Animal Reproduction Science 82–83 (2004) 349–360

Physiological and cellular adaptations of zebu
cattle to thermal stress
P.J. Hansen∗
Department of Animal Sciences, University of Florida, Gainesville, FL 32611-0910, USA

Abstract
During their separate evolution from Bos taurus, zebu cattle (Bos indicus) have acquired genes
that confer thermotolerance at the physiological and cellular levels. Cattle from zebu breeds are
better able to regulate body temperature in response to heat stress than are cattle from a variety of B.
taurus breeds of European origin. Moreover, exposure to elevated temperature has less deleterious
effects on cells from zebu cattle than on cells from European breeds. Superior ability for regulation
of body temperature during heat stress is the result of lower metabolic rates as well as increased
capacity for heat loss. As compared to European breeds, tissue resistance to heat flow from the body
core to the skin is lower for zebu cattle while sweat glands are larger. Properties of the hair coat in
zebu cattle enhance conductive and convective heat loss and reduce absorption of solar radiation.
At the cellular level, genetic adaptations to resist deleterious effects of elevated temperature result
in preimplantation embryos from zebu being less likely to be inhibited in development by elevated
temperature than are embryos from European breeds. The zebu genotype has been utilized in
crossbreeding systems to develop cattle for beef and dairy production systems in hot climates but
success has been limited by other unfavorable genetic characteristics of these cattle. An alternative
scheme is to incorporate specific thermotolerance genes from zebu cattle into European breeds while
avoiding undesirable genes. Once specific genes responsible for thermotolerance in zebu have been
identified or mapped, breeding strategies such as marker-assisted selection and transgenics can be
applied to further the exploitation of the zebu genotype for cattle production systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction—the zebu as a genetic resource for thermotolerance genes
While the humped cattle of Indian origin (Bos indicus or zebu cattle) and the generallyhumpless cattle of Europe and Africa (Bos taurus) arose from a common ancestor, these two
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Fig. 1. Differences between Hereford (closed circles) and Brahman (open circles) in regulation of rectal temperature
and sweating rate. Data are redrawn from Gaughan et al. (1999).

subspecies have undergone separate evolution for several hundred thousand years. Analysis
of mitochondrial DNA sequences and microsatellite loci indicate that B. indicus diverged
from B. taurus somewhere between 110,000 and 850,000 years ago (Bradley et al., 1996;
MacHugh et al., 1997). Among the genetic adaptations that have developed in zebu cattle
during its evolution have been the acquisition of genes for thermotolerance. As illustrated in
Fig. 1, cattle from zebu breeds are better able to regulate body temperature in response to heat
stress than are cattle from a variety of B. taurus breeds of European origin (McDowell et al.,
1953; Cartwright, 1955; Allen et al., 1963; Finch, 1986; Carvalho et al., 1995; Hammond
et al., 1996; Gaughan et al., 1999). Genetic differences in thermotolerance extend to the cellular level as well because deleterious effects of elevated temperature on cellular function are
less for cells from Brahman cattle than cells from Angus and Holstein (Malayer and Hansen,
1990; Kamwanja et al., 1994; Paula-Lopes et al., 2003; Hernández-Cerón et al., 2004).
Because zebu cattle are thermotolerant, the consequences of exposure to heat stress for
production of milk and meat are less for B. indicus than for European B. taurus breeds.
Thus, as compared to breeds of European origin, zebu cattle experience less severe reduc-
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tions in feed intake (Kibler and Brody, 1951; Johnston et al., 1958; Allen et al., 1963; Seif
et al., 1979), growth rate (O’Bannon et al., 1955, Cartwright, 1955), milk yield (Johnson,
1965) and reproductive function (Johnston et al., 1963; Skinner and Louw, 1966; Rocha
et al., 1998) in response to heat stress. The objective of this review is to outline the current
understanding of the biological mechanisms which make zebu cattle adapted for regulation of body temperature during heat stress and for maintenance of cellular function when
hyperthermia ensues.
2. Adaptations in zebu cattle that confer ability to regulate body temperature
during heat stress
2.1. Thermoregulatory mechanisms in cattle
Like for other homeotherms, cattle regulate internal body temperature by matching the
amount of heat produced through metabolism with the heat flow from the animal to the
surrounding environment. Heat flow occurs through processes dependent on surrounding
temperature (sensible heat loss; i.e. conduction, convection, radiation) and humidity (latent
heat loss; evaporation through sweating and panting). The magnitude of sensible heat loss
via conduction and convection is dependent on the surface area per unit body weight, the
magnitude of the temperature gradient between the animal and the air, and the conductance
of heat from the body core to the skin and from the skin to the surrounding air. Heat exchange
by radiation depends upon surface area as well as the reflective properties of the hair coat.
Light-colored hair coats and hair coats that are sleek and shiny reflect a greater proportion
of incident solar radiation than hair coats that are dark in color or more dense and wooly
(Stewart, 1953; Hutchinson and Brown, 1969; Finch, 1986; Hansen, 1990).
One physiological response to heat stress is a reduction in heat production (Kibler and
Brody, 1951; Seif et al., 1979), which in turn is caused in large part by a reduction in feed
intake (Kibler and Brody, 1951; Johnston et al., 1958; Seif et al., 1979; Lough et al., 1990),
milk yield (Johnson, 1965; Lough et al., 1990; Elvinger et al., 1992), and thyroid hormone
secretion (Magdub et al., 1982; Al-Haidary et al., 2001). Heat stress also leads to activation of
heat loss mechanisms. Blood flow to the periphery increases so that heat loss via conduction
and convection is enhanced (Choshniak et al., 1982). Cattle change posture and orientation
to the sun to reduce gain of heat from solar radiation. Moreover, chronic exposure to elevated
environmental temperatures results in a lightening of the hair coat (Stewart and Brody, 1954).
Heat stress also leads to activation of evaporative heat loss mechanisms involving an increase
in sweating rate and respiratory minute volume (Kibler and Brody, 1952; Choshniak et al.,
1982; Gaughan et al., 1999; Al-Haidary et al., 2001). About 70–85% of maximal heat loss
via evaporation is due to sweating with the remainder due to respiration (Kibler and Brody,
1952; Finch, 1986). As air temperatures approach those of skin temperature, evaporation
becomes the major route for heat exchange with the environment.
2.2. Differences between zebu and European breeds
It follows from the discussion above that the superior thermoregulatory ability of zebu
cattle as compared to European breeds must be the result of reduced heat production,
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increased capacity for loss of heat to the environment, or some combination of both. Clearly,
low metabolic rates resulting from reduced growth rates and milk yields of many zebu breeds
is a major contributing factor to thermotolerance. There is also evidence that the basal
metabolic rate of B. indicus is lower than for B. taurus. For example, the heat production
rate per unit surface area in non-lactating and fasting cows was estimated at 100 Mcal/m2
for Holstein, 75 Mcal/m2 for Jersey and 57 Mcal/m2 for Red Sindhi × Holstein (Johnston
et al., 1958). Similarly, resting heat production of Hariana cattle was less on a metabolic
body weight basis than for F1 crosses of Hariana with Holstein, Jersey, or Brown Swiss
(Singh and Bhattacharyya, 1985). Maintenance requirements for Brahman × Hereford and
Hereford × Brahman cows were less than for crossbreds between B. taurus breeds (Reid
et al., 1991). One possible reason for reduced metabolic rates in B. indicus is reduced size
of internal organs as was shown by comparisons of the relative size of the digestive system
of Red Sindhi × Holstein and Red Sindhi × Jersey with digestive system size in Holstein
and Jersey (Swett et al., 1961).
Properties of the skin explain much of the thermotolerance of zebu cattle. Finch (1985)
found that the tissue resistance to heat flow from the body core to the skin was lower for
Brahman cattle than for Shorthorn cattle at high air temperatures. The physiological basis
for this difference has not been identified. One possibility is that the density of arteriovenous
anastomoses is higher in B. indicus. These structures, which have lower resistance to flow
than vascular passages involving capillary networks, facilitate increased blood flow to the
skin during heat stress (Hales et al., 1978). While zebu cattle have reduced resistance of
heat flow from the body core to the skin than European breeds, the converse is true when
considering flow of heat from the skin to the surrounding air. As cited by Finch (1986),
Gatenby (1979) found that the resistance to heat flow in the coat for cattle standing in
the sun was 116 s/m for Boran and 15 s/m for Hereford. Thick and dense hair coats, such
as are typical of many B. taurus, reduce heat flow via conduction and convection and
exacerbate effects of heat stress (Berry and Shanklin, 1961; Finch et al., 1984). Clipping
the hair of Shorthorn cattle reduced the magnitude of hyperthermia in response to heat stress
(O’Bannon et al., 1955). The smooth and shiny hair coats of zebu cattle also act to reduce
heat exchange via radiation (Hutchinson and Brown, 1969). Many B. indicus breeds have
hair of light color that reflects a large proportion of incident solar radiation (Stewart and
Brody, 1954; Hutchinson and Brown, 1969; Finch et al., 1984). Cattle exposed chronically
to high temperature become progressively lighter in color and there is some evidence that
this change occurs more rapidly for Brahman than for Brown Swiss or Jersey (Stewart et al.,
1951; Stewart and Brody, 1954).
Zebu cattle have been reported to have a higher density of sweat glands than European
breeds (Nay and Heyman, 1956) although there was no difference in sweat gland density
between Sahiwal and Jersey (Pan, 1963). Moreover, sweat glands of B. indicus have been
reported to be larger in size (Dowling, 1955; Nay and Heyman, 1956; Pan, 1963), to be
closer to the surface of the skin (Dowling, 1955) and to have more layers of cells in the
epithelial layer (Carvalho et al., 1995) than of B. taurus. The importance of these differences
in sweat glands for the superior thermotolerance of B. indicus is not clear. In several studies
(Allen, 1962; Allen et al., 1963; Gaughan et al., 1999), sweating rate was greater for zebu
cattle than European cattle (see Fig. 1 for illustration). In other studies, however, maximum
sweating rate did not differ between zebu and European breeds (Kibler and Brody, 1952;
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Allen, 1962). In fact, sweating rate during heat stress can be greater for unadapted B.
taurus breeds (Kibler and Brody, 1952; Thompson et al., 1953; Finch, 1985), probably
because differences in other thermoregulatory mechanisms mean that B. taurus require
more evaporative heat loss to maintain homeothermy.
The actual rate of heat loss via sweating depends not only upon the extrusion of water at
the skin surface but also upon the evaporation of that water. In an early study, Thompson et al.
(1953) observed that evaporative heat loss rates were less affected by humidity for Brahman
cows than for Holstein and Brown Swiss cows. More recently, Finch (1985) reported that
sweating rate in Brahman cattle exposed to heat stress was unaffected by humidity of the
surrounding air while sweating rate of Shorthorn cattle was reduced as humidity increased.
This result was interpreted as reflecting the greater trapping of humidified air in the dense
hair coat of the Shorthorns.
There is no evidence that respiratory capacity for heat loss is superior for zebu cattle.
The proportion of evaporative heat lost via respiration was roughly similar for Brahman,
Holstein, Jersey and Brown Swiss (Kibler and Brody, 1952). During heat stress, evaporative
heat loss via respiration rate can be greater for European breeds (Kibler and Brody, 1952;
Cartwright, 1955; Seif et al., 1979; Gaughan et al., 1999) and this occurrence also probably
reflects the greater engagement of heat loss mechanisms for the less-adapted breeds.
It is often thought that the appendages on zebu cattle are an important reason for the
superior thermoregulatory ability of these cattle since they increase the surface area per unit
body weight as compared to B. taurus. The actual importance of these anatomical features
is not likely to be crucial for thermoregulation, however, because surgical removal of the
dewlap or hump of Red Sindhi bulls did not have a significant effect on thermoregulatory
ability (McDowell, 1958; McDowell et al., 1958). Additionally, differences in regulation of
rectal temperature in response to heat stress were observed between Jersey and Red Sindhi
× Jersey even though surface area per unit body weight or metabolic body weight was
similar between the two genotypes (McDowell et al., 1953).
Heat stress has less severe effects on semen quality of zebu bulls than it does on bulls of European breeds (Johnston et al., 1963; Skinner and Louw, 1966) and this phenomenon reflects
not only adaptations that affect whole-body thermoregulation but also specific adaptations
that enhance the local cooling of blood entering the testis. This conclusion is based on results
of a recent study by Brito et al. (2004) who compared anatomical features of the testicular
thermoregulatory system between Nelore, crossbred (5/8 or 5/16 Charolais × zebu), and Angus bulls. Among their findings was the observation that the ratio of testicular artery length to
testicular volume was greatest for Nelore bulls, intermediate for crossbred bulls and least for
Angus bulls. Testicular artery wall thickness and the distance between arterial–venous blood
in the testicular vascular cone was least in Nelore, intermediate in crossbreds and greatest
in Angus. As would be expected from such anatomical differences, testicular intra-arterial
temperature was lowest in Nelore, intermediate in crossbreds and highest in Angus.

3. Cellular resistance to elevated temperature
Much of the reduction in productive performance of cattle in response to heat stress is
a reflection of the homeokinetic changes animals undergo in an attempt to regulate body
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Fig. 2. Genetic differences in the deleterious effects of elevated culture temperature on subsequent embryonic
development. Embryos > 8 cells at day 4 after insemination were cultured at either 38.5◦ continuously (solid bars)
or at 41 ◦ C for 6 h followed by 38.5 ◦ C thereafter (open bars). The proportion of embryos that became blastocysts
was determined at day 8 after fertilization. Data from Experiment 1 are redrawn from Paula-Lopes et al. (2003)
and data from Experiment 2 are redrawn from Hernández-Cerón et al. (2004).

temperature. For example, the reduction in growth rate and milk yield in heat-stressed cattle
is probably caused largely by the decrease in feed intake. Provision of supplemental feed
through a rumen fistula reduced the decline in milk yield in heat-stressed cows (Johnson
et al., 1961) while restriction of feed intake in cows at thermoneutral temperatures reduced
milk yield to values comparable to heat-stressed cows (Lough et al., 1990). Nonetheless,
the hyperthermia resulting from heat stress can also compromise cellular function and
result in physiological changes inimical to animal production. This is particularly true for
reproduction: elevations in testicular temperature impede spermatogenesis (Setchell, 1978)
and culture of oocytes and embryos at temperatures characteristic of those experienced
by heat-stressed cows can compromise subsequent embryonic development (Rivera and
Hansen, 2001; Krininger et al., 2003; Roth and Hansen, 2004).
There is evidence that cattle that evolved in hot climates have acquired genes that protect
cells from the deleterious actions of elevated temperature. Genetic resistance to cellular
effects of elevated temperature are seen in both B. indicus as well as two New World breeds
of B. taurus, the Senepol and Romosinuano. Thus, for example, the decrease in lymphocyte
viability caused by heat shock was greater for lymphocytes from Angus cows than for lymphocytes from Brahman and Senepol cows (Kamwanja et al., 1994). Likewise, lymphocytes
from Brahman and Senepol cows were more resistant to heat-induced apoptosis than lymphocytes from Angus and Holstein cows (Paula-Lopes et al., 2003). As illustrated in Fig. 2,
short-term exposure of embryos to elevated temperature causes a less severe reduction in
development for Brahman and Romosinuano embryos than for Angus or Holstein embryos
(Paula-Lopes et al., 2003; Hernández-Cerón et al., 2004). There were also differences between Brahman and Holstein in endometrial responses to culture at elevated temperature
(Malayer and Hansen, 1990).
The finding that there are genetic differences in cellular resistance to elevated temperature in cattle is the first example in endotherms of genetic adaptations in cellular resistance
to elevated temperature. It is possible that the same gene or genes conferring cellular ther-
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motolerance are present in Brahman, Senepol, and Romosinuano, especially because of the
contribution of B. indicus genotypes to New World cattle breeds (Magee et al., 2002). An
alternative explanation is that distinct thermotolerance genes are present in the different
genotypes. Identification of the genes conferring cellular thermotolerance offers the possibility of transferring these genes to heat-sensitive breeds to improve reproduction and other
phsyiological systems compromised by hyperthermia.
At present, little is known regarding the molecular basis for the improved cellular resistance to elevated temperature in thermotolerant cattle. There were no significant differences
between Brahman, Senepol and Angus in the amount of heat shock protein 70 (HSP70) in
heat-shocked lymphocytes (Kamwanja et al., 1994) although the non-significant tendency
for lower amounts in Brahman and Senepol may indicate that protein denaturation in response to elevated temperature (one of the signals for HSP70 synthesis; Ananthan et al.,
1986), is reduced in Brahman and Senepol. The capacity for transcription in response to
elevated temperature seems to be important for expression of genetic differences because
there were no differences between Brahman and Holstein embryos in resistance to elevated
temperature at the two-cell stage (Krininger et al., 2003), a time when the embryonic genome
is largely inactive (Memili and First, 2000). Also, in vitro effects of elevated temperature on
spermatozoa were similar for Brahman, Brahman-influenced breeds, Angus, and Holstein
(Chandolia et al., 1999).
It is unlikely that inseminating European breeds of cattle with semen from B. indicus to
produce thermotolerant embryos will be effective in improving fertility during heat stress.
Not only are genetic differences in cellular resistance to elevated temperature not expressed
at the two-cell stage (Krininger et al., 2003), a time when embryos are very sensitive to
elevated temperature (Edwards and Hansen, 1997; Krininger et al., 2003), but the cellular
thermotolerance of crossbred embryos is dependent upon the genotype of the oocyte and
not the spermatozoa. Embryos produced by insemination of Brahman oocytes with Angus
spermatozoa were more thermotolerant than embryos produced by insemination of Holstein
oocytes with Angus semen (Block et al., 2002). In contrast, there were no differences in
thermotolerance between Brahman × Holstein embryos and Angus × Holstein embryos.
These results indicate that either genes conferring thermotolerance are paternally imprinted
(only the maternal allele being expressed) or that thermotolerance in embryos depends upon
some genetically-controlled factor produced in the oocyte.
How important are genes conferring cellular thermotolerance for the overall adaptation
of B. indicus to hot climates? One experiment that could address this question would be to
test whether embryonic survival after transfer into heat-stressed recipients was dependent
on embryonic genotype. Data by Turner (1982) would suggest that regulation of body
temperature is the most critical factor for genetic differences in reproductive function during
heat stress since the depression in fertility per unit increase in body temperature was the
same for B. indicus × B. taurus crossbred cows as for Hereford × Shorthorn cows.
4. Exploitation of B. indicus genotypes to increase thermotolerance in cattle
As stated earlier, zebu cattle exposed to heat stress experience less severe alterations in
feed intake, growth rate, milk yield, and reproduction than do cattle from B. taurus breeds
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that are not adapted to warm climates (Kibler and Brody, 1951; O’Bannon et al., 1955,
Cartwright, 1955; Johnston et al., 1958, 1963; Allen et al., 1963; Johnson, 1965; Skinner
and Louw, 1966; Seif et al., 1979; Rocha et al., 1998). In addition to being thermotolerant,
zebu cattle are tick resistant (Rechav, 1987) and efficient at digesting poor quality forages
(Hunter and Siebert, 1985). Not surprisingly, much use has been made of zebu genotypes
to develop cattle for beef and dairy production in the tropics and semi-tropics. There are,
however, other genetic characteristics of zebu cattle that limit their usefulness as beef and
dairy animals including poor meat tenderness (Wheeler et al., 2001), low milk yields and
lactation persistency (Madalena et al., 1990; Thorpe et al., 1994; McDowell et al., 1996;
Murugaiyah et al., 2001), a long prepubertal period (Rodrigues et al., 2002), short duration
of estrus (Plasse et al., 1970; Rae et al., 1999), and poor temperament (Hammond et al.,
1996; Voisinet et al., 1997). In dairy cattle systems, utilization of zebu crossbreds in hot
climates becomes more beneficial relative to purebred European breeds as the overall level
of feed resources and other inputs decline (Madalena et al., 1990; McGlothen et al., 1995).
An alternative scheme to crossbreeding for utilizing the zebu genotype for livestock
production in hot climates is to incorporate those zebu genes that confer thermotolerance
into European breeds while avoiding undesirable genes. An example of this strategy using
conventional breeding approaches comes from the Senepol and Carora breeds which are B.
taurus in which criollo genotypes have been incorporated. Olson et al. (2003) have identified
a phenotype characterized by development of a very short, sleek hair coat that is inherited
as if controlled by a single dominant gene. Cattle inheriting the slick hair gene are better
able to regulate body temperature and, for Carora, have higher milk yields (Olson et al.,
2003). Identification of specific gene loci conferring thermotolerance in zebu cattle could
be followed by crossbreeding and selection for the favorable allele using phenotypic traits
or molecular markers.
Efforts have been made to identify specific loci in zebu crossbreds that affect carcass and
growth traits (Casas et al., 2003) but no effort has been described for identifying genetic
markers for thermotolerance. Care must be taken in doing so to avoid inadvertent selection
of genes for reduced production (since genes causing low feed intake and low milk yield
would increase thermotolerance). This problem could be avoided by identifying candidate
genes known to be involved in thermotolerance. An analogy can be made to efforts to select
for growth loci based on the growth hormone 1 gene (Taylor et al., 1998).
The advent of molecular genetics, marker assisted selection, and transgenics makes the
strategies outlined in the previous paragraph technically feasible. However, realization of
the promise these technologies offer awaits intensive research into the molecular basis
for thermotolerance in cattle. Almost nothing is known about specific genes controlling
heat resistance in zebu cattle and, indeed, our understanding of the physiological basis for
thermotolerance in these cattle is still incomplete. As is apparent from this review, much
of the research into the physiological mechanisms responsible for thermotolerance in zebu
cattle was conducted before 1970. These early researchers were frequently audacious in
their approach and their work often remains unsurpassed to this day (see Bianca (1965)
for a thorough review of the early literature). In addition, however, these studies frequently
involved limited numbers of animals and there was not access to the range of methodologies
available today. There is a compelling need to use modern methods to further define the
physiological and cellular basis for thermotolerance in zebu cattle and to identify the genes
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responsible. Once this is accomplished, the complete armamentarium of modern genetics
can be brought to bear to exploit the zebu genome for livestock production.

Acknowledgements
This is Journal Series No. R-09972 of the Florida Agricultural Experiment Station. The
author’s research was supported by Grant No. 2001-52101-11318 from the USDA Initiative
for Future Agricultural and Food Systems. The author thanks Chad Chase and Tim Olson
for useful discussions on the topics discussed in this paper.
References
Al-Haidary, A., Spiers, D.E., Rottinghaus, G.E., Garner, G.B., Ellersieck, M.R., 2001. Thermoregulatory ability
of beef heifers following intake of endophyte-infected tall fescue during controlled heat challenge. J. Anim.
Sci. 79, 1780–1788.
Allen, T.E., 1962. Responses of Zebu, Jersey, and Zebu × Jersey crossbred heifers to rising temperature, with
particular reference to sweating. Aust. J. Agric. Res. 13, 165–179.
Allen, T.E., Pan, Y.S., Hayman, R., 1963. The effect of feeding on the evaporative heat loss and body temperature
in Zebu and Jersey heifers. Aust. J. Agric. Res. 14, 580–593.
Ananthan, J., Goldberg, A.L., Voellmy, R., 1986. Abnormal proteins serve as eukaryotic stress signals and trigger
the activation of heat shock genes. Science 232, 522–524.
Berry, I.L., Shanklin, M.D., 1961. Environmental physiology and shelter engineering. LXIV. Physical factors
affecting thermal insulation of livestock hair coats. Mo. Res. Bull. 802.
Bianca, W., 1965. Reviews of the progress of dairy science. Section A. Physiology. Cattle in a hot environment.
J. Dairy Res. 32, 291–345.
Block, J., Chase Jr., C.C., Hansen, P.J., 2002. Inheritance of resistance of bovine preimplantation embryos to heat
shock: relative importance of the maternal vs. paternal contribution. Mol. Reprod. Dev. 63, 32–37.
Bradley, D.G., MacHugh, D.E., Cunningham, P., Loftus, R.T., 1996. Mitochondrial diversity and the origins of
African and European cattle. Proc. Natl. Acad. Sci. U.S.A. 93, 5131–5135.
Brito, L.F., Silva, A.E., Barbosa, R.T., Kastelic, J.P., 2004. Testicular thermoregulation in Bos indicus, crossbred
and Bos taurus bulls: relationship with scrotal, testicular vascular cone and testicular morphology, and effects
on semen quality and sperm production. Theriogenology 61, 511–528.
Cartwright, T.C., 1955. Responses of beef cattle to high ambient temperatures. J. Anim. Sci. 14, 350–362.
Carvalho, F.A., Lammoglia, M.A., Simoes, M.J., Randel, R.D., 1995. Breed affects thermoregulation and epithelial
morphology in imported and native cattle subjected to heat stress. J. Anim. Sci. 73, 3570–3573.
Casas, E., Shackelford, S.D., Keele, J.W., Koohmaraie, M., Smith, T.P., Stone, R.T., 2003. Detection of quantitative
trait loci for growth and carcass composition in cattle. J. Anim. Sci. 81, 2976–2983.
Chandolia, R.K., Reinertsen, E.M., Hansen, P.J., 1999. Short communication: lack of breed differences in responses
of bovine spermatozoa to heat shock. J. Dairy Sci. 82, 2617–2619.
Choshniak, I., McEwan-Jenkinson, D., Blatchford, D.R., Peaker, M., 1982. Blood flow and catecholamine
concentration in bovine and caprine skin during thermal sweating. Comp. Biochem. Physiol. 71C, 37–42.
Dowling, D.F., 1955. The thickness of cattle skin. Aust. J. Agric. Res. 6, 776–785.
Edwards, J.L., Hansen, P.J., 1997. Differential responses of bovine oocytes and pre-implantation embryos to heat
shock. Mol. Reprod. Dev. 46, 138–145.
Elvinger, F., Natzke, R.P., Hansen, P.J., 1992. Interactions of heat stress and bovine somatotropin affecting
physiology and immunology of lactating cows. J. Dairy. Sci. 75, 449–462.
Finch, V.A., Bennett, I.L., Holmes, C.R., 1984. Coat colour in cattle: effect on thermal balance, behaviour and
growth, and relationship with coat type. J. Agric. Sci. (Camb.) 102, 141–147.
Finch, V.A., 1985. Comparison of non-evaporative heat transfer in different cattle breeds. Aust. J. Agric. Res. 36,
497–508.

358

P.J. Hansen / Animal Reproduction Science 82–83 (2004) 349–360

Finch, V.A., 1986. Body temperature in beef cattle: its control and relevance to production in the tropics. J. Anim.
Sci. 62, 531–542.
Gatenby, R.M., 1979. Water in the heat budget of ruminant skin and coat. Ph.D. Thesis, University of Nottingham,
Loughborough.
Gaughan, J.B., Mader, T.L., Holt, S.M., Josey, M.J., Rowan, K.J., 1999. Heat tolerance of Boran and Tuli crossbred
steers. J. Anim. Sci. 77, 2398–2405.
Hales, J.R., Fawcett, A.A., Bennett, J.W., Needham, A.D., 1978. Thermal control of blood flow through capillaries
and arteriovenous anastomoses in skin of sheep. Pflug. Arch. 378, 55–63.
Hammond, A.C., Olson, T.A., Chase Jr., C.C., Bowers, E.J., Randel, R.D., Murphy, C.N., Vogt, D.W., Tewolde,
A., 1996. Heat tolerance in two tropically adapted Bos taurus breeds, Senepol and Romosinuano, compared
with Brahman, Angus, and Hereford cattle in Florida. J. Anim. Sci. 74, 295–303.
Hansen, P.J., 1990. Effects of coat colour on physiological and milk production responses to solar radiation in
Holsteins. Vet. Rec. 127, 333–334.
Hernández-Cerón, J., Chase Jr., C.C., Hansen, P.J., 2004. Differences in heat tolerance between preimplantation
embryos from Brahman, Romosinuano, and Angus Breeds. J. Dairy Sci. 87, 53–58.
Hunter, R.A., Siebert, B.D., 1985. Utilization of low-quality roughage by Bos taurus and Bos indicus cattle. 1.
Rumen digestion. Br. J. Nutr. 53, 637–648.
Hutchinson, J.C.D., Brown, G.D., 1969. Penetrance of cattle coats by radiation. J. Appl. Physiol. 26, 454–464.
Johnson, H.D., Wayman, O., Kibler, H.H., Ragsdale, A.C., Berry, I.L., Merilan, C.P., 1961. Effects of temperature
and controlled feeding on milk production and related physiological reactions in cattle. J. Anim. Sci. 20, 974
(abstract).
Johnson, H.D., 1965. Environmental temperature and lactation (with special reference to cattle). Int. J. Biometeorol.
9, 103–116.
Johnston, J.E., Hamblin, F.B., Schrader, G.T., 1958. Factors concerned in the comparative heat tolerance of Jersey,
Holstein, and Red Sindhi-Holstein (F1 ) cattle. J. Anim. Sci. 17, 473–479.
Johnston, J.E., Naelapaa, H., Frye, J.B., 1963. Physiological responses of Holstein. Brown Swiss and Red Sindhi
crossbreed bulls exposed to high temperatures and humidities. J. Anim. Sci. 22, 432–436.
Kamwanja, L.A., Chase Jr., C.C., Gutierrez, J.A., Guerriero Jr., V., Olson, T.A., Hammond, A.C., Hansen, P.J.,
1994. Responses of bovine lymphocytes to heat shock as modified by breed and antioxidant status. J. Anim.
Sci. 72, 438–444.
Kibler, H.H., Brody, S., Environmental physiology with special reference to domestic animals. XIII. Influence of
increasing temperature, 40◦ to 105 ◦ F, on heat production, and cardiorespiratory activities in Brown Swiss and
Brahman cows and heifers. Mo. Res. Bull. 473.
Kibler, H.H., Brody, S., 1952. Environmental physiology with special reference to domestic animals. XIX. Relative
efficiency of surface evaporative, respiratory evaporative, and non-evaporative cooling in relation to heat
production in Jersey, Holstein, Brown Swiss and Brahman cattle, 5◦ to 105 ◦ F. Mo. Res. Bull. 497.
Krininger III, C.E., Block, J., Al-Katanani, Y.M., Rivera, R.M., Chase Jr., C.C., Hansen, P.J., 2003. Differences
between Brahman and Holstein cows in response to estrous synchronization, superovulation and resistance of
embryos to heat shock. changes in inhibitory effects of arsenic and heat shock on growth of preimplantation
bovine embryos. Mol. Reprod. Dev. 63, 335–340.
Lough, D.S., Beede, D.L., Wilcox, C.J., 1990. Effects of feed intake and thermal stress on mammary blood flow
and other physiological measurements in lactating dairy cows. J. Dairy Sci. 73, 325–332.
MacHugh, D.E., Shriver, M.D., Loftus, R.T., Cunningham, P., Bradley, D.G., 1997. Microsatellite DNA variation
and the evolution, domestication and phylogeography of taurine and zebu cattle (Bos taurus and Bos indicus).
Genetics 146, 1071–1086.
Madalena, F.E., Lemos, A.M., Teodoro, R.L., Barbosa, R.T., Monteiro, J.B.N., 1990. Dairy production and
reproduction in Holstein-Friesian and Guzera crosses. J. Dairy Sci. 73, 1872–1886.
Magdub, A., Johnson, H.D., Belyea, R.L., 1982. Effect of environmental heat and dietary fiber on thyroid
physiology of lactating cows. J. Dairy Sci. 65, 2323–2331.
Magee, D.A., Meghen, C., Harrison, S., Troy, C.S., Cymbron, T., Gaillard, C., Morrow, A., Maillard, J.C., Bradley,
D.G., 2002. A partial African ancestry for the creole cattle populations of the Caribbean. J. Hered. 93, 429–432.
Malayer, J.R., Hansen, P.J., 1990. Differences between Brahman and Holstein cows in heat-shock induced
alterations of protein secretion by oviducts and uterine endometrium. J. Anim. Sci. 68, 266–280.

P.J. Hansen / Animal Reproduction Science 82–83 (2004) 349–360

359

McDowell, R.E., Lee, D.H.K., Fohrman, M.H., 1953. The relationship of surface area to heat tolerance in Jerseys
and Sindhi-Jersey (F1 ) crossbred cows. J. Anim. Sci. 12, 747–756.
McDowell, R.E., 1958. Physiological approaches to animal climatology. J. Hered. 49, 52–61.
McDowell, R.E., McDaniel, B.T., Hooven, N.W., 1958. Relation of the rhomboideus (hump) muscle in zebu and
European type cattle. J. Anim. Sci. 17, 1229 (abstract).
McDowell, R.E., Wilk, J.C., Talbott, C.W., 1996. Economic viability of crosses of Bos taurus and Bos indicus for
dairying in warm climates. J. Dairy Sci. 79, 1292–1303.
McGlothen, M.E., El Amin, F., Wilcox, C.J., Davis, R.H., 1995. Effects on milk yield of crossbreeding zebu and
European breeds in Sudan. Rev. Bras. Genet. 18, 221–228.
Memili, E., First, N.L., 2000. Zygotic and embryonic gene expression in cow: a review of timing and mechanisms
of early gene expression as compared with other species. Zygote 8, 87–96.
Murugaiyah, M., Ramakrishnan, P., Omar, A.R., Knight, C.H., Wilde, C.J., 2001. Lactation failure in crossbred
Sahiwal Friesian cattle. J. Dairy Res. 68, 165–174.
Nay, T., Heyman, R.H., 1956. Sweat glands in zebu (Bos indicus L.) and European (B. taurus L.) cattle. Aust. J.
Agric. Res. 7, 482–494.
O’Bannon, E.B., Cornelison, P.R., Ragsdale, A.C., Brody, S., 1955. Relative growth rates at 80 and 50 F. of Santa
Gertrudis, Brahman and Shorthorn heifers. J. Anim. Sci. 14, 1187 (abstract).
Olson, T.A., Lucena, C., Chase Jr., C.C., Hammond, A.C., 2003. Evidence of a major gene influencing hair length
and heat tolerance in Bos taurus cattle. J. Anim. Sci. 81, 80–90.
Pan, Y.S., 1963. Quantitative and morphological variation of sweat glands, skin thickness, and skin shrinkage over
various body regions of Sahiwal Zebu and Jersey cattle. Aust. J. Agric. Res. 14, 424–437.
Paula-Lopes, F.F., Chase Jr., C.C., Al-Katanani, Y.M., Krininger III, C.E., Rivera, R.M., Tekin, S., Majewski,
A.C., Ocon, O.M., Olson, T.A., Hansen, P.J., 2003. Genetic divergence in cellular resistance to heat shock in
cattle: differences between breeds developed in temperate versus hot climates in responses of preimplantation
embryos, reproductive tract tissues and lymphocytes to increased culture temperatures. Reproduction 125,
285–294.
Plasse, D.A., Warnick, A.C., Kroger, M., 1970. Reproductive behavior of Bos indicus females in a subtropical
environment. IV. Length of estrous cycle, duration of estrus, time of ovulation, fertilization and embryo survival
in grade Brahman heifers. J. Anim. Sci. 30, 63–72.
Rae, D.O., Chenoweth, P.J., Giangreco, M.A., Dixon, P.W., Bennett, F.L., 1999. Assessment of estrus detection
by visual observation and electronic detection methods and characterization of factors associated with estrus
and pregnancy in beef heifers. Theriogenology 51, 1121–1132.
Rechav, Y., 1987. Resistance of Brahman and Hereford cattle to African ticks with reference to serum gamma
globulin levels and blood composition. Exp. Appl. Acarol. 3, 219–232.
Reid, C.R., Bailey, C.M., Judkins, M.B., 1991. Metabolizable energy for maintenance of beef-type Bos taurus and
Bos indicus × Bos taurus cows in a dry, temperate climate. J. Anim. Sci. 69, 2779–2786.
Rivera, R.M., Hansen, P.J., 2001. Development of cultured bovine embryos after exposure to increased temperatures
in the physiological range. Reproduction 121, 107–115.
Rocha, A., Randel, R.D., Broussard, J.R., Lim, J.M., Blair, R.M., Roussel, J.D., Godke, R.A., Hansel, W., 1998.
High environmental temperature and humidity decrease oocyte quality in Bos taurus but not in Bos indicus
cows. Theriogenology 49, 657–665.
Rodrigues, H.D., Kinder, J.E., Fitzpatrick, L.A., 2002. Estradiol regulation of luteinizing hormone secretion in
heifers of two breed types that reach puberty at different ages. Biol. Reprod. 66, 603–609.
Roth, Z., Hansen, P.J., 2004. Sphingosine-1-phosphate protects cultured bovine oocytes from physiologicallyrelevant thermal stress. Reprod. Fertil. Dev. 16, 282 (abstract).
Seif, S.M., Johnson, H.D., Lippincott, A.C., 1979. The effects of heat exposure (31 ◦ C) on Zebu and Scottish
Highland cattle. Int. J. Biometeorol. 23, 9–14.
Setchell, B.P., 1978. The Mammalian Testis. Cornell University Press, Ithaca.
Singh, K., Bhattacharyya, N.K., 1985. Resting heat production in Bos indicus and their F1 crosses with exotic
breeds at a thermoneutral temperature. Br. J. Nutr. 53, 301–305.
Skinner, J.D., Louw, G.N., 1966. Heat stress and spermatogenesis in Bos indicus and Bos taurus cattle. J. Appl.
Physiol. 21, 1784–1790.
Stewart, R.E., Pickett, E.E., Brody, S., 1951. Environmental physiology and shelter engineering with special
reference to domestic animals. XVI. Effects of increasing temperature, 65◦ to 95 ◦ F, on the reflection of visible
radiation from the hair of Brown Swiss and Brahman cows. Mo. Res. Bull. 484.

360

P.J. Hansen / Animal Reproduction Science 82–83 (2004) 349–360

Stewart, R.E., 1953. Absorption of solar radiation by the hair of cattle. Agric. Eng. 34, 235–238.
Stewart, R.E., Brody, S., 1954. Environmental physiology and shelter engineering with special reference to
domestic animals. XXIX. Effect of radiation intensity on hair and skin temperatures and on respiration rates
of Holstein, Jersey, and Brahman cattle at air temperatures 45◦ , 70◦ , and 80 ◦ F. Mo. Res. Bull. 561.
Swett, W.W., Matthews, C.A., McDowell, R.E., 1961. Sindhi-Jersey and Sindhi-Holstein crosses: their external
form and internal anatomy compared with those of purebred Jerseys and Holsteins. Tech. Bull. USDA 1236.
Taylor, J.F., Coutinho, L.L., Herring, K.L., Gallagher Jr., D.S., Brenneman, R.A., Burney, N., Sanders, J.O.,
Turner, J.W., Smith, S.B., Miller, R.K., Savell, J.W., Davis, S.K., 1998. Candidate gene analysis of GH1 for
effects on growth and carcass composition of cattle. Anim. Genet. 29, 194–201.
Thompson, H.J., Worstell, D.M., Brody, S., 1953. Environmental physiology and shelter engineering with special
reference to domestic animals. XXIII. The effect of humidity on insensible weight loss, total vaporized moisture,
and surface temperature in cattle. Mo. Res. Bull. 531.
Thorpe, W., Morris, C.A., Kang’ethe, P., 1994. Crossbreeding of Ayrshire, Brown Swiss, and Sahiwal cattle for
annual and lifetime milk yield in the lowland tropics of Kenya. J. Dairy Sci. 77, 2415–2427.
Turner, H.G., 1982. Genetic variation of rectal temperature in cows and its relationship to fertility. Anim. Prod.
35, 401–412.
Voisinet, B.D., Grandin, T., Tatum, J.D., O’Connor, S.F., Struthers, J.J., 1997. Feedlot cattle with calm
temperaments have higher average daily gains than cattle with excitable temperaments. J. Anim. Sci. 75,
892–896.
Wheeler, T.L., Cundiff, L.V., Shackelford, S.D., Koohmaraie, M., 2001. Characterization of biological types of
cattle (Cycle V): carcass traits and longissimus palatability. J. Anim. Sci. 79, 1209–1222.

