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ABSTRACT: Developments in the biological sciences in the last three decades have revolutionized mankind's ahility 1o
manipulate the genetics, cell biology and physiclogy of biclogical erganisms.  These technigues. collectively termed
biotechnology, create the opportunity for modifying domestic animals in ways that markedly increase the efficiency of
production. Among the procedures being developed for animal production systems are marker-assisted selection of specific
alleles of a gene that are associated with high production, production of transgenic animals, superovulation and embryo
transfer, in vitro fertilization, embryo sexing and cloning, production of large amounts of previously-rare proteins through
use of genetically-engineered bacteria or other cells, and identification of new biologically-active molecules as potential
regulators of animal function. To date, most uses of biotechnology have concentrated on problems of general relevance
to anumal agriculture rather than specific problems related to livestock production in hot climates. However, it is likely
that hiotechnology will be used for this latter purpose also. Strategies o increase disease resistance using marker-assisted
selection, praduction of transgenic animals expressing viral proteins, and recombinant cytokines to enhance immune
function should prove useful in reducing the incidence and severdy of various tropical diseases.  Additionally, there are
methods to reduce effects of heat stress on oestrus detection and establishment of pregnancy. These include remote sensing
of nestrus, ovulation synchronization systems and embryo transfer. More research regarding the physiological processes
determining heat twlerance and of the pathways through which heat siress alters physiological function will be required
before maelecular hiology technigues can be used to reduce the adverse effects of heat stress on animal production,

Mankimi has long been interested in effects of the
environment on biological processes. Indeed,
these effects were discussed as early as the 5th century
B.C. by Hippocrates in his treatise on Air, Warers,
Places. One reason environmental biology has been of
great interest is because of the important effects that
environment can have on the output and efficiency of
animal production systems, For most of history,
atempts to alleviate effects of adverse environments on
domestic animals have involved 1) natural and artificial
selection for genetic traits that confer resistance to
adverse environments and 2) alteration of the
environment to reduce the severity of environmental
stress. These approaches have been partially successful
as witnessed by the successful use of animals for
production of food, work and fibre throughout most of
the world and by the often high levels of production
that can be achieved in environments not conducive to
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production, MNonetheless, significant effects of
environmental stress remain. This is particularly true
in hot climates because the combined effects of heat
stress, low water availability, parasites and pathogenic
microorganisms can limit or prohibit animal production.

In the coming years, it is likely that the breadth of
approaches for alleviating deleterious effects of the
environment on animal production will expand greatly.
This will occur because developments in the biological
sciences in the last three decades have revolutionized
our ability to manipulate the genetics, cell biology and
physiology of biological organisms. These techniques,
often referred to collectively as biotechnology, create
the opportunity for modifying organisms in ways
hitherto impossible. The sentiment expressed in the
quotation from the developmental biologist, Ryuzo
Yanagimachi, is indicative of the thinking that these
techniques have engendered. To date, the application
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of biotechnology to animal production is only beginning
and few specific uses of biotechnology to improve
amimal performance in hot climates have been
developed. The purpose of this review will be to
outline some of the more important techniques of
biotechnology and give appropriate examples of ways
in which the technology could be used to modify
livestock production in hot climates.

Marker-Assisted Selection

Most genetically-controlled traits of importance in
animal production systems are controlled by multiple
genes, Consequently, quantitative genetics has
dominated the field of animal breeding since its
development in the early part of this cenwry.
Nonetheless, all genetic variation 1s mediated through
polymorphisms in the structure of individual genes and
the proteins encoded for by those genes. It may be
possible to improve genetic potential for production by
identifying particular genetic variants (or alleles) of a
gene that are associated with a high level of production.
Before the explosion of molecular biology, various
attempts were made to relate productive traits with
genetic polymorphisms in specific proteins, particularly
milk proteins and blood group markers, as well as
genetic variation in amounts of particular metabolites
and hormones. The tools to identify genetic variation
in protein structure are relatively inefficient, however,
and metabolite and other quantitative measures are
affected by environment as well as genetics., Advances
in molecular genetics have greatly simplified the task of
identifying allelic variants of specific genes. The
techniques most commonly used are determination of
restriction fragment length polymorphisms (RFLP) and
the polymerase chain reaction (PCR).  The technigue
of RFLP is based on the discovery of specific enzymes
called restriction endonucleases that cleave double-
stranded DNA at specific sequence motifs.  For
example, the endonuclease Hpa [ recognizes the
sequence GTTAAC and its complementary sequence
and cuts the DNA between the T and A. Cuts in DNA
can be evaluated by examining the size of DNA
fragments on an agarose gel. A genetic mutation in the
ahove sequence to GTTCAC would prevent cutting by
Hpa I and lead to a different pattern of fragments on an
agarose gel. The technique of PCR allows large-scale
amplification of DNA segments bounded by specific
DNA sequences. This technique can be used to type
amimals for known alleles as well as for identification of
new allelic variants.

Using molecular technigues such as these as well
as more conventional serolyping. there is an active
search for allelic variants of specific genes that are
linked to production traits. Among the more promising

findings are those in chickens that genetic resistance o
the wvirus-mediated lvmphoproliferative  disease,
Marek's disease, is conferred by the B*' haplotype of
the type | major histocompatibility complex (MHC)
(Lamont, 1989), There is also evidence that certain
haplotypes of the bovine MHC complex are related to
resistance (o mastitis (Weigel et al., 1991 and ticks
(Lewin, 1989) as well as production traits such as milk
vield and meat production (Mejdell et al_, 1993).

Nonetheless, the number of marker genes closely
tied to animal production traits is small. In part, this
reflects the fact that use of molecular technigues for
identifying genetic markers is still a new field. There
are other limits to progress, however, First, not all
variants in nucleotide sequence will give rise to amino
acid mutations, and not all amino acid substitutions give
rise to alterations in protein function. Secondly, the
multigenic nature of most production traits may make
it unlikely that genetic polymorphisms in any single
gene are highly correlated with some productive traits,
As pointed out by Shook (198Y), a genetic marker will
be most useful when the marker has a high genetic
correlation with the productive trait and has a higher
heritability than the productive trait.  Shook {1989) has
given mathematical relationships to demonstrate that
marker assisted selection becomes most useful when
heritability of the productive trait is low or selection is
on individual performance rather than progeny testing.
The success of marker-assisted selection will also
depend upon the correlative responses of other
production traits to selection for the marker gene.
Many gene products such as hormones, enzymes and
transcription factors play roles in several physiological
systems, Reduced heterozvgosity of the MHC loci as
a result of marker-assisted selection for resistance to a
particular disease could lead to increased susceptibility
to other diseases (Lewin, 1989},

The ease of conducting RFLP and related
techmiques means that it is easier to identify allelic
variants than it is to relate these to productive function.
There are two possible approaches for identifying
relationships between gene markers and production
traits (Freeman and Lindberg, 1993). The first is (0
correlate allelic variation in a large number of genetic
loci with production traits. The second approach is to
use knowledge of biology to identify genes that are
likely to be involved in the production trait of interest
and then relate allelic variation in these genes to the
production trait. Both of these approaches are feasible
for selection for increased production for animals in hot
climates, For the first approach, genotype x
environmental interactions may affect the genetic
correlation between gene markers and production traits
and it is important that marker genes be identified or
verified in populations of animals used in that




environment. Use of the second approach for selection
of genes that are specifically useful in hot climates is
limited by the lack of knowledge about physiological
factors determining adaptation o hot climates. [t is
tlear that thermotolerance is genetically controlled.
- For example, clear differences exist in thermoregulation
between Bos indicus and Bos fawrus cattle (Finch, 1986)
and rectal temperature is moderatel ¥ heritable (Finch,
1986). Moreover, selection for thermotolerance has
been demonstrated in chickens (Wilson er al., 1975).
In cattle, selection for growth rate in a hot environment
also leads to increased thermotolerance (Frisch, 1981,
The physiological basis for increased heat wlerance
involves changes in tissue resistance to heat flow,
alierations in  water metabolism and evaporative
tooling, and characteristics of hair coat (Finch, 1986).
There are also breed differences In resistance of
cultured bovine reproductive tract tissues (M alayer and
Hansen, 1990) and lymphocyres (Kamwanja et al.,
1994) to elevated temperature that could affect the
degree to which hyperthermia alters reproductive or
mmune function. Identification of the gene products

involved in  physiological regulation  of  body
lemperature  and  cellular resistance 10 elevated
emperature  could lead to new genetic markers

specifically related to heat tolerance.
Transgenic Animals

A more revolutionary technology that has arisen
from advances in molecular biology is the production of
fransgenic amimals in which a foreign gene (i.e..
frinsgene) is introduced into an animal's ZEnotype. A
Wypical strategy for producing a transgenic ammal is
illustrated in Figure 1. As of 1992, over 30 gene
tonstructs had been integrated into the genome of pigs,
cattle, sheep and goats (Pursel and Rexroad, 1993).
Transgenes have been transferred to increase growth
fate or muscle development, enhance disease resistance,
ncrease cysteine synthesis for wool production and to
produce  recombinant proteins of value to the
pharmaceutical industry (Pursel and Rexroad, 1993).

Research is still in the early stages and no
fransgenic animal of value to animal agriculture has vet
been developed. There are several obstacles that
prevent rapid development of transgenic farm animals,
The procedure is expensive since large numbers of
embryo transfer recipients are necessary. Depending
upon the species, only about 0.03-435% of
microinjected embryos transferred to recipients develop
nto transgenic animals (Pursel and Rexroad, 1993
Seidel, 1993). This efficiency may be enhanced
somewhat by incorporating screening procedures to
identify the transgene in embryos using PCR before
ransfer.  The long generation intervals of domestic
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Figure 1. Typical strategy for producing a transgenic animal, In

the case illustrated, the goal is 1o prodduce a transgenic cow that
SECTElEs @ pig protein into milk. Afier a gene has been isolated, it
15 placed in an appropriate vector {typically a plasmid) and, when
appropriate, is engineered to contain regulatory elements that direct
lissue-specific expression, The plasmid is usually micromjected into
vocytes, Other methads of gene insertion {use of retroviruses or
stem cells) have also bheen used byt net in domestic animals,
Injected embryos that develop in culture are transferred it
recipients animals, sometimes after screening by PCR for presence
of the iransgene. A fraction of cows that develop from the
microinjected embryos will express the transgene. In the example
grven, the transgene has been constructed o be  expressed
specifically in mammary tissue, Therefore, the recombinant prifein
will be secreted into milk where it can be subsequently purified for
pharmacological purposes.  This figure was reproduced with
permission from Simmen {19975,

animals also delays development of transgenic animals.
It has been estimated that the time to produce a
transgenic animal homozygous for the transgene is 50
mo i sheep and 78 mo in cattle {Seidel, 1993). The
development of transgenic offspring from the original
transgenic founder animal is also slowed by mosaicism
in germ cells (i.e., only some germ cells contain the
transgene). In pigs, Pursel et al. (1990) found that 207
of transgenic animals did not transmit the transgene to
offspring.

Progress has been made in using transgenic
animals to increase disease resistance and such an
approach may prove useful in reducing the incidence of
specific tropical diseases. Clements et al. (1994)
produced transgenic sheep that express the gene
encading for the envelope glycoprotein of visna virus,
4 lentivirus that causes ovine PrOgress pneumonia.
Expression of the protein in transgenic lambs occurred
in the target cell where natural virus replicates, the
macrophage. Two of three transgenic sheep produced
antibodies 1o the transgenic protein. Thus, it is possible
that expression of the envelope glycoprotein will make
lambs resistant to the virus. Another possible use of
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transgenic  technology is  manipulation of the
heterozygosity of the MHC. Genes of the MHC
complex encade for surface proteins that allow antigen
recognition hy presenting antigen to cytotoxic T
lymphocytes (class 1 MHC) or helper T lymphocytes
{class 11 MHC). Diversity in structure of MHC
molecules enhances the probability that cells will
express at least one MHC variant that can bind antigen
and present it to the appropriate lymphocyte. Since the
number of MHC proteins expressed increases with
mumber of gene copies, it has been suggested that
disease resistance could be enhanced by using
transgenic technology to increase the copy number and
heterozygosity of MHC genes (Lamont, 1989). One
could also use transgenic technology to create animals
with MHC haplotypes that confer resistance  a
particular disease (Lewin, 1989) but marker-assisted
selection would be a more feasible way to achieve this
goal in most cases.

At present, there are few candidates for
transgenes that increase heat resistance because the
genes controlling thermoregulation have not been well
characterized.

Critical to development of agriculturally-useful
transgenic animals will be evaluation of the genetic
value of the transgene for improved production. Many
transgenic animals may not have the desired
improvement in productivity because of deleterious
effects of the gene product on other physiological
systems, because the gene was inserted into another
gene, rendering it inactive, or because assumptions
regarding the role of the gene product in animal
function were incorrect. Each transgenic founder
animal is unique because of differences in the number
and sites of transgene integration into chromosomal
DNA. Assuming 50% transmission of the transgene,
the number of animals required to demonstrate a
beneficial effect of the transgene is large: 36 offspring
are required to show a significant effect if the transgene
increases the mean of the population by one standard
deviation and 198 if the transgene increases the mean
by 0.4 standard deviation units (Smith et al., 1987).
Homeotherms (mammals and birds) maintain body
temperature by matching heat production with heat lost
to the environment via radiation, conduction and
convection (Figure 2).  Successful thermoregulation
becomes difficult when environmental conditions limit
heat flow from the animal (i.e., high air temperatures,
high humidity and low wind speed) or cause a net flow
of heat from the environment to the animal (intense
solar radiation; air temperatures higher than skin
temperature). Under such heat stress, metabolic heat
production is greater than net heat flow from the animal
and body temperature rises. Homeotherms can engage
a variety of adaptive physiological mechanisms to
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Hyperthermia
Environmental P+ S
Heat (EH)
Heat Loss

Figure 2. Maintenance of body emperature in homeotherms, A
constant body temperature is maintained when the amount of heat
produced by the animal (HP) and the amount of heat gained from ihe
environment (EH) is matched by the amount of heat lost by the
animal (HL). Heat exchange occurs via conduction, convection,
radiation and evaporation.  The amount of heat lost via these modes
depends upon internal resistance to heat flow (R as well a
environmental factors (air temperature, win speed. humidity),
Internal resistance to heat flow is determined by factors such &
Blood Now tw the skin and rate of sweating, R refers to resistance
1o heat flow from the environment and s determined by factors such
as properties of the hair coat. Hyperthermia, which results when
HP + EH = HL, causes a decrease in productive function becasse
of 1) disruptive effects of elevated body temperatures and 1
deleterious consequences of the physiological changes hyperthermic
animals undergo to reduce HF and increase HL. Use of transgenic
technology or marker-assisted selection w improve heat tolerance
will he dependent upon identifying the genes that control R, and R,
{Taken from Hansen, 1994)

reduce the magnitude of hyperthermia. These include
decreasing internal heat production, increasing the
resistance of heat flow from the environment to the
animal and reducing the resistance of heat flow from
the animal to the environment. There are genetic
differences in ability of animals to undergo
thermoregulation (Finch, 1986} but little is known about
the molecular basis for these differences. Most
deleterious effects of elevated temperature on animal
production occur as a result of the physiclogical
changes animals undergo to maintain body temperature.
Thus, the decrease in milk vield in heat-stressed dairy
cows is in large part a reflection of the decrease in feed
intake accompanying heat stress (Beede and Coller,
1986). Similarly, much of the heat-stress associated
changes in fetal weight can be ascribed to the
redistribution of blood flow away from the placenta
during heat stress (Reynolds et al., 1985). Transgenic
approaches to increase heat tolerance should not do so
by using genes that cause physiological effects that
reduce production.

While most effects of heat stress are caused by
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Alteration of Reproductive Function to Alleviate
Effects of Heat Stress

The major reproductive disorder caused by heat
stress is an increase in the interval from calving to
conception. This phenomenon is partly caused by a
decrease in fertility of males (Meyerhoefer et al.. 1985)
but artificial insemination can bypass this effect by
allowing collection of semen in cool months. Heat
stress also increases embryonic mortality and
pregnancy rates in warm months can be less than a
third of what is achieved in cool months even when
artificial insemination is used (Thatcher and Collier,
1986). Embryo transfer may be one way to bypass
effects of heat stress on embryo survival because
pregnancy is relatively resistant to disruption by heat
stress after d 1-2 of pregnancy (Dutt, 1963; Tompkins
et al., 1967; Ealy et al., 1993). Thus, embryos
transferred into recipients after this time would be more
likely to survive maternal hyperthermia than embryos
produced as a result of nawral or artificial
insemination.

Data from cattle support this idea. During the
summer, pregnancy rates of lactating embryo transfer
recipients on a commercial dairy in North Florida were
202% vs 13.5% for cows bred by artificial
insemination (Putney et al., 1989). In another study,
there was no relationship between daily maximum air
temperature and pregnancy rate of lactating embryo
transfer recipients in a commercial embryo transfer
company operating in the Southwest United States
(Table 1). Embryo transfer is likely to increase
pregnancy rates even if cows serving as donors are
exposed to heat stress because, generally, the only
embryos transferred are those having developmental
and morphological characteristics deemed suitable to
be used for transfer. Development of embryo freezing
technology and in vitro fertilization could further the
utility of embryo transfer for improving fertility in heat-
stressed cows by allowing for production of embryos
without the possibility of heat stress and by reducing the
costs of embryo transfer.

Table |

Pregnancy rates in embryo transfer recipients as related to maximum
dry bulb temperature on d 0-10 after transfer

Recipient rype 1 < 27 1132 3240 =4l
Lactating beef cow 4,618 57.9 55.3 548 a8
Lactanng dairy cow 199 58.9 &0,9 fi.1 a7

* [rata are from Putney et al, {1985}
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Tahle 2

Effect of recombinant bovine somaiotropin on milk vield in dairy cale
exposed fo heal Siress.
Milk yiekl (kg/d)

Location Control BET Reference

Florida* 227+ 4 ME+ 4 Loa-Mboe et al, 1989
Georgia 209+ .7 Mo+ West et al., 1990
Missauri MRL S M9+ 7 Johnson et al., 194
Environmental 1.0+ 4 B3t 4 Johnson e al., 1991
chambers

Florida LH.B 21.3 Elvinger et al., 1992
Arizona® 60 31.2 Sullivan et al., 19492
Israel 08+ .1 351+ .1 Lovan e al., 1993

*Fat-corrected milk vield; effects on milk yield were not significant (244
255 kg/d).
! Fat-corrected milk vield

Effects of heat stress on oestrus detection also
become a limitation to establishment of pregnancy when
artificial insemination is used. In one study on &
commercial Florida dairy, 18-24% of oestrus periods
were detected by dairy managers during the summer s
compared to rates of 34-56% at other times of the year
{Thatcher and Collier, 1986). The decreased rate of
oestrus detection in heat-stressed cows occurs because
of a reduction in the duration of cestrus. Duration of
oestrus in one experiment averaged 17.0 h in heifers
maintained at 18.2 C and only 12.5 h in heifers
maintained at 33.5 C (Abilay et al., 1975). There are
two general approaches being developed for reducing
effects of heat stress on oestrus detection in cattle.
First, there is intensive work devoted to developing
remote sensing devices for oestrus detection based on
changes in locomotory activity, electrical resistance of
reproductive tract tissues, or pressure applied to the
tailhead region of the oestrus cow during mounting
behaviour (Senger, 1994). Commercial systems for
remote oestrus detection have been developed (Afikim-
USA, Visalia, CA and ABS. De Forest, WI) but these
systems have not been tested for ability to improve
oestrus detection in periods of heat stress. There is also
much interest in developing ovulation synchronization
schemes that allow fixed-time breeding without oesirus
detection. In one such scheme, cows received 100 pg
gonadotropin releasing hormone (GnRH) on day 0,
35mg prostaglandin-F,, on day 7, and 100 ug GnRH on
day 9 and artificial insemination on day 10 (Pursley et
al.. 1994). All cows ovulated 24-32 h after the second
GnRH injection and pregnancy rates were 55%. The
usefulness of these schemes will be improved if
schemes for encapsulation of semen to allow continuous
release of sperm becomes practical (Nebel et al., 1993).
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Figure 3. Example of genetic engineering to produce a

recombinant mammalian protein. In this case, the gene encoding for
bovine somatotropin (BST) is placed in an appropriate plasmid
designed to promote transcription of the gene, and then transfected
into E. coli. The bacteria are screened for the presence of the
fareign gene and colonies positive for the gene are grown up in large
quantity {bacterial fermentation). The gene product (BST) is then
isnlated from the bacteria and used to modify the function of species
of interest (in this case, dairy cattle). The figure was reproduced
with permission from Simmen (1992).

Production of Recombinant Proteins

It 15 become routine to produce large amounts of
previously-rare  proteins  through utilization of
genetically-engineered bacteria, yeast, or mammalian
cells. A schematic representation of these procedures
i5 illustrated in Figure 3.  Several recombinant
mammalian proteins have been developed for modifying
animal function, including hormones involved in
growth processes (Dunshea, 1993) and cytokines used
to reduce the incidence or severity of infectious disease
{Blecha, 1991; Kehrli et al., 1991, Campos et al.,
1994). One recombinant  molecule, bovine
somatotropin (BST), is now being marketed in several
tountries as a lactational promoter.

In some cases, the effectiveness of recombinant
molecules may differ somewhat for heat-stressed
amimals  than  for animals in  thermoneutral
environments, particularly if the molecule alters
physiological — systems  that  are involved in
thermoregulation. Extensive research shows that BST
increases milk vield in cattle under heat stress
conditions (Table 2). However, BST can also increase
body temperature of heat-stressed cows (Zoa-Mboe et
al., 1989; West et al., 1990; Elvinger et al., 1992;
Sullivan et al., 1992; Cole and Hansen, 1993) and
therefore careful attention should be given to limiting
egxposure of BST-treated cows to heat stress,
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Applications of Other Biologically-Active
Molecules

The use of recombinant proteins to modify animal
function is only one aspect of a broader development
in animal science in which pharmacological approaches
are being used to manipulate animal physiology and
increase production. The molecules that are under
exploration come from a variety of sources. Some,
such as the [ agonists, used to modify carcass
composition (Dunshea, 1993) and GnRH, used for
regulation of reproductive function (Thatcher et al.,
1993), are either molecules that occur naturally in
mammalian systems or more potent agonists, Others
are molecules derived from microorganisms.  One
example is phytase derived from Aspergillus niger
which has been used to increase phosphorus availability
from corn-soyabean pig diets (Cromwell et al., 1993).
Live microbial cultures are also being used to increase
feed intake and alter ruminal metabolism (Wallace,
1994}, There is evidence that feeding A. orvzae to
increase milk vield or enhance milk
composition can have beneficial effects that are
particular to heat-stressed cows. Specifically, some
studies (Gomez-Alarcon et al., 1991; Higginbotham et
al., 1994), although not all (Denigan et al., 1992),
found that rectal temperatures of lactating cows fed
cultures of A. oryzae were reduced as compared to
control cows.  The mechanism for this effect is
unknown.

Another possible use of biologically-active
molecules to reduce effects of heat stress relates to
antioxidants and embryonic survival. Many adverse
effects of exposure (o elevated temperature on cells are
caused by increased production of free radicals and
other reactive oxygen products (Loven, 1988).
Addition of antioxidants taurine (Malayer et al., 1992;
Ealy et al., 1992}, glutathione (Ealy et al., 1992,
Aréchiga et al., 1994) and vitamin E (Aréchiga et al.,
1994} 1o culture medium improved survival of heat-
shocked preimplantation mouse and bovine embryos.
Presumably, these molecules worked by scavenging
free radicals within the embryo, Whether antioxidant
treatments will prove effective in increasing pregnancy
rates of heat-stressed females is unknown. Injection of
3000 IU of vitamin E at the time of breeding (Ealy et
al., 1994) did not improve pregnancy rate of heat-
stressed lactating Holsteins. Furthermore, Ealy et al.
{1995} found that 2-cell bovine embryos could not be
protected from elevated culture temperature by either
glutathione or taurine, even though both of these
molecules can protect bovine morulae (Ealy et al.,
1992).

What is Necessary to Realize the Gains of
Biotechnology in Hot Climates?

It is obvious that many of the advances in
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hiotechnology will have broad applications throughout
the world livestock industry. Nevertheless, there are
unique problems associated with animal production
systems in hot climates that could in some cases he
alleviated by utilization of biotechnology. To do so will
require a more complete understanding of the basic
physiclogical processes involved in animal productive
functions and heat tolerance and the pathways through
which environmental stress alters physiological
function. Acguisition of this knowledge will require
interdisciplinary research between physiologists, animal
management specialists and molecular biologists.
Development of biotechnology is an  expensive
undertaking that requires long-term commitment of
personnel and resources. It is unlikely that rapid
progress will be made in implementing hiotechnological
approaches to enhancing animal production in hot
climates without that commitment.
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