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ABSTRACT: The aim of this study was to inves-
tigate the effects of animal trait, breed com-
bination, and climate on the expressed levels of
heterosis in crossbreeding schemes using tropical
cattle. A meta-analysis of 42 studies was carried
out with 518 heterosis estimates. In total, 62.5%
of estimates were found to be significantly dif-
ferent from zero, the majority of which (89.8%)
were beneficial for the studied trait. Trait and
breed combination were shown to have a signif-
icant effect on the size of heterosis (P < 0.001
and P = 0.044, respectively). However, climate
did not have a significant effect. Health, longev-
ity, and milk production traits showed the highest

heterosis (31.84 * 10.73%, 35.13 = 14.35%, and
35.15 = 3.29%, respectively), whereas fertility,
growth, and maternal traits showed moderate
heterosis (12.02 = 4.10%, 12.25 £ 2.69%, and
15.69 £ 3.26%, respectively). Crosses between
breeds from different types showed moderate
to high heterosis ranging from 9.95 + 4.53% to
19.53 + 3.62%, whereas crosses between breeds
from the same type did not express heterosis that
was significantly different from zero. These results
show that heterosis has significant and favorable
impact on productivity of cattle farming in trop-
ical production systems, particularly in terms of
fitness but also milk production traits.

Key words: crossbreeding, heterosis, meta-analysis, tropical cattle

© The Author(s) 2018. Published by Oxford University Press on behalf of the American Society of

Animal Science.

This is an Open Access article distributed under the terms of the Creative Commons Attribution
Non-Commercial License (http:llcreativecommons.orgllicenseslby-ncl4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is
properly cited. For commercial re-use, please contact journals.permissions@oup.com

INTRODUCTION

Heterosis is the difference in phenotype
between the mean of crossbreds and their pure-
bred parents (Notter et al., 2013). In animal
breeding, this is usually expressed as mid-parent
heterosis or the superiority of the F1 cross over the
mean performance of the 2 parents (Dickerson,
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1969, 1973) and has been shown to occur across
species (reviewed in: Sheridan, 1981). Deviations
from the mid-parent value can be positive or
negative but are mostly found to be beneficial
(Powers, 1944). In cattle breeding, crossing has
been used to take advantage of heterosis under
a range of systems. In temperate systems, het-
erosis has been shown for fertility (Coffey et al.,
2016), milk (Lembeye et al., 2016), and growth
traits (Schiermiester et al., 2015). In the tropics,
a variety of crossing strategies have been imple-
mented with varying levels of success (reviewed in:
Mcdowell, 1985; Cunningham and Syrstad, 1987).
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The performance of these crosses is dependent on
the expression of additive and nonadditive genetic
effects, particularly heterosis. To design an effect-
ive crossing strategy, it is important to understand
how heterosis varies across different traits, depend-
ing on breed combination and environmental con-
ditions, particularly in tropical systems with diverse
breeds and environments. Meta-analyses are useful
in aggregating results from a variety of studies and
quantifying the effect of specific factors. In previ-
ous reviews without meta-analysis, the effects of
specific factors were not able to be quantified and a
limited combination of breeds and traits tended to
be investigated (Syrstad, 1985). In the current study,
we quantify the benefits of heterosis across studies
and identify factors influencing heterosis, including
the breed combination, trait type, and climate. We
also test heterosis globally to ensure results are not
simply the effect of a specific set of experimental
conditions, allowing more reliable parameter esti-
mates for modeling (Sauvant et al., 2008).

MATERIALS AND METHODS

Literature Search

Crossbreeding studies which estimated hetero-
sis effects were found from a literature search using
Web of Science (ISI). The keywords heterosis AND
cattle AND (“zebu” OR “sanga” OR “criollo” OR
“indicus” OR “brahman”) were used and reference
lists of the obtained articles were screened to find
additional relevant papers, particularly those cited
in key review papers (Mcdowell, 1985; Syrstad,
1985). A total of 134 articles were identified and
screened. Articles were excluded if they did not
include at least one tropically adapted breed and
did not contain the required data for analyses,
including standard errors. After editing, 42 studies
(Supplementary Appendix Table 1) with 518 esti-
mates were found to meet the criteria set and were
retained for subsequent analysis.

Data Extraction

The majority of studies contained multiple het-
erosis estimates for a variety of traits, breed com-
binations, and environments. For each heterosis
estimate, the following values were recorded: the
size of the effect, the standard error of the het-
erosis estimate, and the mean performance of the
purebred. In studies where the average parental
purebred performance was not recorded, it was cal-
culated from the reported means for each purebred.

In addition, the breed combination, trait, and
location of study for each heterosis estimate were
recorded in order to define the type of cross, trait,
and climate, respectively. Breeds were sorted into
the following 3 types: European Bos taurus (E),
tropical B. taurus (T), and tropical Bos indicus,
also known as zebu (Z) (Supplementary Appendix
Table 2). There were 6 possible pairs of parental
breeds (including crosses within and across types);
however, no studies were found of crosses between
2 tropical B. indicus type breeds, meaning there
were a total of 5 cross type categories: European
B. taurus X European B. taurus (EXE), B. indicus
X B. indicus (ZxZ), tropical B. taurus X European
B. taurus (TxE), tropical B. taurus X B. indicus
(TxZ), and B. indicus X European B. taurus (ZxE).
Traits were sorted into 11 types, including effi-
ciency, fertility, growth, health, longevity, maternal,
meat, milk, temperament, birth weight, and other
(Supplementary Appendix Table 3). The location
of the animals of the study was used to define the
climate using the “Livestock Geo-Wiki” (Robinson
et al., 2014), based on Robinson et al. (2011), as
either arid and semiarid tropics and subtropics,
humid and subhumid tropics and subtropics, or
temperate and tropical highlands.

Statistical Analysis

In order to standardize heterosis values from
different studies and traits, these were expressed
as a percentage of the mean performance of the 2
purebreds. Each estimate was multiplied by either 1
or —1, such that estimates in the desired direction
for the trait were expressed as positive. The result-
ing values were used as the dependent variable in
the model.

Following the guidelines for meta-analyses
(Sauvant et al., 2008), each data point requires a
measure of its reliability which is then used to
weight it in the model. The standard error of an
estimate is commonly used. However, in the pres-
ent study, the units of standard errors vary due to
multiple traits being tested. In order to standardize
our standard errors, we divided each by the original
heterosis estimate to remove the units. The inverse
of this standardized standard error was then used
as weight in the analysis, meaning that estimates
with large standard errors contributed less to the
result. All weights were made positive and to avoid
using weights of zero, where the mean heterosis was
equal to zero the weight was made equal to 0.0001.

The following model was used to assess the
impact of the 3 factors on heterosis:
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Yijk =u+T; +Bj +C, + e
where Y, was the standardized heterosis for a trait
typei(i=1-11), between breed cross type j (j = 1-5)
and in climate k (k = 1-3). Trait type, T, cross type,
B, and climate, C, were fixed effects and e was the
random error term. For simplicity, the weights are
not shown but, as stated previously, each value of Y
was weighted according to the inverse of the stand-
ardized standard error.

RESULTS

The mean heterosis was 12.9% (median = 9.4%)
with an SD of 20.0%. Estimates ranged from —33.3
to 155.6%; among all estimates, 62.5% were found
to be significantly different from zero (95% confi-
dence interval). The majority of these showed bene-
ficial heterosis but 6.4% of all estimates showed
significant nonbeneficial heterosis. Trait type and
cross type were shown to have a significant effect
on the size of heterosis (P < 0.001 and P = 0.044,
respectively). However, climate did not have a sig-
nificant effect.

Health, longevity, and milk production traits
showed the highest heterosis manifested by the larg-
estleast squares means, although the standard errors
of estimates for health and longevity were also large
(LSM = 31.84 + 10.73%, LSM = 35.13 + 14.35%,
and 35.15 £ 3.29%, respectively). Fertility, growth,
and maternal traits showed moderate hetero-
sis (LSM = 12.02 £ 4.10%, 12.25 * 2.69%, and
15.69 £ 3.26%, respectively). The LSM heterosis of
all other trait types was not significantly different
from zero (95% confidence interval) (Table 1).

Table 1. Least squares means and standard error of
heterosis estimates (%) for trait type effect

Trait type N! Least squares mean® SE

Birth weight 72 —0.42¢ 3.12
Efficiency 3 0.96%¢ 19.00
Meat 48 6.07 4.17
Temperament 2 —18.82® 13.22
Other 9 1.33% 10.25
Fertility 40 12.02¢® 4.10
Growth 185 12.25° 2.69
Maternal 62 15.69° 3.26
Health 31.84a0¢ 10.73
Longevity 35.13¢ 14.35
Milk 89 35.15¢ 3.29

"Number of heterosis estimates for each level of the type trait effect.

*Means without the same superscript letter differ significantly,
P <0.05

Crosses between tropically adapted B. tau-
rus and temperate B. taurus breeds (TXE) showed
the greatest heterosis (LSM = 19.53 £ 3.62%)
and crosses between zebu cross temperate B. tau-
rus breeds (ZxE) showed intermediate heterosis
(LSM = 15.04 + 2.92%). Crosses between trop-
ically adapted B. taurus and zebu breeds (TxZ)
showed the lowest heterosis of a between type cross
(LSM = 9.95 + 4.53%). The LSM of both within
breed type crosses were not significantly different
from zero (EXE = 8.22 + 4.63% and ZxZ = 6.88 *
10.81%) (Table 2).

DISCUSSION

Traits

Our results showed that health and longevity
traits tended to show high heterosis, whereas in
meat traits much less heterosis was expressed. This
supports the view that traits that are more closely
related to evolutionary fitness show greater het-
erosis (Merild and Sheldon, 1999), as health and
longevity are more directly related to fitness than
meat type traits. It is suggested that traits with
lower heritability, such as fitness traits, may have
higher heterosis effects as they are largely affected
by dominance (Merild and Sheldon, 1999). This
pattern was also found in a crossbreeding study
of sorghum plants, where traits showing low her-
itability, such as grain yield, tended to have higher
heterosis compared with more heritable traits,
such as plant height (Liang et al., 1972). Similarly,
results of a meta-analysis of inbreeding depression
in 6 livestock species found meat and temperament
traits did not show significant inbreeding depres-
sion, whereas adult survival and fecundity did
(Leroy, 2014).

Table 2. Least squares means and standard error of
heterosis estimates (%) for breed combination effect

Breed type' N? Least squares mean? SE

ExE 65 8.22¢ 4.64
TxE 80 19.532 3.62
TxZ 23 9.952 4.53
ZxE 332 15.04* 2.92
7x7 18 6.88° 10.81

"European Bos taurus X European B taurus (EXE), tropical
B. taurus X European B. taurus (TXE), tropical B. taurus X B. indicus (TxZ),
B. indicus x European B. taurus (ZxE) and Bos indicus X B. indicus (ZXZ).

Number of heterosis estimates for each level of the breed type effect.
3Means without the same superscript letter differ significantly, P < 0.05.
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We might expect milk production traits to
behave similarly to other production traits, such as
growth or meat traits, but our results show these
milk traits tend to also show high heterosis, simi-
lar to that expressed in health and longevity traits.
There may be a number of reasons for this. First,
we might consider milk production to be a fitness
trait as it has an important effect on the survival
of offspring. Therefore, we might expect it to have
high heterosis, as for health and longevity traits.
Also, we expect fitness traits to show higher het-
erosis because they have been under long-term,
intense, directional natural selection (Merild and
Sheldon, 1999). In dairy cattle milk production,
traits have also experienced very intense direc-
tional selection. Studies of European cattle gen-
otypes show evidence for selective sweeps where
strong selection for a trait has resulted in all genes
in a region having gone to fixation, particularly in
regions we now know contain genes with a strong
influence on milk production (Hayes et al., 2009).
We might expect milk production traits to behave
similarly to fitness traits as both have experienced
this intense directional selection. In a meta-analy-
sis, Leroy (2014) found that across livestock species,
some production traits tended to show high levels
of inbreeding depression, particularly milk produc-
tion which is in line with our results, but also litter
weight, which while less important in cattle, where
litter size is usually one, may also have been under
strong selection in other species, particularly pigs
(Groenen, 2016). However, in the study of Leroy
(2014), birth weight was significantly affected by
inbreeding depression, whereas we did not find any
significant heterosis associated with birth weight.
This may be due to the difference between species
considered, especially since species such as pigs
have large litters.

Breed Combination

It is thought that genetic distance between
parental breeds is very likely to have an effect on
heterosis. One hypothesis is that increasing the
genetic distance between breeds will increase
the level of heterosis in their crosses. This can be
explained by considering heterosis as the inverse
of inbreeding depression, which occurs when 2
closely related individuals tend to have less fit off-
spring (Charlesworth and Charlesworth, 1987). The
more distantly related parents are, the smaller the
size of the inbreeding depression (Walling et al.,
2011) which we could consider as an increased
effect of heterosis. In a study of heterosis in protein

production in yeasts, Blein-Nicolas et al. (2015)
found that interspecies crosses (crosses with more
genetically diverse parents) tended to show more
positive heterosis (78.8%) than intraspecies crosses
(crosses with more closely related parents) (42.6 to
52.3%). A previous study of crosses of European
dairy cattle breeds found increased heterosis in
crosses where parental breeds are more distantly
related (Gram and Pirchner, 2009) and this idea has
been used in the past to predict heterosis using the
genetic distance (Roughsedge et al., 2001).

Tropically adapted cattle breeds are more dis-
tantly related than any of the breeds measured in
previous cattle studies. In some cases, crosses of
very distantly related strains can lead to outbreed-
ing depression, where heterosis effects are nega-
tive (Lynch, 1991). An extreme example of this is
crosses between 2 different species where offspring
are often infertile (for example, Alund et al., 2013).

If heterosis in tropical cattle breeding is occur-
ring as the inverse of inbreeding depression, we
expect crosses between more distantly related
breeds (TXE, ZxE, and TxZ in the present study) to
show more favorable heterosis than crosses between
breeds of the same type (ZxZ and ExXE). Conversely,
if outbreeding depression is occurring, we expect
crosses between different breed types (TxE, ZxE,
and TxZ) to show less favorable heterosis than
crosses between breeds of the same type (ZxZ and
ExE). Heterosis between distantly related breeds
may even be negative; meaning the performance of
the F1 is less favorable than the mean parental per-
formance. Our results support the first hypothesis
than heterosis is the inverse of inbreeding depres-
sion as the heterosis in EXE and ZxZ crosses was
found to be less favorable than that expressed by
TxE, ZxE, and TxZ crosses and the LS mean het-
erosis for all cross types was positive.

We can further group the 3 breed types in 2 differ-
ent ways. Either according to subspecies type (indi-
cus or taurus) or according to the climate for which
they are adapted (temperate or tropical). If subspe-
cies were more important, we might expect crosses
between breeds from the same subspecies (TxXE) to
show lower heterosis than breeds from different sub-
species (ZXE and TxZ). If climate adaptation were
more important, we would expect crosses between
breeds from the same climate (TxZ) to show lower
heterosis than breeds from different climates (ZxE
and TxE). Our results show that the lower heterosis
for crosses between breed types was found in TxZ
crosses, suggesting that diversity in climate adaption
may be a better indicator for expected heterosis than
the subspecies classification. This may also suggest
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that tropically adapted taurine and zebu breeds are
more closely related genetically than their classifica-
tion might suggest.

There was large variation in the size of hetero-
sis found in ZxZ crosses. This may suggest there
is larger genetic diversity within this breed type
as some crosses between closely related breeds
expressed low levels of heterosis whereas others
may be between more distantly related breeds and
so express levels of heterosis closer to those found
in crosses between different breed types. This is
supported by a study of diversity of European and
African cattle breeds, where although the average
genetic distance between breeds from within each
continent was similar (a mean Nei’s genetic dis-
tance of 0.045 and 0.047 for breeds from Africa and
Europe, respectively), the variation in genetic dis-
tance between breeds from Africa was larger than
between breeds from Europe (an SD of Nei’s genetic
distances of 0.029 and 0.013 for breeds from Africa
and Europe, respectively) (Gautier et al., 2007).

Climate

Generally, more extreme climates are thought to
lead to more extreme heterosis effects (Einfeldt et al.,
2005; Penasa et al., 2010), potentially due to the
increased importance of fitness traits in these envi-
ronments. This is supported by a study that found
inbreeding depression was greater in mice in the wild,
compared to those kept in the lab where conditions
were likely to be optimized (Jimenez et al., 1994).
Tropical or arid environments may increase stress as
cattle are more likely to experience heat stress, reduced
food and water availability and therefore we might
expect heterosis to be greater than that found in tem-
perate climate. However, we did not find a significant
effect of climate on heterosis in the present study.

Our climate measure may not be a good proxy
for stress in cattle, as the majority of studies were
conducted on research stations (39 out of 43),
where we would expect conditions to be generally
good, even under a harsher climate. There is also
likely to be large variation in environment quality
within each climate and this could explain why no
effect of climate was found. Barlow (1981) carried
out a review of heterosis X environment interac-
tions and found many studies across a wide range
of species where the expression of heterosis varied
across different environments. In general, a poorer
environment led to greater heterosis, except in the
case of growth and fecundity traits where this pat-
tern was less clear. However, the authors also found
problems with carrying out a strict meta-analysis

due to variation in environment conditions across
studies and results are instead simply displayed as
subjective tabulation.

Within a number of the studies included in our
analyses, multiple environments were tested. In one
study of Angus Brahman crosses, heterosis in a range
of maternal traits was found to be greater when ani-
mals had poorer quality grazing (Brown et al., 1997).
Similar results were found for milk production and
somatic cell count (Brown et al., 2001). However, no
differences were found between grazing type for het-
erosis in a range of growth traits (Brown et al., 1993).

CONCLUSION

Results from the present study show that the type
of trait and the combination of breed types both
have a significant effect on the expression of hetero-
sis. Heterosis was found to be beneficial for a range of
economically important traits, including those related
to fitness such as fertility and longevity, which are par-
ticularly important in low input systems common in
the tropics. The most beneficial heterosis was found
for milk production traits which are useful to farmers
as it is directly linked to income. Crosses of breeds of
different types expressed greater beneficial heterosis
than those of breeds of the same type. The greatest
heterosis was expressed in crosses of breeds adapted to
different environments, rather than crosses of breeds
which have been considered to be from different sub-
species. These crosses of breeds adapted to different
environments dominate in the tropics as they allow
the combination of complementary production and
fitness traits, meaning that there is great potential to
utilize heterosis to increase profitability. Outcomes of
the present study highlight and quantify the benefits of
heterosis in crossbreeding as a tool to improve profita-
bility of cattle farming in the tropics.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of
Animal Science online.
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