forage-based with approximately 20% cereal grain inclusion.

• Thermos(s)
• Electric rumen pump fitted with a 1 mm screening filter, an overflow vessel and

a rubber stopper to fit the thermos (Figs. 9.2, 9.3 and 9.4)
• Water and a small brush to clean the suction filter
• Extension cord and circuit breaker

Fig. 9.2 Rumen fluid collection apparatus
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Fig. 9.3 Pump fitted to the overflow vessel

(a) (b)

Fig. 9.4 (a and b) Custom fit a rubber stopper to the mouth of the thermos. Drill three holes in the
stopper as follows; one for rumen fluid inflow line, one for the return airflow to the rumen pump
and one small hole for on/off control of the vacuum. This allows direct drawing of rumen fluid
from the animal to the thermos. Fit a 1 mm screening filter to the vacuum inlet
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Treatments

• Rumen fluid
• Plant material
• Essential oils
• AR grade methanol
• Virginiamycin (Eskalin500 R©)
• D (+) Glucose
• Oaten chaff

Inside the anaerobic chamber (Fig. 9.1)

• Belco anaerobic culture tubes (18 × 150 mm) and stoppers containing treatments
• Aluminium standard seals (20 mm) with centre hole (10 mm)
• Standard seal applicator
• Magnetic stirrer
• Thermos containing rumen fluid
• Calibrated glass pipette (10 mL) and pipette controller
• Large beaker (1 L) and a stirring bar for rumen fluid
• pH meter
• 23-guage needles
• P20 and P100 micro pipette and tips

Outside the anaerobic chamber

• Graduated cylinder (50 mL)
• P200 micro pipette and tips
• Balance (0.001–510 g)
• Temperature controlled orbital shaker
• Water bath
• pH meter
• Pressure transducer (Fig. 9.5)
• 23-gauge needle, 1 mm syringe and cotton wool

Note: Insert a small wad of cotton wool into the 1 mm syringe and fit it to the
pressure transducer (Fig. 9.5). The cotton wool prevents any rumen fluid that is
forced through the needle during pressure readings from entering the transducer
inlet. This dramatically extends the life of the transducer. Make sure that the cotton
wool is replaced regularly to avoid restriction of gas flow through the syringe.

Method

Plant collection and processing

1. Chill harvested plant material during transportation from the field to the labora-
tory.
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Fig. 9.5 Pressure transducer (Greisinger GMH 3110)

Note: Compressed, fresh plant material may begin to ferment if not chilled. Using
ice or refrigerating reduces the risk of plant material fermentation. The risk of the
plant material undergoing fermentation during transport or storage increases with
higher moisture content of the plant.

2. Divide plants into leaf, stem and flower.

Note: It may be easier to separate the plant parts after freeze-drying.

3. Place material into zip lock bags, weigh and freeze at –20◦C.

Note: Avoid repeatedly defrosting and freezing the material because this can lead
to the disruption of the plant cell walls and the subsequent leakage of cell contents.

4. Freeze-dry the material and reweigh (Fig. 9.6).
5. Grind the material to a coarse powder (include the oaten chaff). We used a

cyclone grinder (CYCLOTECH 1093 Sample Mill, Tecator, Hoganas, Sweden)
fitted with a 4-mm screen followed by a 1-mm screen.

Note: The plant material is ground to mimic animal mastication and this increases
the surface area available for microbial attachment.

6. Store the ground material at room temperature in sealed plastic containers.

Preparation of treatments
7. Measure the volumes of Belco tubes by filling them with water and pouring into

a graduated cylinder. When using this non-vented system the volume of each
Belco tube must be the same [37]. If volumes are not equal then the standard
error will be high [34].

8. Prepare a stock solution of virginiamycin using Eskalin500 R© (containing 50%
active Virginiamycin) as follows;
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Fig. 9.6 Freeze drying of
plant material is preferred
over open air, drying rooms
or ovens because at
temperatures above 40◦C the
volatile components of the
plant may be lost by
volatilisation

• Resuspend 0.0096 g of Eskalin500 R© in 4 mL of methanol = 0.0024 g/mL =
0.0012 g of virginiamycin/mL

• When 100 μL of stock solution is added to 10 mL of rumen fluid, the final
volume now contains 12 μg/mL of virginiamycin.

Note: Virginiamycin (Eskalin500 R©) was used as the antibiotic control because of
its potent and selective inhibition of lactate producing bacteria. Based on the work
by Dennis et al. [10] and our own in vitro experiments we determined that the ideal
concentration of virginiamycin needed to protect against acidosis was 12 μg/mL of
rumen fluid.

9. Prepare 3 replicates of each treatment into Belco tubes minus the rumen fluid
(Fig. 9.7) according to the regime in Table 9.1. Repeat the experiment on a
different day.

Notes:

1. We determined the optimum dose of oaten chaff substrate based on the work by
Rymer et al. [36] and France et al. [12] combined with results from our own
testing of varying concentrations of oaten chaff substrate in vitro. The optimum
concentration of glucose substrate needed to simulate acidosis was based on
the work by Nagaraja et al. [25].

2. Essential oils are selected for screening based on their reputation as antimicro-
bial agents when used for human therapy.

3. The blank treatment is used to correct for changes in atmospheric pressure
[34].
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Table 9.1 Treatment regime for induced acidosis in rumen fluid batch cultures in vitro

Rumen fluid
(mL)

Oaten chaff
(g) D-Glucose (g) Treatment

Control 10 0.1 0 0
Uncontrolled

acidosis
10 0.1 1 0

Positive control 10 0.1 1 100 μL of
virginiamycin
stock solution

Essential oil 10 0.1 1 6.25–25 μL of
essential oil

Plant 10 0 1 0.1 g ground plant
sample

Blank 0 0 0 0

Fig. 9.7 Preparation of treatments into Belco tubes

10. Place tubes in the anaerobic chamber overnight.

Preparation of microbial inoculum

11. Fill the thermos(s) with warm water prior to taking rumen fluid.
12. Take rumen fluid samples from fistulated wethers 3 h post-feeding.
13. Remove the cannulae bung from the sheep and insert the suction hose with

screening filter into the rumen of the sheep.
14. Empty the warm water from the thermos immediately prior to rumen fluid col-

lection and fit the rubber stopper of the rumen pump assembly into the mouth
of the thermos to ensure a good seal.

15. Switch the pump on and draw the rumen fluid into the thermos by placing a
thumb over the hole in the thermos stopper to complete the vacuum circuit
(Fig. 9.8). Ensure that the thermos remains anaerobic by filling it to the top and
then sealing. Collect an equal amount of rumen fliud from at least two sheep.
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(a) (b)

Fig. 9.8 (a and b) It is also possible to take rumen fluid samples from fistulates prior to feeding the
sheep to reduce the level of material that can potentially clog the suction filter. Total gas production
and variability in gas production in vitro will be reduced as the period between sheep feeding
and rumen sampling increases [16, 24]. However, sampling prior to feeding reduces the level of
endogenous substrate in the microbial inoculum. Whatever sampling time is used, it is important
to standardise the procedure for all experiments

Note: Using a screening filter is similar to straining the rumen fluid in the labora-
tory. However, eliminating straining of rumen fluid in the laboratory reduces oxygen
contamination of the rumen fluid. Therefore more oxygen sensitive species are likely
to survive the process.

16. Transport the rumen fluid immediately to the laboratory and take the thermos(s)
into the anaerobic chamber.
Inside the anaerobic chamber

17. Pool equal portions of rumen fluid from the sheep into a large beaker (Fig. 9.9).
18. Add a stirring bar to the beaker and place on the magnetic stirrer to mix.
19. Measure the pH of the pooled rumen fluid.
20. Using the dispensing syringe fitted with the dispensing tube aliquot 10 mL of

rumen fluid into each prepared Belco tube (Fig. 9.9).
21. Seal the Belco tubes with a blue stopper and aluminium cap (Fig. 9.10).
22. Adjust the pressure in the gas phase of the tubes to zero by inserting a 23-gauge

needle through the stopper. Gently shake the tubes and start time recording.

Note: If not using the anaerobic chamber, place the Belco tubes in a holder and
immerse them in a water bath set at 39◦C. Flush each Belco tube briefly with CO2

before adding 10 mL of rumen fluid and sealing.

Outside the anaerobic chamber

23. Transfer the treatments to the orbital shaking incubator and shake constantly at
50 rpm at 39◦C [36] (Fig. 9.11).
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(a) (b)

Fig. 9.9 (a and b) Pooling, stirring and dispensing rumen fluid inside the anaerobic chamber

(a) (b)

Fig. 9.10 (a and b) Sealing and venting Belco tubes
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Fig. 9.11 Orbital shaking incubator with Belco tubes placed horizontally

24. Incubate for 6 h.

Note: Pell and Schofield [35] found that shaking the samples slowly, reduced the
variation in gas production between replicates.

Fermentation period

25. Remove treatments from the shaking incubator at 2-h intervals and place them
in a 39◦C water bath. Measure cumulative gas pressures in the gas phase using
the pressure transducer. Fit the 23-gauge needle and 1 mm syringe to the trans-
ducer. Set the digital display units to kPa and tare the instrument. Insert the
needle through the rubber stopper of each Belco tube and record pressure
readings.

Note: It is important to maintain the tubes at 39◦C when taking pressure readings
because, according to Gay-Lussac’s law, when temperature decreases the pressure
of the gas in the headspace also decreases, thus introducing error into the pressure
readings [2].

26. Insert a 23-gauge needle through each Belco stopper and release the pressure.

Note: It is important when using this non-vented system that the pressure in the
gas phase does not exceed 48.3 kPa. At higher pressures microbial growth becomes
restricted and growth curves become non-linear [34].
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27. After the final gas pressure reading, remove the stoppers and measure the pH in
the liquid phase of each treatment.

28. Adjust for changes in atmospheric pressure by adding or subtracting the average
pressure readings from the blank tubes at each corresponding reading. Calculate
cumulative gas pressure.

Analysis

Plot treatment means as the relationship between pH and cumulative gas pressure
(9.12). Compare means on Genstat 7.2 using Oneway ANOVA. When means differ
by >0.05 use a Tukey’s Pairwise comparison to compare individual plant treatments
against the controls. Values for selection criteria are set based on the means for
uncontrolled and antibiotic controlled acidosis treatments (Fig. 9.1).

Sample Results
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Fig. 9.12 Plant candidates were compared for their likely prevention of acidosis using gas pro-
duction and pH values after a 6-h incubation and screening criteria were set based on the values
for the antibiotic control and the acidosis control

Note:

1. We did not add buffer to rumen fluid during the initial screening step. Buffer is
normally used in in vitro fermentations to provide supplementary nutrients and
to maintain medium pH so that substrate degradation is not compromised [23].
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However, our objective was to exaggerate differences in the degree of protection
against acidosis between treatments rather than provide a quantitative assess-
ment. We decided that adding buffer to the rumen fluid might mask any drop in
pH and make it difficult to distinguish between treatments.

2. In addition, we use a short, 6-h incubation period to synchronise measurements
with the peak gas release kinetics from glucose substrate. Glucose is normally
an intermediate product in the rumen resulting from the microbial enzymatic
hydrolysis of carbohydrate polymers [7]. Thus, maximum gas release from glu-
cose fermentation is between 6 and 7 h post-inoculation whereas the peak gas
release from fermentable carbohydrate is 14–16 h post-inoculation [23]. In our
in vitro system we eliminate the first phase of fermentation by directly intro-
ducing the intermediate glucose substrate to the medium in order to simulate
acidosis.

Step 2 Agar Dilution Method

Background

Our objective for using the agar dilution method (Step 2) was to determine the
antimicrobial activity of the plants and essential oils against the major lactate-
producing bacteria, S. bovis and Lactobacillus spp. and the major lactic acid-utiliser,
M. elsdenii (Table 9.2). In particular, we were interested in the plant compounds or
essential oils that inhibited S. bovis and Lactobacillus spp. but not lactate-utilising
bacteria.

The agar dilution method enables the minimum inhibitory concentration (MIC)
of the plant extracts on a range of rumen bacteria to be determined. The MIC is the
lowest concentration of plant extract needed to inhibit the visible growth of each
organism in a culture medium.

Table 9.2 Major bacterial species associated with acidosis and/ or normal rumen function
[30, 15, 9, 29]

Bacterial
species Morphology/physiology

Minimum
pH tolerance Significance

Streptococcus
bovis

Facultative anaerobic,
Gram +ve cocci

5.1 Homofermentative:
Carbohydrate to
lactic acid

Lactobacillus
acidophilus

Anaerobic, Gram +ve
rods

4.8–5.0 Homofermentative:
Carbohydrate to
lactic acid

Megasphaera
elsdenii

Gram –ve cocci 5.5 Ferment lactate to
acetate,
propionate, and
butyrate
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Materials Required

Ethanolic extraction

• Freeze-dried and ground plant material (1 mm screen)
• 70: 30; ethanol: water, v/v
• 500 mL conical flask
• Aluminium foil
• Stocking (or gauze bandage)
• 50 mL beaker
• Buchner funnel and Whatman filter paper (# 42)
• 500 mL filtration flask
• Temperature controlled shaker
• Vacuum pump
• Temperature controlled water bath
• Rotory evaporator
• Screw capped vials (125 mL)
• Mortar and pestle
• 20–30 mL container
• Sterile screw capped vials (12 mL)

Note: Consideration should be given to the choice of solvent for the extraction
process. Although we use ethanol as the extracting solvent other extractants may
be preferred. The biologically active components of plants in this screening pro-
tocol are generally unknown. Therefore, the larger the variety of compounds that
are extracted by the extractant, the better the chance of recovering the active
component. Eloff [11] found that acetone extracted higher numbers of different com-
ponents and inhibitors from plant material than most solvents. He suggested that this
is because acetone extracts both polar and non-polar components whereas ethanol,
for example, extracts mainly polar components. Acetone is also highly volatile and
this makes it simple to separate from the extracted plant components by evaporation.
In addition, acetone has demonstrated relatively low toxicity to test bacteria [11]. It
is good practice to, at least initially; use a mixture of water and alcohol or organic
solvents such as acetone. Ethanol may not extract the water-soluble compounds.

Antibiotic control

• Virginiamycin (Eskalin500 R©)
• Technical grade methanol
• 9 x 2 mL sterile eppendorf tubes
• P100 pippette and sterile tips

Culture medium

• Rumen fluid-CHO (Carbohydrate) medium for growth of rumen bacteria (CHO
broth) adapted from Bryant and Robinson Medium [4].
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(Per 100 mL CHO)

Distilled water
Glucose
Cellobiose
Soluble starch
Bacto-Tryptone
Yeast Extract
VFA stock
Mineral Solution I
Mineral Solution II
Clarified rumen fluid
Resazurin (0.1% w/v)
Distilled water to bring to final volume

50 mL
0.05 g
0.05 g
0.05 g
0.05 g
0.2 g
0.1 mL
7.5 mL
15 mL
20 mL
0.1 mL

Solutions

Volatile Fatty Acids stock (mg per 100 mL)

Acetic
Propionic
Butyric
Valeric
Isovaleric
Isobutyric
2 Methyl butyric

170
60
30
10
10
10
10

Mineral solution I (g per 100 mL)

KH2PO4
(NH4)2SO4
NaCl
MgSO4
CaCl2∗
Distilled water to make

volume up to
Mineral Solution II

(g per 100 mL) K2HPO4

0.15
0.3
0.3
0.03
0.03

100 mL
0.3

Distilled water to make volume up to 100 mL

• Anaerobic chamber
• Bacto-Agar powder
• Microwave
• Schott bottle (250 mL)
• Water bath
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Inside the anaerobic chamber

• NaHCO3 0.4 g/100 mL CHO medium
• Cysteine-HCl 0.05 g/100 mL CHO medium
• Media dispenser
• 100 mL serum bottles with ruber stoppers and aluminium seals
• Seal crimper and seal remover
• L-Cysteine hydrochloride
• Sodium hydrogen carbonate
• P100, P200, P1000, P5000 micro pipettes and sterilised tips
• Petri dishes

Inoculum

• Lamina flow cabinet
• Incubator
• Hungate tubes containing 5 mL of sterile rumen fluid-CHO broth
• Cysteine sulphide 1.25% (sterile)
• 1 mL syringes and 23-guage needles
• 70: 30; ethanol: water, v/v in a spray bottle

Inside the anaerobic chamber

• McFarland standards
• Steers replicator (sterile)
• Spare tubes of CHO agar

Note: Sterilise the Steers replicator prior to inoculation in a 1:8 dilution of sodium-
hypochloride for about 20 min before rinsing with autoclaved, deionised water.
Place in the laminar flow cabinet to dry with the ultra violet light on. Take the sterile
replicator in to the anaerobic chamber at least several hours prior to inoculation to
remove oxygen from the surface.

Method

Procedure for crude ethanolic extraction from plant material

1. Place 50 g of plant material (Fig. 9.13) in a conical flask and add 200 mL of 70:
30; ethanol: water (primary solvent). Place an aluminium cap on the flask and
macerate for 3 h with shaking at 200 rpm at 22◦C.

Note: It is important to cap the flask before maceration to prevent volatilisation of
the volatile components.

2. Squeeze the material through stocking (or gauze bandage) into the beaker. Label
the beaker and set aside.



176 P.G. Hutton et al.

3. Return the remaining fibrous material to the filtration flask and add 100 mL of
70% ethanol. Macerate the fibrous portion again for 1 h with shaking at 200 rpm
at 22◦C.

4. Squeeze the material through stocking (or gauze bandage) into the labelled
beaker. Discard the fibrous portion.

5. Filter the combined filtrate using the Buchner funnel and filter paper into a
conical flask with a vacuum outlet. Transfer the filtrate to a round-bottom Buchi
flask.

(a) (b)

Fig. 9.13 (a and b) Weigh out 50 g of ground plant material. Applying a vacuum to the filtration
flask will increase the filtration rate

6. Attach the round-bottom Buchi flask to the rotovap. Submerge the bowl of
the round-bottom Buchi flask in a water bath at 40◦C (Fig. 9.14). Rotate the
Buchi flask and evaporate ethanol from the extract by using vacuum evaporator
(Rotavap). Stop when the ethanol streak in the side bottle stops.

7. Resuspend concentrate in approximately 10 mL of water and transfer to a 125
mL plastic container and seal with a cap.

Note: Resuspending the concentrate in water will allow easier transfer from the
Buchi flask and help freezing.

8. Freeze extract at –20◦C. If the extract does not freeze then more of the ethanol
needs to be evaporated.

9. Puncture small holes through the cap of the 125 mL screw capped vial and
freeze dry overnight to give a crude dried extract.

10. Weigh the extract and calculate the proportion of extract obtained from the
ground plant material.

11. Grind the extract to a coarse powder using the mortar and pestle and then
transfer to the 20–30 mL container and refrigerate.

Dilution of the extract (inside the anaerobic chamber)

12. Prior to use, reconstitute 1.2 g of the extract into 12 mL of 70:30; ethanol: water
(secondary solvent) for a final concentration of 100 mg/mL.
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Fig. 9.14 The ethanolic filtrate may be unstable initially under vacuum. To avoid excessive bub-
bling begin by slowly rotating the Buchi flask while slowly sealing off the air inlet cock on the
rotovap. Once the filtrate is stable, increase the rotation speed of the Buchi flask to increase the
ethanol evaporation. Ethanolic extraction is complete when ethanol ceases to condense into the
collection flask

13. Once resuspended, use a 0.2 μm syringe filter to sterilise the extract into a
sterile screw capped vial (12 mL).

Note: For harsher solvents use suitably resistant filters.

Antibiotic control (prepare in the laminar flow cabinet). We use virginiamycin
(Eskalin500 R©) as a positive control because of its selective inhibition of lactate
producing bacteria.

14. Prepare a stock solution containing 24 mg of active virginiamycin by resus-
pending 48 mg of Eskalin500 R© in 10 mL of technical grade methanol.

15. Sterilise the stock solution by passing through a 0.2 μm syringe filter into a
sterile screw capped vial (12 mL).

16. Prepare serial two-fold dilutions by adding 1 mL of methanol to each of 9
eppendorf tubes.

17. Repeat the dilutions for all eppendorf tubes to obtain the following concen-
trations of virginiamycin: 1200, 600, 300, 150, 75, 37.5, 18.75, 9.38 and
4.69 μg/mL.

Agar dilution method

The methods used to test the MIC of ethanolic extracts, essential oils and antibi-
otics on rumen cultures were modified from those of Hammer et al. [14] and
Palombo and Semple [33].
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Culture medium

18. Prepare bacterial growth medium by combining all the culture medium ingre-
dients except for the Cysteine- HCl and the NaHCO3 in a Schott bottle in order
and with constant mixing

19. Add 1.5 g of agar powder per 100 mL of CHO broth.
20. Bring the CHO agar to the boil in the microwave and take it into the anaerobic

chamber.
21. Remove the cap and allow to cool slightly before adding the L-Cysteine

NaHCO3.
22. Dispense the required volume of CHO agar into 100 mL serum bottles and

crimp seal with aluminium caps before autoclaving (Tables 9.3, 9.4, and 9.5).

Table 9.3 Essential oil treatment regime to determine the MIC on pure cultures of rumen bacteria

CHO agar (mL) Essential oil (μL)
Final concentration of
additive (μL/mL)

50 0 0
50 25 0.5
50 50 1
50 125 2.5
49.75 250 5
49.5 500 10
49 1000 20
45 5000

70% ethanola
70

a Used as a control for ethanolic extracts.

Table 9.4 Plant extract treatment regime to determine the minimum inhibitory concentration on
pure cultures of rumen bacteria

CHO agar (mL)

Volume of
100 mg/mL extract
(mL)

Final extract
concentration
(mg/mL)

49.7 0.32 0.63
49.4 0.63 1.26
48.8 1.25 2.5
47.5 2.5 5
45 5 10

Note: To obtain an anaerobic medium take the serum bottles into the anaerobic
chamber at least 24 h prior to adding the CHO agar.

Note: The dose levels for virginiamycin are based on work by Nagaraja et al. [27]
and Nagaraja and Taylor [25] who tested the IC50 (the dose that is required to
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Table 9.5 Virginiamycin treatment regime to determine the minimum inhibitory concentration on
pure cultures of rumen bacteria

Virginiamycin (μg) Methanol (mL) CHO agar (mL)
Virginiamycin final
concentration (μg/mL)

0.00 0 50 0.00
0.00 1 49 0.00
4.69 1 49 0.09
9.38 1 49 0.19

18.75 1 49 0.38
37.50 1 49 0.75
75.00 1 49 1.50

150.00 1 49 3.00
300.00 1 49 6.00
600.00 1 49 12.00

1200.00 1 49 24.00

inhibit lactic acidosis by 50% over the control). They found that the most effective
doses of virginiamycin were between 0.38 and 12 μg/mL.

23. Before taking the sterile molten agar into the anaerobic chamber maintain it at
40-60◦C in a water bath to prevent the agar from solidifying but also to prevent
volatile compounds in the essential oils and extracts from volatilisation.

24. Inside the chamber, label and organise the Petri dishes. Use 3 Petri dishes per
dilution.

25. Bring the molten agar serum bottles into the chamber, remove the aluminium
seals and pipette the required volume of additive into each serum bottle (Tables
9.3, 9.4, and 9.5).

Note: Initially, 0.5% (v/v) of Tween-20 was added to serum bottles to enhance the
solubility of the essential oils. However, due to concerns over the sterility of the
Tween-20 we tested it against treatments that had no added Tween-20. We found
no difference in the MIC between treatments and omitted Tween-20 from further
experiments.

26. Mix the solution well and divide each 50 mL dilution into 3 Petri dishes.

Note: Mix the solution by swirling but take care not to introduce bubbles into the
mixture because the bubbles will transfer onto the surface of the agar plates during
pouring. Bubbles can be removed from the surface using a sterile pipette tip.

27. Allow the CHO agar plates to set and dry before inoculating.

Inoculum

Cultures of bacteria were prepared from glycerol stocks that were subcultured in
Bryant and Robinson’s Rumen fluid Medium (CHO broth) [4] and refrigerated in
Hungate tubes (Fig. 9.15).
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28. Remove the bacterial cultures from the fridge and allow them to warm to room
temperature. Label the Hungate tubes containing CHO broth. Use 2 tubes per
culture.

29. In the laminar flow cabinet, spray the caps on the Hungate tubes and the cysteine
sulphide bottle with 70:30; ethanol: water.

30. Flush a syringe 3 times with cysteine sulphide then draw 0.3 mL into the
syringe. Inject 0.15 mL of cysteine sulphide into each of 2 tubes of CHO broth
to reduce oxygen contamination. Invert a culture tube several times to disperse
the bacteria and draw 1 mL into the flushed syringe. Inject 0.5 mL of the culture
into each tube of CHO broth. Repeat the procedure for all cultures.

31. Transfer the cultures to the incubator and incubate at 39◦C.

Note: We observed that after 12 h of incubation S. bovis cultures were visibly turbid
whereas other cultures including M. elsdenii and Lactobacillus spp. were not. We
assumed that the turbidity was due to rapid cell division of S. bovis compared with
other bacterial species [28]. Based on this information, we decided to approximate
the maximum growth period for M. elsdenii and Lactobacillus spp. Cell density was
determined by spectrophotometry at an absorbance of 590 nm. Using the growth
curves we estimated that the optimum growth period for all bacteria other than S.
bovis was approximately 24 h. Hence, all bacteria excluding S. bovis are incubated
for approximately 24 h before being used in the agar dilution method. S. bovis cul-
tures are incubated for approximately 12 h prior to use. Test cultures for purity by
taking a sub sample from the fresh cultures and preparing gram stain slides for
morphological examination under a light microscope. Bacteria can also be tested
for oxygen tolerance by inoculating onto agar plates and incubating aerobically.

Streptococcus bovis Megasphaera elsdeniiLactobacillus acidophilusStreptococcus bovis Megasphaera elsdeniiLactobacillus acidophilus

(a) (b) (c)

Fig. 9.15 (a, b, and c) Three of the major bacterial species involved in the production and
utilisation of lactic acid in the rumen

Inoculation of CHO agar (inside the anaerobic chamber)

32. Dilute cultures by adding CHO broth to the culture to obtain a turbidity of a
McFarland 1 (300 × 106 bacteria/mL).

33. Make a location plan of cultures for the replicator wells to include space
for 3 wells per bacterial species and 3 wells of CHO broth control. Use a 1
mL syringe and 23-gauge needle to draw culture from the Hungate tube and
dispense approximately six drops of culture broth in the corresponding wells.
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34. Insert the replicator stamp into the wells, withdraw and spot approximately
10 μL of culture onto the first of the control CHO agar plates. Inoculate all
bacterial cultures plus a control of uncultured CHO broth onto each CHO agar
plate.

35. Repeat the inoculation for all replicates of each dilution. Inoculate the plates
in the order of the lowest concentration to the highest and finishing with the
solvent control (if any).

Note: If you are using more than one extract, resterilise the Steers replicator
between extracts to ensure that there is no cross contamination.

36. Allow a few minutes for the CHO agar plate to absorb the culture before invert-
ing and sealing with parafilm or placing in a sealed container. Incubate in the
anaerobic chamber at 39◦C for 24–48 h.

37. Score the plates for bacterial growth with a plus or minus to determine
the MIC. Repeat the experiment on 2 separate days for each plant extract/
antibiotic.

Note: It is good practice to take a sample of each culture from the agar plate and
make gram stain slides and check the morphology under a microscope to con-
firm the identity and purity of each bacterial species. Confirmation is necessary
due to the risk of cross contamination of bacterial species between the replicator
wells.

Sample Results

There are two major outcomes from the agar dilution method; the potential
of an extract to selectively inhibit rumen bacteria and the identification of the
concentration needed for the inhibition (Figs. 9.16 and 9.17).

Str. bovis UWA

Str. bovis AR3

Str. bovis AR25 Lactobacillus YE08

Lacto
YE16

M. elsdenii

B. fib
P. 
ruminicola

Control

Fig. 9.16 The control agar with no extract added supported the growth of all bacterial species
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Str. bovis UWA

Str. bovis AR3

Str. bovis AR25

Lacto YE16

B. fib

M. 
elsdenii

Control

P. 
ruminicola

  Lacto YE08

Fig. 9.17 Selective inhibition of the lactate producer, Lactobacillus YE08

Step 3 Extent of Acidosis Protection

Background

The previous two steps, (1) initial screening and (2) agar dilution method, enable
us to identify plants with the best potential for controlling acidosis in vivo. Our
objective in step (3) is to investigate these plants further and, in particular, deter-
mine the extent of the protection against acidosis in vitro by comparing them with
an antibiotic-(Eskalin500 R©) control. We determine this by extending the fermen-
tation period to 24 h and measuring the concentrations of accumulated lactate and
VFA. Measuring these two components allows us to distinguish between sub-acute
acidosis (caused by high levels of VFA) and the more serious acute acidosis (caused
by high levels of lactic acid) [26]. This step allows us to determine the ability of a
plant to maintain a balanced microbial environment that prevents the accumulation
of lactic acid. In these types of experiments we test the hypothesis that the plants
that are selected for screening will offer similar protection against in vitro acidosis
as Eskalin500 R© and greater protection than an uncontrolled acidosis environment.

The technique that we use for the third screening is the same as that used for the
initial screening (Step 1) with the following modifications;

a. We add buffer to the rumen fluid to provide some protection against declining pH
and to provide supplementary nutrients so that microbial degradation is not com-
promised [23]. The pH is likely to decline unrealistically due to the accumulation
of VFA.

b. The fermentation period is increased from 6 to 24 h
c. Fermentations are in 100 mL serum vials rather than in Belco tubes
d. Samples are taken for VFA and D-lactate analyses
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Material Required

• McDougall’s buffer [20]

Salt (g/L)

Distilled H2O 750 Ml
NaHCO3 9.8
NaHPO4.12H2O 9.3
NaCl 0.47
KCl 0.57
CaCl2 anhydrous 0.04
MgCl2 anhydrous 0.06
Distilled H2O Add to make volume up to 1000 mL

• Volumetric flask (1 L)
• Large beaker (1 L)
• 3 N HCl
• 1 mL plastic squeeze pipette
• 100 mL serum bottles
• 1 mL syringes and 23 gauge needles
• 5 mL vials
• 1.5 mL micro tubes
• Concentrated H2SO4
• P20 micro pipette and tips

Note: 5 mL vials should be selected with a diameter that is just large enough to
insert the pH probe into. It is also a good idea to select a pH probe with a small
diameter. A close fit between the probe and the vial will allow 1 mL of inoculum to
cover the probe.

Method

Follow the method used for (a) Initial screening: In vitro batch fermentations, with
the following amendments;
Treatments

1. Prepare treatments in triplicate in 100 mL serum bottles one day prior to the
collection of rumen fluid and place them in the anaerobic chamber overnight to
reduce oxygen.

2. Treatments include 0.5 g of oaten chaff (uncontrolled acidosis environment),
0.5 g of oaten chaff + 12 μg/mL of virginiamycin (Eskalin500 R©) (antibiotic-
controlled environment) or 0.5 g of plant candidate material (plant-controlled
environment).
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3. To create a potentially acute acidotic environment, add 5 g of D (+)-glucose to
each bottle as a source of highly fermentable carbohydrate.

Note: A preliminary experiment may be necessary to determine the most effective
dose of plant material needed for protection against acidosis. We use the regime in
Table 9.6.

Table 9.6 Regime for dose response to plant treatment protection against acidosis in vitro

Plant concentrations

Serum
bottle

Rumen
fluid
(mL)

McDougall’s
buffer (mL)

Glucose
(g)

Oaten
chaff (g)

Plant
material
(g) % w/v

% of
sub-
strate

1–3 25 25 5 0.5 0 0 0
4–6 25 25 5 0 0.5 1 10
7–9 25 25 5 0.1 0.4 0.8 8
10–12 25 25 5 0.2 0.3 0.6 6
13–15 25 25 5 0.3 0.2 0.4 4
16–18 25 25 5 0.4 0.1 0.2 2
19–21 25 25 5 0.45 0.05 0.1 1
22–24 25 25 5 0.498 0.025 0.05 0.5
25–27 25 25 0 0.5 0 0 0

Inoculation

4. Mix the ingredients for McDougall’s buffer in the volumetric flask 24 h prior
to fermentations (Fig. 9.18). Place the solution in the anaerobic chamber in the
large beaker to reduce the oxygen content.

5. Take the thermos containing the rumen fluid into the anaerobic chamber and
mix a 1: 1 proportion of rumen fluid and McDougall’s [5].

6. Bring the mixture to pH 7 while stirring by adding 3 N HCl drop wise with the
1 mL plastic squeeze pipette (Fig. 9.19).

7. Dispense 50 mL of culture fluid into 100 mL serum bottles containing
treatments.

Fermentation period.

8. Measure the pH and accumulated gas pressure and take samples for VFA and
lactate analysis at 5, 10, 15 and 24 h of incubation.

Note: We avoid taking inoculum samples more often than this because it requires
drawing 2 mL of inoculum from each serum bottle at each measurement. This
reduces the volume of inoculum for the ongoing fermentation. However, it may
be necessary to take more frequent cumulative gas measurements to prevent the
pressure in the headspace exceeding 48.3 kPa.
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Fig. 9.18 Prepare
McDougall’s buffer in a
volumetric flask while
heating and stirring

Fig. 9.19 Bringing the pH to 7 using 3N HCl in the anaerobic chamber

9. Measure the pH by removing the serum bottle from the water and inserting the
23-gauge needle through the rubber stopper. Carefully draw 1 mL of the liquid
phase into the syringe, place it in a small vial then measure the pH.
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Notes:
1. To draw the inoculum, carefully invert the serum bottle and avoid shak-

ing the contents. Agitation of the treatments may result in blocked
needles.

2. One needle and syringe can be used for each treatment but use a fresh needle
and syringe between treatments to avoid cross-contamination.

10. Dispense the sample into a 1.5 mL micro tube. Draw another 1 mL sample of
liquid phase and dispense it into another 1.5 mL micro tube.

11. Add 5 μL of concentrated H2SO4 to each sample and freeze the samples at
–20◦C for D-lactate and VFA analysis.

Note: Samples are stable for up to 6 months.

Lactate and VFA Analysis

FA is quantified by capillary GC, equipped with a split injector and flame ioni-
sation detection (FID), using internal standard calibration (GC Separation of VFA
C2-C5 Supelco Bulletin # 749D). D (-)-lactate is determined using the Boehringer
Mannheim Lactic acid kit (Product No 1112821) using a Roche Cobas Mira S auto
analyser for readings.

Statistical Analysis

The data is analysed by One-way ANOVA using GenStat 8 and significant differ-
ences are reported at p < 0.05.

Sample Results

When the hypothesis is supported, the plant candidate will produce higher pH, VFA
and cumulative gas pressure values and lower acetate to propionate ratio than the

Table 9.7 The extent of control of acidosis (pH and D-lactate) and fermentation (gas and VFA)
indicators by the addition of a dried and ground plant compared with antibiotic and oaten chaff
treatments after 24-h incubation in a simulated acute acidosis environment

Antibiotic
Eskalin500 R© Plant candidate Oaten chaff

pH 5.16a ± 0.042 4.95b ± 0.111 4.31c ± 0.009
D-Lactate (mmol/L) 0.3a ± 0.16 28b ± 1.1 47c ± 1.3
Accumulated gas pressure (kPa) 171a ± 1.4 139b ± 0.3 119c ± 2.7
Total VFA (mmol/L) 153a ± 2.5 119b ± 0.6 92c ± 2.9
Acetate (mmol/L) 59a ± 0.3 52b ± 0.1 50b ± 0.3
Propionate (mmol/L) 53a ± 0.5 41b ± 0.6 26c ± 0.2
Butyrate (mmol/L) 31a ± 0.6 21b ± 0.3 14c ± 2.0
Acetate: Propionate 1.23 1.28 1.90

Values are means ± SEM, n = 3. Means with different superscripts on the same row are
significantly different (P < 0.05). VFA, volatile fatty acids.
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negative control (Table 9.7). A highly successful plant candidate will produce values
that are similar to the antibiotic control.

Regular sample analysis over the 24-h incubation period allows the antimicrobial
effect to be plotted over time. This helps to determine the likely timing and extent of
acidosis protection over a one-day interval (Figs. 9.20 and 9.21). As the pH declines
the rate of gas production also declines as microbial fermentation is restricted
(Figs. 9.20 and 9.21).
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Fig. 9.20 The effects of treatments � Eskalin500 R© × Plant candidate and � Oaten chaff on the
pH of rumen culture fluid over a 24 h incubation period in an environment that simulated potentially
acute acidosis (symbols are mean values, n = 3)
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Fig. 9.21 The effects of treatments � Eskalin500 R© Plant candidate and � Oaten chaff on the gas
production of rumen culture fluid over a 24 h incubation period in an environment that simulated
potentially acute acidosis (symbols are mean values, n = 3)
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Chapter 10
Screening Plants and Plant Products
for Methane Inhibitors

Secundino López, Harinder P.S. Makkar, and Carla R. Soliva

Introduction

Plant secondary compounds may have important antimicrobial activity [6], and
these compounds have been suggested as alternative additives for use in rumi-
nant feeding. The plant secondary compounds may modify ruminal fermentation,
enhancing the efficiency of feed utilization [16]. Manipulation of the rumen
microbial ecosystem for enhancing fibrous feed digestibility, improving animal per-
formance, and reducing methane production and nitrogen excretion by ruminants is
one of the most important goals for animal nutritionists.

Methane is a potent greenhouse gas and ruminants are considered as one of
the major contributors to biogenic methane emissions [20]. Methane from rumi-
nal fermentation can be decreased by up to 25% with antibiotics, in particular
ionophores, which inhibit H2-producing species and therefore limit H2-supply to
the methanogens [32]. However, the use of ionophores as feed additives has been
recently banned in the European Union. Plants and plant extracts with high con-
centrations of secondary compounds appear to be potential candidates for reducing
ruminal methanogenesis. However, it is not well known which plant species or plant
secondary compounds may be effective as anti-methanogenic agents, making the
search and discovery of new plant compounds necessary to achieve this objective.

General Considerations

Screening Methodology

Research to find novel plant drugs or additives is expensive, but it is essential in
the discovery of new active compounds given the high level of molecular diversity
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that can be found in higher plants [4]. One of the main approaches for the search
for new biologically active compounds is the screening of a number of candidate
plants. In a first stage, a screening program consists in the collection of every read-
ily available plant, which is subsequently tested for a particular biological activity,
usually called the “target” (in our case for the decrease in methane production from
ruminal fermentation). Testing of plants is usually by means of biological assays
in vitro that are designed to be simple, selective, easily interpretable and low cost,
with the objective to test a large number of candidates in a short period of time
[4]. The objective is to spot as many candidates from the collection giving interest-
ing results (referred to as “hits”) as reasonably achievable, even though practical
constraints, such as experimental errors, concentrations of active compounds or
delivery mechanisms, among others, impose obvious limitations to their sustainable
use. The screening also involves testing how selective the plants are for the chosen
target without interfering with other related targets (in our case without non-specific
inhibitory effects on ruminal fermentation). Usually, it is unlikely that a perfect can-
didate will emerge from an initial screening run; as more often several products
may be found to have some degree of activity, and the process will require several
iterative runs. Thus, depending upon the results of a first broad screening, some
follow up assays can be performed with the hits to obtain further information on
the narrower set, confirming and refining observations. Of particular interest is the
so-called hit confirmation phase, in which compounds that are found active in the
initial screening are re-tested, using the same assay conditions, and dose response
curves can be generated.

A screening program includes a number of steps: target choice, assay develop-
ment and validation, screening implementation, data recording and analysis and
discovery of hits [26]. A specific assay method has to be developed for a given
target type to ensure that a biologically relevant and robust screening is configured.
An ideal assay would be simple, rapid, sensitive and precise, easy to develop and
to run, stable, safe and economical, providing reliable information without compro-
mising throughput. Initially, an assay-optimisation step is required to improve the
stability and reliability of the biological system studied. This chapter will focus on
the stepwise description of assays developed and validated for the specific target of
decreasing methane production from ruminal fermentation.

Design of Screening Assays for Anti-Methanogenic Effects

Before the detailed description of three specific assays designed to assess effects of
plant additives on methane production from ruminal fermentation is provided, some
general considerations on the screening process will be outlined.

General Characteristics of the Assay

The assays designed to assess effects on methane production consist, in general, of
in vitro cultures of mixed ruminal microorganisms [23]. These can be either batch
or continuous cultures (Rumen Simulation Technique, RUSITEC) depending on the
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objectives of the study and the number of plant additives to be tested (continuous
cultures are impracticable for a large number of candidate plants). After an incuba-
tion period, a number of measurements are recorded, in particular gas and methane
production.

The results from the incubation systems may be influenced by a number of factors
[23]: buffer composition, pH, temperature, medium and rumen fluid proportions in
the mixture, animals used as donors of rumen fluid (species, diet), incubation time,
amounts of feed substrate and plant additives used, etc. The guidelines of the assays
presented in this chapter are those used in our laboratories. Although guidelines
can be established to ensure that the screening assay reaches an acceptable level of
quality, many choices require pragmatism and the ability to compromise opposing
factors. The assays presented herein can be adapted to suit to the facilities available
in a laboratory. To achieve this optimally, sound knowledge of different in vitro
rumen fermentation systems is required [23].

Definition of Objectives

This is a key point in guiding decision making concerning the experimental design.
The objective will determine crucial features such as the size of the experiment, the
parameters to be monitored and/or the number of replication.

In a large-scale screening of plant resources, the objective is to spot a few promis-
ing hits from a vast collection of plant candidates (hundreds). Only batch cultures
can be used for this type of screening and it is unlikely that all the plants can be
tested in a single incubation run. Thus, a series of incubations will be required
to test all plants included in the collection, and each plant will be compared only
with the control values observed in the same incubation run. In addition, a balance
between the number of samples tested and replication is required for the assay to be
feasible; if the number of samples is large, number of replications has to be small
(only 3–4 replicates), otherwise the experiment becomes intractable. Results from
these screening assays are subject to some limitations (small experimental repli-
cation, possible false negatives and positives). The main objective, however, is to
identify new candidates that may induce noticeable changes in the ruminal fermen-
tative pattern using simple procedures that allow to test a large number of samples
in a relatively short time, rather than attaining definitive data of the effects of all the
plant species, or studying all the plants in the collection in depth. Outputs from such
a trial are the identification of positive hits and the information that the negatives are
not likely to be effective at the dose tested.

Along with these large-scale screening trials, other experiments can be designed
with a more explicit objective. For instance, after completing a large-scale initial
screening, subsequent hit confirmation trials can be designed for validating the
results obtained for the most promising candidates, or for testing different plant
parts (leaves, flowers, fruits), different accessions (samples collected from differ-
ent locations) or at different maturity stages of a given plant species (which has
been identified previously as a hit). In any of these cases, as the number of plants
to be studied is much lower, all the plant additives can be tested at the same time
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(thus tested against the same control), and with more experimental replicates for
each plant species. The whole test can be repeated in a series of incubations (using
inocula from different days), resulting in a more robust statistical design.

Finally, if a small number of plant additives have to be tested (8–12) it may be
of value to use continuous cultures or fermenters (such as RUSITEC) instead of
batch cultures. In these continuous cultures, ruminal fermentation can be mimicked
and the persistency of the effects of the plant additives (for a few weeks) can be
investigated. Usually, this type of screening is restricted for detailed investigation
on the hits that have been identified in previous studies using batch methods.

In this chapter, several assays designed to screen methane inhibitors are pro-
posed. The first assay is the syringe-based in vitro gas method developed and
used at the Institute of Animal Production in the Tropics and Subtropics (UH,
Germany). The second assay based on measurement of gas production with a pres-
sure transducer as set up and used at the Department of Producción Animal (ULE,
Spain) will be described, and finally, a screening assay using a continuous fer-
mentation system (RUSITEC) as routinely used in the Institute of Animal Science
at the Eidgenössische Technische Hochschule (ETH, Zurich, Switzerland) will be
outlined.

A “funnelling” approach can be programmed, starting from a large-scale screen-
ing of a vast collection of plant additives, following one or more hit confirmation
assays, and then a study in continuous fermentation systems with a few candidates
selected previously.

Plant Selection

The search for new feed additives in screening assays has to be based on a
large and conveniently selected collection of candidates [4]. When the aim is to
decrease methane production from ruminal fermentation, plant species could be
selected based on their known medicinal properties, in particular those with recog-
nized antimicrobial and/or digestive effects. Active plant compounds may decrease
methane production by depressing H2 producing bacteria (as monensin) thus limit-
ing the substrate supply for methanogenesis, by directly inhibiting the methanogenic
Archaea, or by redirecting H2 to other products. Other criteria for plant selection can
be considered, such as cost, commercial availability, or the possibility of promoting
an interesting alternative crop and increasing biodiversity.

Physical Form of Plant Additives

The plants or plant products are available in a number of different forms. The form
of the product to be tested as additive is important for determining its dose and the
manner of its addition to the fermentation system.

Generally, plants or plant products available as raw material are in dry form and
in most cases as fine powder. They may also be available as whole seeds or fruits,
or as material chopped at different particle sizes. The product may be the whole
plant or a part of the plant. It is suggested to use these products as a finely ground
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powder (<100 mesh particle size) to facilitate the extraction of the active substances.
The rate of addition of this material has to be relatively high (up to 10% of the dry
matter incubated) in the fermentation system, since the concentration of secondary
metabolites is generally low in most plants. Thus, the addition of some fermentable
substrate with the plant material to be tested is inevitable.

The additive could also be available in the form of a plant extract. The extracts
can be obtained by decoction, infusion (herbal teas), percolation, maceration, soak-
ing or steeping in a carrier solvent (such as water, glycerine, alcohol, oil, vinegar),
or by cold pressing to squeeze out the juice. Temperature, solvent and extraction
time will determine the concentration and activity of functional compounds in the
extracts. These products will thus be added to the batch cultures by dispensing the
intended volume (with precision pipettes), or by continuous infusion to reach a
steady concentration in the fermenter (RUSITEC). The dose will be lower than that
of the raw plant material, as the active compounds are generally more concentrated
in the extracts and, at high levels, they can become toxic to ruminal microorgan-
isms. Caution needs to be exercised since the solvents contained in the extracts may
interfere with ruminal fermentation.

Of particular interest are essential oils; plant extracts containing aromatic volatile
oils usually obtained by steam distillation. The essential oils are usually more con-
centrated than other extracts, and their level of addition has to be relatively low.
Essential oils are not water soluble, and this may cause solubility problems when
added to rumen fermentation systems. In addition, essential oils have low boiling
points and could vaporise while handling.

Finally, pure substances or blends of compounds isolated from natural sources,
semi-synthetic or synthetic compounds can also be tested in the screening assays.
The level of addition of these compounds has to be very low, which could pose
problems of weighing for solids or of dispensing for liquids. Some of them may be
difficult to dissolve in water or in the incubation medium used in the in vitro rumen
fermentation systems. Such materials could be dissolved in water/buffer by sonica-
tion. An alternative for essential oils or pure compounds is to add them adsorbed
onto an inert matrix (for example cellulose).

Plant additives need to be preserved in tightly closed plastic or glass jars and
stored in a dry, dark and cool place until use.

Dose

The concentration of secondary compounds in plant material is affected by a large
number of factors such as plant species, botanical variety, origin, conditions of cul-
tivation and harvesting, climatic and atmospheric factors, phenological state of the
plant, part of the plant, etc. [40]. Thus, to reach an adequate dose of active com-
pound to express the desired response, different doses for each plant additive tested
might be necessary to observe an effect. These levels can be investigated in a dose
response curve assay, but it is outside of the scope of a large-scale screening test,
given the large number of plant species needed to be tested. Therefore, in initial
screening assays, all plants are tested at the same dose, aiming to supply adequate
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quantities of active compounds. It is likely that some of the plants for which no
effect was detected could have had a different response, if they had been tested at a
different dose or under different experimental conditions.

The dose of plant additive can be calculated as a proportion of total DM incubated
(g/g DM) or as a concentration in the fermentation medium (mg/L). The dose to be
used is highly dependent on the form of presentation of the plant additive. If plant
material (as powder) is used, concentration of secondary compounds is expected to
be low, and a relatively high amount of material may be needed to supply an active
compound in a high enough quantity to elicit a response. In batch cultures, doses of
up to 0.1 g of candidate plant dry powder per g of dry matter incubated can be used.
If the additive is in the form of an extract or as a pure compound, the dose must be
much lower.

Blanks, Controls and Replication

Blanks are those incubation sets that contain only the buffered rumen fluid (without
any feed substrate or plant additive), and are required in assays using batch cultures
to calculate net gas or methane production. When liquid additives are used, cultures
without feed substrate but with the plant additive may be preferred as blanks, but
this approach might not be feasible when a large number of plant additives are to
be tested in a large-scale screening programme (a different blank would be required
for each plant).

Control sets contain feed substrate without any plant additive. These are very
important, representing the reference value (baseline) against which all the other
values are compared. The choice of control is not always straightforward. When
the additive is in a liquid form, the amount of feed substrate should be the same
in the control cultures and in those receiving the additive (test sets). The addition
of plant additive in powder form means the addition of some fermentable substrate
to the fermentation system. Thus, the amount of feed substrate in the control sets
should be equal to the total amount of the substrate and plant additive weighed in
the test sets. For instance, if 500 mg of feed substrate and 50 mg of plant addi-
tive are in the test sets, 550 mg of feed substrate will be weighed in the control
sets.

Within each incubation batch, all treatments (control or test) are incubated
at least in triplicate (3–5 replicates per treatment depending upon the number
of plants to be tested). The number of replicates for the control sets can be
higher than for the test sets, considering the importance of having a robust aver-
age value for the control. In batch cultures and continuous fermentation systems,
control and test sets could be repeated with different inocula (from different
animals or in different days) to have real experimental replicates, so that the
residual error (variance between replicates within each treatment) can be accu-
rately estimated. Although this would be statistically more appropriate, it is not
always feasible in large-scale screening assays (hundreds of plants to be tested),
and the number of samples to be tested and replication required need to be
compromised.
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The Hohenheim Syringe-Based In Vitro Gas Method

Two approaches, both using the syringe-based in vitro gas method [30, 31], will
be outlined in this section, depending on the physical form of the plant product
to be tested. The first approach (“Screening of plants”) is proposed to test plant
materials such as plant leaves, stems, seeds or the whole plant. In this case, the
plant material (ground to powder) is directly incubated without any feed substrate,
and methane production is recorded. If methane concentration in the fermentation
gas is substantially reduced compared with that observed when common rumi-
nant feedstuffs (forage, roughage) are incubated, then the plant material tested
is spotted as a positive hit. These hits can be further investigated in subsequent
confirmation assays in which plant material is used as a supplement (at differ-
ent rates of inclusion) of a basal feedstuff used as the fermentation substrate. In
the second approach (“Screening of plant extracts or additives in liquid state”),
a plant extract in a liquid form is tested as an additive to a basal feed used
as the fermentation substrate. Specific blanks and controls are required for each
approach.

Screening of Plants

Sample Preparation

Dried sample should be milled to pass through a 1 mm sieve. Avoid fine grind-
ing of the sample. The sample should be dried preferably using a freeze drier.
If a freeze drier is not available, use a forced air oven at a temperature between
50 and 55◦C.

Reagents

1. Bicarbonate buffer solution: Dissolve 35 g sodium bicarbonate (NaHCO3) and
4 g ammonium bicarbonate (NH4HCO3) in approximately 500 mL distilled
water and then make up the volume to 1 L with distilled water.

2. Macromineral solution: Dissolve 6.2 g potassium dihydrogen phosphate
(KH2PO4), 5.7 g disodium hydrogen phosphate (Na2HPO4), and 0.6 g magne-
sium sulphate (MgSO4.7H2O) in approximately 500 mL distilled water and then
make up the volume to 1 L with distilled water.

3. Micromineral solution: Dissolve 10 g manganese chloride (MnCl2.4H2O),
13.2 g calcium chloride (CaCl2.2H2O), 1 g cobalt chloride (CoCl2.6H2O), 8 g
ferric chloride (FeCl3.6H2O) in approximately 50 mL distilled water and then
make up the volume to 100 mL with distilled water.

4. Resazurine: Dissolve 0.1 g resazurine in 100 mL distilled water.
5. Reducing solution: Dissolve 996 mg sodium sulphide (Na2S.9H2O) in 94 mL

distilled water and then add 6 mL of 1 N sodium hydroxide solution (dissolve
4 g sodium hydroxide in 100 mL distilled water for 1 N sodium hydroxide).
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Weighing of Samples and Preparation of Syringes

Tare a specially made scoop (approximately 4 cm in length and 1 cm in depth/radius;
standard sodium hydroxide-containing plastic container can be cut horizontally to
half to form the scoop) on an analytical balance. Weigh 380 mg of air-dry feed
sample in the scoop and then insert a 5 mL capacity pipette or a glass rod into the
narrow end of the scoop and transfer the sample from the scoop into 100-mL cal-
ibrated glass syringes. The feedstuffs are incubated at least in triplicate. The blank
syringes do not contain feed.

Preparation of In Vitro Rumen Fermentation Buffer Solution and Incubation

Collect the rumen fluid and particulate matter before the morning feed from 2 cattle,
fed a diet of the type similar to that of the samples being analysed in vitro. Mix the
contents taken from 2 cattle, homogenize, strain and filter them through 4 layers of
cheesecloth. Keep all glassware at approximately 39◦C and flush these with carbon
dioxide before use. Carbon dioxide is heavier than air and hence it remains in the
glassware for a reasonable period provided the container is not inverted up side
down. The strained rumen fluid is kept at 39◦C under carbon dioxide and should be
prepared just before start of the incubation.

Notes:

1. Although cattle are used as donors of rumen fluid at Hohenheim, sheep or other
ruminant animals could be used.

2. As samples to be analysed are plants (herbs or botanicals), usually not used as
feedstuffs, it is unlikely that animals can be actually fed these plants. So a diet
similar to these samples could be forage-based diet.

Medium composition

Rumen buffer solution (bicarbonate buffer) 630 mL
Macro mineral solution 315 mL
Micro mineral solution 0.16 mL
Resazurine 1.6 mL
Distilled water 945 mL
Freshly prepared reducing solution 60 mL
Rumen fluid (see above for collection and preparation) 660 mL

The above volume is sufficient for 80 syringes (30 mL/syringe) plus 7% extra.

Incubation Procedure

In a 3 or 5 L capacity glass container, mix all the above mentioned solutions (in the
order given above), except the reducing solution and rumen fluid. The container is
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kept immersed in a water bath adjusted at 39◦C. This water bath is a plastic rectan-
gular frame, approximately 400 × 300 × 200 cm filled with water, the temperature
of which is adjusted at 39◦C using a portable thermostat suspended from the top of
the plastic container in water. This plastic water bath is kept on a magnetic stirrer.
The contents of the container are flushed with carbon dioxide and kept stirred using
a magnetic stirrer. After about 5 min, add the reducing solution and keep the mixture
stirring and flushing with carbon dioxide. When the mixture has been reduced (blue
colour of the dye changes to pink and then to colourless; it takes about 15–20 min
for the reduction process to complete and during this time the rumen liquor and the
particulate material collected from cattle are homogenized using a house-hold mixer
(two 15 s bursts at maximum speed) and then strain it through 2 layers of muslin
cloth or a nylon bag of 100 μm pore size to obtain approximately 700 mL of the
rumen fluid), add 630 mL of the rumen fluid. Keep this mixture stirring and flushing
with carbon dioxide for another 10 min. Transfer a 30-mL portion of the rumen-fluid
medium into each syringe using a dispenser, and incubate in a water bath at 39◦C.
For filling 80 syringes, after some practice should take 40–45 min. After comple-
tion of the filling-up process, shake the syringes well and transfer them to a specially
designed water bath. Shake all the syringes every hour for the first 4 h and then after
every 2 h. Generally, the incubation is started at about 07.30–08.00 a.m., and after
12 h of incubation the syringes are not shaken till the termination of the incubation
(24 h). If the syringes are incubated in a rotating rotor fixed in an incubator adjusted
at 39◦C, as suggested by Menke et al. [31], there is no need to shake the syringes.

At 24 h, the position of the piston on the calibrated syringes is recorded.
The operational aspects of the gas method are available at:

http://www.iaea.org/programmes/nafa/d3/mtc/invitro-slideshowapr01.pdf

Total and Net Gas Production

The gas volume is recorded after 24 h in test and blank syringes. The difference of
the piston position at 24 h minus piston position at 0 h (generally 30 mL) gives total
gas production in the test and blank syringes. The net gas production is calculated
by subtracting values of the blank from that of the test syringe.

Total and Net Methane Production

In our laboratory in Hohenheim, we measure methane content of the gas in the
syringe using an infrared-based methane analyser (0–30% range methane analyser
from Pronova Analysentechnik GmbH & Co KG, Berlin, Germany). The methane
analyser is calibrated against 10.6% or 12% standard methane. A gas chromatograph
can also be used for methane measurement; however, the use of the infrared-based
methane analyser is simple, convenient and takes less time and resources.

After recording the piston position at 24 h of incubation, the tubing of the syringe
outlet is inserted into the inlet of the methane analyser; the piston is pushed to inject
the accumulated gas into the analyser. The methane as percent of the gas is displayed
on the methane analyser. This value is used for calculation of methane in the total
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gas volume. When the fermentability of the feed is high (piston mark reaches above
90 mark on the syringe), the volumes of total gas and methane are measured while
pushing back the piston after 8 or 10 h of incubation, and similarly volumes of gas
and methane are measured after 24 h. These two values are added to obtain the total
methane production in 24 h of incubation. Generally, we have observed that percent
methane production in a syringe is lower for the period 0–8 or 10 h of incubation
than for the period 8 or 10–24 h of incubation.

Note: Since the solubility of methane and carbon dioxide is different at different
temperature (solubility of carbon dioxide in water/buffered medium is higher than
methane), methane content in the gas collected in the syringe is measured without
cooling the syringe to room temperature.

Calculations and Expression of Results

An Example:
Three samples (200 mg each) of Plant A and B were incubated for 24 h in the in

vitro gas method.
Total gas production after 24 h (24 h piston position minus 0 h piston position)

for:

i) Blank syringes: 5.5 mL (syringe 1); 4.5 mL (syringe 2); and 5 mL (syringe 3).
Average of 3 syringes: 5 mL.

ii) Plant A: 60 mL (syringe 1); 62 mL (syringe 2); and 61 mL (syringe 3).
iii) Plant B: 58 mL (syringe 1); 57.5 mL (syringe 2); and 58 mL (syringe 3).

Net gas production:

Plant A

Syringe 1 = 60 – 5 = 55 mL
Syringe 2 = 62 – 5 = 57 mL
Syringe 3 = 61 – 5 = 56 mL

Plant B

Syringe 1 = 58 – 5 = 53 mL
Syringe 2 = 57.5 – 5 = 52.5 mL
Syringe 3 = 58 – 5 = 53 mL

Using infra-red based methane analyser, percent methane for:

i) blank syringes after 24 h of incubation: 17 (syringe 1); 17.3 (syringe 2); and
17 (syringe 3). Total methane in blank syringes (total gas × % methane)/100 =
0.935 mL (syringe 1); 0.779 mL (syringe 2); and 0.85 mL (syringe 3). Average
methane in blank syringe = (0.935 + 0.779 + 0.85)/3 = 0.855 mL.

ii) Plant A syringes: 13 (syringe 1); 12.3 (syringe 2); and 12.5 (syringe 3). Total
methane in syringes (total gas × % methane)/100 = 7.15 mL (syringe 1); 7.01
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mL (syringe 2); and 7.06 mL (syringe 3). Net methane (total methane – 0.86) =
6.29 mL (syringe 1); 6.16 mL (syringe 2); and 6.21 mL (syringe 3).

iii) Plant B syringes: 4 (syringe 1); 4.5 (syringe 2); and 4.3 (syringe 3). Total
methane in syringes (total gas × % methane)/100 = 2.12 mL (syringe 1); 2.36
mL (syringe 2); and 2.28 mL (syringe 3). Net methane (total methane – 0.86) =
3.15 mL (syringe 1); 5.36 mL (syringe 2); and 3.45 mL (syringe 3).

The results can be expressed as: % methane (as per cent of gas produced) = (Net
methane produced/net gas produced)100

Plant A

Syringe 1 = 11.44%
Syringe 2 = 10.81%
Syringe 3 = 11.09%
Average: 11.1%

Plant B

Syringe 1 = 4.0%
Syringe 2 = 4.5%
Syringe 3 = 4.3%
Average: 4.3%

Expression of Results

For “usual” feeds such as hay, concentrate or a mixture of hay and concentrate the
values for percent methane in the syringes range from 16 to 20%. Considering these
values, and based on our experience, the methane reduction potential of plants can
be arbitrarily divided in the following three categories:

i) Low potential, for % methane in gas between > 11% and ≤ 14%
ii) Moderate potential, for % methane in gas between > 6% and < 11%

iii) High potential, for % methane in gas between > 0 and < 6%

In the above example, Plant A will be categorised as having moderate methane
reduction potential and Plant B as having high methane reduction potential.

Notes:

1. Only the samples to be screened are incubated in the syringes.
2. Screening process can be hastened by reducing incubation time to 8 h from 24 h.

From blank syringes, the gas evolved in 8 h is generally low and it is difficult
to measure methane production using infrared methane analyser. Under such a
situation, it is advised to transfer 60 mL rumen fluid medium (instead of 30 mL).
Then half the gas and methane production to arrive at levels corresponding to
30 mL. This approach for measuring methane and gas in blank could also be
useful for 24 h incubations.
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3. Percent methane in the test syringes as displayed in the infra-red methane anal-
yser (without calculation of the net gases i.e. without taking into consideration
the methane and gas in the blank syringes) would also give a rough estimate and
categorisation of plants under investigation, but the adoption of the approach
(i.e. without calculation of net gases) is not advised, since it could give mislead-
ing conclusions, especially in studies illustrated in Section “Screening of plant
extracts or additives in liquid state”.

4. The plants found to be promising through investigations presented in this section
could be evaluated as supplements to the basal diets of relevance to the pro-
duction system by incubating different proportions of the identified plant to the
basal diet. For example, by incubating 380 mg of the basal diet alone or with
19, 38 and 57 mg of the identified plant. The effectiveness of the identified plant
on the basal diet could be determined by comparing the percent methane in the
total gas in the sets without and with the identified plant. Decrease in percent
methane on addition of the plant to the basal diet shows the possible beneficial
effect of the plant on the tested basal diet.

5. Whether the plant identified through the approach outlined in Section “Screening
of plants” has the methane reduction effect that is accountable by merely being
a supplement or by acting on the rumen microbes and thus decreasing methane
from the basal diet, can be studied as follows. Compare the observed and esti-
mated values for methane (as percent of total gas or as mL methane/100 mg
organic matter degraded). The observed values are for the sets in which the
basal diet/substrate is incubated with the identified plant, and the expected val-
ues are the calculated values from the sets where the basal diet/substrates and
the test sample/identified plant are incubated separately ([14] for details). When
the observed and calculated values for methane are similar, the methane reduc-
tion is not through change of microbial fermentation but is a result of the test
plant as a part of the feed; however, when the observed values of methane are
lower than the calculated ones, the plant has decreased methane production from
the basal diet.

Screening of Plant Extracts or Additives in Liquid State

Preparation of Plant Extract

The dry sample is finely ground (preferably using a ball mill) and an extract is
prepared in water and/or aqueous organic solvent. Solvents, which could be tried,
are: 50–70% aqueous methanol, aqueous acetone and/or aqueous ethanol. There is
no standard procedure for preparing the extract; however, a suggested procedure
is to take 1 g of the plant material in a glass beaker and add to it 50 mL of the
aqueous solvent. Sonicate the contents by placing the beaker in a sonication bath
for 20 min. Centrifuge the contents at approximately 5000g for 10 min and collect
the supernatant. Remove the organic solvent using a rotary vacuum evaporator at
a temperature not greater than 40◦C. Lyophilize rest of the material and dissolve
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the lyophilized material in 10 mL distilled water. If the material does not dissolve
in water, sonicate the contents in a sonic water bath to form a uniform emulsion.
Another approach used in UH [14] is extraction by steeping 20 g of plant material
in 400 mL of the solvent. The suspension was stirred overnight and centrifuged
(ca. 3000g for 10 min). The supernatant was collected and methanol (only when
aqueous methanol used) was evaporated in a rotary evaporator. The crude extract
obtained was then lyophilised and recovery was calculated as weight of lyophilised
extract/weight of initial test plant material. The lyophilised material was dissolved
in suitable quantity of water and used for evaluation by injecting a suitable quantity.
Testing of the extract in aqueous organic solvent (without removing the organic
solvent) should be avoided, due to artefacts produced by the organic solvent. In some
situations, where the removal of organic solvents (for example in testing essential
oils) is not possible, minimum amount of organic solvent should be added and the
effect of the organic solvent on rumen fermentation, and methane and gas production
should be well understood.

Reagents

Reagents and their preparation are the same as above.

Weighing of Samples and Preparation of Syringes

Same as above, except that 380 mg of the feed, on which the effect of plant extract
or liquid additive is to be studied, is weighed out in syringes. The feed selected
should be similar to the feed being fed in the practical situations; and the rumen
liquor taken for the in vitro incubation should be from animals fed similar diet.

Note: When the objective is to evaluate the effect of an additive or plant extract, a set
of three syringes containing the feed, the additive/plant extract (preferably < 1 mL)
and 30 mL of the incubation medium form the test set, and the corresponding blank
contains a set of three syringes with the same amount of additive/plant extract as in
the test and 30 mL of the incubation medium (and no feed). A set of three syringes
containing only the feed and 30 mL of the incubation medium forms the control set.

Preparation of In Vitro Rumen Fermentation Buffer Solution and Incubation

Same as previously described.

Total and Net Gas Production

Same as previously described.

Total and Net Methane Production

Same as previously described.
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Calculations and Expression of Results

An Example
Total gas production after 24 h (24 h piston position minus 0 h piston position)

for:

i) Blank syringes (without additive/extract): 5.5 mL (syringe 1); 4.5 mL (syringe
2); and 5 mL (syringe 3). Average of 3 syringes: 5 mL.

ii) Blank syringes (with additive/extract): 7.5 mL (syringe 1); 7.5 mL (syringe 2);
and 7 mL (syringe 3). Average of 3 syringes: 7.14 mL.

iii) Feed without additive/extract: 60 mL (syringe 1); 62 mL (syringe 2); and
61 mL (syringe 3)

iv) Feed with additive/extract: 58 mL (syringe 1); 57.5 mL (syringe 2); and 58 mL
(syringe 3).

Net gas production:

Feed without additive/extract

Syringe 1 = 60 – 5 = 55 mL
Syringe 2 = 62 – 5 = 57 mL
Syringe 3 = 61 – 5 = 56 mL

Feed with additive/extract

Syringe 1 = 58 – 7.14 = 50.9 mL
Syringe 2 = 57.5 – 7.14 = 50.4 mL
Syringe 3 = 58 – 7.14 = 50.9 mL

Using infrared based methane analyser, % methane for:

i) Blank syringe (without additive/extract) after 24 h of incubation: 17 (syringe
1); 17.3 (syringe 2); and 17 (syringe 3). Total methane in these blank syringes
(total gas x % methane)/100 = 0.935 mL (syringe 1); 0.779 mL (syringe 2);
and 0.85 mL (syringe 3). Average methane in blank syringe = (0.935 + 0.779 +
0.85)/3 = 0.86 mL.

ii) Blank syringe (with additive/extract) after 24 h of incubation: 16 (syringe 1);
16.3 (syringe 2); and 16 (syringe 3). Total methane in these blank syringes (total
gas × % methane)/100 = 1.2 mL (syringe 1); 1.22 mL (syringe 2); and 1.12 mL.
Average methane in blank syringe = (1.2 + 1.22 + 1.12)/3 = 1.18 mL.

iii) Feed without additive/extract: 16 (syringe 1); 16.5 (syringe 2); and 15.5
(syringe 3). Total methane in syringes (total gas × % methane)/100 = 8.8 mL
(syringe 1); 9.41 mL (syringe 2); and 8.68 mL (syringe 3). Net methane (total
methane – 0.86) = 7.94 mL (syringe 1); 8.55 mL (syringe 2); and 7.69 mL
(syringe 3).
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iv) Feed with additive/extract: 13 (syringe 1); 12.3 (syringe 2); and 12.5 (syringe
3). Total methane in syringes (total gas × % methane)/100 = 7.15 mL
(syringe 1); 7.01 mL (syringe 2); and 7.06 mL (syringe 3). Net methane (total
methane – 1.18) = 5.97 mL (syringe 1); 5.83 mL (syringe 2); and 5.88 mL
(syringe 3).

Average net methane:

Without additive/extract = 8.06 mL
With additive/extract = 5.89 mL

Percent methane reduction with additive/extract = (8.06 – 5.89) × 100/8.06 =
26.9%

In practical situations, the feed additive is effective in reducing methane pro-
duction if the organic matter degradability of the substrate is not adversely
affected by the additive/extract. Therefore, one has to determine organic matter
degradability. Alternatively the effect of an additive/extract is better appreciated
by comparing: “mL net methane produced/100 mg organic matter degraded”
in presence and absence of additive/extract. For this, one has to determine
organic matter degradability of the feed (detailed procedure is available in
Chapter 7).

If on addition of additive/extract the “mL net methane produced/100 mg organic
matter degraded” has decreased when compared to without its addition, the addi-
tive is effective. Different additives/extract can be ranked based on the extent
of this reduction. Ideally an additive or an extract which decreases “mL net
methane production/100 mg organic matter degraded” the most without affect-
ing organic matter degradability should be the additive of the choice for further
investigations.

The Pressure Transducer Method

In Vitro Incubations

This screening assay, designed to test the efficacy of a phytogenic additive to
decrease methane production in vitro, consists of a series of batch cultures of mixed
ruminal microorganisms [23], in which methane production is measured after the
fermentation of a specific feed substrate. For this technique, a 120-mL Wheaton vial
or serum bottle (Wheaton Science Products, Millville, NJ) is used as the reaction
vessel where ruminal fermentation is simulated in vitro.

The procedure followed for in vitro incubations comprises below-mentioned 4
steps, executed in the sequence listed, before the measurements take place.
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1. Preparation and weighing of feed substrate and plant additive to be tested
2. Preparation of fermentation medium
3. Collection of rumen fluid and dilution with the medium
4. Inoculation of cultures

Preparation and Weighing of Feed Substrate to be Fermented
and Plant Additive to Be Tested

Feed Substrate

Feed substrate is the basal diet that is fermented in the batch cultures. In our screen-
ing assays, and with the aim to have a diet producing a high methane volume per g
of digestible substrate, a mixture of forages and barley (500 g/kg alfalfa hay +
250 g/kg grass hay + 250 g/kg barley grain) is used. However, any other diet
or feedstuff could be used depending upon the objectives of the experimental
work.

The same feed substrate must be used in all the incubation runs for a particular
screening programme. Preferably, a dried (air- or oven-dried at low temperature) and
finely ground (mesh 1 mm in a Culatti mill) feedstuff (or mixture of feeds) should
be used. Samples of feed substrate (500 mg of dry material) are weighed in a “rolled
paper” and transferred into each 120-mL serum bottle.

Plant Additive

Some considerations regarding the plant additive have already been outlined in the
section dealing with general design of assays for the screening of phytogenic addi-
tives. The preparation of the plant additive depends on the physical form of the
product (in a liquid form if it is an extract or as a dry powder if it is the whole plant
or plant parts in the solid state). When an extract or essential oil is used, a small vol-
ume will be dispensed with a precision pipette directly into each bottle. The volume
dispensed depends on the additive used, its activity and its purity in the product to
be tested. If the dose is too low, the response may not be observed and a potentially
interesting additive may be missed. If the dose is too high, it may have non-specific
inhibitory effects on fermentation. The solvent or excipient contained in the product
may be important, as some compounds used with this purpose (methanol, ethanol,
organic solvents) may be inhibitory to ruminal microorganisms.

If raw plant material is used, this should preferably be freeze-dried. If it is not
possible, the sample can be air dried in the dark or oven dried (forced air oven) at
low temperature (50–55◦C). The material is then ground to pass through a screen of
1 mm for better extraction of active compounds contained in the plant matrix when
it is incubated with the buffered medium containing rumen fluid.

The plant to be tested should be weighed separately from the feed substrate and
then transferred directly into the fermentation bottle. In our screening trials, 50 mg
of plant additive are weighed in a precision scale (± 0.1 mg) and added directly to
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the 500 mg of feed substrate into the bottom of the vial, just before dispensing the
buffered rumen fluid.

The dose or rate of addition has to be decided considering the objectives and
design of the experimental work.

Preparation of Fermentation Medium

The next step is to prepare the fermentation medium, consisting of a mixture of
solutions that are prepared in advance following these instructions [15, 30]:

1. Bicarbonate buffer solution: Dissolve 70 g sodium bicarbonate (NaHCO3) and
8 g ammonium bicarbonate (NH4HCO3) in approximately 1 L distilled water
and then make up the volume to 2 L with distilled water.

2. Macromineral solution: Dissolve 12.4 g potassium dihydrogen phosphate
(KH2PO4), 11.4 g disodium hydrogen phosphate (Na2HPO4), and 1.2 g mag-
nesium sulphate (MgSO4.7H2O) in approximately 1 L distilled water and then
make up the volume to 2 L with distilled water.

3. Micromineral solution: Dissolve 1.0 g manganese chloride (MnCl2.4H2O),
1.32 g calcium chloride (CaCl2.2H2O), 0.1 g cobalt chloride (CoCl2.6H2O),
0.8 g ferric chloride (FeCl3.6H2O) in approximately 50 mL distilled water and
then make up the volume to 100 mL with distilled water.

4. Resazurine: Dissolve 0.1 g resazurine in 100 mL distilled water.
5. Reducing solution: Dissolve 1.875 g cysteine-HCl and 1.875 g of sodium sul-

phide (Na2S.9H2O) in 200 mL distilled water, then add 12 mL of 1 N sodium
hydroxide solution (dissolve 4 g sodium hydroxide in 100 mL distilled water for
1 N sodium hydroxide), and finally make up the volume to 300 mL with distilled
water.

Note: The reducing solution should be prepared fresh. Other reagents could be
prepared in bulk and stored at room temperature for up to approximately 1 month.

All the above-mentioned solutions are mixed in a 10-L capacity glass con-
tainer placed on a magnetic hot plate stirrer. A stir bar is placed at the bottom
of the bottle, and CO2 is flushed to purge all air present in the empty bottle.
Then, 1282.5 mL of the bicarbonate buffer solution are poured into the bottle, and
both the magnetic stirrer and the heater of the plate are switched on. From this
time onwards, the medium is kept under continuous agitation (with the magnetic
stirrer), temperature is adjusted at 39◦C and monitored frequently using a digi-
tal thermometer, and the contents are bubbled continuously with carbon dioxide
(CO2 standard grade) to saturate the medium with this gas. Then, macromineral
(1282.5 mL), micromineral (6.5 mL), and resazurin (6.5 mL) solutions, and 2565
mL distilled water are added in this order [15, 30]. Once the medium temperature
is stable at 39◦C, 260 mL of freshly prepared reducing solution are added, keep-
ing the mixture stirring and flushing with CO2. On adding the reducing solution,
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the mixture starts getting reduced (blue colour of the dye changes to pink and then
to colourless; it takes about 15–20 min to complete the removal of any O2 present
in the medium) and the medium thus becomes anaerobic. This will be the time
to add the filtered rumen fluid (1350 mL for the volumes indicated above) to the
medium.

Collection of Rumen Fluid and Dilution with the Medium

Samples of rumen contents (rumen fluid and particulate matter) are collected before
the morning feed from three cannulated sheep (any other ruminant species can be
used), fed a diet of the kind similar to the feed used as fermentation substrate in the
vials. The rumen contents taken from three sheep are mixed and collected in thermos
bottles and transported to the laboratory. Before collecting the rumen liquor, thermos
should have been filled up to the brim with water at 39◦C, and emptied just before
collection of the ruminal samples in them. In the laboratory, rumen contents are
homogenized, strained and filtered through several layers of cheesecloth. It is impor-
tant to keep all glassware at approximately 39◦C and flush them with carbon dioxide
before use (carbon dioxide is heavier than air and hence it remains in the glass-
ware for a reasonable period provided the container is not inverted up-side down).
Generally, rumen fluid is prepared while the medium is being reduced upon the
addition of the cysteine-sulphide solution. The strained rumen fluid is kept at 39◦C
under a continuous flux of CO2 and prepared just before the start of the incubation.
Once the medium is completely reduced (based on observed change in colour) 1350
mL of strained rumen fluid are added to the medium (5400 mL of the mixture as
described above), giving a final volume of 6650 mL (rumen fluid diluted to 20% v/v;
i.e. the final ratio of rumen fluid to medium is 1:4 as suggested by Goering and Van
Soest [15]).

Inoculation of Cultures

The buffered rumen fluid is stirred and flushed with CO2 for another 10 min. In the
meanwhile, serum bottles containing feed substrate and plant additive are kept in an
incubator adjusted at a temperature of 39◦C, and flushed with CO2 to purge any air.
Transfer 50-mL of the buffered rumen-fluid into each bottle using a dispenser or an
automatic peristaltic pump adjusted to dispense 50 mL of liquid (peristaltic pump is
more expensive but more precise and repeatable). Include bottles with feed substrate
but no plant additive (controls) and without feed substrate or plant additive (blanks)
in each incubation run.

Immediately after inoculation, the bottles are closed with butyl rubber stoppers
and crimp sealed with aluminium tear-off cap seals using a hand-held crimper. Then,
vials are shaken vigorously, headspace gas pressure in each bottle is adjusted to
ambient pressure (just by inserting a hypodermic needle through the rubber stopper
to release any gas accumulated) and bottles are immediately placed in an incubator
adjusted at 39◦C. It is estimated that, after some practice, 30 min are required for
filling 100 serum bottles.
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Measurements at the End of Incubation

During the incubation, bottles are shaken regularly by hand until the end of fermen-
tation after 24 h of incubation. This incubation time has been chosen considering the
type of feed substrate fermented (high proportion of forage), the amount of gas and
methane usually recorded under these conditions (based on previous experience)
and the convenience of the timing for inoculation and measurement. The incubation
time can be changed depending on the objectives of the assay. However, the time
chosen must be the same for all the incubation runs of a given screening programme.

At the end of incubation, the volume of gas produced from substrate fermentation
is measured and sampled, the gas composition is analysed, and other fermentation
features are measured to characterize the fermentation pattern.

Measurement of Gas Production Using a Pressure Transducer

A pressure transducer attached to a digital readout voltmeter is used to measure
raised pressure in the headspace of each serum bottle [36]. The transducer is con-
nected to one of the female ports of a disposable Luer-lock three-way stopcock
valve. The male port of the stopcock is connected to a disposable hypodermic
syringe needle. The second (usually the one on the side) female port is connected to
a disposable calibrated plastic syringe of 125 mL capacity (Fig. 10.1).

When incubation is finished, gas pressure in the headspace is measured after
insertion of the hypodermic syringe needle through the butyl rubber stopper into
the bottle headspace. The three-way stopcock is in the position where the needle
male port and the transducer port are directly connected, whereas the syringe port is
closed. In this position, the pressure in the headspace is measured by the transducer
recording the value shown in the display unit. Most transducers measure pressure
above atmospheric pressure, and in units of pounds per square inch (psi). Then,
the stopcock is turned to open the link to the syringe so all the three ports of the
valve are opened. In this position, the syringe plunger is gently pulled out so the
gas accumulated in the bottle headspace is displaced into the syringe barrel. The
value shown in the digital display unit will decrease progressively. When the head-
space gas pressure is returned to ambient pressure, as indicated by a reading of zero
on the display unit, it can be assumed that all fermentation gas accumulated in the
headspace has been collected in the syringe. Then, the stopcock is rotated again
closing the needle male port, and the pressure transducer assembly is withdrawn
from the bottle closure. The volume of gas collected in the syringe can be recorded
considering the position of the plunger in the scale of the calibrated syringe. It is
important that the temperature of the headspace gas remains unaltered during the
measuring period.

A mathematical approach has been suggested to calculate gas volume from
the headspace pressure recordings [25], so that only pressure measurements are
required. This approach is based on Boyle’s law, which states that volume (V, mL) is
inversely proportional to pressure (P, psi) at a given temperature, i.e. V ∝ 1/P. This
relationship means that pressure increases as volume decreases, and vice versa, and
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Fig. 10.1 Measurement of gas production in gas-tight culture bottles by measuring changes in
pressure in the headspace using a pressure transducer (G = volume of gas produced recorded in
the syringe; Vh = headspace volume; Pa = atmospheric pressure; Pt = pressure measured by the
transducer above Pa)

that the product of pressure and volume at a given temperature is constant. Initial
values (before withdrawing the gas) for P and V are the pressure (Pt, psi) measured
by the transducer (above atmospheric pressure Pa psi) and the headspace volume
(Vh, mL), respectively. After all the gas is withdrawn from the incubation bottle,
the pressure is restored to atmospheric pressure (Pa, psi), the total gas volume is
the sum of the headspace volume (Vh, mL) plus the volume recorded in the syringe
where the gas is collected, i.e. the actual volume of gas produced (G, mL) during
incubation. Therefore:

(Pt+Pa)Vh=Pa(Vh+G),

allowing calculation of G from Pt using the expression:

G = Vh

Pa
× Pt.
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This expression has been evaluated using gas production data recorded at the
University of León (Spain). Considering the nominal volume of the Wheaton bottles
used (120 mL) and the volume of the incubation medium (10 mL rumen fluid + 40
mL buffer and mineral solution), the calculated volume of the headspace (Vh) is
70 mL. Considering that out laboratory is situated at an altitude of 850 m, average
Pa> at this location is, on average, 13.1 psi. With this information, the theoretical
relationship between G and Pt in our laboratory is:

G = 70

13.1
× Pt = 5.34 Pt.

This relationship will have to be adapted accordingly if different serum bottles
are used or if the volume of incubation medium is different, and bearing in mind
that atmospheric pressure will be different at a different location.

Sampling of Gas

Once total gas production has been recorded, a representative sample of the gas
produced has to be taken for subsequent analysis. Sampling is conducted using
special gas-tight glass syringes provided with removable needles (pressure-lock
gas syringes Series A-2 with matching needles; Valco Instruments Co. Inc. (VICI)
Precision Sampling; Baton Rouge, LA, USA; www.vici.com/contact.htm). These
syringes are fitted with a push-button valve allowing for sample locking and storage
within the syringe.

A sample can be taken directly from each bottle headspace, after inserting the
needle through the septum of the stopper, taking a sample in the syringe and clos-
ing the valve. Therefore, it is assumed that gas composition will be the same
in the gas released and in that remaining in the headspace. This procedure is
followed provided the samples can be analysed immediately after the sample col-
lection. If this is not the case, samples can be collected in 10-mL glass vacuum
airtight tubes (Vacutainer R© from Becton, Dickinson & Company, Franklin Lakes,
NJ, USA; www.bd.com or Venoject R© from Terumo Europe, Leuven, Belgium;
www.terumo-europe.com). In this case, once the headspace gas has been collected
in the calibrated syringe connected to the three-way stopcock, the syringe contents
are injected into the vacuum tube for taking a gas sample. It is important to inject
a volume of gas greater than the capacity of the sampling tube, so that contents in
the vacuum tube are pressurized. This will avoid the entry of air from outside. It is
important to take samples in duplicate, to check for any leak of gas from the air-
tight tube during storage. At the time of analysis, a sample of gas is taken from the
sampling tube using the special gas-tight syringe by inserting its needle through the
rubber septum of the vacuum tube.

Finally, the needle of the gas-tight syringe can be inserted into the injection port
of the gas chromatograph, the valve opened and the sample injected.



212 S. López et al.

Analysis of Methane in Fermentation Gas

Methane is measured by gas chromatography, following the methods described in
detail by López and Newbold [24]. Briefly, methane content in fermentation gas
is determined using a Shimadzu GC-14 B GC (Shimadzu, Japan) equipped with
CarboxenTM 1000, 45/60, 2 m × 1/8" column (Supelco, USA) and flame ionization
detector. Temperatures are 170, 200 and 200◦C in column, injector and detector,
respectively and carrying gas (He) flux is adjusted to 24 mL/min. Each gas sample
(300–500 μL) is manually injected using Pressure-Lok R© syringes A-2 Series of
500 μL (Supelco, USA). Methane content in samples (mmol methane/mol gas) is
calculated by external calibration, using a certified gases mixture with (per L) 100
mL CH4, 250 mL N2, 50 mL H2 and 600 mL CO2 (Carburos Metálicos, Spain).

Fermentation Pattern

Although the main target of the screening assays reported herein is methane pro-
duction, other features of in vitro fermentation can be measured to examine if
any significant shift in the fermentation pattern may have occurred, explaining the
changes in methane production.

Thus, once gas production has been measured and a sample of gas collected from
the headspace, the protocol followed in our laboratory is described stepwise.

Bottles are swirled on ice to stop fermentation and opened to measure pH of the
incubation medium. A sample of supernatant (0.8 mL) is taken for short chain fatty
acid analysis. This sample is mixed thoroughly with 0.5 mL of a solution containing
20 g metaphosphoric acid and 4 g crotonic acid per litre of 0.5 N HCl. This is an
acidifying and deproteinising solution, and crotonic acid is an internal standard to
quantify the concentration of short chain fatty acid from the chromatogram peaks.
This mixture is centrifuged at 20,000g for 10 min (4◦C) and transferred to gas chro-
matography vials. In our laboratory, a Perkin Elmer Autosystem XL GC (Perkin
Elmer Inc., USA), equipped with a semi-capillary, TR-FFAP, 30 m × 0.53 mm ×
1 μm column (Supelco, USA), flame ionization detector and auto-sampler is used.
Temperatures are 140◦C in the column and 250◦C both in the injector and the
detector, and carrier gas (He) flux is adjusted at 13 mL/min. Each sample (1 μl)
is injected automatically with split ratio of 1/3. Chromatograms are integrated using
software Star Chromatography Workstation 6.2 (Varian Inc., USA). For calculation
of short chain fatty acid production, concentration of acids in the initial mixture of
buffered rumen fluid dispensed into the bottles should be known. This amount ini-
tially present in the bottles is subtracted from the amount measured at the end of
incubation, to estimate the short chain fatty acid produced during the incubation.

Finally, all contents remaining in the bottle are filtered through sintered Pyrex R©
crucibles (pore size number 1), and the residue recovered is oven-dried (100◦C for
48 h). A sample of the dry residue is collected and weighed in F57 ANKOM filter
bags for extraction with neutral detergent solution (100◦C for 1 h) in an ANKOM
fibre analyzer (ANKOM Technology Corporation, USA). The residual neutral deter-
gent fibre (NDF) is used for calculation of true DM and NDF in vitro degradability.
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Neutral detergent fibre in the substrate, plant additives and incubation residues (in all
cases expressed inclusive of residual ash) is determined using the procedure of Van
Soest et al. [38], using sodium sulphite, but not α-amylase, in the neutral detergent
solution.

With all the information obtained, it is possible to evaluate if decrease in
methane is due to a specific effect on methane production mechanisms or could
be attributed to non-specific inhibitory effects of the plant on ruminal fermentation
(i.e. if methane is reduced just because ruminal fermentation has been depressed).
Methane, gas and short chain fatty acid production can be expressed not only per g
of DM incubated, but also per g of DM digested. The partitioning factor (mg DM
digested/ mL gas), suggested by Blümmel et al. [3] as an indicator of fermenta-
tion efficiency, can also be calculated. The molar proportion profile of short chain
fatty acid can be examined, in particular effects on acetate to propionate ratio and
molar proportion of propionate. A decrease in methane is usually accompanied by
an increase in propionate. The molecular hydrogen generated in ruminal anaerobic
fermentation is disposed of mainly through methane production, and it may be inter-
esting to evaluate H balance in the fermentation system. According to Demeyer and
Van Nevel [9], H recovery is:

mol H utilized/mol H produced, where:

H utilized = 2P + 2B + 4 M,

and

H produced = 2A + P + 4B,

with A, B, M and P being mol of acetate, butyrate, methane and propionate
produced, respectively.

Calculations

Total and Net Production of Gas and Methane

Total gas production is the volume of gas measured from pressure recordings in the
bottle headspace as described above. Net gas production is calculated by subtracting
average value of the blanks from that of each test bottle.

The volume of methane (M, mL) produced at the end of the incubation can be
calculated from the volume of gas and the gas composition data as:

M = (G + Vh) C,

where:

G is the volume (mL) of total gas produced at the end of the incubation,
Vh is the volume (mL) of the headspace in the serum bottle,
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C is the percentage or proportion (mL methane/mL gas) of methane in the
analysed sample.

It is assumed that the gas is homogeneously mixed, and thus the composition of
this gas remaining in the headspace at end of the incubation is the same as that of the
gas withdrawn from the bottle. Net methane production is calculated by subtracting
average value of the blanks from that of each test bottle.

The approximate amount of gas or methane produced (in mmol) can be calcu-
lated applying the ideal gas law:

PV = nRθ ,

n = PV

Rθ
,

where:

n is the amount of gas or methane (in mmol),
P is the atmospheric pressure (in atm),
V is the volume of gas or methane (in mL),
R is the gas constant (0.082 L × atm/[mol × K]),
θ is the absolute temperature (K).

If P = 1 atm and θ = 273 K, then one mol of any gas occupies 22.415 L of
volume.

Expression of Results and Statistical Evaluation

The analysis of data involves the calculation of a number of parameters, starting
with mean (μ) and standard deviation (σ ) of values of methane production recorded
in test (with a particular plant additive added) and control (with substrate but no
plant additive) bottles. When several incubation runs are required to complete a
screening programme (the number of plant additives to be tested is so large that it is
not possible to test all of them in a single batch), each plant will have to be compared
with the corresponding control of the same incubation run. From this, it is possible
to assess the effects of a particular plant additive (compared with the control) using
different approaches [26].

Absolute effect (also called specific signal or signal window) is just the difference
(D) between test and control values:

D = μtest − μcontrol

This can also be calculated for each individual replicate (i), and then the average
effect calculated.
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Relative (R) effect (also called signal to control) provides an indication of the
comparative separation between test and control means:

R = μtest/μcontrol

If R equals unity, test value is identical to control, lower values indicate a decreas-
ing production in the test treatment and values higher than one indicate that methane
has been increased in response to the plant additive.

The effect of each plant additive (difference to the control) can also be expressed
as the relative (percentage) increase (positive) or decrease (negative) in relation to
the control average value of that incubation batch:

R′ = (μtest − μcontrol)/μcontrol

Expressed in percentage, this parameter provides the percentage of change
(increase or decrease) observed in the test bottles compared with the control values.

Statistical evaluation of the differences between mean values of the test and con-
trol sets is compromised by the small number of replicates. Thus, the decision of
whether a plant has caused a significant decrease in methane production may be
a matter of personal judgment on the grounds of previous expertise. For instance,
based on the experience acquired in our laboratory, we could say that a plant caus-
ing a relative decrease (R′) of 15% or higher can be considered a promising plant
additive deserving further investigation.

Pharmaceutical researchers use statistics to assess the differences between plant
tested and control in screening of compounds to be used as new drugs [26]. One of
them is called “signal to noise” (S/N) ratio, calculated as:

S/N = (μtest − μcontrol)/σcontrol

A more powerful statistics, as a relative indication of the separation between
signal (plant tested) and control, and a useful way of assessing the statistical
performance of an assay is Z′ factor, calculated as:

Z′ = 1 − 3 (σtest + σcontrol)

|μtest − μcontrol|
Z′ factor is a dimensionless parameter, with a maximum value of one for an

infinite difference, whereas both values overlap when Z′ ≤ 0. Nevertheless, the
acceptance criterion (value of Z′ indicating a sample can be considered a positive
hit) has to be established based on previous experience.

Some statistical approaches can be applied, from a more liberal to a more con-
servative perspective. A Student t-test can be used to compare means of test and
control sets using all individual values, but it has to be taken into account that
small differences may reach statistical significance using this approach. Finally, one-
way analysis of variance (ANOVA) can be performed with all data recorded, with
plant additive as the only source of variation. Contrast analysis allows us to test the
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statistical significance of predicted specific differences in particular parts of our
complex design (comparison between a specific plant and the control). Every plant
additive included in the analysis can be compared with the control using the Dunnett
test (designed for multiple comparisons with control). Tests for multiple compar-
isons of means can be used, although given the small replication it is recommended
to choose the most conservative tests (Bonferroni, Scheffe’s), with which a wider
difference between the means is required to declare statistical significance. It is
important to bear in mind that the primary goal of this sort of screening is to distin-
guish accurately the “hits” from the “nonhits” in a vast collection of samples, and
thus only plant additives showing a remarkable effect in the screening assays are
expected to produce a substantial effect of practical significance in vivo.

Example

Table 10.1 shows data from an assay in which three plant additives were screened,
each in triplicate. Results are mmol methane produced (net production after
subtracting blank) after 24 h of incubation per g of digested dry matter.

From the results shown in Table 10.1, it can be concluded that plants 1 and 3
cause a substantial decrease in methane production (of 15.7 and 36.1% relative to
control, respectively), whereas with plant 2 a very slight increase (of 2.4 %) com-
pared with control was observed. Parameter S/N is an indication of the magnitude
of the difference between plant and control means relative to the variability among
control observations. Z′ parameter is even more cautious, and in this case it can be
interpreted that plant 1 and 2 are not positive hits in the screening (negative values
indicate that test and control values are overlapping), whereas plant 3 is slightly
different from control.

Table 10.2 shows the results of a pair-wise (each plant vs. control) Student t-test.
Differences between plant 1 or plant 3 and control were significantly different (P <
0.05), whereas plant 2 had no effect on methane production.

Table 10.1 Methane produced (mmol/g digested dry matter) in control and test sets of batch
cultures and derived statistics (see text for details)

Control Plant 1 Plant 2 Plant 3

Bottle 1 1.92 1.70 2.30 1.41
Bottle 2 2.06 1.65 1.90 1.19
Bottle 3 2.15 1.82 2.08 1.32
Mean 2.04 1.72 2.09 1.31
Standard deviation 0.116 0.087 0.200 0.111
Standard error 0.067 0.050 0.116 0.064
Coefficient of variation 5.7 5.1 9.6 8.5
D –0.32 0.05 –0.74
R 0.843 1.024 0.639
R′(%) –15.7 2.4 –36.1
S/N –2.76 0.43 –6.36
Z′ –0.91 –17.97 0.08
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Table 10.2 Comparison between control and test sets using pair-wise Student t-test

Control Plant 1 Plant 2 Plant 3

Mean 2.04 1.72 2.09 1.31
Student t-tests
s.e.d. 0.084 0.134 0.092
P = 0.019 0.727 0.002

Table 10.3 Comparison between control and test sets from ANOVA

Test for multiple comparison of means Minimum significant difference

Dunnett test 0.319
Bonferroni test 0.385
Scheffe’s test 0.386

Results of an ANOVA performed are shown in Table 10.3. This analysis shows
that effects of plant additives are highly significant (P < 0.001). The multiple
comparison of means (s.e.d. = 0.111) shows that Bonferroni and Scheffe’s tests
are more rigorous to declare a difference statistically significant (a larger minimum
significant difference). Using the Dunnett test, both plants 1 and 3 would be sig-
nificantly different from control, whereas with Bonferroni and Scheffe’s tests only
plant 3 would have a significant effect on methane production.

In Vitro Continuous Fermentation System (RUSITEC)

The RUSITEC (Rumen Simulation Technique) system is a continuous fermenta-
tion system designed by Czerkawski and Breckenridge [7], ideal to screen and in
depth evaluate up to 8 different plants or plant extracts for their anti-methanogenic
potential in the rumen. Many such investigations have been carried out in various
laboratories using the RUSITEC system [1, 11–13, 17, 18, 33–35, 39].

Preparation of Nylon Bags and Experimental Feed

In the RUSITEC, feed is supplied and incubated inside porous polyester (nylon or
Dacron) bags. It is advisable to prepare new bags for each experiment as besides
contamination, nylon fabric might get stretched due to washing and squeezing.
This could possibly change pore size of the fabric. Nylon fabric (e.g. from Nitex
03-100/32; Sefar AG, Heiden, Switzerland) of 100-μm pore size is recommended.
The nylon cloth is cut in the dimensions of 145 × 150 mm. The longer side of
the fabric should be folded once and the borders on the two sides should be sewed
together using polyester thread in a way to get a bag size of 70 × 140 mm with an
outside border of about 5 mm. Bags can also be made by heat-sealing. Bags should
be washed with cold tap water before being used in the fermenter. If bags have been
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already used previously, it is necessary to wash them thoroughly to avoid contami-
nations with feed residues. Cable clips can be used for closing the open end of the
bags after inclusion of the feed.

Experimental feed has to be chopped to simulate the chewing activity of the
ruminant preceding the arrival of the feed in the rumen. A sieve size of 5 mm for
dry roughage seems to be ideal for incubation in the nylon bags. For the concentrate
a smaller sieve (3 mm) should be used to ensure that all the grains are broken up.
Substantial moisture-containing feeds, such as silage and green forage, should be
frozen and chopped to particle sizes of 5–10 mm in a food mixer equipped with
cutting blades. An amount of 15 g dry matter of experimental feed was observed
to be the most suitable daily portion when using dry feed. When using bulky high
moisture feeds, such as silage and green forage, limitation might be imposed by
their high packing density, and the daily amount of feedstuff to be incubated has to
be determined by filling and weighing the full nylon bags (see Note 2).

Before the experiment starts, all experimental feed portions for daily administra-
tion into the fermentation system should have been weighed into weighing bowls
using analytical balance, and then nylon bags for each experimental day can be
filled up (with the help of a funnel and a brush to avoid any feed losses while trans-
ferring) and stored until incubation. This is necessary because the dry matter content
of the feed might change during the experiment and therefore the amount of feed
added to the fermenter can change when preparing the feed portions during the
experiment. Feeds such as silage and other high-moisture feedstuffs should be kept
frozen until the day of their incubation. Addition of frozen feeds to the fermenter
should be avoided. Frozen feeds should be taken out from the freezer for thawing
approximately 4 h before transferring them to the fermenters.

Notes:

1. Regarding feedbag cloth pore size, it has to be considered that the size of the
ruminal microbes varies between 1 and 13 μm length × 0.5–1 μm diameter to
70–120 μm length × 35–70 μm diameter for bacteria and protozoa, respectively.
This means that a pore size of 100 μm is too small to allow the largest ciliate
protozoa having access to the feed while all other microbes can enter and, at
the same time, losses of feed particles are still tolerably low. This pore size was
recommended by Carro et al. [5].

2. When using silage or high moisture feeds, it might be necessary to test in advance
the appropriate amount which needs to be filled into the nylon bags; since stuff-
ing in the nylon bag with feed might lead to reduced nutrient degradability due
to limited access of the microbes to the diet, while a feed amount too low may
result in an insufficient level of fermentation.

Preparation of Plant Additive

The plants or plant extracts are often available as powders, extracts or oils. Plant
powder can be added to and mixed with the daily feed portion and thus added to
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the fermenter in the nylon bags. With this approach, however, dry matter disappear-
ance (degradability) of experimental feed cannot be measured separately, as some
residual matter in the bag will correspond to the candidate plant material. Thus, at
the University of León, an alternative approach is used. Feed substrate is weighed
in nylon bags and, in addition, the candidate plant (as a powder) is weighed in small
synthetic cloth bags, such as F57 Ankom filter bags (5 × 5 cm, porosity 25 μm),
although other filter bags can be used (with porosity up to 50 μm).

The dose of plant additive to be used in the test fermenters has to be decided con-
sidering a number of factors such as physical form of the additive (powder, extract,
oil), type and concentration of active compound (if known) in the plant or extract,
amount of feed incubated (dose may be calculated per g of substrate incubated), vol-
ume of the fermentation unit (dose may be calculated to reach a given concentration
in the fermenter) and dilution rate in the fermenter.

The plant products in a liquid form (e.g., plant extracts) – mostly to be adminis-
tered in small amounts – can be added as a pulse dose directly to the incubation fluid
(rumen fluid/buffer solution mixture) during the process of the daily feed adminis-
tration to avoid any losses. Oils and essential oils can be previously dispensed over
the feed substrate or adsorbed onto inert carrier substances such as Isolute (Isolute
HM-N; International Sorbent Technology Ltd., Hengoed Mid Glam, UK) to avoid
the oil from being flushed out of the nylon bag. Once on the carrier, the substance
can be added to the daily feed portion like the powders. Another mode of applica-
tion of plant extracts could be via the buffer solution. The plant extracts are added
to and dissolved into the buffer solution and infused into the fermenter at a contin-
uous rate throughout the day. Using this approach, dilution of the extract as a result
of incubation fluid turnover can be avoided. It has also to be considered that this
approach simulates a continuous application of the additive, in contrast with a sin-
gle application when the additive is added to the basal feed, and extrapolations to
feed supplementation might be restricted.

Preparation of Incubation Medium

Reagents

Buffer Solution

The buffer solution commonly used in the RUSITEC is a so-called artificial saliva
solution (simulating the ruminant’s saliva) proposed by McDougall [29].

The final buffer solution is composed of a bicarbonate-phosphate buffer solution
(Solution A) and a micromineral solution (Solution B).

• Solution A: Dissolve 49 g sodium bicarbonate (NaHCO3) and 23.38 g disodium
hydrogen phosphate dihydrate (Na2HPO4.2H2O) in 4950 mL distilled water.

• Solution B: Dissolve 47 g sodium chloride (NaCl), 57 g potassium chloride
(KCl), 5.3 g calcium chloride dihydrate (CaCl2.2H2O), and 12.8 g magnesium
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chloride hexahydrate (MgCl2.6H2O) in approximately 500 mL distilled water
and then make up the volume to 1 litre with distilled water.

To 4950 mL of solution A add 50 mL of solution B drop-wise with the help of
a titration pipette, otherwise the minerals in the solution might precipitate. While
solution A should be prepared daily, solution B can be stored in a cool place for up
to one month.

Prepare fresh buffer solution each day (daily requirement is 500–550 mL per
fermentation unit).

Collection of Rumen Fluid and Solid Inoculum

Rumen fluid is collected from one or more rumen-fistulated animals. When two or
more animals are used, rumen fluid should be pooled upon collection. The donor
animal(s) should be fed a mixed diet consisting of forage and concentrate to ensure
the presence of fibrolytic, amylolytic, and proteolytic bacteria. Rumen fluid should
be kept anaerobic, out of light and at the animal’s body temperature during its
transportation to the laboratory. Therefore glass flasks, pre-warmed in water bath
to approximately 39◦C, are filled up to the brim with rumen fluid, sealed with a lid,
and transported in an isolated box heated with water. An alternative can be the trans-
port in thermo glass flasks or similar systems keeping rumen fluid at animal’s body
temperature and in an anaerobic atmosphere. Approximately one litre of filtered
rumen fluid is needed to set up each fermentation unit of the RUSITEC system.

Solid rumen inoculum (i.e. particulate rumen contents) is taken from the rumen
using a cable grabber (needed only in case of small fistulae, while with large fistulae
it can be taken by hand), put in a pre-warmed glass flask (39◦C) and filled up to the
brim with rumen fluid to keep it anaerobic. Solid rumen inoculum helps to rapidly
establish stable conditions in the fermenter system as it is a good source of microbes,
which are firmly attached to the (fibrous) particles.

Notes:

1. RUSITEC fermenters require a large amount of rumen fluid and therefore the
ideal donor is cattle. Investigations using rumen fluid from small ruminants are
only possible when several fistulated animals are available or when the animals
are slaughtered.

2. In contrast to the rumen fluid used in the syringe-based short-term incubation in
the gas method; rumen fluid for RUSITEC studies can be collected after morning
feeding.

Description of the RUSITEC Fermentation System

The original RUSITEC was designed and described in detail by Czerkawski and
Breckenridge [7] and was modified in the meantime [27]. The system, comprising
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Fig. 10.2 Schematic representation of the Rumen Simulation Technique (RUSITEC)

the fermentation unit (or reaction vessel) as the main part and other required attached
elements, is shown in Fig. 10.2.

The RUSITEC fermentation system consists of the following elements:

i. A container (12) for artificial saliva (5 L capacity). The artificial saliva is con-
tinuously infused into each fermentation unit (1a) using a peristaltic pump (8)
for precise supply of buffer solution. Connection tubing between container and
the pump and from the pump to the fermentation unit (14) are required.

ii. Fermentation unit consists of a gas-tight 1 L fermenter (or reaction vessel) (1a)
closed with a fermenter top (1b) or a screw cover. This fermenter is usually made
of glass, translucent plastic or resinous material (such as Perspex or methacry-
late) and is placed in a water bath (2) maintaining a constant temperature of
39◦C with the help of a heating system (3). Thus, incubation fluid is at an incu-
bation temperature of 39◦C. The fermenter has an inlet at the bottom of the
cylinder (14) for the infusion of saliva. Artificial saliva is stored in a container
(12) and continuously pumped with into the fermenter with the help of a peri-
staltic pump (8). A perforated feed container (6) with a screw cap and made of
glass or plastic material is put inside the fermenter. Feed is incubated in nylon
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bags (7) that are placed into the container. The fermenter is filled with incu-
bation fluid (13) composed of a mixture of rumen fluid and artificial saliva in
which the feed container is submerged.
The fermenter top has two outlets, one connected to a 3-way valve (11) for
sampling incubation fluid, and the other (16) connected to the outflow tube (15).
Out flowing incubation fluid and gas generated during fermentation leave the
fermenter through this overflow outlet (16).

iii. A motor (5) is connected to an eccentric (17), and this in turn to a stainless-steel
rod (4) passing through the fermenter top and linked to the feed container. The
motor drives the entire device to transmit motion with the final result that feed
containers are moved up and down inside the fermenters, simulating ruminal
movements and causing a continuous mixture of the incubation fluid (13).

iv. Incubation fluid is flowing out of the fermenter through the overflow outlet
to a flask (9) in which all the daily effluents from a fermenter are collected.
Fermentative activity in the effluent collection flasks has to be stopped immedi-
ately. In the system used in ETH-Zurich, the flasks are placed in an aluminium
block and cooled immediately to –20◦C (not shown in the schematic illustra-
tion). Another possibility is to add acids to the flasks that act inhibiting the
ruminal microbes. The effluent collection flask is tightly sealed (18). Gas gen-
erated in the fermenter also streams into the collection flask and from there
through tubing to a gas-tight bag (10) of 8-L capacity (tecobag, PETP/AL/PE:
12/12/75 quality; Tesseraux Container GmbH, Bürstadt, Germany). All tubing
used in the system has to be impermeable to gas to avoid any gas leakage.

Setting Up of the Fermentation Units

Before starting the incubation, the water bath of the RUSITEC system (into which
the fermentation units are placed into) is to be heated to 39.5◦C. McDougall buffer
solution (artificial saliva) is dispensed (100 mL) into each fermenter. Fermentation
units used in each RUSITEC system are set up subsequently, one at a time, to ensure
that ruminal microbes are never exposed to oxygen or low temperatures for too long.
Prior to inoculating each fermentation unit, rumen fluid collected from the animals is
strained through 4 layers of medicinal gauze (1000 μm pore size, Type 17; MedPro
Novamed AG, Flawil, Switzerland) or one layer of cheesecloth to get rid of feed
particles. Afterwards, strained rumen fluid is transferred into each fermenter (900
mL rumen fluid is needed for a 1 L fermenter to get a buffer solution to rumen fluid
ratio of about 1:9 when incubation is started). On the first day of the incubation 2
nylon bags, one containing the experimental feed and the other containing about
50 g fresh solid rumen inoculum, are inserted separately into the perforated feed
container, which then is placed into the fermenter. Then the fermenter is immedi-
ately sealed with the fermenter top. Then the gas phase of the fermentation unit
(i.e., the headspace of the fermenter top, overflow tubing and effluent collection
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flask) is flushed with gaseous nitrogen to purge it from air (in particular oxygen)
and establish anaerobic conditions. Therefore, a tube connected to a cylinder con-
taining gaseous nitrogen is plugged to the tube connecting the tecobag with the
effluent collection flasks. Gaseous nitrogen flushes through the incubation unit for
3 min at a gas flow rate of 3 L/min. The 3-way valve, situated at the fermenter
top, is used as the gas exit port during flushing and has to be opened to main-
tain gas circulation with a constant flow. After this flushing, the 3-way valve is
closed, and the gas tecobag is attached to the tube connected to the effluent collec-
tion flask, so all the system is hermetically sealed. The motor unit is switched on,
so feed containers are continuously moved up and down inside the fermenters at
8 cycles per minute, simulating ruminal movement. McDougall buffer solution is
infused continuously into the fermenter through a tube connecting the saliva con-
tainer to the fermentation unit via a peristaltic pump. When using a 1 L fermenter
the average buffer solution flow rate is about 500 mL/day (fractional dilution rate of
0.020–0.025/h), which is controlled with a precision peristaltic pump (e.g., ISM444;
Ismatec SA, Glattbrugg-Zurich, Switzerland) and small tubing (e.g., Tygon LFL,
0.48 mm ID; Ismatec SA, Glattbrugg-Zurich, Switzerland). With buffer solution
continuously flowing into the fermenters, the liquid surplus overflows through the
outlet situated on the fermenter top and is transferred to the effluent collection flask.
In the system set up in ETH-Zurich, all the collection flaks are placed in freezing
units, insulated containers (aluminium frame wrapped with expanded polyethylene)
whose contents (a coolant solution with a freezing point of –40◦C) are chilled to
–20◦C using a freezing machine (e.g., Werner Kuster AG, Zurich, Switzerland).
Collection flaks are immersed into the coolant, so effluents are immediately cooled
down to stop all fermentation processes in this effluent fluid. Along with the effluent
fluid, the fermentation gases released are evacuated from the incubation unit through
the overflow outlet. The fermentation gas is collected in the gas-tight tecobags. If
necessary, the 3-way valve can be used to take samples of the incubation fluid for
various analyses.

Notes:

1. The pH of the fermentation medium can be varied by changing the buffer type
(salt concentrations) and buffer flow rate through the peristaltic pump. Some
microorganisms (in particular protozoa) may be washed out from the fermen-
tation unit with higher dilution rates. Using a higher buffering capacity buffer
allows decreasing the buffer flow rate while keeping the pH of the incubation
fluid constant, thus reducing the washing out of rumen protozoa.

2. Instead of using gaseous nitrogen to flush the incubation fermenter system, car-
bon dioxide can also be used depending on whether or not fermentative carbon
dioxide needs to be quantified.

3. It is important to always use tubing with a low gas diffusion rate for carbon
dioxide, to avoid losses of carbon dioxide from the fermentation system.



224 S. López et al.

Daily Feed Supply to the Fermenter

The feed supply to the fermenter system takes place at the same time every day
for each of the fermenters (i.e. maintain the same filling routine). Before opening
the fermenter top, the incubation unit should be flushed with gaseous nitrogen to
make sure all the fermentation gases are quantitatively collected in the fermentation
gas collection tecobags. For this, a nitrogen gas cylinder is connected to the fer-
menter top (to the three way valve that is also used for daily collection of incubation
fluid to be analysed) and nitrogen (3 L/min) is flushed through the system for 30
s. After 30 s of flushing, the tecobag are closed, disconnected from the system and
replaced with an empty tecobag. The total amount of gas collected in the tecobags
therefore consists of the fermentation gases diluted by gaseous nitrogen from the
flushing of the system. Thereafter the fermenter top can be opened and the perfo-
rated feed container with the 2 nylon bags carrying the respective feed treatment
can be removed from the fermenter. From the 2 feedbags only the one already incu-
bated for 48 h should be replaced by a nylon bag containing fresh feed. To keep the
loss of incubation fluid and of ruminal microbes as low as possible, the nylon bag
already incubated for 48 h should be squeezed over the open fermenter while being
rinsed with 50 mL of pre-warmed (39◦C) buffer solution. The nylon bags removed
from the fermenters are then washed in a commercially available washing machine
(using cold water, without spin cycle) to remove the microbes still attached to the
non-digested feed. The bags are frozen and stored at –20◦C. This removal of the
microbial nitrogen is important in order to avoid underestimation of protein (and
organic matter) degradation of the feed. After exchanging the feedbags, the feed
containers are re-inserted into the fermenters and fermenter tops are closed. The
liquid outflow flask, whose content has to be determined after thawing for its liq-
uid volume, is replaced with an empty flask. Finally, the closed incubation system
should be flushed with gaseous nitrogen again for 3 min (3 L/min) to re-establish
anaerobic conditions.

Notes:

1. It is important that during supply of the feed, the fermenter is opened only for a
short time to limit the exposure of the microbes to oxygen. On average, time for
feed supply should not exceed 4 min (time when the incubation fluid is exposed
to air) per fermenter. If the fermenter has to be kept open for a longer time,
the incubation fluid surface should be flushed with gaseous nitrogen or carbon
dioxide as long as the fermenter is open.

2. After the first 5 days of incubation (adaptation time for the ruminal microbes
to the experimental feed and RUSITEC fermentation conditions), steady-state
conditions are reached. Under favourable conditions, the microbial ecosystem
in the fermentation units can be kept stable for another 15 days (20 days of
incubation in total). Generally a total incubation period of 10 days, with a 5-day
measurement period after an adaptation period of 5 days) is adequate for testing
the plant or plant extracts.
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Measurements and Laboratory Analyses

Gas and Methane Production and Composition

The fermentation gases produced during the 24 h of incubation are quantitatively
collected in the tecobags by flushing the system with gaseous nitrogen, meaning
that the fermentation gas collected in the tecobags is diluted with nitrogen. The total
volume of gas in the tecobags is quantified by water displacement using a water-
filled 5 litre-flask connected to the tecobag. The amount of water replaced in the
flask by the gas is measured with a graduated cylinder or with a second flask placed
on a balance. Although the solubility of carbon dioxide in water is very high (0.76
mL/mL water at 25◦C) a loss of carbon dioxide due to its solubility and, conse-
quently, the underestimation of fermentation gas volume is not to be expected when
following the recommended procedure. In this procedure, the flask water is used
during the whole experimental period and therefore it gets saturated with carbon
dioxide after the first 3–4 days of each experimental run. The data from these 4 days
are not considered in the statistical evaluation anyway since the microbes in the fer-
mentation unit need 4–5 days of adaptation to the dietary treatment. Optionally the
water in the flask can also be saturated in advance by flushing with carbon dioxide.

An entirely different approach would be measuring the gas volume with a gas
flow meter. At the University of León (Spain) a RITTER R© wet-test (drum-type) gas
flow meter (Ritter Apparatebau GmbH & Co. KG Bochum, Germany) is used to
measure and record gas volume and gas flow rate. This wet-test gas meter functions
upon the principle of positive displacement. The sample gas stream rotates a measur-
ing drum within a packing fluid (usually water or low viscous oil), and a needle-dial
and counting mechanism, coupled to the rotating drum, records the volume of gas
flow.

A sample of gas is taken directly from the tecobag and analyzed for the con-
centrations of methane, hydrogen and carbon dioxide, e.g. by a Hewlett Packard
gas chromatograph (model 5890 Series II; Hewlett Packard, Avondale PA, USA)
equipped with a thermal conductivity detector, a flame ionization detector, and a
Carboxen-1000 column (mesh size 60/80; Fluka Chemie AG, Buchs, Switzerland).

Other Measurements

Daily, incubation fluid is analyzed for pH and redox potential (to control the
anaerobic conditions), with the respective electrodes connected to a potentiome-
ter (e.g., model 713; Metrohm, Herisau, Switzerland). Ammonia can be measured
by the ammonia electrode procedure. These measurements take place at the same
time before feed supply to the system. At this time, there is minimum fluctu-
ation in the fermentative parameters, as no fresh feed has been supplied to the
system for several hours. Therefore, incubation fluid should be withdrawn from
the incubation unit without opening the fermenter top. This can be done through
the 3-way valve situated at the fermenter top and a syringe attached with a tub-
ing of small diameter (e.g., medical catheters were shown to be ideal) but long
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enough to reach the incubation fluid surface. Subsequently, ciliate protozoa (ento-
diniomorphs and holotrichs) and bacteria are counted, for instance by using Bürker
counting chambers (0.1 and 0.02 mm depth, respectively; Blau Brand R©, Wertheim,
Germany). To immobilize ruminal microbes and to dilute the incubation fluid to
establish better counting conditions, Hayem solution is used (also called Mercury
solution; prepared dissolving 2.5 g mercury chloride (HgCl2), 25 g disodium sul-
phate (Na2SO4), and 5 g sodium chloride (NaCl) in approximately 500 mL distilled
water and then making up the volume to 1 L with distilled water. This solution
can be stored at room temperature for 4–6 months). The incubation fluid is diluted
in a ratio of 1:20 (0.1 mL incubation fluid + 1.9 mL Hayem solution) and 9:10
(0.9 mL incubation fluid + 0.1 mL Hayem solution) for bacterial and protozoal
counts, respectively. If specific rumen microbial species need to be detected or
quantified by using molecular techniques such as fluorescence in situ hybridisa-
tion or real time PCR, incubation fluid samples should be collected into cryovials
and frozen in liquid nitrogen. These samples should be stored at –80◦C until
analyses. Samples for determinations of short chain fatty acid (acetate, propionate,
butyrate, valerate, and the branched-chain fatty acids iso-valerate and iso-butyrate)
are prepared, e.g., according to the method of Doane et al. [10] and determined
by HPLC (e.g. a LaChrom, L-7000 series; Hitachi Ltd., Tokyo, Japan). As short
chain fatty acid analysis is carried out after the completion of fermentation in the
RUSITEC system, daily 3 mL of incubation fluid is taken from each of the fer-
menters, centrifuged at 4000g for 5 min, and 2 mL of the liquid supernatant frozen
at –20◦C. After thawing, 40-μl acid solution (50 mM H2SO4 and 100 mM quinic
acid) is added to 360 μl of incubation fluid. The samples are allowed to rest for
10 min at room temperature, centrifuged at 4000g for 5 min and the supernatant
filled in HPLC vials. The HPLC is equipped with a guard-column (Cation-H Refill
Cartridge, 4.6 mm ID × 30 mm; Bio-Rad Laboratories, Hercules, CA, USA) to pro-
tect the main column against aggressive solvents or irreversibly bound material. The
main column (Aminex R© HPX-87H, 7.8 mm ID × 300 mm; Bio-Rad Laboratories,
Hercules, CA, US) is operated at 30◦C with 5 mM H2SO4 at 1.0 mL/min as the
mobile phase. The sample injection volume is 100 μl. The short chain fatty acid can
also be determined by gas chromatography (Section “Fermentation pattern”).

Feed degradability is estimated from substrate disappearance from the nylon
bags. After 48 h of incubation, the nylon bags withdrawn from the fermenta-
tion units are washed in a commercially available washing machine (using cold
water, without spin cycle) to remove the microbes still attached to the non-digested
incubation residue. Removal of microbial matter from incubation residue is impor-
tant to prevent underestimation of feed degradability. The bags are frozen, stored
at –20◦C and freeze dried. Dry residue represents the residual (undigested) dry
matter.

Samples of experimental feed and of incubation residues are milled to pass a
0.5 mm sieve and analyzed in triplicate for dry matter (DM), total ash, ether extract
(EE), and nitrogen, following standard procedures [2]. The DM content of feed and
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fermentation residues is determined by drying to a constant weight at 105◦C, and ash
content by heating to 550◦C for a period of at least 8 h. Organic matter (OM) is cal-
culated by subtracting total ash from DM content. Crude protein (CP) is calculated
as 6.25 × N.

The fibre analyses (neutral detergent fibre (NDF), acid detergent fibre (ADF) and
acid detergent lignin (ADL)) are performed in triplicate using either the Fibertec
technology (Fibertec System M, Tecator; 1020 Hot Extraction, Flawil, Switzerland)
or the Ankom system (ANKOM 200/220 Fibre Analyzer, Ankom Technology
Corporation, Macedon, NY, USA). Contents of NDF should be analyzed with heat-
stable α-amylase as suggested by Van Soest et al. [38] but without sodium sulphite
and corrected for ash content (aNDFom [37]). When evaluating the NDF content of
diets supplemented with tannin-rich plant extracts the addition of sodium sulphite
might be necessary [21], although it might be difficult to get reliable values, and
negative degradation values when comparing the NDF content of feed and residue
might occur [18, 28]. Ash-free ADF (ADFom [37]) and ADL are determined suc-
cessively as outlined in method no. 973.18 (procedures C and D) of [2]. For the
ADL analysis, the samples are soaked in 12 M sulphuric acid for 3 h and thoroughly
washed with boiling distilled water. Ash contents of NDF and ADL are determined
by incinerating residues at 550◦C in a muffle furnace for 3 h. Detailed descriptions
on fibre and lignin analyses can be found in Hindrichsen et al. [19].

Calculations

The total volume of methane production can be calculated from its concentration in
the total amount of gas collected in the tecobags:

Example:

Total gas measured in the tecobag = 4500 mL
Methane proportion in the gas as determined by gas chromatography = 8%
Methane production after 24 h of incubation = 4500 × 8/100 = 360 mL

It is assumed that all methane present in the gas phase of each fermentation unit
is displaced to the collection tecobags upon flushing with N2.

Feed degradability is calculated from disappearance from the feedbag after 48 h
of incubation.

Example:

NDF incubated = 7.1 g
Residual NDF recovered in the feedbag after 48 h = 4.7 g
NDF disappearance = 7.1 – 4.7 = 2.36 g
DM degradability = 2.36/7.1 = 0.33
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Knowing the composition of feed incubated and of incubation residue, the
degradability of any feed component can be calculated (DM, OM, CP, and ADF).

Total NDF digested in 24 h of fermentation would be the NDF fermented from
the first 24 h in one of the bags plus the NDF fermented in the other feedbag from
24 to 48 h of incubation. Therefore, total NDF digested can be assumed to be equal
to the NDF disappearance from one feedbag after 48 h of incubation. This can be
used to calculate methane production per g of NDF digested.

Example:

Total NDF digested in 24 h of fermentation = 2.36 g
Methane production after 24 h of incubation = 360 mL
Methane production after 24 h of incubation = 152.5 mL/g NDF digested

This can be important to elucidate if any decrease in methane production is due to
a specific effect of the plant additive on ruminal microorganisms or to a non-specific
effect depressing fibre fermentation.

Total short chain fatty acid production after 24 h of incubation can be calculated
from the total volume of effluent collected and the concentration of short chain fatty
acid measured in an effluent sample.

Example:

Total volume of effluent collected = 500 mL
Short chain fatty acid concentration in the effluent = 100 mmol/L
Total short chain fatty acid production after 24 h of incubation = 0.5 × 100 =

50 mmol short chain fatty acid

The same calculation is applicable to any acid (acetate, propionate, butyrate,
etc.).

Hydrogen balance can be calculated using the equation propose by Demeyer [8]
considering the daily production of acetate (A), propionate (P), butyrate (B), valerate
(V) and iso-valerate (iV), and methane (M) as:

Hydrogen recovery (%) = 2Hu/2Hp×100,
2Hu = 2P + 2B + 4 M + V; Hu representing hydrogen utilized
2Hp = 2A + P + 4B + 2iV + 2 V; Hp representing hydrogen produced.

To assess effects of a plant additive on methane production, values recorded in
the test fermentation units are compared with control values using statistical anal-
yses. Main parameters to be compared are total methane production, and methane
production per gram of NDF or OM digested. Other parameters (short chain fatty
acid production, substrate degradability, H recovery) can be studied to investigate
effects on fermentation pattern.
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Statistical Analyses

For the statistical analyses, the average values e.g. of the last 5 days of each exper-
imental run are used. Thereby the respective dietary treatments and experimental
runs are included as effects in the statistical model. Data are subjected to the gen-
eral linear model (GLM) procedure of the SAS program (version 8.2; SAS Institute,
Inc., Cary, NC) while multiple comparisons among means are carried out e.g. by the
Tukey method. This allows the identification of the plants or plant extracts with a
significant anti-methanogenic potential.

To study some effects on any of the parameters examined, the MIXED procedure
of the SAS program can be used with the random and repeated statements as recom-
mended by Littell et al. [22]. In some cases, the calculation of Pearson correlation
coefficients between fermentation traits or multiple regression analysis as carried
out with the MAXR selection method within the REG procedure of SAS may be of
interest.
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Chapter 11
Challenges in Extrapolating In Vitro Findings
to In Vivo Evaluation of Plant Resources

Juan J. Villalba and Frederick D. Provenza

Introduction

Conflicting evidence exists regarding findings on the biological activity of natural
products when extrapolated from the laboratory to the animal. The first approach to
testing for the biological activity of a chemical – i.e., against parasites, or to favour
rumen function – is to conduct screening procedures in vitro. This is because of
the substantial advantages of this methodology such as low cost and rapid turnover,
which allows for screening of a large number of compounds in a relatively short
period of time. Nevertheless, the advantage of bioprospecting through in vitro test-
ing comes with a cost: A positive in an in vitro test does not necessarily warrant
biological activity when the chemical or product is subsequently tested in the ani-
mal. Using the same logic, it is also possible that lack of activity by a natural product
in an in vitro test does not strictly mean lack of biological activity in vivo.

There are several reasons for the conflicting evidence found frequently between
in vitro and in vivo testing in natural plant products or plant secondary metabolites.
The main point to keep in mind is that there is a reason for laboratory bioprospect-
ing tests to be called “in vitro:” There are several assumptions and deviations from
processes typically occurring in the animal; from the physiology and kinetics of
digestive processes, to the pharmacokinetics of natural plant products to the inges-
tive behaviour of herbivores. The present chapter is an attempt to explain how these
assumptions and deviations from processes occurring in the animal influence and
bias in vitro testing. Using this framework we attempt to understand discrepan-
cies between in vitro and in vivo testing and to propose some potential solutions
to the problem. We hope that this effort will aid in the development of more reliable
techniques for testing the biological activity of plant resources.
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Simple vs. Complex Environments: Interactions of Bioactives
with Other Chemicals

Testing purified compounds allows their activity to be quantified reliably without
the interference of other plant components or nutrients [1]. Nevertheless, such a
controlled environment comes with a cost when attempting to extrapolate results to
the whole animal: in vitro studies normally do not deal with the interference of the
complex environment present in the realm of the gastrointestinal tract.

In vitro assays designed to test for antiparasitic activity typically involve the
extraction and purification of the natural compound (e.g., tannins) and subsequently
the preparation of test solutions with the compound and the parasite larvae (e.g.,
[31, 32]). Such solutions are devoid of the chemical and biological complexity of
the gastrointestinal tract. Chemicals that normally occur in the rumen fluid, digesta
and faeces such as nutrients and other plant secondary metabolites have the poten-
tial to interact with bioactives creating complexes that may either depress or enhance
activity significantly.

Screening for natural plant products that influence rumen function, generally use
rumen fluid in the testing medium, which offers a chemical and biological dimension
closer to an in vivo situation, particularly when the diets fed to the donor animals
are similar to those that will be tested in vivo [6, 7]. Likewise, parasite viability in
response to antiparasitic bioactives has been tested in faecal samples [18], and thus
biological and chemical complexity of the media is kept during in vitro testing.

The different effects of plant actives when tested in vitro using a simple chem-
ical and biological environment, versus when tested in vivo – under a complex
chemical and biological environment – is illustrated by the strong activity of con-
densed tannins against abomasal nematodes of sheep in vitro [2], but not in vivo [2].
Condensed tannins are polyphenolic compounds with high affinity for proteins. The
majority of condensed tannins present in the abomasums of sheep fed tannin-rich
diets have been found in complexes with proteins and consequently are unavailable
for action against abomasal parasites [1].

Tannins not only complex with proteins; these chemicals are highly reactive com-
pounds which form complexes with saponins [15], alkaloids [36], and terpenes [34].
Tannins, terpenes and alkaloids can co-occur in the digesta of animals consuming
diverse diets and thus the biological activity of plant secondary metabolites has the
potential to be reduced significantly after the formation of such complexes.

Incubation of Plant Bioactives with Rumen Fluid: Static
vs. Dynamic Fermentation Systems

The low cost and high numbers of samples that can be screened per unit of time
makes the in vitro systems – similar to those originally developed by Tilley and
Terry [43] – the first choice for investigating the potential impact of natural prod-
ucts on rumen function. Nevertheless, the in vitro system is a surrogate for the
“reference” method, which involves the in vivo measurement of food digestibility.
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The problem, however, with the in vitro system is that it assumes that the conditions
in the incubators remain similar to rumen content for 48 h (or more) in spite of the
accumulation of end products. On the contrary, end products, and even substrates
such as natural plant products typically cross the rumen wall or they flow with the
digesta and thus processes in the rumen fluid do not remain static but are inherently
dynamic. As an example, terpenes – an array of natural plant products found in
many shrubs and trees- are small, fat-soluble molecules that are absorbed quickly
through the rumen epithelium. The average terminal elimination of plasma terpene
concentrations is in the order of minutes after terpenes are infused into the rumen
[11]. Consequently, during in vitro testing the ruminal activity of terpenes could
be overestimated because under static fermentation techniques terpenes remain in
the medium during the whole incubation process, which increases the likelihood for
interactions. In contrast, when animals ingest terpenes these compounds are rapidly
absorbed and metabolized and thus the residence time of terpenes in the rumen is
much shorter.

Due to the dynamism of ruminal processes and the static nature of in vitro test-
ing, discrepancies have been found between in vivo and in vitro digestibility studies.
Terpenes in Artemisia tridentata have marked antibacterial effects in the rumen and
in vitro studies they have been reported to inhibit digestibility [35]. However, in
a recent in vivo study we found that terpenes from A. tridentata caused increases
rather than decreases in dry matter and fibre digestibility [48]. Digestibility depres-
sion is a function of the competition between rates of digestion and passage [44],
variables that are not taken into account in static systems. Terpenes apparently
increase rumen retention times, which in turn increase the extent of digestion [48].

Because of the dynamic nature of digestion processes, in vitro continuous sys-
tems are a step closer to “reality” than standard in vitro techniques because they
mimic the constant digesta turnover that occurs in the animal [44]. In vitro contin-
uous systems have been used successfully to determine the effects of natural plant
extracts on ruminal fermentation [6].

A proposed approach to in vitro studies is to initiate the screening process in a
traditional non-dynamic in vitro system and then test the most promising bioactives
in a continuous system before the development of in vivo trials.

Concentration of Bioactives in Biological and Artificial Media

Crude or purified extracts from plants are used for in vitro testing. This procedure
may not give results that are always relevant to the in vivo situation [1]. For instance,
purified condensed tannins in Cichorium intybus have been shown in vitro to inhibit
deer nematodes [33]. However, the concentration of condensed tannins in C. inty-
bus is very low and thus it is highly unlikely that the concentrations found to be
successful in vitro could be attained in vivo [1]. A constraint on using plant chemi-
cals as biological active agents is the potentially large quantities of plants required to
achieve meaningful doses in the herbivore [49]. Concentrations yielding promising
results in vitro may never be reached in vivo.
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Another constraint on using purified chemical compounds during in vitro testing
is that it may be unpractical, economically unfeasible or even impossible to feed
purified compounds or plant extracts to animals. When feeding plants with bioac-
tives – instead of purified compounds – a point to consider is that the concentration
of a chemical in the plant’s tissue may not represent the amount, which is actually
available to the animal.

A new approach for testing biological activity of plants in vitro against gastroin-
testinal nematodes is the use of rumen fluid taken from animals grazing pure stands
of plant secondary metabolites-rich plants [1]. With this methodology researchers
can test for activity in a medium that contains concentrations of chemicals in the
rumen fluid that are realistic instead of theoretical. By using rumen fluid, the tech-
nique also adds chemical and biological complexity to the medium (see above),
which is also a step closer to the in vivo scenario. Nevertheless, when testing for
activity against intestinal nematodes, the possible lack of plant secondary metabo-
lites activity in the rumen fluid does not necessarily mean lack of activity in the
duodenum or large intestine, as plant secondary metabolites might become active in
the lower parts of the gastrointestinal tract [1].

Ruminal Adaptation: Short vs. Long Term Effects

The diverse microbial populations in the foregut can perform many reactions that
modify plant products and thus influence their biological activity [13]. For instance,
Cardozo et al. [6] found that although some natural plant extracts have a short-term
effect on ruminal microbial fermentation, ruminal microbes were adapted after 6
days and differences from controls (without plant extracts) disappeared. This led
Cardozo et al. [6] to suggest that data from short-term in vitro fermentation studies
may lead to erroneous conclusions.

There is evidence suggesting rumen microbes have a direct impact on transform-
ing and inactivating natural plant products. Gradual exposure to increasing levels of
oxalic acid to ruminants leads to a change in the composition of the rumen microbial
population, which results in the breakdown of oxalic acid [10]. Chronic exposure to
terpenes in sheep increases their ability to consume terpenes in A. tridentata [45].
Rumen microbes adapt to monoterpenes [11, 21], and ruminal microbes in goats
modify diterpene diesters present in Euphorbia esula [23]. Deconjugation of phy-
toestrogens [4] and metabolism of mycotoxins [26] by the gut microflora has been
reported in livestock.

Ingestive Behavior

Food Aversions and Willingness to Consume Bioactives

A problem with validating in vitro results for biological activity is the assump-
tion that animals will be willing to consume concentrations of natural plant
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products, which parallel the amounts that yield biological activity in artificial
systems. However, many of the chemicals in plants with biological activity are sec-
ondary compounds, which at certain doses can adversely affect mammals through
their negative actions on cellular and metabolic processes [8, 9]. Herbivores feed
to avoid exceeding a threshold dose of particular plant secondary metabolites [28,
40, 41] such that ingestion of plant bioactives would not exceed their capacity to
biotransform and eliminate these compounds.

A mechanism used by herbivores to prevent toxicosis is the stimulation of the
emetic system and the development of food aversions [40]. Food aversion learn-
ing is the process by which after eating or drinking a specific food, a physiological
event or physiochemical agent causes nausea [17]. Thus, aversions result from the
stimulation of the emetic system of the midbrain and brain stem [30]. This system
can be stimulated by toxins in the cardiovascular system and cerebrospinal fluid
and through vagal and splanchnic afferents from the gastrointestinal tract [5]. After
ingesting a food containing a plant secondary metabolite, afferent impulses to the
central nervous system cause malaise, which in turn causes the animal to decrease
intake of food. In turn, efferent impulses from the central nervous system to the
gut cause a decrease in motility and a decrease in absorption of the plant secondary
metabolites [42]. Consistent with this mechanism, antiemetic drugs attenuated food
aversions in sheep caused by the toxicant LiCl [39]. Likewise, administration of a
selective antiemetic (ondansetron), an antagonist of 5-hydroxy tryptamine (5HT3)
serotonin receptors, increased intake by marsupials of diets containing secondary
metabolites present in Eucalyptus [25]. Collectively, the information presented sug-
gests that there is a limit on how much plant bioactive an herbivore is willing to
ingest. In certain circumstances, small amounts of plant secondary metabolites will
stimulate the emetic system causing strong food aversions that will prevent animals
from consuming the therapeutic or active doses found during in vitro studies.

A possible course of action to enhance the animal’s willingness to consume
plants with bioactives is to provide an adequate level of nutrition with the basal
diet. When animals ingest adequate amounts of energy and protein, they can eat
more foods that contain plant secondary metabolites. This is because rates of detox-
ification are influenced by the nutrient status of an animal. The general mechanism
of detoxification involves converting more toxic lipophilic compounds to less toxic
water-soluble compounds that can be excreted in the urine [8, 9]. Biotransformation
of toxins is carried out largely in the liver and usually occurs in two steps. The
first step (Phase I) introduces a reactive group – such as OH, NH2, COOH, or
SH – into the structure of the toxin; those interactions typically produce a less
toxic compound. During the second step (Phase II), the newly formed compound
is conjugated with a small molecule such as glucuronic acid, amino acids (e.g.,
glycine), sulphates, acetates, or methyl groups [37]. Importantly, these transforma-
tions require nutrients such as protein and energy in the form of glucose [19, 20].
Thus, detoxification processes reduce the protein and energy that otherwise would
be available for maintenance and production [14, 20]. Lambs can ingest more of
the toxin LiCl as the energy content of their diet increases [50]. Likewise, sheep
offered terpene-containing diets with increasing concentrations of energy or protein
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consume terpenes in a graded fashion with a direct relationship between energy or
protein available and terpene intake [47]. Supplemental energy and protein increase
the ability of sheep and goats to eat foods that contain plant secondary metabo-
lites such as terpenes [45], tannins [46], and saponins [27]. Conversely, herbivores
restrict ingestion of higher amounts of plant secondary metabolites when levels of
nutrients such as sodium are low [16].

Pulse-Delivery of Bioactives to the Digestive Tract

Even if we assume animals are willing to consume concentrations of plant secondary
metabolites that yield biological activity, the rate at which those compounds enter
the digestive tract is not continuous but in pulses. Ingestion of plant bioactives in
nature is not continuous because, as mentioned before, plant secondary metabolites
at certain concentrations have negative impacts on cells and metabolic processes.
Thus, animals consume plant secondary metabolites in small amounts during dis-
crete feeding bouts distributed throughout the day. At critical thresholds, toxins
satiate the detoxification capabilities of herbivores [13]. At these levels, animals
quit feeding, and they resume eating only after plant secondary metabolites concen-
trations in the body decline due to detoxification and elimination [11, 12, 38]. These
processes cause cyclic patterns of intakes of particular foods with peak intakes at the
lowest concentration of plant secondary metabolites in the body [13, 38]. During
these cycles, pulses of substrate are sent down the gastrointestinal tract. Pulsative
feeding could create cyclic perturbations of the microbial populations through
shifts in the relative proportions of such populations [44]. Consequently, pulse-like
feeding behaviour could create conditions in vivo that deviate substantially from
the continuous or static conditions normally present in artificial fermentation or
incubation systems. Experience from the administration of antibiotics to patients
has clearly demonstrated the advantages of continuous dosage over intermittent
administration of antibiotics [22].

Voluntary Intake and Sequence of Feeding Patterns

The sequence in which “medicinal” and other components of the diet are ingested
may be another reason findings in vitro diverge from those obtained in vivo. The
temporal order at which foods enter the rumen may influence the likelihood of
interactions among different dietary chemicals. For instance, lambs offered plant
secondary metabolites in the sequence of tannins followed by terpenes consume
twice as much food as lambs offered a meal of terpenes followed by a meal of tan-
nins [34]. Tannins are large molecules that interact with other compounds as they
move slowly through the gastrointestinal tract [24, 29]. Consumption of tannins first
increases the likelihood of interaction, and possible deactivation, of terpenes fed
subsequently in a meal. In contrast, terpenes are small non-polar molecules, highly
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Table 11.1 Some causes of discrepancy between in vitro and in vivo studies and a proposed course
of action to reduce such differences

Cause of discrepancy Action

• In Vitro: Chemically simple testing media
In Vivo: Chemically and biologically

complex media with more likelihood for
chemical interactions and inactivation

Testing medium should be as close as
possible to the chemical and biological
conditions where bioactives are expected to
act

• In Vitro: Static systems (e.g., in vitro
digestibility)

In Vivo: Dynamic system

Use static systems as a first screening
approach, followed by a continuous system
such as artificial rumen, Rusitec, etc.

• In Vitro: Purified extracts, concentrations
may never reach the amounts used in vivo.
Reduced bioavailability

Use lyophilized plant material. Use rumen
fluid taken from animals grazing pure
stands of plant secondary
metabolites-rich-plants. It might not be
always possible

• Ruminal adaptation due to changes in
microbial populations

Conduct screening studies for periods longer
than 1 week

• Animals may develop aversions to the
bioactives and thus they will not consume
the doses of bioactives tested in vitro

Offer bioactives along with a nutritious food
such that the likelihood of a food aversion
declines

• Pulsative feeding on bioactives creates
gastrointestinal disturbances

Deliver bioactives in pulses in continuous in
vitro systems

• Sequential feeding patterns may influence
the likelihood of interactions among
bioactives and other chemicals in the digesta

In a continuous system try to mimic the
feeding patterns which occurs in vivo

soluble in membranes; they are absorbed readily through the gastro-intestinal tract
walls [11]; if they are fed first in the sequence the likelihood for interaction with
tannins decreases. Likewise, the sequential supply of a tanniferous shrub (Acacia
cyanophylla) followed by protein rich feed substantially increases the chances of
protein interacting with tannins, which in turn reduces ammonia formation and
increases protein retention in sheep and goats [3]. Collectively, the information
presented suggests that the biological activity of plant secondary metabolites will
depend on the sequence at which plant secondary metabolites-containing plants are
fed relative to the remaining components of the diet (Table 11.1).
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