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Abstract-This article reviews the challenges for genetic improvement of livestock and aquatic animals
to produce sufficient qualities and quantities of food supplies for the increasing world population. Both
sectors are threatened by various factors, and genetic improvement is a promising way to achieve the
goals. For livestock genetic improvement, it is crucial to enhance contributions to small scale farmers,
probably through on-farm genetic improvement programs, while minimizing the impact on extinction
of local breeds. Genetic improvement can mitigate climate change by improving traits that indirectly
result in less emissions of greenhouse gases (GHG) throughout the production period. It also provides
adaptation measures by improving animals with adaptability (e.g., heat tolerance, disease resistance,
etc.) traits. Genetic improvement for stress tolerance and other related traits would cope with issues on
animal welfare while disease resistant traits would partially solve problems enhanced by globalization
(e.g., trans-boundary animal translocation). While in the aquaculture sector, genetic improvement also
has high potential to overcome the upcoming limitations and threats, particularly climate change (e.g.,
improving salt tolerance traits to cope with saline water intrusion, stress tolerance traits to withstand
extreme environments, etc.), concern about animal welfare (e.g., improving stress tolerant traits), and
globalization (e.g., improving disease resistant traits). However, due to a large number of species to
work with and short history of development, there are more limitations to tackle on the aquaculture
side. To attain a successful genetic improvement program, the studies on the following issues are at
priori, characterization of gene pools, development of efficient breeding techniques, development of

cost effective tagging techniques, and characterization of target traits for genetic improvement.

Keywords: Genetic improvement, food security, climate change, animal welfare

1. Introduction
World food security is jeopardized because of the enormous
increases in food demand while the food production
potential is declining. FAO forecasts that the world
population will reach 9 billion in 2050, and thus will
demand an increase in food production by 70% (FAO,
2009). Livestock and fisheries products comprise at least
50% of total agriculture products, for which the demands
are apparently increased. This is not only to cope with the
demand from the hungers but also the expanding popula-
tion. The rapid expansion of urbanization and increasing
per capita income have triggered people to change the type
of food they consume to more animal protein (FAO, 2009).
There are many constraints towards increasing
agricultural products. For instance, agricultural land is
gradually diminishing due to various factors. Lambin and
Meyfroidt, (2011) predicted that within the next 30 years
urbanization will result in the loss of agriculture land by
1.6 — 3.3 million hectare (Mha)/year while 1-2.9 Mha/year
will not be suitable for agriculture due to land degradation.
Moreover, at present, as a result of diminishing resources
of fossil-base fuels, there is a tendency that there will be
strong competition for land between food crops and
energy crops (Lambin and Meyfroidt, 2011).

*Author for correspondence: ffisurn@ku.ac.th

A shortage of water supply is one major limitation for
enhancement of agricultural products. Agriculture is the
biggest sector (70%) utilizing world water resources (FAO,
2013a). It is estimated that about 1 m® of water is required
to produce 1 kg of cereal grains, while production of 1 kg
of beef needs about 13.5 m® water (Rijberman, 2006).
While demand for water is increased, water available for
agriculture and human consumption is dramatically
decreased (Ayibotele, 1992). At present many areas of the
world have faced water scarcity, but the situation will be
worse in the future due to many reasons, for example,
population growth, pollution, land reclamation, and
reduced precipitation (FAO, 2009).

Lastly, global warming is another important factor
that hampers enhancement of livestock and fisheries
products, probably through increased temperature and
changing amount of precipitation, which will both directly
affect the animals and indirectly trigger expansion of diseases
and parasites to new areas (De Silva and Soto, 2009).

To achieve the goal of producing enough food for
the rapidly expanding world population within the limited
resources, using genetic improved animals would be a
promising strategy. Genetic improvement has been proven
to be the most effective approach to increase the yield of
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livestock (see Hume et al., 2011). For example, from the
1960°s to 2005, the number of pigs weaned/sow/year has
increased by 50%, while the increment rates have been
30% for the number of eggs produced by a laying hen/day,
67% for kilograms of milk/cow/lactation, and the reduction
of days until 2 kg of broiler by 60% (reduced from 100 to
40 days) (Hume et al., 2011). Although the genetic
improvement programs for aquatic animals are relatively
young compared to those of livestock (Gjerdrem, 2012),
the genetically improved strains have tremendously
enhanced world production of some aquatic species, e.g.,
Atlantic salmon, Nile tilapia, and Pacific white shrimp
(Thodesen and Gjedrem, 2006; Gjedrem, 2012). For
example, the achievement of the GIFT (Genetically
Improved Farmed Tilapia) strain of Nile tilapia
(Oreochromis niloticus) was accepted as a major factor for
the expansion of world production (ADB, 2005; Ponzoni
etal.,2010),e.g., from 970,756 MT in 2000 to 3,436,526
MT in 2013 (FAO, 2015). The Taura syndrome resistant
strain of Pacific white shrimp (Litopenaeus vannamei)
(Gjerdrem, 2012) has triggered an expansion of the culture
area of this species around the world and the production
has been increased and reached 3,314,447 MT in 2013
(FAO, 2015). Interspecific hybridization between Thai
walking catfish (Clarias macrocephalus) and African
sharp-tooth catfish (C. gariepinus) (Nukwan et al., 1990)
has caused a rapid increase in Thailand’s annual production
by nine fold within 14 years (Na-Nakorn, 2013).

2. Challenges for genetic improvement of livestock
Despite the enormous past achievements, genetic impro-
vement of livestock in the new era cannot focus on only
enhancing production. Rather, the program must be
designed to cope with the concerns on various issues, such
as, enhancing contributions to small-households, sustain-
ability of the local breeds, climate change, animal welfare,
and globalization.

2.1 Enhancing contributions of the genetic improvement
program to small-households: It has been shown that the
genetic improvement programs in the past have benefited
the intensive commercial farms but had less contribution
to small-households (Rege et al., 2011). Although the
intensive commercial system produces a majority of
livestock products (55% pork, 68% eggs, 74% poultry and
meat), the small household system of production involves a
large number of smallholders and pastoralists. Thus, it
supports livelihood and rural food security.

In general, the characteristic of livestock/poultry
genetic improvement in the tropics is crossbreeding and
upgrading of local breeds with improved breeds/lines/
strains from the temperate region. For example, Holstein
(Black and White cattle; Bos taurus) has been used to
upgrade crossbreds or native cattle for the improvement of
milk production (Tadesse and Dessie, 2003; Haile et al.,
2009; Koonawootrittriron et al., 2009); Charolais (French
creamy cattle; Bos taurus) has been used to cross with
Brahman, crossbreds, or native cattle for the improvement
of meat production (Long, 1980). These practices benefit
the intensive commercial livestock production worldwide
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and have contributed to the rapid increment of the world
production. However, the contribution to the small holders
is less due to many reasons. For instance, farmers could
not exploit benefits from genetic improvement programs
to the maximum potential because a small number of
animals prevents fair or unbiased comparison and selection
for genetic improvement. Moreover, a lack of good
genetic management has caused inbreeding and loss of
genetic variation which eventually results in deterioration
of the breeds (Oltenacu and Broom, 2010). In addition,
education background or understanding (selection and
mating) of the farmers could also cause uncontrolled
genetic variation and then slow genetic progress e.g., a case
of dairy cattle, Holsteinxother breeds multibreed dairy
population in Central Thailand which showed almost zero
genetic trend (Koonawootrittriron et al., 2009; Sarakul et
al.,2011)

2.2 Minimizing the adverse impacts of livestock genetic
improvement on extinction of local breeds:

Although local breeds may be perceived as having low
economic value, they are an invaluable source of useful
traits, for example, tolerance to harsh conditions, tolerance
to parasitic and infectious diseases, drought, and poor
quality feed. FAO predicted that at present there are 4,500
major breeds from at least 40 animal species having a
contribution to livestock production. However, it was
predicted that six breeds are dying out every month and 30
percent of the world’s breeds are almost extinct (FAO,
2013b). The scientific evidence was revealed using
molecular markers in the Vietnamese Black H’mong pig
breed from Ha Giang province that comprised of various
degrees of genetic admixture from the exotic breeds
(Landrace and Yorkshire) and it was predicted that after 60
generations, 100% of Black private alleles will be lost
(Berthouly-Salazar et al., 2012).

Despite the risk of losing the local breeds, the lesson

learnt from genetic improvement of small ruminants in
sub-Saharan regions suggested that the cross between local
and exotic breeds is an effective way to improve production
of livestock (e.g. goat improvement in Africa, Peacock,
2008; Peacock et al., 2011; Mohlatlole et al., 2015).
However, the program should be operated on-farm rather
than working solely in a breeding nucleus and that the
program should be incorporated into the production system,
under close supervision of the experts.
2.3 Coping with climate change: Livestock plays a role
as a contributor to the green-house gases (GHG), while this
sector is impacted by climate change. Genetic improvement
is an effective tool for handling both problems. There are
scientific evidences showing that the emission of greenhouse
gases by livestock could be indirectly reduced by genetic
improvement, e.g., improvements in growth rate and
fertility in pigs and dairy cattle in the United Kingdom
resulted in a 0.8% annual reduction in GHG emission while
improving the feed conversion ratio in broilers and layers
reduced the emission of GHG by 1.2 and 1.3 %, respectively
(Jones et al., 2008); genetic gain in milk performance has
considerably reduced the environmental impact of diary
production in the USA (Capper et al., 2009).
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On the opposite corner, it is well understood that
livestock is impacted by climate change but it is hard to
predict the effect. However, there is a trend that temperature
is increasing, e.g. increase of 0.7°C in the past decade
(IPCC, 2007), thus environmental adaptability (e.g., heat
tolerance) traits will be one of the important desired traits.
Projections suggest that further selection for breeds with
effective thermoregulatory control will be needed. This
calls for the inclusion of traits associated with
environmental adaptability in breeding indices, and more
consideration of Genotype-by-Environment interactions
(GxE) to identify animals most adapted to specific
conditions (Gebryohannes et al., 2015).

Climate change may result in the spreading
of diseases and parasites due to the contact between
domesticated and wild species that changes their
distribution because of climate change. This may trigger
the transmission of pathogens or parasites from one species
to another. For examples, a case of lungworm that is a
common parasite of Dall’s sheep and has never been found
in Musk oxen is currently observed in Musk oxen (Kutz et
al., 2004). Moreover, climate change may expand the
habitats for insects that spread diseases. For example, the
bluetongue disease, which is an insect-borne disease
infecting ruminants, has spread from Southern to Northern
Europe. Scientists suggested that this may relate with the
rising temperature that may enable the vector to spread to
higher latitudes or the rising temperature may enable the
virus to use other species of Culicoides as a vector
(Carpenter et al., 2009).

The best adaptation to these problems would be

through genetic improvement. Therefore, it is urgent to
search for the desired traits, for example, traits that lead to
heat tolerance and disease resistance, which potentially
exist in local breeds. For example, several Latin American
cattle breeds with a very short, sleek hair coat were
observed to maintain lower rectal temperatures. This is an
example of a useful genepool for genetic improvement for
heat tolerance. At present, research in the major “slick hair”
gene which is dominant in inheritance and located on
Bovine Chromosome 20 is ongoing (Olson et al., 2003;
Dikmen et al.,2008). However, genetic correlation between
the desired traits and other economic traits should be taken
into consideration, e.g., the desired heat tolerance has a
negative correlation with milk yield and reproduction of
cattle. Thus heat tolerant dairy cow may not be possible,
whereas beef cattle may be improved for heat tolerance
(Prayaga and Henshall, 2005).
2.4 Enhance animal welfare: Currently the issues on
animal welfare are taken more seriously in livestock
production. Animal welfare acts were issued in several
countries to protect animals from inhumane treatments.
While environments and management are improved to
provide livestock with unstressed conditions throughout
their lifespan, genetic improvement is also helpful in this
regard.

In fact, genetic improvement can either compromise
or enhance animal welfare. On the dark side, genetic
improvement can have adverse effects that compromise
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animal welfare. Over selection for a single trait may result
in adverse or unexpected effects on other traits. For example,
the genetic selection for both rapid growth and high, lean
meat yield may relate with the appearance of highly
excitable and difficult to handle animals (Grandin, 1994).
The increased incidence of the “weaver” condition in
Holsteins is possibly related to increased selection for high
milk production; while, broiler chickens have reduced
cardiopulmonary capacity in relation to their muscle mass
and cannot withstand much physical exertion (Broom,
1987; 1993a; Julian, 1993; Julian ez al., 1986).

On the contrary, genetic improvement can promote
animal welfare. For example, seven generations of
selection in laying hens resulted in a strain that shows much
less feather pecking and cannibalism than a control strain
which increased aggressiveness and social dominance
during adolescence, with no decrease in productivity.
Therefore, this strain does not require beak trimming and
hence will enjoy a higher level of welfare in cages (Muir
and Craig, 1998).

In order to employ genetic improvement programs

for this purpose, the traits under selection must be
precisely identified. These include at least three possible
broad categories to consider: behavior, physiology, and
production traits.
2.5 Adaptation to globalization: In the past pathogens
were mostly spread to new areas by the introduction
of improved breeds and semen for artificial insemination.
For example, emergence of porcine reproductive and
respiratory syndrome (PRRS) (Thanawongnuwech et
al.,2004a, b) and porcine circovirus—associated diseases
(PCVAD) (Tantilertcharoen et al., 1999) in Asian countries.
In addition, the movement of livestock can cause the
emergence of new diseases or re-emergence of fully
controlled diseases. For example, the epidemic of foot and
mouth disease (FMD) in the United Kingdom in 2001
(Green et al.,2006) and the outbreak of FMD in South East
Asia (Nuntawan Na Ayudhya ef al.,2012), were caused by
the movement of livestock. There is a concern that the
uniting of different economic zones may enhance
movement of livestock between countries and eventually
may trigger the emergence or re-emergence of diseases,
e.g., Wongsathapornchai et al. (2008); Cai (2012).
Several measures have been established to control these
diseases, and have cost huge amounts of money (e.g. US
$ 820 million for global strategy against FMD, FAO, 2012).
Genetic improvement, which shows potential to improve
disease resistance of livestock (Stear et al.,2001), may be
an additional measure to ease the problems.

3. Challenges for genetic improvement in aquaculture
The culture of aquatic animals, or aquaculture, is following
livestock footsteps in that the availability of genetically
improved strains becomes a prerequisite of success, as has
been shown for species like Atlantic salmon, Nile tilapia,
and Pacific white shrimp. Similar concerns have been
raised for aquaculture, however with some diversification.
Due to the different nature of aquatic species and livestock,
and shorter history of genetic improvement of aquatic
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animals, more challenges will be faced by scientists who
work on aquatic animals. There are many limitations
towards genetic improvement of aquatic species, for
example, lack of well characterized gene-pools, lack of
efficient breeding (producing offspring) techniques in some
species, lack of efficient tagging techniques, and lack of
well characterized targeted traits.

3.1 Lack of well characterized gene-pools: Aquaculture
is young when compare to livestock production and it covers
a large number of species. Only a few species are
domesticated, among which some species have been
domesticated regardless of genetic principles. As such, the
well characterized gene-pools are lacking. Genetic
improvement always started with pooling of genetic
variation from wild and farm stocks without knowing
performances (e.g. genetic improvement programs for
Pacific white shrimp, Argue et al., 2002; Rohu, Labeo
rohita in India, Mahapatra et al., 2006; Atlantic salmon in
Norway, Thodesen and Gjedrem, 2006) with some exceptions
(e.g., the GIFT Nile tilapia, Eknath and Acosta, 1998, and
common carp in Hungary, Bakos et al., 2006). Thus a
chance of including populations with undesired traits is
possible.

3.2 Lack of efficient breeding techniques: A lack of
efficient breeding techniques prevented the species from
benefiting from good genetic improvement. Breeding of
aquatic animals requires diverse techniques from natural
spawning to artificial breeding. The rearing of larvae and
fry also requires knowledge, specific to each species in
some cases. Due to the large number of species involved
in aquaculture (FAO, 2015), it is understandable that certain
species still do not have efficient breeding and rearing
technologies. This can easily lead to unnoticed mis-man-
agement of broodstock. For example, despite the large
number of brooders kept by farmers, only a few pairs
contribute to the next generation due to limited success of
breeding techniques, and thus it causes a loss of genetic
variation and eventually results in inbreeding. Similarly,
communal spawning practiced in some species, e.g. sea
bream (Brown et al.,2005) and groupers (Wachirachaikarn
etal.,2011), has led to a reduction in the effective population
size.

3.3 Lack of efficient tagging techniques: A lack of
efficient tagging techniques has caused difficulty in employing
efficient genetic improvement methods. For example, to
select based on family performance, single families must
be separately reared, which requires unaffordable
infrastructure in most cases. However, with the assistance
of molecular markers and parentage assignment computer
software, families can be communally reared and
identification is performed at measurement (e.g. Norris et
al., 2000; Sekino and Hara, 2007; Karaket er al., 2011;
Lafarga-de la Cruz). This surely requires a high cost.

3.4 Lack of well characterized targeted traits: Genetic
improvement of aquatic animals mostly focused on a few
traits, such as growth and disease resistance, for which a
majority of selection programs emphasized simple traits,
such as growth rate, survival rates, or time to death after
disease challenging (e.g. Na-Nakorn ez al., 1994; Henryon
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et al.,2005; Mahapatra et al.,2008). In fact, there are many
physiological traits that relate to growth, disease resistance,
and other desired traits. These physiological traits may have
different levels of heritabilities, and thus, would allow
scientists to improve low heritability traits by selecting for
the traits with high heritabilities, which positively correlate
with the targeted traits.

4. Genetic improvement as a tool for adaptation to
future threats

Aquaculture also faces threats emerging from similar
factors as those faced by livestock, for instance, climate
change, globalization, and animal welfare, etc. To utilize
a genetic improvement approach to cope with those threats,
suitable traits should be characterized and genetic
parameters regarding those traits should be intensively
studied.

4.1 Adaptation to climate change by genetic improvement
in fish: The impacts of climate change to aquatic fauna are
not conclusive. However, the impact may be similar to that
of livestock to some degree, such as the increase in water
temperature (Poff ez al. 2002; De Silva and Soto, 2009)
may expand culture areas for warm water species to cold
climates and may consequently enhance the spreading of
disease and parasites to the cold water areas. In particular,
due to a rising of sea level, invasion of saline water to
inland water is predicted (Rahel and Olden, 2008; De
Silva and Soto, 2009). Genetic improvement can help in
this regards by improving strains to increased salinity
tolerance. For example, a salt tolerant strain of tilapia was
developed by interspecific hybridization, e.g., hybridization
between the genetically improved strain of Nile tilapia, O.
niloticus with a salt-tolerant species, O. mossambicus
(Villegas 1990; Garcia-Ulloa et al., 2001) or O. spilurus
(Ridha, 2012).

Climate change potentially enhances eutrophication
in tropical inland waters and also triggers extreme climate
conditions (De Silva and Soto, 2009). As such, genetic
improvement for stress tolerance may lead to fish strains
that can withstand fluctuating/extreme culture conditions.
The potential of this purpose is discussed in the later section
on “Genetic improvement to enhance animal welfare”.
4.2 Genetic improvement to cope with transboundary
translocation of aquatic animals: Globalization
obviously enhances intensive translocation of aquatic
animals for commercial culture. Although this practice
benefits aquaculture industries, it also possesses severe
threats to local biodiversity and also on the aquaculture of
native species through disease transfer. For example, the
outbreak of herpes virus in fancy carp (Cyprinus carpio)
and other native cyprinid fishes was caused by the introduction
of fancy carp from Japan (Chansu and Tangtrongphairot,
2005); the outbreak of Taura syndrome virus in tiger prawn
in 2004 was a result of the introduction of Pacific white
shrimp (L. vannamei) which is native to South America
(Limsuwan and Chucherd, 2007); and the outbreak of Noda
and Extrasmall viruses in giant freshwater prawn
(Macrobrachium rosenbergii) in Thailand was caused by
the introduction of conspecific exotic stocks for genetic
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improvement (Chucherd et al.,2007). Measures have been
established to prevent these unwanted circumstances,
however, other approaches should also be considered. For
example, genetic improvement has high potential to
increase resistance to diseases as indicated by moderate to
high heritability (@degard et al., 2011). However, more
parameters that closely relate to resistance must be
identified and employed in the selection program, e.g.,
immune related traits. In addition, selection based on
molecular genetic information is a new approach that can
enhance the efficiency of the selection program (@degéard
etal.,2011).

4.3 Genetic improvement to enhance animal welfare:
Although the issue on animal welfare is not yet strongly
addressed in aquatic animals, in the near future this issue
will surely affect aquaculture, especially the species
involved in international trade. Actually the traits related
to welfare also affect production, for example, stress
response. Stress in aquaculture occurs from transportation,
handling, harvesting, water quality change, crowding, and
diseases, etc. Even though there was limited information
on selection potential of physiological traits, there was a
concrete evidence that supported the genetic improvement
potential of these traits, e.g., significant heritability of
primary (cortisol) and secondary (glucose, osmolality, and
haematocrit) stress responses (mean heritability,
h*= 0.60+0.20 for plasma cortisol; 0.61+0.20 for plasma
glucose) of brook charr, Salvelinus fontinalis, suggesting
strong potential for genetic improvement in the stress
response to transport (Crespel ef al., 2011).

5. Conclusions and recommendation
While the demand for animal protein is dramatically
increasing, livestock and aquaculture sectors are facing
several limitations and threats. One promising adaptation
and mitigation measure is genetic improvement. Despite
the great contribution from livestock genetic improvement
programs, their adverse impacts, e.g. less contribution to
small scale farmers and enhancement of local breed extinction,
etc., have been recognized and become challenges for
scientists in this field. The additional challenges are to
efficiently employ genetic improvement to cope with the
problems of animal welfare, emissions of GHG, and
adaptation to adverse impacts of globalization. While in
the aquaculture sector, genetic improvement was proven
to enhance global production of some aquatic species. It
also has high potential to overcome the upcoming
limitations and threats, particularly climate change, concern
for animal welfare, and globalization. However, due to the
large number of species to work with and short history of
development, there are more limitations to tackle on the
aquaculture side. To attain a successful genetic improvement
program, the studies on the following issues are at priori,
characterization of gene pools, development of efficient
breeding techniques, development of cost effective tagging
techniques, and characterization of target traits for genetic
improvement.

It is quite clear that the scientists who have been
working on livestock and aquatic animal genetic improvement
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are challenged with similar problems. Thus, they should
combine their efforts and exchange experiences so that
genetic improvement of aquatic animals, which has a much
shorter history, can be progressed without repeating the
mistakes from livestock. At the same time, assistance from
people of different areas of expertise, especially in the field
of physiology and behavioral science, is crucially needed
to enhance the precise identification of target traits and data
collection for genetic improvement programs.
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