Technology to complement forage-based beef production systems in the West
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ABSTRACT: Forage-based beef producers in the
Western United States are faced with numerous chal-
lenges to remain sustainable and profitable. Several
technologies are available to assist ranchers, but the
American public must be convinced that ranchers are
sound stewards of public and private lands. New coali-
tions to resolve environmental conflicts have been
formed over the last 10 yr that seem to have helped
educate the public that proper grazing management is
a sustainable practice. Methods are available to help
ranchers economically evaluate enterprises and aid
producers in deciding which technologies to adopt. New
developments in fencing, water development and place-

ment, and supplement placement should improve cattle
distribution in large pastures. The use of complemen-
tary forages remains one of the most profitable techno-
logies available. Swath grazing technologies are being
tested to decrease feeding costs. Developments in plant
genetics offer a variety of applications to beef producers
that could improve animal performance. In the future,
molecular technologies involving transgenic organisms
may offer the opportunity to produce “designer” forages,
ruminal microbes, and animals, but such applications
have yet to be tested. Adoption of technologies that
improve environmental quality and enhance profits for
forage-based beef cattle producers will influence their
sustainability.
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Introduction

Forage-based beef production in the West faces an
increasing number of challenges that may impact its
sustainability. Many ranchers in the western US may
be required to remove their livestock from public lands
unless they can demonstrate that these animals do not
pose an ecological threat to the landscape. Federal legis-
lation such as the Multiple-Use Act, the Threatened
and Endangered Species Act (ESA), and the Federal
Clean Water Act could place additional economic pres-
sure on already stressed beef cattle operations. Our
objective is to review available or new technologies that
offer solutions to some of the challenges faced by west-
ern livestock producers. We have chosen to start with
examples of large-scale, whole-ranch technologies re-
lated to rangeland resources that have been success-
fully implemented and have had a high economic rate
of return. Some of these technologies, such as fencing,
water and supplement placement, have been around
for a long time and have recently received renewed
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interest by resource managers to improve livestock
grazing distribution. Then we reduced the application
scale and chose examples of genetic modification of
plants and animals at the gene level. These technologies
have not yet been implemented on a practical basis;
however, they demonstrate the wide range of possible
applications of new scientific knowledge.

Conflict Resolution

The National Wildlife Federation and the Natural
Resources Defense Council (2001) recently presented a
white paper that charged the Bureau of Land Manage-
ment (BLM) with failing to protect ecological integrity,
water quality, biological diversity, and threatened and
endangered species habitat. This report suggested that
if the BLM failed to adopt a conservation agenda for
lands under its jurisdiction, management responsibilit-
ies for those lands should be transferred to other federal
agencies. The report promoted the establishment of con-
servation areas, Wilderness units and National Monu-
ments, and suggested that livestock producers who use
public lands in the western U.S. should be required
to demonstrate that their management is ecologically
sustainable. If the public fails to see that grazing is
compatible with multiple values of rangelands, applica-
tion of technology alone will not save the range livestock
industry. Therefore, an important technology for range
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livestock operations might be categorized as conflict
resolution. Changing legislation and demographics
have caused ranchers and environmentalists to reex-
amine the current methods through which conflict is
managed. For years, some environmental groups have
sought to eliminate cattle grazing on public and private
lands. Ranchers have viewed the ESA as an immediate
threat to their livelihood. These conflicts have been re-
enacted in every western state, with very few construc-
tive outcomes. Throughout the western United States,
a number of organizations have been formed in re-
sponse to conflicts that appeared to be unsolvable under
the current social structure.

In Montana, elk numbers had been escalating stead-
ily since the mid 1980s. Ranchers near the Beartooth
Wildlife Management Area decided to seek solutions
for the growing elk herds found on private lands. Chase
Hibbard, Bill Milton and other ranchers formed a group
that included members from the US Forest Service,
Montana Department of Fish, Wildlife & Parks, BLM,
Montana State Lands, and sportsman’s groups. The
team decided that everyone involved had to concur they
were benefiting from the proposed solution, or there
would be no agreement (Dagget, 1998). The group was
called the Devil’s Kitchen Management Team, and they
agreed on a management proposal that was submitted
to the Montana Fish and Wildlife Commission in 1993.
The formation of this group and their management so-
lution changed the way wildlife and public grazing re-
sources are managed in the state of Montana. Local
landowners were allowed to participate in setting wild-
life harvest targets for private lands near the Beartooth
Wildlife Management Area, which increased forage
available for use in beef production systems.

The formation of the Malpai Borderlands Group in
southwestern New Mexico in 1994 is another example
of the reorganization of ranchers and conservationists
to solve a resource management conflict. In a recent
address, Under Secretary of Agriculture Mark Rey
(2002) recognized this group for their forward thinking.
Ranchers bring their cattle to the 130,000 ha Gray
Ranch for a grassbank of stockpiled forage and in re-
turn, they place conservation easements on their own
ranches. Ranchers use an equal amount of forage as
set aside in their easement. To date, the Malpai
grassbank has rested 10,000 ha on five ranches (Rey,
2002).

A number of environmental laws have made it diffi-
cult for production agriculturists to remain in business
in the western US. It has become apparent that
ranchers must become active participants in land policy
decisions. This process will help educate environmental
and ranching communities. There are numerous groups
all over the western U.S. that have become active envi-
ronmental educators in an effort to resolve resource
management conflicts.

Whole Ranch Evaluation

Many technologies available to ranchers can increase
livestock production; however, whole ranch evaluation

approaches that include partial budgeting can help
ranchers economically evaluate enterprises. A number
of private and state entities have implemented pro-
grams to assist ranchers with economic evaluation of
their business, and may also conduct workshops and
sell software. Most of these programs are designed to
help establish ranch goals, inventory resources, explore
possible enterprises, plan changes and monitor and ad-
just those plans (Richards and George, 1996). Total
Ranch Management, developed by a Texas Extension
group, has served as the basis for the Western Inte-
grated Resource Education (WIRE) program that in-
volves four land-grant universities and their extension
programs. This type of structured evaluation, and the
use of personal computers, has helped producers exam-
ine their entire operation and has lead to the adoption
of technologies that are nontraditional yet highly
profitable.

A number of individuals and private companies have
advocated whole ranch evaluation. One of the most no-
table of these is Gregg Simonds. Simonds was asked
by the Deseret Ranch Management Team to evaluate
the economics of implementing irrigation technology,
and through the use of whole ranch evaluation methods,
Simonds showed the ranch management team that they
would be financially better off if they did not adopt this
technology (Dagget, 1998). Based on enterprise evalua-
tion, Simonds suggested changes in production prac-
tices over a 12-y period on the Deseret Ranch that re-
sulted in decreased total cost per pound of calf produced
from over $0.90 to $0.62. Production changes imple-
mented included moving from an early-spring calving
season to a late-spring calving season, and the addition
of a yearling operation to take advantage of year-round
marketing opportunities (Simonds, 1991). Simonds
(1991) suggested that the tremendous variability pres-
ent in biological and financial environments does not
make it possible for a single fixed strategy to maximize
long-term profitability.

An assessment of these types of whole ranch evalua-
tions concluded that due to the programs, ranchers had
improved or protected 14% of the rangeland used in
their operations, over half had increased their ranch
profit and a majority had implemented at least one new
technology (Richards and George, 1996).

Fencing

One of the major problems associated with grazing
cattle on large pastures in the western United States
is poor distribution of grazing. Grazing systems have
been used to improve distribution, however, since this
topic has been reviewed extensively (Launchbaugh et
al., 1978), we will examine the use of fencing to manage
distribution. Cattle tend to congregate near water
sources and on level terrain where forage is abundant
(Ares, 1953). This results in portions of the pasture
that are grazed too heavily and other areas where little
grazing takes place. It also contributes to erosion and
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poor water quality in many watersheds (Kauffman and
Kruger, 1984). The use of fencing to control livestock
distribution and increase forage use is usually one of
the most cost effective methods used to improve cattle
production on large ranches (Ohlenbusch et al., 1995).
Recent developments in electric fence technology have
allowed producers to employ fencing in areas where it
was previously cost prohibitive. Electric fences often
cost 25% to 50% of conventional fencing. Less labor is
required to install electric fencing, and it can be in-
stalled at rates three to five times faster than five-
strand barbed wire fencing (Lacey, 1985). The availabil-
ity of low cost solar panels, energizers, and batteries
has provided power to many remote areas of large
ranches. This technology has also allowed producers to
develop intensive grazing systems on highly produc-
tive pastures.

Water Development and Placement

Water development and placement can also be used to
manipulate livestock distribution on rangelands. Very
few ranch investments return higher annual rates than
stockwater developments (Roberts and Wennergren,
1965).

Ganskopp (2001) evaluated the effects of moving wa-
ter and salt locations to improve beef cattle distribution
in large (825 ha) pastures in Oregon. Cattle were fitted
with global positioning system collars to assess their
location in the pasture. Mean distance to water was
unaffected by location which demonstrated cattle fol-
lowed the movements of the water tanks. Ganskopp
(2001) concluded that cattle made less effort to remain
near salt than near water and moving drinking water
was the most effective tool for altering cattle distribu-
tion. Porath et al. (2002) investigated cattle distribution
on pastures with off-stream water and trace mineral
salt. They reported that early in the grazing season
(July) cattle with access to off-stream water were lo-
cated farther from the stream in the latter part of the
day. There were no differences during the late season
(August) in distances from the stream between cattle
with off-stream water and trace mineral salt and those
without.

Changing water location and providing off stream
water in pastures with riparian areas is also a method
to improve steambanks. MecInnis and Mclver (2001)
conducted a study on the same pastures as Porath et
al. (2002). They reported that off-stream water and salt
attracted cattle into the uplands enough to reduce the
proportion of uncovered and unstable streambanks
from 9% to 3%. Providing off-site water can also improve
animal performance. Porath et al. (2002) demonstrated
that cows and calves with off-stream water and trace-
mineral salt gained more than cows and calves that did
not have access to off-stream water. Willms et al. (1995)
found that grazing steer performance increased 23%
when an alternate water source was supplied compared
with steers that had access only to a dugout.

Despite recognition that water development has been
one of the most effective methods to improve livestock
distribution in large pastures, cost effective technolog-
ies have limited its use. Recent improvements in solar-
powered pumps have led to increased use of watering
sites and wells that would not have been possible due
to the lack of electrical power. Nose pumps are another
cost-effective recent technology that have been em-
ployed to keep cattle out of riparian areas and lure
them to other adjacent locations. The U.S. Fish and
Wildlife Service has encouraged the use of nose pumps
as a method to keep cattle from entering riparian areas.

Supplement Placement

Another technology used to improve distribution on
rangelands has been the placement of supplements.
Ares (1953) demonstrated that a cottonseed meal-salt
mix placed away from water could be used to reduce
over-grazed areas by 50% and increase properly grazed
areas by 84%. Recently, Bailey and Welling (1999) ex-
amined the use of dehydrated molasses supplements
to improve grazing distribution in foothills rangelands.
Three pastures that averaged 642 ha in size were di-
vided into difficult and moderate terrain. Each terrain
subunit was randomly assigned to control or supple-
ment treatments. Dehydrated molasses supplement
barrels and salt were moved every 7 to 10 d during
the fall and winter. A greater proportion of cattle were
observed in areas with supplement (32%) than areas
without supplement (3%). Supplement placement in-
creased forage utilization in areas with moderate ter-
rain by 24% and by 11% in areas with difficult terrain.
Bailey and Welling (1999) concluded that placement
of dehydrated molasses supplements could be used to
improve uniformity of grazing by beef cattle in foothill
ranges although it was more effective in moderate ter-
rain. Bailey et al. (2001) conducted a study to examine
the distance cattle grazed from dehydrated molasses
supplements. Three pastures were used to determine
if supplement placement could increase forage utiliza-
tion in underutilized areas. Forage utilization was in-
creased 14% at distances up to 600 m from the supple-
ment. Fifty-three percent of the cows were observed
within 600 m of the supplement, and overall cows spent
37% of their time within 600 m of supplement. Supple-
ment placement was an effective tool to modify cattle
grazing distribution; however, other research has indi-
cated that forage characteristics, such as forage quality
and quantity, are the most important factors affecting
cattle distribution (Harris et al., 2002).

Complementary Forages

Use of complementary forages involves combining
different forage species with dissimilar growth patterns
to help maintain consistency in forage production and
nutrient intake by cattle. In the West, rangeland for-
ages are usually the base to which introduced forages
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are added. The objective often is to increase livestock
production per land area in a cost efficient manner.
Gray (1973) reported that complementary grazing was
the single item most highly correlated with increased
net profit for cow-calf producers in the Great Plains.
Launchbaugh et al. (1978) described the use of im-
proved pastures and farmed forages to reduce per ani-
mal costs and increase net returns to cattle producers.
Smoliak and Slen (1974) found that complementary
grazing in Canada reduced land requirements per ani-
mal unit by 77% and increased beef production by 60%.
By using complementary forages, individual animal
performance is usually increased due to improved for-
age quality, and stocking rate can be increased due to
increased forage production. Other advantages of using
complementary forages can include more efficient use
of individual forages, improvements in range condition
(Gillen and Berg, 2001), and increased resource man-
agement flexibility. Over seven calf crops, Sims (1993)
compared cow-calf pairs grazing sagebrush-mixed prai-
rie native rangeland with pairs grazing the same range-
land plus winter wheat and summer annual forage to
replace 30% of the rangeland for each cow unit. Using
the complementary forages increased stocking rate by
32%. Cow body weight at weaning was heavier, and
Angus x Hereford cows had improved reproductive
rates on the complementary forage system compared
with native rangeland alone. In addition, weaning
weights were 90 kg heavier for calves on the comple-
mentary forage system (Sims and Bailey, 1995). Stock-
ing rates and total season livestock production per ha
were higher when steers grazed Old World bluestem
(Bothriochloa ischaemum L.) combined with native pas-
ture compared with grazing native pasture alone (Gil-
len and Berg, 2001). Coleman et al. (2001) compared
native tallgrass prairie (primarily Andropogon gerardii
Vitman., Schizachyrium scoparius [Michaus] Nash,
and Sorgastrum nutans [L.] Nash) under continuous
grazing management with the addition of wheat pas-
ture grazing or substitution of plains bluestem (Bothri-
ochloa ischaemum, var. ischaemum) pasture grazing
combined with wheat pasture grazing for cow-calf pro-
duction. Cows grazing plains bluestem and wheat pas-
ture lost less weight and body condition compared with
cows grazing native tallgrass prairie or native prairie
and wheat pasture, however, no differences were seen
in calf weaning weights or in reproductive efficiency.
The plains bluestem-wheat pasture system produced
greater net income per hectare than either of the native
tallgrass prairie systems. Gillen et al. (1999) compared
two sequence grazing systems; one of native mixed
grass prairie (primarily Schizachyrium scoparium
[Michx.] Nash, Bouteloua curtipendula [Michx.] Torr.,
and Androgpogon hallii Hack.) and Old World blue-
stem, and the second of Eastern gamagrass (Tripsacum
dactyloides [L.] L.) and Old World bluestem, for cross-
bred beef steers. Sequence grazing is defined as using
two or more units of land containing different forage
species and grazing them in succession. Steer gains

during a 103-day grazing period did not differ between
the two systems, however, due to a substantially
greater stocking rate, the Eastern gamagrass-Old
World bluestem system resulted in 150% greater beef
production per hectare. Alfalfa (Medicago sativa L.) is
commonly used as a complementary forage. Including
alfalfa at as little as 35% in pasture mixtures results
in improvements in animal gains (Popp et al., 2000).
Yearling steers gained as much as 1.5 kg/d and total
liveweight production ranged from 107 kg/ha under dry-
land conditions to 1946 kg/ha under irrigation when
alfalfa was grazed. Grazing alfalfa can pose manage-
ment difficulties due to its bloat potential. However,
traditional plant breeding was used to develop AC
Grazeland, a cultivar of alfalfa with reduced bloat po-
tential when grazed (Popp et al., 2000). Many comple-
mentary forage species have been extensively evaluated
including alfalfa, bermudagrass (Cynodon dactylon L.),
Eastern gamagrass, foxtail millet (Setaria italica (L.)
Beauv.), kochia (Kochia scorparia), oats (Avena sativa
Linn.), orchardgrass (Dactylis glomerata L.), pearl mil-
let (Pennisetum glaucum L.), perennial ryegrass (Lol-
ium perenne L.), reed canarygrass (Phalaris arundina-
cea L.), rye (Secale cereale L.), smooth bromegrass (Bro-
maus inermis Leyss.), sudangrass (Sorghum bicolor (L.)
Moench), triticale (Triticosecale spp.), wheat (Triticum
aestivum L. subsp. aestivum), and the wheatgrasses
(Agropyron, Elymus, Pseudoroegneria, Pascopyrum,
and Thinopyrum spp.). Recently, Vogel and Jensen
(2001) reported survival and forage production under
rangeland conditions of 105 accessions of the perennial
Triticeae that were chosen to represent a wide range
of germplasm. Species evaluated came from 8 genera
and included commonly grown species as well as a large
number of species not previously evaluated in the Cen-
tral Great Plains. These authors identified several new
species that may have potential for inclusion in range-
land forage systems, including mammoth wild rye (Ley-
mus racemosus), Leymus sabulosus, and Leymus chi-
nensis.

Swath Grazing

Swath or windrow grazing is an alternate feeding
technique designed to lower production costs by
allowing the cow to harvest cut forages directly. Cut
hay is left in windrows through the winter, and cows
graze the windrows under controlled conditions, usu-
ally with electric fencing. Ranchers from Nebraska to
Canada are using this method to reduce their winter
feeding costs (Surber et al., 2001). Thomson (1999) esti-
mated that swath grazing saved an average of $36.00
per ton compared to baling, storage and feeding costs,
and resulted in a savings of $0.55 per cow per day and
$0.21 per calf per day. Surber et al. (2001) estimated
a minimum savings of $16 per acre, assuming a harvest
of 1.5 tons per acre of meadow hay. Volesky et al. (2002)
baled alternating windrows of cool-season perennial
species with the remaining windrows left in place for
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swath grazing. Forage production costs for the swath-
grazing system were about $63/ha less than baling due
to baling and bale moving costs. Weaned steer calves
were fed baled hay or grazed windrows during each
of two winters. During the 1st year, swath-grazing
calves gained more than bale-fed calves, but gains
were similar during the second year. Feed costs aver-
aged $0.16-animal™!-d™! for swath grazing and $0.30
animal !-day! for feeding bales.

Plant Genetic Selection

Genetic improvements in forage quality can result in
reductions in supplementation, reductions in acreages
of complementary forages or enhanced flexibility in live-
stock and enterprise management (Casler and Vogel,
1999), and the development of improved cultivars can
improve livestock productivity (Moore and Jung, 2001).
Although improvement of forage quality through tradi-
tional plant breeding and genetic selection can be suc-
cessful, very few new cultivars with improved forage
quality have been developed and released (Vogel and
Sleper, 1994). Improving forage quality characteristics
such as digestibility may not be beneficial to a species,
while anti-quality factors in plants that reduce animal
performance appear to improve the survivability and
vigor of a species. However, substantial genetic varia-
tion in digestibility has been reported for a wide variety
of forages including alfalfa, bermudagrass, crested
wheatgrass (Agropyron cristatum (L.) Gaertn.), indi-
angrass (Sorghastrum nutans (L.) Nash), intermediate
wheatgrass (Elytrigia intermedia (Host) Nevski subsp.
intermedia), orchardgrass, perennial ryegrass, smooth
bromegrass, and switchgrass (Panicum virgatum L.;
Vogel and Sleper, 1994). Ranges in IVDMD as large as
10% within a forage species have been reported, and
heritabilities have been estimated to be 0.3 or higher.
Documented progress has been made in improving di-
gestibility via genetic selection in at least 7 forage spe-
cies, and the reported rates of change of 0.7 to 2.5% per
year are similar to long term gains for grain yield in
many cereal crops (Casler and Vogel, 1999). Genetic
progress in selection for reduced NDF content has been
reported in smooth bromegrass (Casler, 1999) and reed
canarygrass (Surprenant et al., 1988). However, these
reductions in NDF content were associated with re-
duced forage yield.

It is possible to dissociate yield and nutritive value.
Belanger et al. (2001) reported success in improving
the nutritional value of timothy without reductions in
forage yield. Forage yield and digestibility have both
been improved in a number of species. Vogel and Sleper
(1994) reported a 34% increase in yield, 12% increase
in IVDMD, 42% increase in ADG, and a 132% increase
in gain/ha for bermudagrass. In addition, the improve-
ments made in IVDMD have been repeatable across a
wide range of environments and management systems,
including on-farm tests (Vogel and Sleper, 1994). Selec-
tion for increased Mg content has been successful in

Italian ryegrass (Lolium multiflorum Lam.) with a 56%
increase in forage Mg, a 10% increase in gains by graz-
ing ewes and lambs, and a reduction in incidence of
hypomagnesaemia in ewes (Mosely and Baker, 1991).
Similar results have been obtained in tall fescue (Fes-
tuca arundinacea Schreb.; Sleper et al., 1989; Crawford
et al., 1998). Variation in UIP content and minor suc-
cess in increasing UIP has been demonstrated in alfalfa
(Broderick and Buxton, 1991).

Plant toxins often give a competitive advantage to
plants, and the resulting toxicity to cattle is merely a
secondary effect. Reed canarygrass cultivars have been
developed with reduced levels of alkaloids (Kalton et
al., 1989), sudangrass with decreased potential to cause
prussic acid poisoning (Haskins et al., 1990), and
sweetclover cultivars with lower levels of coumarin
(Gorz et al., 1992). Most anti-quality compounds are
the result of specific pathways found in plants, and
many are not necessary for growth or development.
With increased understanding and characterization of
these pathways, “blocking” genes or down-regulation of
these pathways might prove a useful way of reducing
the levels of toxin compounds.

Genetic Modification of Plants

New technologies, which complement improvements
made in pasture science, include advances in DNA and
molecular genetics (Vercoe, 1996). Molecular ap-
proaches offer the opportunity to produce “designer for-
ages.” Opportunities to design forages with beneficial
characteristics include forages containing specific anti-
bodies or vaccines (Ma et al., 1995; Mason et al., 1996),
expression of UIP (McSweeney et al., 1999), or en-
hanced fiber digestion (Carpita et al.,, 2001).
McSweeney et al. (1999) stated that there are two strat-
egies to improve forage quality prior to ingestion. One
is maximizing the content of desirable compounds such
as amino acids presented to the small intestine, and
the second is reducing the content of undesirable com-
pounds such as lignin and secondary products that
are toxic.

Tabe et al. (1995) suggested that there are two major
biotechnological approaches to improving forage pro-
tein quality for ruminants; introducing condensed tan-
nins into forages such as alfalfa to increase the UIP
fraction, and enriching forages with specific proteins
that have a reduced ruminal degradability. When con-
densed tannins and polyphenolic secondary plant prod-
ucts are found at high levels (40 to 50 g/kg DM) in
forages, CP and DM digestibility are reduced (McMa-
hon et al., 2000). However, tannins at moderate levels
(5 g/lkg DM) have been shown to reduce the degradation
of leaf protein in the rumen, increase duodenal nonam-
monia N flow, increase absorption of essential amino
acids from the small intestine (Baba et al., 2002), in-
crease milk production, prevent bloat in cattle and
sheep (Barry and McNabb, 1999; McMahon et al., 2000),
and reduce parasite infections in grazing sheep (Butter
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et al., 2001). Research efforts are currently underway
to genetically modify alfalfa to reexpress its tannin bio-
synthetic pathway or to move genes encoding steps of
this pathway into alfalfa (McMahon et al., 2000).

Transgenic subterranean clover (Trifolium subter-
raneum L.), white clover (Trifolium repens) and alfalfa
have been produced which contain genes which encode
delta-zein, ovalbumin and albumin; proteins that are
resistant to ruminal degradation but are readily de-
graded by intestinal proteases (Tabe et al., 1995; Khan
et al., 1996; Christiansen et al., 2000). Christiansen et
al. (2000) introduced genes encoding sunflower seed
albumin into white clover to increase the content of
cysteine and methionine. They were able to increase
the level of albumin to 0.1% of total protein in the
leaves, and demonstrated that the ability to synthesize
albumin was inherited in successive generations. Khan
et al. (1996) introduced a gene encoding sunflower seed
albumin into subterranean clover, and the expression
of the gene was stable in the first and second generation
progeny. Tabe et al. (1995) introduced sunflower seed
albumin into Australian commercial cultivars of alfalfa,
and were able to obtain expression of the foreign pro-
tein, however, the levels of albumin achieved were pre-
sumably not high enough to affect animal production.

Ferulic acid crosslinks xylans and links them to lignin
in grasses, and this reduces digestibility of the plant
cell wall. Hatfield et al. (1999) speculate that targeting
the enzymes that attach ferulic acid to polysaccharides
could be the key step in reducing cross-linkages and
improving forage grass digestibility. Other options to
manipulate cell wall digestibility include altering lignin
concentration and lignin composition using both genetic
selection and molecular approaches. In forage legumes,
selection for increased pectin content could lead to in-
creased digestibility (Hatfield et al., 1999).

Current transformation efforts involve down-regulat-
ing enzymes in the lignin biosynthetic pathway in al-
falfa and stylo (Stylosanthes spp.) that have resulted
in reduced lignin content and increased digestibility
compared with control plants (Casler and Vogel, 1999).
Guo et al. (2001) produced transgenic alfalfa lines that
had decreased lignin content and changed lignin compo-
sition by down-regulating two O-methyltransferase en-
zymes in the lignin biosynthesis pathway. Compared
with control alfalfa plants, these transgenic alfalfa
plants exhibited no gross changes in stem morphology
as assessed by examination of stained cross sections,
and no changes in pectin, cellulose and hemicellulose
content. Alfalfa in vitro NDF digestibility was increased
by 1 to 5.5% in the transgenic alfalfa lines compared
with control alfalfa, and NDF digestibility of the stems
was improved by 8% in one transgenic line. In Arabi-
dopsis thaliana, a plant species that has been used
extensively as a model for genetic studies, it is esti-
mated that approximately 15% of the more than 25,000
genes identified are involved in cell wall synthesis, reor-
ganization and turnover (Carpita et al., 2001). Tremen-
dous progress has already been made, but for molecular

breeding and transformation technology to be success-
ful, detailed knowledge of the exact genes to manipu-
late, and of any possible negative consequences of ge-
netic manipulation are necessary (Vogel and Jung,
2001).

Genetic Modification of Ruminal Microbes

Using genetically engineered ruminal microbes and
microbial enzymes offers the possibility of eliminating
anti-nutritional factors and toxins in plants, enhancing
fiber digestion, and improving amino acid composition
of ruminal bacteria (Wallace, 1994; Bonneau and Laar-
veld, 1999). Over 100 different genes encoding enzymes
for fiber digestion have been identified and cloned from
ruminal bacteria such as Butyrivibrio fibrisolvens, Fi-
brobacter succinogenes, Prevotella ruminicola, Rumino-
coccus albus and Ruminococcus flavefaciens. At least
30 genes from ruminal fungi have been isolated that
encode cellulase, xylanases, mannanases, and endoglu-
canases. These are of particular interest due to their
powerful fibrolytic activity and ability to break down
very resistant cell wall polymers. In addition, cellulase
and xylanase genes from ruminal protozoa have been
cloned. Almost 50% of the fibrolytic genes cloned have
been sequenced (Selinger et al., 1996). Protein engi-
neering has been used to increase the catalytic activity
and substrate diversity of fibrolytic enzymes from rumi-
nal microbes. This has resulted in enzymes with up
to 10 times higher specific activity, changed pH and
temperature optima and increased substrate binding
activity than the enzymes from which they originated
(Selinger et al., 1996). Some ruminal bacterial species
such as Butyrivibrio fibrisolvens and Prevotella rumini-
cola are found widely in ruminant animals on varied
diets and are found in significant numbers regardless
of the ruminal environment. These species therefore
are logical choices to introduce new or enhanced genetic
material into the rumen (Selinger et al., 1996).

Streptococcus bovis is tolerant to O, and depressed
rumen pH unlike most cellulolytic bacterial species in
the rumen. In addition, there are convenient gene
transfer methods available for this species that make
it a candidate as a host for the expression of genes from
other organisms. Ekinci et al. (2002) were able to use
a beta-glucase promoter found in S. bovis to express a
cellulase gene from the anaerobic rumen fungus Neocal-
limastix patriciarum that is found in very low levels
in the rumen, and is important for the degradation of
crystalline cellulose. The resulting enzyme product was
active against a wide variety of cellulosic substrates.
The advantages of using fungal enzymes are their sta-
bility to low pH and their extremely high activity level
(Ekinci et al., 2002).

Xue et al. (1997) were successful in introducing a
xylanase gene from the anaerobic ruminal fungus Neo-
callimastix patriciarum into Butyrivibrio fibrisolvens,
and achieving secretion of the enzyme. Krause et al.
(2001) constructed a recombinant Butyrivibrio fibrisol-
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vens that expressed a xylanase enzyme from the rumi-
nal fungus Neocallimastix patriciarum. The recombi-
nant Butyrivibrio fibrisolvens did have an increased
ability to digest fiber, but it did not persist in the rumen
past 22 d.

Monofluoroacetate is a toxin found in many Austra-
lian shrubs and trees that results in substantial animal
deaths. Gregg et al. (1996) reported the successful intro-
duction and in vitro expression of a gene encoding a
toxin-degrading enzyme (fluoroacetate dehalogenase)
into Butyrivibrio fibrisolvens. The recombinant Butyri-
vibrio fibrisolvens established and persisted in the ru-
men of sheep for over 5 mo; however, the successful
colonization of a genetically modified species in the ru-
men is still the most difficult barrier to cross. Currently,
the biggest problem is the ability to introduce and main-
tain the new strain in the mixed rumen population, and
survival of new strains is not well understood. Other
options include using nonruminal organisms such as
Saccharomyes cerevisiae because yeast is already used
as a feed additive and its genetics are well understood
(Wallace, 1994).

Genetic Modification of Animals

The technology of developing transgenic animals
with modified characteristics offers the opportunity to
increase production efficiency, modify digestion and end
products, improve metabolic efficiency, and partition
nutrients (Vercoe, 1996). Bacteria appear to be a conve-
nient reservoir of useful functional genes to introduce
into animals. Several efforts in this area are currently
ongoing. The one that has made the most progress in-
volves inserting a biosynthetic pathway for cysteine, a
rate-limiting amino acid for wool production, into
sheep. Genes from Escherichia coli encoding the two
enzymes necessary to convert the amino acid serine
into cysteine were introduced into mice. These
transgenic mice expressed the enzymes for the synthe-
sis of cysteine, and when placed on a low sulfur amino
acid diet continued to grow normally. Control mice
without the enzymes for cysteine synthesis suffered
considerable weight loss on the same diet. These same
genes have been placed into transgenic sheep, but al-
though low-level expression of the enzymes has oc-
curred, not enough cysteine has been synthesized to be
useful (Ward, 2000).

Another attempt at manipulating animal metabolism
is the introduction into ruminants of a glyoxylate path-
way that synthesizes glucose from acetate. Ruminant
metabolism is unique in that there is very limited glu-
cose absorption and only one gluconeogenic VFA, propi-
onate. Saini et al. (1996) introduced genes encoding
bacterial glyoxylate cycle enzymes into mammalian
cells in vitro, and into transgenic mice. In both cases,
the appropriate enzymes have been expressed. Intro-
ducing this pathway into ruminants presumably would
improve metabolic efficiency. However, all efforts so
far to insert these genes and achieve expression of the

glyoxylate pathway enzymes in sheep have failed
(Ward, 2000).

Implications

Forage-based beef cattle producers in the Western
United States face two large challenges in the future.
First, they must demonstrate that their production
methods are compatible with the desires of the Ameri-
can public, especially when public land grazing is in-
volved, and second, they must remain economically via-
ble in times of increased competition. A number of tech-
nologies that are simple and relatively inexpensive are
currently available to help meet these challenges. Ad-
vances in electric fencing, water development and sup-
plement placement offer practical solutions to improve
distribution problems. The use of complementary for-
ages has proven to be one of the most profitable im-
provement practices for livestock producers in the
Western US. Other technologies such as genetic modi-
fication of plant and ruminal microbial species are not
currently available, but they may substantially change
the way livestock producers operate in the future.
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