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Foreword

Livestock agriculture is in a period of tumultuous change and upheaval. General economic
development, and population growth and mobility, have increased demand for livestock
products, but have also placed pressures on the sustainability of rural environments and ani-
mal production systems. Livestock keepers will need to increase their efficiency to meet the
rising demand while continually adapting their animal genetic resources to changing eco-
nomic and environmental conditions. The genetic diversity necessary to allow this adaptation
is in a state of decline, and the genetic resources that remain are not utilized in the most
efficient way. The State of the World’s Animal Genetic Resources for Food and Agriculture
(FAQ, 2007a) confirmed that a significant proportion of the world’s 7 000+ livestock breeds
are at risk of extinction and that many countries lack the technical capacity to ensure the
proper management and sustainability of their animal genetic resources.

To address these problems, the Member Nations of FAO developed the Global Plan
of Action for Animal Genetic Resources (FAO, 2007b) (Global Plan of Action), which was
adopted at the first International Technical Conference on Animal Genetic Resources for Food
and Agriculture in Interlaken, Switzerland, in September 2007. The Global Plan of Action
contains four strategic priorities areas that provide a basis for enhancing the sustainable use,
development and conservation of animal genetic resources throughout the world. It calls on
FAQ to continue to provide technical guidelines and assistance and to coordinate training pro-
grammes in order to support countries in their efforts to implement the Global Plan of Action.

Conservation of animal genetic resources is the third Strategic Priority Area of the Global
Plan of Action. Conservation involves both in vivo maintenance and management of genetic
diversity within livestock populations that are actively contributing to the livelihoods of their
keepers or that are maintained in small numbers on research or demonstration farms and
in vitro storage of genetic material that can be used at a later time to increase diversity in
live populations or re-establish a population. A previous FAO publication on conservation —
Secondary guidelines: management of small populations at risk (FAO, 1998) — covered both
types of conservation. However, given the advances in technology and in the availability of
information that have occurred during the past decade, the present guidelines will be com-
plemented by a separate publication on in vivo conservation.

The development and operation of a gene bank for cryoconservation of animal genetic
resources requires technical capacity in genetics, reproductive physiology, cryobiology and
data management. Coordination among a wide group of stakeholders is also essential.
These guidelines were developed to provide an overview of the fundamental issues involved
in developing and operating gene banks as elements in comprehensive national strategies
for the management of animal genetic resources.
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The goal and structure of
the guidelines

These guidelines are intended to serve as a decision aid with respect to the various cryocon-
servation options that are available, and to provide technical guidance on the design and
establishment of animal gene banks. The guidelines are written under the assumption that
a decision has already been taken that cryoconservation will make a valuable contribution
to a programme for conserving the animal genetic resources of interest. The advice provided
is intended to be relevant to all species of domestic livestock, but species-specific guidance
is given where appropriate. Much of the information may also be relevant to cryoconserva-
tion of wild relatives of livestock and to other wildlife species. Thus, countries may consider
developing joint gene banks for both domestic and wild animals.

The guidelines focus on cryoconservation of animal genetic resources. Matters related
specifically to in vivo conservation, as well as general issues of conservation, are presented
in a separate publication — In vivo conservation of animal genetic resources — forthcoming
in this series.

The guidelines are intended to provide the technical background information needed
by countries wishing to set up, implement and monitor gene banks. Although reading all
sections is recommended, certain sections are aimed at specific stakeholders with specific
technical interests and responsibilities.

The terms “cryoconservation” and “cryopreservation” are both used frequently through-
out the guidelines. Although these words are in some cases interchangeable, an effort has
been made to restrict the use of “cryopreservation” to the actual process of freezing biologi-
cal material for long-term storage. “Cryoconservation” is used to refer to the conservation
of animal genetic resources through the use of cryopreserved germplasm.

Section 1 reviews reasons for conserving animal genetic resources and compares the vari-
ous conservation options that are available. This is intended to help the reader confirm that
cryoconservation will be a valuable component in a plan for conserving the animal genetic
resource(s) under consideration (assuming a conservation programme of some kind is needed).

Section 2 discusses what must be done before the freezing and storing of germplasm
can start, i.e. the preparation, implementation and organization of gene banks.

Section 3 discusses the objectives that can be addressed by gene banking programmes.

Section 4 describes the various types of germplasm and tissue that can be cryopreserved,
as well as the uses to which they can be put. This is intended to provide a basis for informed
choices regarding the type of material to store.

Section 5 discusses requirements for, and costs of, establishing gene banks of various
sizes and degrees of technological sophistication.

Section 6 deals with the genetic issues that need to be considered when designing
and implementing a cryoconservation programme, considering in particular the amounts
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of various types of germplasm that need to be stored in order to capture desired amounts
of genetic diversity. Biological material undergoes a number of (sometimes drastic) changes
when subject to cryopreservation, and some of these will decrease the viability of the con-
served germplasm.

Section 7 describes the process of cryopreservation at cellular level, and the possible
effects that the process may have on the stored material. This overview is intended to pro-
vide the basic information needed to diagnose and avoid damage to genetic material during
the cryopreservation process.

Section 8 describes methods for collecting and cryopreserving various types of genetic
material from various species of livestock.

Section 9 addresses the health and sanitary issues that must be considered when estab-
lishing and operating gene banks for animal genetic resources in order to help prevent the
conservation of potentially dangerous pathogens along with the valuable genetic material.

Section 10 describes documentation and database requirements for storing information
on individual animals and on the samples of genetic material stored in the gene bank. To be
of use, material stored in the gene bank must eventually be thawed and used to create new
animals. Therefore, good organization and annotation of the stored material are essential.

Section 11 addresses the legal issues associated with cryoconservation. Although animal
genetic resources can be considered a public good, the animals from which germplasm is
taken for cryoconservation are usually privately owned. Ownership may or may not change
during the gene banking process, but the terms of agreement between gene banks and the
breeders providing germplasm must be explicitly defined.

Section 12 discusses priorities for capacity building and the need to train livestock keep-
ers and extension workers. It also discusses the need for the inclusion of cryoconservation
and related topics in higher education curricula.

The main sections are followed by a series of appendices, which provide step-by-step
instructions on procedures for collection and cryopreservation of germplasm.
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Confirming the decision to
cryoconserve

Conservation of animal genetic resources for food and agriculture (AnGR) may be under-
taken for a number of reasons. In developed countries, traditions and cultural values are
important driving forces in the conservation of breeds at risk and the emergence of niche
markets for livestock products. However, in developing countries the immediate concerns
are food security and economic development.

In general terms, objectives for AnGR conservation fall into the following categories:
Domestic animal diversity should be maintained for its economic potential in allowing
the livestock sector to respond to changes in agro-ecosystems, market demands and
associated regulations, availability of external inputs, disease challenges or a combi-
nation of these factors.

Domestic animal diversity plays an important social and cultural role. Loss of typical
breeds, therefore, means a loss of cultural identity for the communities concerned
and the loss of part of the heritage of humanity.

Domestic animal diversity is an integral part of the environment in a range of pro-
duction systems. The loss of this diversity would increase instability and risk in these
production systems and reduce their ability to respond to changes. Maintenance and
development of adapted breeds are critically important in ensuring that food security
can be achieved sustainably without adverse environmental impact.

Domestic animal diversity should be conserved for research and training. This may
include basic biological research in genetics, nutrition, reproduction, immunology and
adaptation to climatic and other environmental changes.

The specific objective or objectives for conserving a given AnGR will influence the
strategy employed to conserve it. Conservation strategies can be categorized either as in
situ conservation (in which animals are maintained within the environments or production
systems in which they were developed) or as ex situ conservation (all other cases). The latter
can be further divided into ex situ — in vivo conservation and cryoconservation.

IN SITU CONSERVATION

In the context of domestic animal diversity, in situ conservation primarily involves the active
breeding of animal populations for food and agricultural production in such a way that
diversity is optimally utilized in the short term and maintained for the longer term. Activities
pertaining to in situ conservation include performance recording schemes, development of
breeding programmes and management of genetic diversity within populations. In situ con-
servation also includes steps taken to ensure the sustainable management of ecosystems
used for agriculture and food production. These various aspects of in situ conservation are
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discussed in detail in the guidelines on In vivo conservation of animal genetic resources
(forthcoming) and on Breeding strategies for sustainable management of animal genetic
resources FAO (2010) in this series.

EX SITU CONSERVATION

In the context of domestic animal diversity, ex situ conservation means conservation away
from the habitat and production systems where the resource developed. This category
includes both the maintenance of live animals and cryoconservation.

Ex situ — in vivo conservation

Ex situ — in vivo conservation is ex situ conservation in which germplasm is maintained in
the form of live animals. As in the case of in situ conservation, it is accepted that improve-
ment and natural selection may alter gene frequencies in the conserved population. A key
question with respect to this strategy is whether or not long-term finances and commit-
ment are available to maintain generations of animals to the standards required for success-
ful conservation (i.e. with a sufficiently large population size). More details on ex situ — in
vivo conservation can be found in the forthcoming FAO guidelines In vivo conservation of
animal genetic resources.

Cryoconservation

Cryoconservation is the collection and deep-freezing of semen, ova, embryos or tissues for
potential future use in breeding or regenerating animals. A key question with respect to
cryoconservation is whether, in the short term, the facilities and expertise required for col-
lecting the samples can be financed and put in place. The logistics and costs of establishing
and maintaining storage facilities will need to be addressed before the cryoconservation
scheme is set up.

COMPLEMENTARY ROLES OF IN SITU AND EX SITU CONSERVATION

The Convention on Biological Diversity! emphasizes the importance of in situ conservation
and considers ex situ conservation to be an essential complementary activity.? In situ and ex
situ conservation are complementary rather than mutually exclusive. The exact conservation
strategy adopted will depend on the specific objectives. In situ and ex situ strategies differ
in their capacity to achieve different objectives.

From a general point of view, in situ conservation is often regarded as the preferable
method because it ensures that breeds are maintained in a dynamic state. This may be
true when the dynamics of a breed are characterized by slow and balanced adaptation
to the conditions in which it is maintained. However, commercially important breeds are
often subject to high selection pressures and larger than desired levels of inbreeding (a
few top sires fathering many offspring), while commercially less-important breeds often
have a small population size and are threatened by genetic drift and extinction. Moreover,

T http://Awww.cbd.int/convention/articles/?a=cbd-08
2 http://www.cbd.int/convention/articles/?a=cbd-09
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TABLE 1
Conservation techniques and objectives
Technique
Objective Cryoconservation Ex situ — in vivo In situ
Flexibility of a country’s animal genetic resources
to meet future changes:
e insurance against changes in ++ + ++
production conditions
¢ safeguard against diseases, disasters, etc. ++ - +
e opportunities for genomic research ++ ++ ++
Genetic factors:
¢ allowing continued breed evolution/genetic - + ++
adaptation
e increasing knowledge of + ++ +++
phenotypic characteristics of breeds
* minimizing exposure to genetic drift ++ = +
Sustainable utilization of rural areas:
¢ opportunities for development in rural areas - + +++
* maintenance of agro-ecosystemdiversity - - ++
e conservation of rural cultural diversity - + ++
+++ = highly relevant to the objective; ++ = moderate relevance; + = low relevance; - = not relevant.

Source: adapted from Gandini and Oldenbroek (2007).

conserving genetic diversity by keeping live animals outside their original or usual produc-
tion environments (ex situ — in vivo) will not always guarantee that the genetic diversity of
the breed is maintained. Thus, in vivo conservation should be complemented by cryocon-
servation of germplasm. In other words, long-term in situ conservation programmes may
benefit from the existence of a germplasm repository.

WHEN IS CRYOCONSERVATION THE BEST OPTION?

As a result of preparing their national strategies and action plans (NSAPs) for AnGR, coun-
tries should have identified which of their AnGR require conservation and what the objec-
tives of conservation programmes for these resources should be. Based on these objectives
— and taking into account the state of national technical capacity and infrastructure for
cryoconservation, and the amount of capital available to invest in an AnGR gene bank
— countries should determine which AnGR (if any) should be targeted for cryoconserva-
tion. Table 1 presents a comparison of the three main conservation strategies, indicating
which are preferable with respect to a number of conservation objectives. The number of
plus signs (+) indicate the relevance of the technique to the objective, whereas minus (-)
indicates that the technique is of little relevance. The information refers to well-designed
conservation programmes. For example, in situ conservation programmes will not be rel-
evant for safeguarding against disease and disasters if all herds are concentrated in a small
geographic area. Cryoconservation will actually introduce genetic drift if germplasm is not
collected from a sufficiently large number of animals.
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Implementation and
organization

Once the decision to establish a cryoconservation programme has been taken, preparation
and planning can begin. A well-planned and maintained cryoconservation programme can
play a key part in maintaining genetic variability within a given livestock population and
essentially prevent its complete extinction. Nevertheless, a gene bank should in most cases
be regarded as a form of insurance against the loss of genetic variability or extinction, and
thus as a complement to (rather than a substitute for) programmes for the management
of AnGR in vivo.

Although a facility for cryoconservation of germplasm can be relatively quickly and
inexpensively established to “save” breeds that are at great risk of extinction, long-term
maintenance of a gene bank requires continuous resources. Thus, it is essential that plans
are put in place to ensure the ongoing provision of these resources.

SHAPING NATIONAL STRATEGIES AND ACTION PLANS

Conservation is only one of the four strategic priority areas of the Global Plan of Action
for Animal Genetic Resources, and cryoconservation is only one among several options
available for conserving AnGR. Ideally, gene banks should be established within the
framework of a national strategy and action plan (NSAP) for AnGR (or similar national
programme for AnGR management). FAO has developed guidelines on the preparation of
NSAPs (FAO, 2009), which recommend that countries establish National Advisory Com-
mittees on AnGR. Where they exist, such committees should either take responsibility
for planning the gene bank or create a dedicated task force of experts to deal with gene
banking. Many countries have existing gene banks, but as yet no formal national strate-
gy and action plan. The existing gene banks should, of course, be accounted for in the
development of the national strategy and action plan. Moreover, while a coherent national
strategy is important, countries should not allow at-risk AnGR to be lost while waiting for
the establishment of their national strategy and action plan if the losses can be prevented
by creating a gene bank.

ORGANIZATION AND INSTITUTIONS

No single organizational and institutional system will be ideal for all situations and coun-
tries. The optimal system will depend on a wide variety of factors, including the infrastruc-
ture and related institutions that already exist, the technical capacity of available personnel,
the species to be targeted by the cryoconservation programme, the stakeholders that
will be involved, and level of government versus private support. For example, a breed
association will have a vested interest in establishing a gene bank for conservation of its
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particular breed, whereas governments may assign priority to conserving the populations
that are most critical for national food security. Therefore, evaluating major institutions
and stakeholders in terms of their goals and their capacity to contribute to conservation
programmes will be an essential step in the initial phases of developing a national strategy
and action plan for AnGR.

Establishing linkages among institutions will be critical to maximizing efficiency in a
cryoconservation programme. Collaboration with artificial insemination (Al) centres will
be highly beneficial in many developing countries, as these centres will have the technical
capacity and infrastructure needed for collecting, freezing and storing germplasm, as well
as a reliable source of liquid nitrogen. In other situations, collaboration across species or
among different ministries may be particularly important. For example, it may be efficient to
have a national gene bank for all the different kinds of organisms that need to be cryocon-
served, including not only livestock, but also wild animals and/or plants (assuming health
and sanitary regulations can be addressed adequately).

When the characteristics of a country require the establishment of multiple gene banks
for livestock, good communication links among the gene banks and between them and the
National Focal Point for the Management of AnGR are important. Effective communication
will help the National Focal Point ensure that the country’s conservation goals are being met
without duplication of activities. Although the advice offered in these guidelines is gener-
ally presented in terms of how to establish and operate a single national gene bank, one
practical option that countries may wish to consider is a “virtual” gene bank. This would
involve keeping different types of germplasm (e.g. varying according to species or breed) in
different locations, but having a central database to monitor inventories.

PARTICIPATION OF STAKEHOLDERS

A number of different groups of stakeholders have particular roles to play in the establish-
ment and operation of a cryoconservation programme. Each of these stakeholder groups
must be consulted in the planning phases of the programme so that their responsibilities
can be outlined and their consent to collaborate obtained.

The state

Within the government, overall responsibility for the conservation of AnGR will usually
lie with the ministry of agriculture. In countries where responsibility for biological diver-
sity as a whole is vested in other ministries, such as those of the environment or natural
resources, close liaison and coordination among the various ministries is important. Such
relationships must be clarified in the development of the national strategy and action plan
for AnGR. The government as a whole ultimately influences cryoconservation programmes
through budget allocation, whether by directly supporting state-owned and operated
gene banks or by providing grants to private institutions that operate gene banks for the
public interest. In many developing countries, Al centres are financially supported by the
ministry of agriculture. Universities and research institutes, as public institutions, may be
entrusted with the cryoconservation of breeds at risk (possibly to be used, in part, for
research purposes).
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As described in the preceding subsections, the state is responsible for overseeing the
development of the national strategy and action plan, establishing a National Advisory
Committee on AnGR or a cryoconservation task force and coordinating national activities
involving all stakeholders. It is has a role to play in providing funding and training, promot-
ing communication, and facilitating regional and international collaboration.

Individual livestock keepers and breed associations

Private livestock keepers will typically be the initial owners of the individual animals whose
germplasm is to be cryoconserved. Thus, engaging with them will be critical to the success
of the gene bank. Individual livestock keepers may provide information about the origins
of breeds and animals, and thus assist in the process of selecting stocks that are as gene-
tically unrelated as possible. Formal agreements must be drawn up outlining the terms
of any compensation for the provision of germplasm to the gene bank. The agreements
should also cover rights to future access to the stored material and set out any conditions
surrounding this access (see Section 11).

Breed associations, such as cooperative-breeding and herd-book associations, are clearly
interested in the long-term well-being of their respective breeds and may organize and
financially support cryoconservation activities. Whether or not this is the case, support
from breeders’ organizations is needed in order to obtain good survey information for use
in selecting the animals whose germplasm is to be deposited in the gene bank and for
the general success of the conservation scheme. Other non-governmental organizations
(NGOs) may also be able to contribute to cryoconservation programmes, in particular
through grassroots interaction with farmers and breeders. Breed conservation is the specific
objective of some NGOs.

Private companies

Commercial breeding companies, processing companies and agricultural support services
may become increasingly interested and involved in cryoconservation activities (particularly
pig and poultry businesses) in order to maintain the variation of breeds and the possibility
of accessing these breeds easily when producing new founder lines. Private companies
continue to seek additional genetic resources from outside the company, and are likely to
conserve genetic material that may hold future promise. They also undertake research that
directly benefits themselves. They may have infrastructure available to host a public gene
bank. Clearly, if private facilities are to be used for a public gene bank, it will be critically
important to establish precise legal agreements regarding access and benefit sharing in
order to ensure total transparency (see Section 11).

The National Coordinator for the Management of AnGR

The National Coordinator for the Management of AnGR (National Coordinator) will be
an important partner. The National Coordinator is likely to be a member of the National
Advisory Committee on AnGR. In all countries, the National Coordinator should be kept
informed about all cryoconservation activities, as he or she will be responsible for reporting
this information to FAO.



12

Cryoconservation of animal genetic resources

FUNDING AND ATTRACTING SUPPORT FOR PROJECTS

As mentioned above, direct stakeholders — such as the state, breeders’ associations and
private companies — will generally be expected to provide most of the financial support for
the gene bank. However, other sources of funding may be necessary. In order to develop
plans that may attract funding and wider support, the relevance of the gene banking
activities to the implementation of the Convention on Biological Diversity must be clear,
which implies relationships between the targeted livestock and conservation of biological
diversity in general, sustainable use and equitable sharing of benefits arising from use.
Funding from national governments and cooperating international bodies will be more
likely if the gene banking project is clearly of relevance to multiple aspects of government
policy (e.g. agricultural, environmental, cultural or social policy, or — in the case of draught
animals — energy and transport).

Documenting the wider importance of a local breed may mean that rather than being
regarded merely as a commodity subject to market-driven economic forces, it can be valued
according to the principles of the Convention on Biological Diversity. If such broader values
are recognized, participation in conservation projects (financing or contribution of in-kind
services) may extend beyond agencies concerned with agriculture and livestock to those
concerned with environmental issues and indigenous cultures. Increased awareness among
the general public — who are increasingly urban in their lifestyles — of problems affecting
rural communities can also play an important role in influencing funding decisions.

Two key features will help livestock conservation projects attract funding from interna-
tional agencies:

being part of a national strategy for the conservation of biodiversity and the environ-
ment as a whole, including wild animals, plants and forests, water, soil and microbes;
i.e. projects are likely to be regarded more favourably if they do not view livestock in
isolation from their environments; and

supporting indigenous communities who wish to continue their traditional lifestyles.
The needs of indigenous people have growing international recognition because it is
now acknowledged that many indigenous people have been practising sustainable
lifestyles for millennia. Hence, projects that aim to encourage the use and conserva-
tion of traditional breeds with intimate ties to such communities are more likely to
be viewed favourably.

It is difficult to get long-term funding from international aid agencies. Therefore, it is
important that governments commit themselves to providing the financial support needed
to keep conservation projects in operation over the longer term. Finally, conservation
projects should not only provide the support needed to prevent the targeted breeds from
becoming extinct, they should also seek to identify and promote means by which the future
use of the breeds can become more self-sustainable.
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Cryopreservation allows the storage of biological material without deterioration for at
least several thousand years (Mazur, 1985) and probably much longer. This means that the
wealth of genetic diversity present in the world today can be put into long-term storage in
a biological “safe deposit vault”.

GENE BANKING

Gene banks and their collections of germplasm and tissue can have multiple functions and
objectives. While the primary function of gene banks is conservation of AnGR for use in
the medium or long term, the material stored may also be used for other purposes. For
example, such material can be used to introduce genetic diversity into in vivo populations
and thereby reduce inbreeding levels and broaden breed diversity in the event of a genetic
bottleneck. It can also be used to provide flexibility to the livestock industry when particular
selection strategies are found, after the fact, to be less appropriate than initially envisioned.

Developing gene banks with multiple functions is beneficial because it increases the po-
tential returns. Clearly, gene bank managers should take the potential for multifunctionality
into account as they plan and execute collection strategies (ERFP, 2003).

One common reason for establishing a gene bank is to provide the possibility of recreat-
ing breeds or breeding lines if they are lost as the result of a calamity. Storage of germplasm
for this purpose is typically long term, and does not involve frequent use of the stored mate-
rial or necessitate regular updating of the collection.

A second potential purpose is to support in vivo conservation. Frozen semen and em-
bryos can be used to minimize inbreeding and genetic drift in small managed populations;
the combination of live animals and cryopreserved germplasm can be a powerful tool in
conservation (Meuwissen, 1999). Sonesson et al. (2002) proposed a scheme in which se-
men is collected from the first two generations of a breeding programme and then used
in an alternating manner to breed females of subsequent generations. By using semen of
bulls from the founder population (generation = 0) exclusively for breeding females born in
odd-numbered generations and semen of bulls from the subsequent generation (genera-
tion = 1) on females born in even-numbered generations, Sonesson et al. (2002) reported
a significant decrease in inbreeding relative to conventional approaches that did not use
stored semen.

Material stored in a gene bank may also serve as a backup that can be used if genetic
problems occur. A decrease in effective population size (N, — see Box 1) and the resulting
high level of inbreeding can increase the frequency of specific deleterious alleles that were
not apparent in the larger population. Although most individuals are likely to carry some
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BOX 1
Maintaining genetic diversity

The primary motivation for developing cryopreserved germplasm collections is to have
the capacity to maintain and enhance the genetic diversity of in situ populations. One
common measure of genetic diversity is effective population size (N.), which is usually
smaller than the absolute population size.

Ne is “the number of breeding individuals in an idealized population that would
show the same amount of dispersion of allele frequencies under random genetic drift
or the same amount of inbreeding as the population under consideration” (Wright,
1931). An idealized population is one in which all members have an equal opportunity
to produce offspring. Sex ratio has such a major influence on N, that a population
consisting of four males and four females has an N, of eight, which is the same as the
N, of a population composed of two males and 100 females.

An N, of 50 or larger has been recommended for breed conservation (FAO, 1998).
At this level, the rate of inbreeding is 1 percent per generation. However, for gene
banks to reach their full potential, additional genetic considerations need to be
accounted for. For example, gene banks should sample enough animals to capture rare
alleles within the respective population, and thereby ensure that their collections cover
the range of phenotypes needed in order for them to be used for corrective mating or
as a basis for introducing the genotypes needed for adapting breeds to future market
demands.

When reconstituting a breed from germplasm collections, significant attention
must be given to the mating plan, so that after backcrossing has been completed
the genetic relationships are minimized and the constant N. maintained. A simple
approach is to use approximately equal numbers of doses of semen from each bull. The
N, can be enhanced by not using semen from a portion of males in the gene bank dur-
ing the reconstitution process. These males will then be unrelated to the reconstituted
animals and it will be possible to use their samples to increase the N, further once the
reconstitution process is completed.

deleterious alleles, the effects of such genes are usually recessive and only observed in the
homozygous state. Low N, increases the probability that mates will share a common ances-
tor, and thus the risk that they will carry the same deleterious allele(s) and that their off-
spring will receive the allele(s) from each parent. This does not only happen in at-risk breeds.
It can also happen in commercial breeds with large populations (e.g. when a very small
number of sires are responsible for a very large number of offspring). In such cases, the Ne
of the gene pool is very small even if the real population is large. Gene bank resources may
be needed to dilute the deleterious alleles in the population by introducing genotypes (e.g.
in the form of semen doses) from the original population (i.e. the larger population that
existed before selection).



Objectives of cryoconservation programmes

17

A fourth important use of cryoconserved material is in the development of new lines or
breeds, or for quickly modifying or reorienting the evolution or selection of a population.
For instance, storage of original or extreme genotypes can provide the means to redirect
the genetic trend of a selected population. Verrier et al. (2003) suggested storing genotypes
that have extreme breeding values for specific traits, carry rare alleles or represent particular
founders or pedigree lines. An example would be storing material from a traditionally dual-
purpose cattle breed that was later reoriented to beef or milk production.

Finally, gene banks can serve as the primary source of material for scientists perform-
ing DNA research. Storing isolated DNA along with germplasm in a gene bank can allow
researchers to access genomic information more quickly and without potentially damaging
the valuable germplasm. It can also provide access to genetic material from common sets
of animals for genotyping research. Gene banks can also supply multigenerational samples,
which can be very useful in such studies.

Because of the broad range of uses to which a gene bank’s collection can be put, it may
be useful to subdivide the genetic material from each breed into various categories.

COLLECTION GOALS

The collection goals for each of the above-described gene banking functions differ sub-
stantially and are also dependent upon on the difficulty involved in acquiring the particular
germplasm. Collection goals exist at the animal and breed level, and it is important to be
flexible in meeting both criteria. The standard recommendation is that a conserved popula-
tion (including a newly reconstituted breed) should have an N, of 50, so that the rate of
inbreeding can be held at 1 percent per generation (FAO, 1998). However, Meuwissen and
Woolliams (1994) showed that the N needed in order to conserve genetic diversity could
vary from 31 to 250 animals, depending on the mating system and other factors such as
the level of inbreeding depression rates or response to selection to improve fitness.

When aiming to conserve specific alleles, FAO (1984) points out that by preserving se-
men from 50 unrelated males, a repository has a 63 percent chance of capturing alleles with
a frequency of 0.01.3 This estimate may give some gene bank managers cause for concern
if they are attempting to capture unique and potentially unidentified alleles. By increasing
the number of unrelated males to 100, the probability of capturing a rare allele at the 0.01
level increases to 87 percent. Deciding whether to increase the number of males in the
collection requires the gene bank manager to weigh the trade-offs between the costs of
the additional collections (both acquisition and storage), the additional protection afforded
and the broader goals of the repository. In some breeds, the whole live population may be
smaller than the targets mentioned above, in which case samples may be taken from a large
proportion of the male population, if not from all the males.

Experience at some gene banks has shown that for some breeds acquiring the targeted
number of males is relatively easy. This is mainly because certain breeds are available for
collection at Al centres or are readily accessible on local farms. However, for some at-risk

3 Probability of capture = (1-p)*™, where p is the frequency of the desired allele and N is the number of males
with germplasm in the repository.
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breeds that are widely dispersed geographically, the potential for collecting from multiple
animals is limited. In such cases, acquiring samples from the recommended number of
animals will be difficult in a short period and will have to be considered a long-term goal.

Minimum collection goals should be established. As described later in this section, the
material in a gene bank may be categorized into separate “collections”, the most critical
of which is the core collection, which contains the germplasm necessary for reconstituting
breeds. To establish minimum targets, gene bank managers need to determine how the
germplasm will be used. Enabling potential breed reconstitution should be the most impor-
tant consideration. Mating strategies may differ across species and as a function of whether
semen or embryos are used in the reconstitution process. Furthermore, collection goals are
heavily influenced by the reproductive efficiencies that can be achieved in the process of re-
constitution. This aspect of the process is critical because it directly affects collection targets.
As reproductive efficiency increases, collection targets can be decreased.

Breed reconstitution

According to FAO (1984), the number of parents sampled and the amount of material
(semen doses, embryos, etc.) stored will depend on the intended eventual use of the stock.
If the stock is to be used for pure breeding or as a maternal breed in a cross-breeding
programme, inbreeding (leading to inbreeding depression) and loss of genetic variation
(leading to lower responses to subsequent selection) should be avoided. In most cases, col-
lection of germplasm from all individuals will not be possible, and a sample of animals will
have to be selected. The sampling process will clearly result in a loss of genetic variation
relative to the whole population (i.e. loss of the unique alleles from non-sampled animals).
FAO (1984) recommended limiting this loss to a maximum of 2 percent of the total genetic
variation. A loss of 2 percent is equivalent to an N, of 50 in the reconstituted population,
and would be met by collecting semen from 25 unrelated sires, or by 25 parental pairs with
frozen embryos. For comparison, a loss of 2 percent of the total genetic variation is similar
to the loss due to inbreeding over about four generations of selection for many breeds of
livestock in practice.

Thus, moderate numbers of donors and quantities of germplasm are likely to be ad-
equate for most gene banks, though these numbers might be increased in practice to
provide a margin of safety. The number of frozen embryos or semen doses that need to be
stored from each mating or each sire depends on the level of reproductive success achieved
with the respective type of frozen material and on the amount of testing, multiplication and
additional use to which the conserved stocks will be subject.

FAO (1984) was the first to suggest a minimum number of 25 donors, and many later
manuals, including FAO's Secondary guidelines for development of national farm animal
genetic resources management plans: management of small populations at risk (FAO, 1998)
and more recently the European Guidelines for the constitution of national cryopreservation
programme for farm animals (ERFP, 2003), have agreed with this number.

In determining the number of donor animals to include in a cryoconservation programme,
FAO (1998) assumes that every animal is valuable and has a utility in terms of the amount
of genetic diversity it provides to the conserved gene pool. Each additional animal adds a
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marginally smaller amount of genetic variability to the collection. Therefore, one can expect
eventually to reach a threshold above which the benefit of the additional variability saved is
less than the costs of sampling and conserving the additional genetic material. FAO (1998)
established this threshold at 25 unrelated males for semen collection, and 25 unrelated males
and 25 unrelated females for somatic cells or parents of embryos. If the number of animals
available is below the threshold, then they should all be selected for inclusion in the pro-
gramme irrespective of the relationships among them. Sampling from more than 25 animals
is, of course, beneficial if resources permit, although in some cases more animals do not nec-
essarily yield more genetic variation (i.e. if many of them are closely related). To obtain DNA,
40 individuals should be sampled (as recommended in the FAO guidelines Molecular genetic
characterization of animal genetic resources — FAO, 2011a). The same males can be used for
both semen collection and embryo collection (i.e. as sires of embryos). The same individuals
can be used for embryo collection, somatic cells and DNA. For DNA, it is recommended that
if there are fewer than 25 individuals of one of the sexes available, then extra individuals from
the other sex should be sampled to bring the total number of DNA samples stored up to 50.
ERFP (2003) also suggests collecting semen from a minimum of 25 donors. From a practi-
cal standpoint, achieving these recommended numbers of germplasm donors may be dif-
ficult, if not impossible. Logistical issues, small population size and financial constraints may
necessitate that fewer than 25 animals are sampled. This will decrease the amount of genetic
variation stored. In such cases, the recommendation is simply to collect as much germplasm
as possible. When many breeds must be conserved on a limited budget, collecting germ-
plasm from fewer than 25 animals per breed from all breeds may be preferable to collecting
germplasm from 25 animals from a proportion of the breeds. Another practical approach that
can be considered if resources are limited (in terms of available animals or finances) is to set
25 donors as a longer-term goal (i.e. to be achieved over several years). Section 6 addresses
the numbers of doses (straws of semen or embryos) that will be needed for meeting various
conservation goals. More than 25 donors may be necessary when the number of doses pro-
duced per donor is not sufficient to allow the required total number of doses to be obtained.
In summary, when building a collection of cryopreserved material, the following three
principles should be borne in mind (FAO, 1984):
conserve small amounts of germplasm from many donor animals rather than large
amounts from few donors;
choose donors that are as genetically and phenotypically diverse as possible; and
store the breeds as pure lines rather than gene pools, so as to allow the use of the
unigue combinations of traits and flexibility in the combination of stocks.
It is also important to duplicate the material and store the sets of samples at separate
locations in order to reduce risks of loss (see Section 5).

Supporting in vivo conservation, within-breed selection, and

introducing variation into existing populations

Gene banks have the potential to bolster in vivo conservation efforts. Their primary role is
to serve as the ultimate backup for in situ populations in the event of worst-case scenarios
in which an entire breed is lost (e.g. in the event of civil conflict or widespread drought).
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There are less extreme circumstances in which it may be desirable to utilize gene banks,
such as those in which a breed or population may benefit from the introduction of genetic
variation. As noted above, the stored material may be useful for eliminating deleterious
genes or accessing genes and gene combinations that have become valuable due to a
change in selection goals. This particular function has several aspects.

At-risk breeds face the threat of reduced genetic variation and high inbreeding levels,
which may result in a loss of fertility and general vigour. Introducing variation from
gene banks has the potential to alleviate these problems. However, it is only possible
to use a gene bank for this purpose if it contains samples from animals that have a
lower than average genetic relationship to the population. This can be achieved by
selecting donors that are as unrelated as possible.

Some livestock breeding populations have been selected for one specific trait to the
exclusion of others, and as a result lack the genetic variation required to effectively
alter phenotypes in response to new market conditions (e.g. changes in the value of
fat in milk). Re-introduction of genotypes present before the selection started can
help overcome this problem. Therefore, insuring that collections contain as much
genetic variability as possible should be an important objective.

With the advent and use of various DNA technologies, it has become possible for gene
banks to store samples from animals of known genotypes for traits of interest. Having
genotypic information will facilitate the use of the material contained in the collection.
Storage and use of samples containing rare alleles can also support in vivo popula-
tions directly or indirectly through research activities.

Capturing specific alleles

Gene banks can support the livestock industry by assisting in the development of new
breeds and/or incorporating alleles of interest into in vivo populations. Having collected the
breadth of genetic variation for specific breeds, a gene bank can work with state or private
breeders in developing new breeds that better fit current or near-term market trends. The
oldest material in the bank may be particularly helpful in such a project, as these samples
will have become dated with respect to contemporary selection goals and may represent a
unigue set of animals and genes.

As more information is obtained through genomics research, linking DNA variation to
phenotypes will increase opportunities to scan gene bank material for alleles of interest,
which in turn can be used to form new breeds or be incorporated into existing breeds
(Womack, 2005).

A relatively small amount of germplasm may be sufficient for utilizing a specific allele.
Depending on the species, and on fertility and survival rates, as few as 20 to 30 doses of
semen can have a rapid impact on the target population.

COLLECTION CATEGORIES

As gene banks are established and the acquisition of germplasm begins, the need for dif-
ferent collection categories becomes apparent. For example, the gene banks of France, the
Netherlands and the United States of America established different collection categories to
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meet their projected needs (Danchin-Burge and Hiemstra, 2003; Blackburn, 2004, 2009).
The purpose and size of the categories may vary depending upon the needs of the country
and its livestock industries. By developing such categories, the gene bank manager can
better establish collection goals and know how well they are being met. The examples
presented below are based upon experiences in developing germplasm collections. Gene
bank managers may wish to consider using these or similar categories to assist in the man-
agement of the banked material.

Core collections

The term “core collection” has multiple definitions in the conservation community. In these
guidelines, the term is used to describe germplasm collected and stored for potential use in
critical situations (e.g. reconstitution of an extinct breed, introduction of genetic variability
into a living population to resolve a genetic crisis such as an extreme population bottleneck,
or elimination of mutation that poses a threat to the population). The core collection is not
necessarily static; rather it may be updated as needed to ensure that the genetics contained
in it meet the requirements of the livestock keepers raising the respective breed. Because
viability, pregnancy and survival rates are variable, it is suggested that the size of a core
collection should be equivalent to at least 150 percent of the amount of germplasm that is
expected to be necessary for reconstituting the breed.

Historic collection

As genetic change occurs in the in situ population, the core collection will need to be
revitalized. As a result, gene bank managers have to decide whether or not to form an
“historic collection” of germplasm or to de-access the material (i.e. to remove the material
from the gene bank, implying the destruction of the germplasm). Such material still has
potential value, as it may prove useful if selection goals change drastically. It can also be
used for DNA research, as well as in research projects looking for genes or gene functions,
and studies on genetic diversity.

Working collection

The “working collection” is the most dynamic subset of the gene bank and provides ready
access to germplasm for creating research populations of animals, introducing unique
germplasm if selection goals need to be modified mildly or developing a new breed.

Evaluation collection

The gene bank manager must quantify the success of the cryopreservation process for each
animal sampled for the gene bank, particularly in the case of semen. This can be done
using an “evaluation collection”. The evaluation should be done soon after freezing and
repeated if there is any concern that the samples may have been compromised in some
fashion. A relatively small portion of the cryopreserved germplasm from each animal is used
for this purpose (e.g. two to ten straws of semen). Samples from the evaluation collection
may also be used to test for evidence of pathogens in the cryopreserved material. Deep-
frozen germplasm is assumed to be practically 100 percent resistant to deterioration, at
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BOX 2
Viability of germplasm after long-term storage

It is assumed that once good-quality germplasm is frozen in liquid nitrogen it should
remain viable indefinitely. However, this assumed viability has not been systematically
evaluated over long periods of time.
In order to study the viability of old frozen semen, Carwell et al. (2009) inseminated
40 pure-bred lactating Angus cows and heifers and 88 lactating cross-bred beef cows
with frozen-thawed semen from 25 pure-bred Angus bulls processed during three time
periods (1960-1975, 1976-1991 and 1992-2002). The study showed that overall preg-
nancy rates did not differ across the time periods in the Angus or the cross-bred cows.
The authors concluded that the semen collected from the 1960s through to 2002 was
still viable and produced similar pregnancy rates in artificially inseminated beef cows.
After transferring 414 sheep embryos stored for 13 years, Fogarty et al. (2000)
concluded that embryos cryopreserved for a considerable number of years can be suc-
cessfully thawed and transferred to recipient ewes to reconstitute a sheep population.

least within the reasonable time-horizons required for AnGR banking. Various studies have
demonstrated that storage time has no detectable effect on the viability of cryopreserved
germplasm (see Box 2). Nevertheless, for prudence, it is recommended periodically to thaw
and check a small portion of the collection for viability (at least once every ten years).

UTILIZING THE WORKING COLLECTION

Establishing a working collection is a prerequisite for all the above-described uses to which
AnGR stored in a gene bank may be put. Germplasm stored in the working collection can
be much more freely accessed for use. Important aspects of constructing and maintaining
a working collection include:

establishing rules for transferring germplasm that is no longer actively needed from the

working collection to the core collection;

determining when quantities of germplasm from a given donor exceed requirements for

the core collection and can be moved to the working collection; and

locating and obtaining samples of interest to deposit in the working collection, such

as those from animals that may have unique gene combinations relative to the live

breeding population.

The working collection will usually comprise primarily semen. In some countries it may
be advantageous to establish linkages with Al centres and obtain germplasm samples from
animals currently being collected for Al and/or to agree to accept samples that no longer
have commercial value.

Because of its broad array of uses, the working collection may be larger than the core
collection for a specific breed. Furthermore, gene bank collections are not static, as germ-
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plasm needs to be continually added and de-accessed. The working collection is usually the
most variable element of a breed’s germplasm collection. Major considerations in determin-
ing the size of the working collection include the amount physical storage space available
in the gene bank, the number of cryotanks the facility can accommodate and the recurrent
financial requirements. A reasonable estimate is that working collections for single breeds
will range in size from 50 to 200 animals and from 500 to 1 000 insemination doses.

REFRESHING THE COLLECTIONS
A common but largely misdirected criticism of gene banks is that the germplasm may lose
relevance to the livestock industry over time as in vivo populations change. This criticism
assumes that once a collection is developed, new acquisitions are not made. However, in
the case of plant gene banks, collections are continually expanded with new varieties. A
similar approach is envisioned for livestock; samples would also be acquired from single
animals where seemingly new or otherwise interesting mutations become evident. As well
as adding new germplasm samples to the repository, there may also be a need for gene
banks to de-access material over time and as more information is garnered about the
unigueness and utility of the samples in the collection. De-accession may also be necessary
because of financial or physical constraints. De-accession is a difficult undertaking and a
gene bank needs a well-established protocol before initiating the process. Potential reasons
for de-accessing samples include:

genetics of the sample are too closely related to other samples in the collection (e.g.

half-sibs or closer);

the post-thaw quality of the sample is low and similar genetics are in the repository; and

samples are dated, and are judged to be of less value than more current samples that

are being collected.
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Potential means of conserving genetic diversity include storing semen, embryos, oocytes
and somatic cells. There are clear differences in the present-day feasibility and practicality
of these options.

Semen has been successfully frozen and is widely used in Al. Sperm-sexing technology
has been developed for livestock and is being introduced to the commercial market in some
countries. Banking sexed semen could potentially decrease the number of doses required
for storage, depending on the goals of the gene bank, but would increase the cost per
dose substantially.

Embryos are also widely used for gene banking. However, up to now they have been
used in fewer livestock species than semen has. For breed reconstitution, embryos have an
advantage over semen in that they allow the recovery of the entire genome (i.e. no back-
crossing is required) and thus the reconstitution can be accomplished in a single generation.

Oocytes are the female germ cells or gametocytes. They may be considered for stor-
age in gene banks. Ideally, oocytes will be frozen along with semen from the breed to be
conserved, as otherwise backcrossing with semen from another breed will be needed to
reconstitute an extinct population. Techniques for freezing and thawing oocytes are less
well developed and refined than those for semen and embryos, and require further field
evaluation. An advantage of oocytes over embryos is that by using in vitro fertilization (IVF),
desired matings can be selected at the time of thawing, rather than at the time of freezing.
Cryopreservation of ovaries could be another way of conserving AnGR, either as a source
of oocytes or as a source of ovarian tissue for transplantation (see below).

Somatic cells may be a prudent backup in circumstances where cryoconservation of
gametes and embryos is not financially or technically feasible or has very low success rates.
In its most simple application, banking somatic cells requires only the collection and direct
freezing of a piece of tissue, such as a section taken from the ear. Since the creation of
“Dolly” the sheep, the first mammal produced by cloning somatic cells (Wilmut et al.,
1997), this technology has been used to produce live offspring in many domestic species,
including cattle, goats, pigs and horses. If production of live animals from somatic cells is
developed to a point at which it becomes both reliable and economical, then preservation
of somatic cells would become an attractive option for cryoconservation of AnGR.

Nuclear DNA storage for gene transfer has been proposed, but the techniques involved
still pose some difficulties. At present, DNA is not used for re-establishing live animals but
can be useful in characterization studies to support conservation decisions, including evalu-
ation of the genetic structure within and between populations and identifying genes that
affect productivity and adaptation. See the FAO guidelines Molecular genetic characteriza-
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tion of animal genetic resources (FAO, 2011a) for more information. DNA analysis can also
improve management of gene bank inventories.

Other types of material such as blood and serum can be stored for animal evaluation
purposes (e.g. for future veterinary diagnostic screening and evaluation).

SEMEN

A major advantage of using semen for cryoconservation is that existing technologies allow
it to be collected and used in many animal species. Moreover, for a number of species —
notably cattle, small ruminants, horses and pigs — Al centres with dedicated animal housing
and semen collection and processing facilities exist in many countries. The existence of such
centres may facilitate the acquisition, storage and future use of semen. If dedicated facili-
ties are not available, field collection may be an option; it may be the only means available
for collecting material in areas where extensive livestock keeping is practised.

Relative to other types of germplasm, semen has the disadvantage that only a single
complement of chromosomes is preserved. If a breed is cryoconserved only in the form
of semen, and all living animals belonging to the breed are lost, then the only means of
reconstituting the breed is to inseminate founder females from another breed of the same
species (or the female gamete in the case of other reproductive techniques). A series of
backcrossings is then required to restore the breed to its (nearly) original genetic status. By
using only the conserved semen (i.e. from the breed that is being recovered) in each gen-
eration, the percentage of genes from the founder breed decreases logarithmically, while
the percentage of genes from the breed being recovered increases. This means that enough
semen must be available to inseminate the required number of animals in the series of con-
secutive crosses. To restore the “original” genotype of the lost breed, at least four to five
generations of backcrossing will be required, depending on the level of purity desired in the
restored population (Ollivier and Renard, 1995) (see Section 3). Marker-assisted breeding
can help speed this process to a certain extent. DNA markers can be used to select progeny
that contain the greatest percentage of the recipient-strain genome in each generation, a
process known as “speed congenics” (Hospital et al, 1992; Wakeland et al., 1997).

In addition to the need for backcrossing, the use of semen has the disadvantage that
mitochondrial genes are not preserved. Variation in mitochondrial genes between breeds
and within breeds has been established (Loftus et al., 1994; Troy et al., 2001). In avian spe-
cies, the use of semen to restore a breed would result in the complete loss of the W chro-
mosome from the breed, as the male is the homogametic sex and has no W chromosome.

In some cases, semen collection through standard procedures can be problematic, for
instance when the animals cannot be trained for the procedure. In such cases, the col-
lection of epididymal sperm post-mortem may be a good alternative. Epididymal sperm
can be collected from a number of species, but species differ in terms of the numbers
of insemination doses that can be produced per male. For example, rams have quite a
high semen yield in terms of the number of doses per animal (e.g. Ehling et al., 2006).
In addition, epididymal ram sperm has been shown to have good freezability and good
fertilizing ability in cervical and in laparoscopic inseminations. Details of various semen-
collection procedures are presented in Section 8.
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TABLE 2
Comparison of non-surgical and surgical artificial insemination in livestock when
using frozen-thawed semen

Parameter? Cattle Sheep Goats Pigs Horses

Non-surgical artificial insemination

Pregnancy rate (%) 45-75 15-50 20-55 60-90 35-70

Difficulty® 1 5 4 2

Recommended for use? Yes Yes Yes Yes

Surgical artificial insemination

Pregnancy rate (%) 65-85 55-85 55-85 85-90 60-80

Difficulty 4 1 1 2

Recommended for use? No Yes© No No

2 Ranges are estimated from multiple scientific and in-field sources. The values vary depending on the expertise of the

technicians, the level of animal nutrition and the management practices.
b Difficulty of the insemination procedure, with 1 being the easiest and 5 being the most difficult to perform.
¢ Assuming that an experienced surgical team is available to conduct the procedure.

Techniques for the use of stored semen in Al vary from species to species. Both surgical
and non-surgical procedures have been developed for most major livestock species. The
amount of training needed in order to become proficient in each technique varies from
species to species, as does the rates of success. Table 2 gives an overview of parameters for
surgical and non-surgical Al in various species, including expected pregnancy rates. The Al
approach that will be used and the corresponding pregnancy rates should be considered
when determining the number of doses of semen to conserve (See Section 6).

EMBRYOS

Since the birth of normal offspring from cryoconserved mouse embryos were first reported
in 1972 (Whittingham et al., 1972), similar successes have been achieved in more than
16 mammalian species, including all the major livestock species. In the species for which
collection and transfer techniques are available and operational, embryo banking is a very
good option for conserving genetic diversity, and the offers fastest way to restore an origi-
nal breeding population, including both nuclear and mitochondrial genetic information.
Embryo technology, however, is usually more costly and requires greater technical capacity
than gene banking with semen.

While the birth of live offspring from frozen—thawed embryos has been reported in
most common livestock species, the difficulty involved and the expected success rates vary
from species to species. The greatest success has been achieved in cattle, a species in which
cryopreservation of embryos has become a routine procedure. Both slow-freezing and vit-
rification protocols (see Section 7) are effective (van Wagtendonk-de Leeuw et al,, 1997).
The success of cryopreservation is dependent on the stage of the embryo. Especially good
results are obtained with blastocysts.



30 Cryoconservation of animal genetic resources
TABLE 3
Non-surgical versus surgical embryo collection
Embryo collection type Cattle Sheep Goats Pigs Horses®
Non-surgical
Difficulty? 1 5 4 3 1
Percent of treated females 85 <20 <35 <35 80
with >1 embryo per collection
Transferable embryos per 4-8 0-3 0-3 0-5 <1
collection (n)
Collections per year (n)® 3-6 1-2 1-3 2-4 4-6
Recommended for use? Yes No No No Yes
Surgical
Difficulty? 5 2 2 1 4
Percent of treated females 85 75 80 95 <80
with >1 embryo/collection
Transferable embryos per 4-8 3-8 4-9 10-25 <1
collection (n)
Collections per year (n)® 3 1-2 1-2 2 3
Post-surgical adhesions +++ +++ ++++ 4+ +
Recommended for use? No Yes Yes Yes No

Ranges presented are estimated from multiple scientific and in-field sources. The values are based on the use of
superovulated donors, technicians with the appropriate expertise, and optimal donor nutrition and animal management

practices.

a Difficulty of the procedure, with 1 being the easiest and 5 being the most difficult to perform.

b Post-surgical adhesions generally dictate the number of surgical collections per female during her life time. The number
of surgeries per female may be designated by governmental regulations and/or an institutional review board.

¢ Frozen-thawed equine embryos >300 um in diameter rarely produce a pregnancy following transfer.

Procedures for cryoconservation of buffalo embryos have largely been developed by
adapting techniques used in cattle, but fewer resources have been spent on development
and refinement and as a result success rates are generally much lower. The potential for
cryopreserving sheep and goat embryos is similar to that in cattle (e.g. Fogarty et al., 2000;
Rodriguez Dorta et al., 2007). Cryopreservation of horse embryos is somewhat less efficient
(Ulrich and Nowshari, 2002). Of all the major livestock species, cryopreservation of pig
embryos has long been the most problematic, because pig embryos are extremely sensitive
to chilling and have high lipid content. It continues to be the case that pig embryos are
the most difficult to freeze and thaw to produce offspring. However, recent studies have
focused on overcoming these problems and have produced successful methods for cryo-
preserving pig embryos (e.g. Nagashima et al., 1995; Vajta, 2000a); live piglets have been
obtained (e.g. Dobrinsky et al., 2000; Nagashima et al., 2007).

In addition, species differ with respect to the difficulty of collecting and transferring
embryos and whether surgical or non-surgical collection procedures are preferred. Table 3
compares surgical and non-surgical collection for major livestock species. Table 4 compares
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TABLE 4

Non-surgical versus surgical embryo transplantation by species
Transfer type Cattle Sheep Goats Pigs Horses
Non-surgical
Success rate? (%) 50-80 10-15 10-15 5-10 55-80
Success rate frozen (%) 50-65 <10 <10 <10 10-20
Difficultyb 1 5 4 3 1
Recommended for use? Yes No No No Yes
Surgical
Success rate? (%) 55-80 50-65 50-65 60-85 60-80
Success rate frozen (%) 50- 65 35-65 35-65 25-60 10-20
Difficulty® 3 3 3 2 2
Recommended for use? No Yes Yes Yes No

2 Ranges presented are estimated from multiple scientific and in-field sources. They values are based on the use of
superovulated donors, technicians with the relevant expertise, and optimal donor nutrition and animal management
practices.

b Difficulty of the procedure, with 1 being the easiest and 5 being the most difficult to perform.

transfer procedures. The information presented in the two tables should be considered
when planning a gene banking programme, both in choosing the type of germplasm to
store and in deciding upon the quantity needed. In addition to the five major mammalian
species included in the tables, other livestock species for which live offspring have been
obtained from cryopreserved embryos include the dromedary (Nowshari et al., 2005) and
rabbit (Naik et al., 2005). Pregnancies have been reported in the llama (Aller et al., 2002)
and red deer (Soler et al., 2007).

OOCYTES

As in the case of using embryos, restoring a lost breed or genotype by using cryo-
preserved oocytes plus semen would not require backcrossing. In the last ten years,
considerable progress has been made in the cryopreservation of oocytes. For a long
time, IVF rates with cryopreserved oocytes in humans and in other species had been
poor due to:

release of cortical granules, which causes the zona pellucida to become impenetrable

to spermatozoa; and

disintegration of the metaphase Il spindle.

IVF rates have improved since the introduction of intracytoplasmic sperm injection (ICSI)
(Palermo et al., 1992).

In the most recent years, both slow-freeze and vitrification protocols (see Section 7 for
more details) seem to be giving excellent results in humans, and the two are considered
to work equally well (Porcu and Venturoli 2006), although there may be more enthusiasm
lately for vitrified oocytes (Jain and Paulson, 2006). Fewer data are available from livestock
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than from humans. This may in part be due to species-specific problems, but it may also
indicate that there may have been less incentive to develop and use cryopreservation meth-
ods for oocytes in livestock species than in humans. Viable oocytes have been recovered
after freezing and thawing in a great number of animal species, i.e. cattle, pigs, sheep, rab-
bits, mice, monkeys, humans (as reviewed by Critser et al., 1997), goats (Le Gal, 1996), horses
(Hochi et al.,, 1996) and buffaloes (Dhali et al., 2000). Successes have been reported with
post-thaw oocyte maturation, fertilization and embryo development in a number of species.
Live-born young from embryos produced from cryopreserved oocytes have been reported in
cattle (e.g. Abe et al., 2005 and Otoi et al,, 1995) and horses (Maclellan et al., 2002) as well
as in several model species. Freezing the oocytes of avian and fish species has not been suc-
cessful, largely because of the large size, high lipid content and polar organization (vegetal
and animal pole) of bird and fish ova.

In vitro production of embryos using fresh oocytes and fresh or frozen semen, and sub-
sequent cryopreservation of embryos, is an alternative option that may be considered. In
fact, it may be the most feasible option for most species at present (see below).

SOMATIC CELLS

Somatic cells (e.g. skin fibroblasts) can be readily cryopreserved. Collection of suitable
somatic cells is straightforward. Cryopreservation protocols for somatic cells are relatively
simple and do not require controlled-rate freezing equipment. This means that establish-
ing the collection is easy and cheap, and can make somatic cells a very attractive option
for gene banking, especially for countries with many breeds and/or limited resources. Viet
Nam, for example, has adopted cryoconservation of somatic cells as a primary component
of its AnGR conservation programme (see Box 3). However, the complexity and costs
involved in using somatic cells are much greater than those for other types of cryopreserve
material. Utilization involves cloning and culturing the cells after thawing (or prior to freez-
ing), reprogramming the nuclei, collecting oocytes by ovum pick-up or from slaughtered
animals, culture and in vitro maturation of the oocytes, enucleation of the oocytes, transfer
of the somatic nucleus to (or fusion of the somatic cell with) an enucleated oocyte, cul-
ture of the resulting embryos, and transfer into recipients of the same species. The use of
nuclear transfer means that the original mitochondrial genotype is lost. In addition, cloning
involves some ethical issues, as there are lingering concerns about the welfare of cloned
animals and the safety of their food products. Many countries have not yet approved the
consumption of products from cloned livestock.

Live offspring have been obtained from cloned embryos in a number of livestock species
including sheep, goats, cattle, water buffaloes, pigs, horses, mules, camels, deer, rabbits,
cats and dogs. However, in cattle and sheep only a small proportion of embryos produced
using somatic cells develop into live young — typically less than 5 percent — although the
efficiency is gradually increasing. A significant proportion of pregnancies are aborted, and
full-term pregnancies often result in malformed young. For pigs and horses, greater suc-
cess rates are reported, with near-normal rates of malformation in the young. Viable litters
of cloned pigs are now obtained routinely by transferring large numbers of somatic cell
nuclear transfer (SCNT) embryos into each recipient. In fact, a number of companies offer
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BOX 3
Cryobanking of somatic cells in Viet Nam

Somatic cells offer a convenient solution for collection and long-term storage of AnGR
under adverse conditions with limited infrastructure. As such, cryobanks of somatic
cells can serve as a back-up source of genetic material for regenerating at-risk livestock
breeds. With the assistance of researchers from Germany (Groeneveld, et al., 2008) a
protocol for collection and banking of somatic cells was developed and tested in Viet
Nam. The procedure was developed so as to be applicable across all mammalian live-
stock species. It involves collecting samples using specially designed ear taggers (often
used for disease diagnosis or DNA testing) with an integrated tag and vial system that
cuts a skin sample from the ear and deposits it in the vial while simultaneously attach-
ing the tag to the ear. The researchers also used a hand-held global positioning system
to capture geographical coordinates, and a digital camera to take individual photos of
each animal. Breed information was also recorded. The procedure was tested in a pilot
study that collected and cryoconserved samples from six local Vietnamese populations
of pigs (three breeds), goats (two breeds) and sheep (one breed). The materials for the
gene banking (e.g. ear taggers and tags, liquid-nitrogen tanks and computer) required
an initial investment of around 3 000 euros, whereas the variable costs of conserving
50 samples from one breed (ideally, 25 females and 25 males) were less than 1 000
euros. Sampling was undertaken by the Institute of Agricultural Sciences of South Viet
Nam with the assistance of local government agencies and 300 samples (6 breeds x 50
animals) were collected in two months. After three months, the viability of the cells
was tested by culturing cells from a subsample of 23 vials; 100 percent viability was
observed. Although local scientists do not have extensive experience in cloning, the
banked cells ensure that the six breeds can be reconstituted in the future if the in vivo
populations are lost. Somatic cell cryoconservation has since been extended to other
species and breeds.

cloning as a commercial service and supply biopsy kits that livestock keepers can use to col-
lect a skin sample and send it to the cloning company for immediate generation of cloned
animals or long-term storage for future use. In general though, present cloning techniques
frequently introduce errors that affect embryonic and foetal development. Costs tend to be
high for most species, with the possible exception of pigs. However, on a long time horizon,
such as might be expected for reconstituting an extinct breed, increased understanding
of nuclear reprogramming is likely to make cloning more reliable and efficient, and hence
less costly. Such developments would allow somatic tissue cryopreserved today to be used
successfully and efficiently in the future. Therefore, cryobanking of ear or other skin tissue
can be considered a cheap method of ensuring the conservation of valuable genotypes for
the more distant future.
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CRYOPRESERVATION OF DNA FOR GENETIC ANALYSES

DNA carries the genetic information from the male and the female, which is transmitted to
the next generation by syngamy of two gametes. This information is coded by units of DNA
termed genes, which can be identified, mapped onto segments of the chromosomes and
isolated through basic molecular procedures. Researchers are now using stored somatic-cell
nuclear DNA to conduct various genetic analyses of animal populations.

In the future, the characterization of genes on various chromosomes will likely be
an integral part of conservation (Allendorf et al, 2010). One of the more immediate
applications of DNA lies in determining the underlying genetic structure of populations.
Various methodologies (e.g. restriction fragment-length polymorphisms, microsatellites,
single nucleotide polymorphisms and direct sequencing) are routinely available for rapidly
screening populations for genetic variation. They provide a previously unimaginable level
of detailed information. The additional knowledge obtained on the partitioning of genetic
variability can inform conservation decisions, and has already been used to set conservation
priorities in wild species. Furthermore, such techniques can provide information on the lev-
els of genetic admixture within a breed, or on the levels of introgression from other popu-
lations or breeds, thereby providing an indication of the level of genetic erosion through
cross-breeding (Bradley et al., 1994). These uses are taken up in more detail in the FAO
guidelines on Molecular genetic characterization of animal genetic resources (FAO, 2011a).

In addition, the transfer of genes from one individual to another has attracted a great
deal of interest among researchers and pharmaceutical companies. Although progress in
this area has been considerable, much of the initial promise, especially in livestock species,
has not been realized. Difficulties include regulating gene expression at the correct stage
in development and incorporating genes into the correct tissues. Many production traits
of interest are modulated by multiple gene expression rather than by a single gene. The
cohesive regulation of all these genes is complex and not yet fully understood. How func-
tionally related, yet disparate, genes might be transferred into an individual and regulated
in a manner that does not compromise normal function and animal welfare is still unclear.

In the very long term, regeneration of an organism from nothing more than its DNA
may be possible. In fact, with refinement in DNA synthesis, regeneration of an individual
based only on the DNA sequence may theoretically become feasible. However, such in silico
conservation would require a great deal of technological advancement and can currently be
recommended only as a complement to established in vitro and in vivo approaches.

CHOOSING THE GENETIC MATERIAL TO STORE

The type of material chosen for preservation in the gene bank may depend on the purpose of
the gene bank, for example, whether the gene bank is intended to serve as support for in vivo
breeding and conservation schemes (Sonesson et al., 2002) or is simply intended to preserve
present-day biodiversity for “eternity” (or at least for improbable emergency situations in the
finite future). In the former case, semen (and embryos), which can be updated periodically
and can also be regularly taken from the gene bank and readily used in the field, are the most
practical options. In the case of gene banking for “eternity”, methods allowing cheap and fast
collection of as many species and breeds as possible are desirable. Where financial resources
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TABLE 5

An overview of some characteristics of several ways to cryoconserve genetic material

Characteristic Semen Semen and oocytes Embryos Somatic cells
Number of 2 000P 100 of each 200 Tissue® from >60¢
samples needed animals
to restore a (304 and 309)
breed?
Backcrossing Yes No® No No
needed
Mitochondrial No Yes Yes No
genes included?
Collection Mostly, not always  Yes, in some species.  Yes, in some species.  Always
possible in Operational for Operational for
livestock species? bovines bovines
Cost of $$ $$ $$$9 $
collectionf
Cryopreservation  Yes Still in Operational in bovines,  Yes
possible? experimental stage  horses and sheep.
Promising in pigs.
Impossible in poultry
Utilization Surgical or In vitro maturation/  Surgical or Transfer into enucleated
non-surgical IVF9 followed by non-surgical ET oocytes, followed by
insemination surgical or non- surgical or non-surgical
backcrossing for surgical ET ET
>4 generations
Current High Medium High, depending on High for conservation,
feasibility available resources Low for regeneration

of offspring. Future
development seems likely

Adapted from Woelders et al. (2003).
a See Section 6 for more specific details.

b Dependent on species, reproductive efficiency, and other factors.

¢ Sections of at least 2.5 x 2.5 mm.
d To obtain a final population of >50 animals (257 and 25%), while accounting for failures in cryopreservation and cloning.
¢ Yes, if only oocytes are stored.
f Cost is proportional to the number of $; $ = low cost and $$$$ = extremely high cost.
9 IVF = in vitro fertilization, ET = embryo transfer.

and the relevant expertise and facilities are available, embryos are usually the best choice.
When such resources are not available, collection and cryopreservation of somatic cells should
be considered a reasonable option (Groeneveld et al.,, 2008). Table 5 summarizes the charac-
teristics, advantages and disadvantages of cryoconservation via different types of germplasm.

ADVANCED PROCEDURES AND THEIR CURENT

POTENTIAL IN CRYOCONSERVATION
Ongoing research into the biology of gametes and embryos will likely give rise to new meth-
ods of recreating individuals from frozen material (see Holt, 1997; Gilmore et al., 1998; Holt
and Pickard, 1999; Woelders et al., 2003; Gosden, 2005; Johnson, 2005). The following
subsections describe options that can already be considered today for use in cryobanking.
These approaches generally require a great deal of expertise and/or are only applicable in
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a limited number of species. Nevertheless, as in the case of SCNT, future developments
are likely to increase their efficiency and decrease costs, and thus it may be appropriate to
take the potential use of these methods into account when taking decisions on the type of
germplasm to store and the method of preservation to use.

In vitro fertilization with frozen-thawed semen

Initial in vitro production utilized oocytes collected from slaughterhouse ovaries. This
worked well during early experimentation, when large numbers of immature oocytes were
needed in order to develop in vitro laboratory procedures and to train technicians. In the
1980s it was proposed that the application of in vitro production in animals would likely
involve genetically valuable breeding stock and possibly be used for preserving diversity in
endangered wild animals (Loskutoff et al., 1995).

The first frozen-thawed IVF embryo-derived calves were produced in the United States
of America (Zhang et al,, 1993). Oocyte collection from live donors and IVF procedures
became commercially available to dairy and beef cattle producers in the early 1990s
(Bousquet et al., 1999). With thousands of bovine offspring produced worldwide, IVF with
frozen sperm is now used routinely in commercial cattle embryo transplant units. However,
the success rate for frozen IVF embryos is lower than for fresh IVF embryos. Although years
of research have been devoted to this technique, IVF methodology is still being tested and
fine-tuned for both dairy and beef cattle.

IVF is a multistep process that requires a well-equipped laboratory and a skilled tech-
nician. As the name implies, the IVF procedure involves harvesting the oocytes from the
donor’s ovaries and fertilizing them in vitro. The resulting embryos are held in an incubator
for seven or eight days and then frozen or transferred non-surgically to recipient females at
the same stage of their oestrous cycles. With improvements in oocyte maturation and sperm
maturation methods, IVF rates of bovine oocytes are expected to be higher than 85 percent
(e.g. Zhang et al, 1992). The pregnancy success rate for good-quality IVF-derived frozen
bovine embryos usually ranges from 35 to 50 percent.

Identifying appropriate and efficient in vitro culture systems for IVF-derived embryos
seems to be one of the major bottlenecks to IVF application in other livestock species at
present. Although the first IVF offspring in sheep, pigs and goats were reported in the mid-
1980s (Cheng et al., 1986; Hanada, 1985), the IVF procedures developed have not been
accepted by the commercial livestock industry, primarily because of the high cost of the
process.

IVF in horses has not, as had been expected, developed to a level at which it can be used
in the field. Although the births of several foals produced by IVF were reported in France in
the early 1990s, repeatable IVF protocols for horses are not available at present. Attempts
by many others to produce IVF foals have not been successful, making it clear that more
research is needed. The reasons for the low success rate of equine IVF remain unclear. Equine
oocytes have a thick zona pellucida compared with other species, and in vitro maturation of
these oocytes takes longer than in other livestock species (Hinrichs et al, 1993). The thick
zona pellucida of the oocytes may act as a barrier to sperm prepared in vitro. The zona
pellucida found in in vitro maturation oocytes may also be altered by the culturing process.
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This factor, in addition to inadequate sperm cell preparation, probably contributes to
poorer than expected IVF embryo production rates in the horse.

Because the use of IVF in livestock (particularly horses) appears to be hindered by
problems with in vitro maturation and in vitro sperm zona penetration, other assisted
reproductive technologies, such as zona drilling, zona renting, subzonal sperm injection
and intracytoplasmic sperm injection are now under investigation for use in livestock (Gao
et al.,, 2004; Guerrero et al., 2008; Chiasson et al., 2010). There is still much to be studied
and learned about the use of assisted reproductive technologies to maximize reproductive
potential in genetically valuable animals (Hansel and Godke, 1992).

Attempts have been made to use IVF procedures to cross-fertilize different bovine
species. In a recent study, an attempt was made to use African buffalo sperm for IVF of
domestic cattle ooctyes (Owiny et al., 2009). Although fertilization did occur with some
cattle oocytes, very little development occurred thereafter.

With further development and fine-tuning to improve the repeatability of oocyte
retrieval and the culture of oocytes before or after cryopreservation, IVF procedures
will likely become very competitive with, or superior to, conventional embryo collection
and cryopreservation for use in AnGR gene banking, because of the cost and labour
advantages.

Intracytoplasmic sperm injection (ICSI)

Research groups in many countries have attempted to develop techniques for producing
offspring from microinjection of sperm cells into unfertilized ova (e.g. Uehara and Yanagi-
machi, 1976; Markert, 1983). The first ICSI experiments in mammals were conducted in
rodent species. The premise of the technique was that the ovum of the female would be
activated by a microinjected sperm. However, results have been variable. The first live off-
spring was produced by ICSI into the ooplasm of rabbit ova (Hosoi et al., 1988). IVF and
normal cleavage of in vitro maturation oocytes were first reported in cattle following ICSI
with in vitro capacitated sperm (Younis et al., 1989). The first transplant offspring in live-
stock (live calves) from ICSI of bovine oocytes were reported in Japan (Goto et al., 1990).
Varying levels of success have been reported since.

ICSI is more advanced in horses than in other livestock species. Among the first suc-
cesses were pregnancies produced using oocytes taken from horse ovaries obtained from
abattoirs (Squires et al., 1996), non-pregnant mares (e.g. Meintjes et al., 1995a; McKinnon
et al., 1998) and pregnant mares (Cochran et al., 1998a, 2000). Today, the ICSI procedure
is used routinely in mares that have low fertility via conventional means.

Although ICSI is quite successful in horses, the technology is not yet ready for routine
use in most livestock species. However, as in the case of conserving somatic cells for future
cloning, if germplasm is to be conserved for long-term storage, it is probably feasible to
store semen and wait for the development of the technology needed to use it. Once the
technology has been developed to the point at which its use becomes routine, ISCI has the
potential dramatically to increase flexibility. For example, mistakenly thawed bull semen
could be refrozen, thawed again, and then used for ICSI. Recently, a calf has been produced
using ICSI with frozen—thawed bovine epididymal sperm (Guerrero et al., 2008). ICSI also
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FIGURE 1
Intracytoplasmic sperm injection procedure

has the potential to be used with freeze-dried semen, which would eliminate the need for
cryoconservation in liquid nitrogen and greatly facilitate ex situ conservation of AnGR in
countries where sourcing liquid nitrogen is a problem.

FUTURE PROSPECTS FOR CRYOCONSERVATION

Depending on the species and the conservation goals, current technologies offer a wide
range of options in terms of the tissue types that can be cryoconserved. The future is likely
to see an expansion of these options as research improves protocols and results in greater
efficiency.

Cryopreservation of ovaries and other gonadal tissue
Cryopreservation of ovaries could be another means of conserving AnGR. In humans, ovary
banking is routinely used to prevent loss of fertility during cancer treatment. In addition, it
is considered an effective method for cryobanking strains of mice used for research.
Cryopreserved ovaries, or parts of ovaries, may be used as a source of oocytes. Oocytes
can be harvested from heterotopically grafted (i.e. grafted to tissues other than the ovary)
ovaries for subsequent IVF to produce embryos. The embryos must then be transferred to
a recipient animal. Alternatively, cryopreserved ovary tissue or whole ovaries can be grafted
orthotopically (i.e. grafted to ovarian tissue) into a recipient animal in order to restore the
animal’s fertility. The animal can then be mated and will produce offspring carrying the
genotype of the ovary donor.

=Y
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The production of live offspring after orthotopic transplantation of sliced frozen mouse
ovarian tissue was first reported more than 50 years ago. Since then, there have been
reports of successful orthotopic allografting of mature and juvenile mouse ovaries to recipi-
ent mice (e.g. Candy et al., 2000). Recently, Japanese quail ovarian tissue was successfully
frozen, thawed and transplanted into young chicks, which then subsequently produced live
offspring after mating (Liu et al., 2009). Restoration of fertility after grafting cryopreserved
ovarian tissue has also been achieved in larger animals, for example, using vitrification of
(hemi) ovaries in sheep (e.g. Bordes et al., 2005). Song and Silversides (2006, 2007a) suc-
cessfully obtained offspring from procedures involving cryopreservation and subsequent
transplantation of both male and female gonadal tissue in poultry.

Cryopreservation of ovaries may offer new possibilities for livestock production systems,
but requires additional research and development, especially for use in mammalian spe-
cies. Further improvements are needed in the cryopreservation procedure and the grafting
technique. However, as with cloning and somatic cells, advances in these techniques can be
expected to occur in the interim if ovaries are cryopreserved for long-term storage.

Even with technological advances, cryopreservation of ovaries or ovarian tissue may
remain less efficient than cryopreservation of embryos as a method for ex situ conserva-
tion of livestock genetic diversity. First, obtaining the ovaries requires either laparoscopy or
sacrificing the donor animal. Second, making use of the cryopreserved material to produce
offspring requires surgical expertise and facilities for grafting the thawed cryopreserved
ovaries into recipient animals.

As in the case of oocytes, the storage of ovaries would require either complementary
cryopreservation of semen from males of the same breed or the application of a backcross-
ing strategy similar to that required when only semen is used (but using male founders or
semen from another breed rather than females). In mammalian species, such a strategy
would result in the loss of genetic material on the Y-chromosome. Given the generally
lower cost and greater ease of preserving semen, preserving only oocytes or ovaries would
be logical only in specific instances, such as when no males are easily available or if the
reconstituted breed will be used only as a maternal line in a cross-breeding programme.

Embryonic stem cells

Embryonic stem cells are undifferentiated embryonic progenitor somatic cells that have
been cultured in vitro and frozen for later use. Such cell lines have been established in
laboratory species and are being used to generate transgenic animals carrying cross-species
or tailored genes. The advantage of these cells is that they can be frozen, thawed and
then multiplied through numerous cell cycles. In the animal species (i.e. mice and primates)
where true embryonic stem cells have been identified, they are obtained relatively easily
from cultured young embryos (inner cell mass of the blastocyst stage) or early-stage germ
cells (e.g. primordial germ cells) and can be kept frozen for future use.

If embryonic stem cells are introduced into an activated enucleated oocyte, or possibly
an embryo at the beginning of its development, they can influence subsequent cell devel-
opment in various body tissues throughout life. Embryonic stem cells could thus be poten-
tial vectors for the transmission of genetic characteristics. However, even though there has
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been an intensive research effort in recent years, there is at present no convincing evidence
of the existence of true embryonic stem cells in livestock species. If these cells and adult
somatic stem cells could be used in livestock species with a reasonable rate of success, then
this new stem cell technology would be a useful tool in cloning, clinical veterinary medicine
and even in the conservation of genetic diversity.

Spermatogonia
These cells reside within the basal layer of the seminiferous tubules of the testis and have the
capacity to give rise to spermatozoa. Beginning before puberty and continuing in the adult
animal, spermatogonia undergo continuous replication, thereby, maintaining their number
in a process known as stem cell renewal. It has been shown in mice (Brinster and Zimmer-
mann, 1994) that these stem cells, when isolated from the testes of donor animals, can be
processed and used to repopulate another testis without evidence of immuno-rejection.
Kimura and Yanagimachi (1995) reported the development of normal mice from
oocytes injected with secondary spermatocyte nuclei. Frozen—thawed testicular tissue from
day-old chicks has been transplanted into host chicks, resulting in the production of live
offspring from the donor tissue sperm (Song and Silversides, 2007b). Spermatogonia trans-
fer could potentially be used to pass genetic material from one generation to the next, and
when combined with cryopreservation, offers a means of saving genes from male animals
for future generations.

Primordial germ cells

Although efforts have been made over the years to produce gametes and offspring from
primordial germ cells (e.g. Tsunoda et al., 1989; Chuma et al., 2005), it is only recently that
increased success has been reported (in fish and in birds). In chickens, primordial germ cells
usually migrate to the gonadal ridge via the blood stream between days four and six of
incubation. During this migration stage, the primordial germ cells can be harvested from
the blood of a chick embryo, and then cultured and transferred to other developing chick
embryos, resulting in germline transfers (Etches, 2010).

In quail, male or female primordial germ cells have been successfully transferred into
chick embryonic gonads, subsequently replacing the host germ cells (e.g. Ono et al.,
1996). Germline chimeras have also been reported, with host quail that have subsequently
produced live offspring from the donor-quail germ cells (Kim et al., 2005). Using germline
transplantation, live offspring have been produced by surrogate birds from other avian
species (e.g. pheasant) (Kang et al., 2008). This research area holds promise for future
cryoconservation systems.

Parthenogenetic and IVF embryo reconstruction

Various attempts over decades of research on parthenogenetic embryo production have only
produced limited embryo development. One attempt to recover female germplasm used
embryo micromanipulation techniques to make chimeric embryos, each with a combina-
tion of material from a parthenogenetic bovine embryo (from one breed) and an IVF bovine
embryo (from a second breed) (Boediono et al., 1999). The reconstructed chimeric embryos
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were then transferred to recipient cattle and resulted in live offspring, each of which had a
chimeric genotype (parthenogenetic and IVF) and exhibited the distinct coat colour patterns
of both breeds (phenotype). In a breed or species with no males remaining, it would be possi-
ble to try to save the germplasm by producing a female offspring from reconstructed embry-
os in an effort to produce oocytes from the at risk-breed portion of their chimeric ovaries.

Gametes derived from embryonic stem cells

Mouse oocytes have been derived from embryonic stem cells (Hubner et al., 2003). If this
methodology can be further developed for livestock species, it could have important impli-
cations for oocyte and embryo cryopreservation.

Cloned embryo reconstruction

Poor placental development has, in part, been blamed for the loss of cloned pregnancies
during early and late gestation in recipient cattle. It has been proposed that if it were pos-
sible to exchange the placental tissue (embryonic trophoblast) of the cloned embryos with
material from a non-cloned embryo via embryo reconstruction, this might enhance normal
foetal development in utero and thus produce more viable cloned bovine offspring. There-
fore, efforts are underway to use embryo reconstruction of IVF-derived and SCNT-derived
cattle embryos to improve nuclear transfer production rate (e.g. Murakami et al., 2006).
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Establishing a gene bank
— physical structure and costs

Gene banking operations and facilities are likely to vary substantially from country to coun-
try, in terms of both the size and capacity of the bank and the types and amount of equip-
ment needed. These factors are dependent upon the quantities of germplasm to be placed
in the gene bank, which will in turn depend upon the objectives of the gene bank, the
range of species and breeds to be conserved, and the financial resources available for the
conservation programme. For the purposes of these guidelines, the types of facilities and
equipment needed to operationalize a gene bank are subdivided into three size categories:
small, medium and large.

In many circumstances, the elements needed to establish a gene bank will already be
in place. For example, some countries have state-owned and operated Al centres, or they
may have an existing gene bank for plants or wild animals. If such operations already exist,
the AnGR gene bank can be incorporated into these programmes. Such an approach would
certainly facilitate the development of a cryoconservation programme and the collection of
material from some livestock species (i.e. those served by the Al centres). However, addi-
tions to existing facilities and equipment may be necessary. Health and sanitation issues
must be considered, especially for any facilities that might be shared between wild and
domestic animals.

Some features are necessary for the smooth functioning of a gene bank regardless of
its size. These are the physical plant (i.e. the actual building and other structures), dura-
ble equipment, security arrangements, centralization and accessibility. Specialized human
resources are also critically important.

THE PHYSICAL PLANT

The characteristics of the building housing the gene bank will depend greatly upon the
total size of the facility and its operations. For example, if animal and plant gene banks
are housed together, the type of buildings required will be different from those needed
for a single-purpose facility for AnGR. For livestock, specific components of a single- or
multiple-use facility, such as the laboratories for germplasm acquisition, processing and
cryopreservation, do not need to be located in the same physical place.

Developing the gene bank will usually require the services of a professional architect. If no
buildings are yet in place, professional assistance with the development of specific blueprints
and construction plans will clearly be needed. If buildings exist but need to be redesigned
or refurbished, this will also usually require the employment of an architect and/or engineer.

The gene banking process comprises three main activities: 1) collection of the germ-
plasm; 2) processing and freezing of the germplasm; and 3) storage of the germplasm.
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Although all of these activities can be undertaken at the same location, each requires its
own separate facilities. In theory, a gene bank need only involve a place for storing germ-
plasm (i.e. if the germplasm is provided from elsewhere). However, in most situations, a
gene bank will have the infrastructure needed for at least two, if not all three activities.

Animal housing and collection facilities

Many gene banking operations will find it practical and convenient — if not absolutely nec-
essary — to have a dedicated facility for holding animals while their germplasm is collected.
Depending on the species and the type germplasm that is to be conserved, it may not be
possible to collect a significant quantity of germplasm during a single intervention with
an individual animal. For example, even with superovulation, only a few embryos can be
obtained from a cow in a single intervention. Thus, the process will need to be repeated
several times for each donor. Superovulation generally requires administering a regime of
hormones over the course of several days prior to embryo collection. This is more practical
if the donors are kept in a central facility. In the case of semen donors, training the animals
for collection will usually increase yield and quality. For countries aiming to adhere to World
Organisation for Animal Health (OIE) standards for export, holding facilities will be needed
for quarantining animals prior to collection and monitoring their health after collection (for
further information visit the OIE web site http:/Awww.oie.int).

Building materials. The choice of materials for internal and external construction of
the gene bank building is important. The building must be strong enough to withstand
environmental challenges specific to the location as well as the normal wear and tear
caused by the animals housed at the facility. The internal surfaces must be able to resist
both the physical actions of the animals and the effects of regular sanitizing. Thus, the
materials used must be impermeable to water and able to withstand repeated clean-
ing with sanitizing chemicals. The flooring must be coarse enough for the animals to
maintain stable footing when germplasm is being collected (e.g. when bulls mount a
teaser animal).

Multiple buildings. Preventing the spread of disease among the animals held at the
facility and to the germplasm stored in the bank is critical. Therefore, the facility should
have a system for quarantining all incoming animals. If possible, the collection facility
should have multiple buildings. This allows the establishment of a quarantine system
based on an “all in/all out” policy. Under such a system, once one group of animals leaves
a given building, it can be cleaned and the next group of animals can then be brought
into the empty, sanitized building and quarantined. Once the quarantine is lifted, the
animals can proceed back and forth to a separate collection building, but never again
enter a non-sanitized housing unit. Animals with questionable health must always be
housed separately from healthy animals and never intermingle directly with them or uti-
lize common spaces such as the collection facility. In addition, if the facility is intended to
hold several species, the design must allow each species to be kept apart in different and
separated buildings.

Environmental control. The facility should be designed so that the air flows in one
direction through the building. This limits the potential for “dead spaces” created by air
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flowing in multiple directions. It also ensures that only fresh air will enter the building and
that air laden with animal by-products (methane, urea, etc.) will be vented outside, thus
minimizing the load of contaminants within the facility and improving the health of the
housed animals. Proper ventilation will, in addition, help maintain the appropriate humidity
within the facility. Temperature control is also important. Depending on the local climate,
heating and/or cooling systems may be needed in order to maintain the indoor temperature
within the range of thermal comfort of the species being kept. In particular, the animals
must be protected against high temperatures, which can adversely affect sperm produc-
tion, especially in pigs. In addition, the intensity of light and the periods of light and dark
may have to be controlled in order to meet the physiological and behavioural needs of the
animals.

Biosecurity. Ensuring the biosecurity of the site should undoubtedly be one of the
most important concerns of a gene bank manager. The following principles should be
considered:

Location. The decision as to where to construct the gene bank should be based on
a detailed study of potential locations. If possible, the facilities should be situated in
a low animal-density area. The animal-holding buildings should be situated at least
3 km from other farms or similar sources of biological risk, and at least 1 km from
the nearest main roads or railways, especially if the nearby roads and railways are
frequently used for transporting livestock.

Perimeter fence. The installation must have a perimeter fence to prevent the entry of
non-authorized persons and domestic or wild animals.

Animal loading bay. The loading bay for the arrival and departure of donor animals
poses a great risk to the biosecurity of the site. It should be situated outside the
perimeter fence and some distance from the animal housing units. In addition, trucks
bringing feed to the facilities should unload in storage and transfer areas outside the
perimeter fence.

Clean and dirty areas. The facility must be clearly divided in two physically separated
areas: the dirty area (buildings for animals, collection pens, and storage areas for
waste materials, feed, etc.) and the clean area (laboratories, instrumentation rooms,
germplasm storage facilities and offices). If these two facilities are in the same
building, only one indirect connection between the clean and dirty areas should be
allowed, ideally through a sanitary air lock in the wall between collection pens and
laboratories. Locker rooms with changing facilities and showers should be located
between the two areas.

Staff. Members of staff should work exclusively in the gene bank and not have con-
tact with other farms or facilities that house animal species from which material is
stored in the gene bank. The clothes and footwear used in the laboratories should be
stored in the changing facilities and not used or otherwise taken outside.

Waste management. The management of waste from the facility should be
organized so as to reduce the risk of disease transmission. Storage facilities from
which waste is loaded and transported away must be outside the perimeter
fence.
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BOX 4
Example animal holding and collection facility
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Pest control. Common pests include rats, mice, birds and flies. The control of rats and
mice is greatly facilitated by adequate construction and maintenance of the facilities,
particularly by preventing access to feed and water. Traps and rodenticides can be
used if problems are discovered. Bird-proofing nets in windows and other openings
will limit the entry of birds, although controlling them in open-sided buildings or
outdoor pens is very difficult. Regular cleaning of pens, strategic use of insecticides
and proper ventilation are important elements of fly control.

Dead animals. Even with the greatest care and precaution, it is likely that donor ani-
mals will occasionally die at the facility. Carcasses should be taken away as quickly as
possible and stored outside the perimeter fence until they are collected. Wild or stray
birds and other animals should be kept away from the carcasses.
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The figure illustrates a basic facility designed for housing multiple types of animals,
such as several rams or 20 to 30 roosters, and for collecting and processing semen
samples and embryos or other genetic materials. The freezing and storage rooms will
ideally be physically separated from the animal housing and handling facilities for
sanitary reasons. The facility is equipped with indoor and outdoor areas for the larger
animals, which enable the animals to be moved with minimal handling to a collection
area. Also included are three rooms that are self-contained: the small animal room, the
storage and feed room, and the sample preparation room. Having these self-contained
rooms allows the creation of “micro-environments” to fit specific needs. For example,
the small animal room will need to have a daylight regimen; the feed room will need
to be contained so as to eliminate the risk of rodent infestation; and the sample prepa-
ration room will need to have an environmental and temperature control system that
decreases the risk of cold-shocking semen samples.

The airflow of the facility is illustrated in the figure by the dotted arrows. As
described above, the small animal room is separated from the rest of the facility
(except for an airlock for the passage of samples into the sample preparation room) to
minimize the spread of by-products (faeces, feathers, etc.). Therefore, this room has its
own air-handling unit, which provides fresh air and an exhaust system. For the same
reasons, the large area of the facility has its own air-handling and exhaust system. The
air-handling system of the sample preparation room vents into the larger facility and
the vented air is then removed by a shared exhaust system.

Note that the facility shown in the figure includes only a single large animal-
housing building. Although this is not ideal, it still allows the implementation of
several biosecurity and general safety measures. An all in/all out procedure still can be
followed, i.e. all the animals in a group of donors arrive and leave together and the
building is cleaned and left unused for a few days between each group. The system
allows different species to be alternated so that multiple species are not present at
the same time. Multiple pens allow for male animals to be housed in separate pens.
Finally, the animal handling and sample collection areas and sample preparation room
have separate entrances, so the activities in each can be the respective responsibilities
of different persons. This ensures that the processing technician does not come into

direct contact with the animals.

Pens. Working, handling and containment pens (indoor and outdoor) should be con-
structed with the following factors in mind:
Size. The pens and gates should be appropriate to the size of the animals and allow
them to be moved in and out with minimal handling. For example, if the pens are
too large, a lot of time may be needed to herd or coax the animals to the collection
site, which will cause stress in the animals and decrease the quality of the germplasm
samples collected.
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Individual pens. Male donors should be kept in individuals pens, but they should
have visual contact with other animals. The objective of this arrangement is to avoid
aggression between the males and subsequent injury, but to allow the development
of social relationships that help reduce stress.

Materials. Pens should be of high quality and durable enough to withstand the
repeated stresses caused by the animals.

Automatic systems. When financially feasible, the holding pens should ideally have
automatic systems for supplying water and feed to the animals and for removing waste.
Reducing human contact helps to prevent the animals from becoming stressed.

Safety. Pens should be free from sharp edges and jutting angles that may injure ani-
mals or their handlers. Pens should be constructed with escape routes that handlers
can use if the animals become violent.

Field collection
In many countries some collection of germplasm in the field is likely to be necessary, even
if the country has a complete gene banking facility including infrastructure for animal
holding and germplasm collection. Field collection is likely to be more common in large
countries that have a single gene bank (because transporting animals to the central facility
will be more expensive) and in countries where pastoral or other pasture-based production
systems are predominant. Field collection requires particular protocols and advanced plan-
ning, as well as some specialized equipment. It is advisable to prepare a specific protocol
to be followed during field collection and to train technicians in best practices for off-site
collection. The national gene bank at the Canadian Animal Genetic Resources Laboratory
for Cryobiology has a specific set of standard operating procedures for field collection of
germplasm. These procedures are summarized in Appendix A.
Equipment. The following equipment and reagents are required for efficient and sani-

tary collection and/or freezing of germplasm in field conditions:

disposable coveralls

disposable boots

single-use examination gloves

reusable and sealable plastic bags

indelible permanent markers

paper towels or absorbent paper

frozen ice packs

shipping container

packaging tape and dispenser

portable incubator

microscope

microscope slides

haemocytometer

semen straws and filling/sealing equipment

Styrofoam boxes

liquid nitrogen storage tank
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gloves and tools for handling liquid nitrogen
liguid nitrogen dry-shipper
pre-addressed shipping labels (to the gene bank)

Safety. Field collection of germplasm should whenever possible be done by a team of
technicians rather than by a single technician. Interacting with large animals always involves
some risk of injury, particularly when the animals are from rangeland production systems
and may therefore not have regular human contact. Surgical tools and liquid nitrogen can
also cause injury. Cellular phones should be carried for general communication and to
contact emergency services if injuries occur. When collection is undertaken in a remote,
unfamiliar area, local authorities should be notified in advance and maps and geographic
information system equipment should be carried (the latter also serves for recording the
location of the sampling site).

As with collection at a dedicated facility, the animals should be restrained in a manner
that is safe for both animals and technicians, and care should be taken to minimize the
stress caused to the animals. Biosecurity protocols should be followed in order to prevent
the transmission of disease from location to location (see also Section 9).

Germplasm processing and freezing laboratories

Although the processing and freezing laboratories may be part of the same physical struc-
ture as the animal collection and holding facilities, there must be a distinct physical bar-
rier between the two areas, as the processing and freezing area must have a higher level
of sanitation. The laboratory should be designed for maximum efficiency. In particular, it
should be kept as small as possible so as to reduce the amount of maintenance and clean-
ing required. The various workstations should be arranged in such a way that the germ-
plasm samples move from workstation to workstation in a logical order.

Essential features of the laboratory include the following:

washable work surfaces, floors (non-slip) and walls;

sufficient lighting and ventilation;

hot and cold running water as well as purified water;

sufficient numbers of water-protected electrical sockets for all fixed and portable
equipment; and

adequate storage for consumable materials.

Figure 2 shows an example of a general layout for a simple germplasm processing
laboratory. The various workstations are compact in order to increase the efficiency of the
processing activities, which begin at the left of the diagram and then move step-by-step in
a clockwise direction until the samples are finally packaged and frozen. Computing facilities
are readily available (lower right of diagram), both for the operation of any software that
may be necessary (e.g. for calculating dilution rates and inputting information about each
sample into the central database — see Section 10).

Long-term storage room
In general, the long-term storage room for cryopreserved germplasm can and should be
physically separated from any laboratory. Such an arrangement will increase the physical
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FIGURE 2
Example design of a germplasm processing and freezing laboratory
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security of the collection. By having physical barriers the potential for unauthorized access
to the collection can be better controlled. Many existing gene banks have found this to
be a desirable arrangement because it means that the long-term liquid nitrogen tanks do
not have to be individually locked. Nonetheless, gene bank managers may, after weighing
the advantages and disadvantages, decide that locking individual tanks should be a part of
their standard operating procedures.

Material stored in a gene bank is a highly valuable resource and must therefore be safe-
guarded against loss. For this reason, it is strongly recommended to maintain two separate
storage facilities in different geographic locations.

Liquid nitrogen is a dangerous material (see Box 5) and specific precautions must be
taken, both in handling liquid nitrogen and in the design of storage facilities. If there is a
leak of liquid nitrogen, there will be a risk that people involved in filling tanks and placing
or retrieving samples, or simply working in the storage areas, will be asphyxiated. For this
reason, designing the ventilation system should be a critical priority in the development of
the long-term storage space. In general, nitrogen in its gaseous state is heavier than normal
atmospheric air, so if liquid nitrogen spills the concentration of nitrogen will be greatest
close to the floor. Therefore, ventilation ducts need to be placed at or near floor level.
Conversely, air inflow ducts need to be placed high in the room (potentially at ceiling level)
to help insure that nitrogen gas is forced out of the room through the lower exhaust vents.
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BOX 5
Liquid nitrogen safety

Liquid nitrogen is an extremely dangerous substance to handle. Two major safety
risks are:

freezing or “burning” of skin upon contact; and

hypoxia (lack of oxygen) and respiratory distress.

Liquid nitrogen has a temperature of -196 °C. It should never be allowed to come
into contact with the skin. Protective gloves should be worn as well as standard lab
coats. Shorts and open shoes or sandals should be avoided. Eye protection should be
worn. Specially designed “tongs” should be used for handling the straws and contain-
ers used for storing germplasm. The low temperatures alter the physical properties of
substances, so only tools specifically designed for work with liquid nitrogen should be
used. If liquid nitrogen does come into contact with a person’s skin, the affected area
should be flooded with cold water and cold compresses applied. Medical attention
should be sought immediately if eyes are affected or if the skin becomes blistered.

To prevent the possibility of hypoxia and respiratory problems, handling and stor-
age areas should be well ventilated. Nitrogen vapour is heavier than air, so exhaust
fans should be positioned so as to remove gas from near the floor. The handling and
storage areas should also be fitted with oxygen meters that warn of the presence
of excess nitrogen. An oxygen concentration of less than 19.5 percent is considered
unsafe. If people become dizzy, everyone present must evacuate to a well-ventilated
area. Victims of hypoxia must be moved to safety immediately and given artificial res-
piration and medical assistance.

Transport of liquid nitrogen presents special dangers. Great care must therefore be
taken. Liquid nitrogen is an additional source of risk in road traffic accidents. Always
ensure that tanks are safely secured. Transport of liquid nitrogen in the passenger com-
partment of a vehicle should be avoided. If this is not possible, one or more windows
should be kept open.

It is also important to have adequate ventilation in the rooms where samples are frozen
with liquid nitrogen. In both spaces, it is strongly recommended that oxygen sensors be
installed and regularly tested.

SIZE AND CAPACITY REQUIREMENTS FOR GENE BANKS

The space required for gene banks can be extremely variable and may change as the mis-
sion of the gene bank changes or as the collection grows. It is important to note that the
space requirements are relatively minor. Furthermore, the costs of developing the space
should be amortized over appropriate depreciation timelines (e.g. more than 20 years).
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Small repositories
Small repositories have limited space, but in some countries they will easily be large enough
to meet the needs of national cryoconservation programmes. Facilities of this size can be
expected to process and cryopreserve up to 500 straws of semen in a day. Typical dimen-
sions of a small repository are as follows:

wet lab (20 to 30 m?2);

capacity to cool and refrigerate samples (to 5 to 15 °C, depending on the species) —

cold room (10 m?) or cooler cabinet (2 m?) or Styrofoam box (0.6 m?);

cryotank storage room (20 m?) (sufficient for approximately 300 000 straws);

office for database management (12 m?).

Medium-sized repositories
Medium-sized repositories should have a few additional features that not only increase
the amount of germplasm they can store, but also the quantity of germplasm (principally
semen) they can cryopreserve in a day (i.e. more than 500 straws per day). In fact, such
facilities are likely to have automated equipment for straw labelling and filling and there-
fore be able to process and cryopreserve thousands of straws of semen per day. Typical
dimensions of a medium-sized repository are as follows:

wet lab (30 to 60 m?2);

ability to cool and refrigerate samples — cold room (10 m?) or cooler cabinet (2 m?)

or Styrofoam box (0.6 m?);

cryotank storage room (25 to 50 m?) (approximately 400 000 to 600 000 straws);

office for database management (12 m?);

other office space (12 m?).

Large repositories
Large repositories have substantial capacity to cryopreserve semen, embryos and DNA
and thereby meet their national mandates. Such facilities have the equipment needed to
increase the quantity of germplasm frozen to several thousand straws per day. In addi-
tion, to the equipment necessary for cryopreserving samples, large repositories will also
have equipment for analysing the quality of the germplasm cryopreserved: for example a
computer-assisted sperm analysis (CASA) unit and flow cytometers. Typical dimensions of
a large repository are as follows:

wet lab (greater than 60 m?);

ability to cool and refrigerate samples — cold room (10 m?) or cooler cabinet (2 m?)

or Styrofoam box (0.6 m?);

cryotank storage room (greater than 50 m?) (>600 000 straws);

office for database management (20 m?);

other office space (50 m?);

capacity to store excess liquid nitrogen or even to make liquid nitrogen.
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RECOMMENDED EQUIPMENT AND ESTIMATED COSTS
The following basic equipment is needed for cryopreserving and storing samples:

glassware for holding semen and measuring volume

water bath

microscope (phase-contrast for semen; stereoscope for embryos)

centrifuge

equipment for cooling samples (Styrofoam or plastic cooler, cooler cabinet)

supply of pure or ultra pure (for embryos) water

osmometer

pH meter

equipment for determining sperm concentration (one or more of the following):

- spectrophotometer (fixed or portable)

- Makler counter chamber (or disposable counting chamber)

- haemocytometer

temperature measuring devices

straw labelling machine

straw filling and sealing equipment

freezing equipment (manual or programmable)

carbon dioxide incubator (for embryos)

laminar flow benches (for embryos)

dry liquid nitrogen shipping tanks

long-term liquid nitrogen storage tanks

Box 6 describes the types of liquid nitrogen tanks that will be needed. It is important

to remember that it is not necessary to purchase all the liquid nitrogen tanks that will
be needed over the long term at the same time. The tanks can be bought on a gradual,
as-needed, basis.

GENE BANK SECURITY

Germplasm collections can be viewed as a national asset and thereby warrant appropriate

levels of security. Building security consists of several aspects, including:
Safety of the germplasm from unauthorized access. This can be achieved by
controlling access to the room and the tanks themselves. In addition, gene bank man-
agers should maintain records of which persons have access to the room(s) where
collections are stored and when those persons accessed the room(s).
Structural integrity. The structure of the gene banking facility should be sufficiently
robust to withstand any environmental challenges that are conceivable in the local
area (e.g. high winds, earthquakes, extreme temperatures, fires, floods). Construction
in vulnerable areas, such as floodplains, should obviously be avoided.
Plans and equipment with which to continue operations in the event of
major systems failures. For example, generators for electricity and alternative
sources of liquid nitrogen should be considered.
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BOX 6
Liquid nitrogen tanks

The number and size of liquid nitrogen tanks needed for a gene bank will depend
upon how much germplasm is expected to be stored. The capacity of tanks available
for purchase will be specified in terms of numbers of straws, but it is also important to
consider the quality of the tanks. Choosing to buy a given tank because the purchase
price is low may not be the optimal financial strategy in the long term. Higher-quality
(and thus more expensive) tanks will usually last longer and usually use less liquid
nitrogen. They will also be less subject to leaks and other accidents that result in the
loss of stored material. The value of the stored germplasm will usually far exceed the
cost of the storage tank.

Any gene bank will need three types of tanks:

long-term storage tanks;
vapour shippers (for transporting germplasm); and
storage tanks (for storing liquid nitrogen itself).

Long-term storage tanks are the most important part of a gene bank’s equipment.
Remember that the stored germplasm may be unique and irreplaceable. The tanks’
liquid nitrogen consumption should be as low as possible, because liquid nitrogen is
one of the major costs of maintaining a gene bank. In addition, it is recommended
that individual tanks have electronic monitors that measure temperature and liquid
nitrogen levels and sound an alarm if either parameter is outside set limitations. The
size of tank required can vary greatly depending upon the size of the repository and
how much germplasm is to be stored.

Vapour shippers are designed for the safe transportation of germplasm. They con-
tain a hydrophobic absorbent that holds the liquid nitrogen, repelling moisture and
humidity and thus maximizing the holding time (usually two to three weeks).

The third type of liquid nitrogen tank required are those used for storing surplus
liquid nitrogen for future use in the other types of tank. Such tanks also serve as a buff-
er if regular supplies of liquid nitrogen are interrupted. Thus, the decision as to what
size of storage tank is needed should take into account the level of security required
given the frequency and reliability of liquid nitrogen deliveries, or alternatively the
production schedule of the gene bank’s own liquid nitrogen generation plant.

CENTRALIZATION AND ACCESSIBILITY

The development of the gene bank will be easier if it is located in an area that has suffi-
cient infrastructure to ensure its smooth and continuous operation. For example, collection
efforts will be facilitated if the gene bank is located near to major highways or airport hubs.
Depending on the country, this may or may not be in or near the capital city. If the country
has several well-connected cities, those found in the parts of the country that have the
largest livestock populations will be the preferable options. If the country is large enough
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TABLE 6
Estimated equipment costs by gene bank size
Item Small Medium Large
Necessary Optional
Long term liquid $5 000 to $40 000 $40 000 to $120 000 > $120 000
nitrogen tanks
Shipping tanks $3 000 $3 000 $3 000
Equipment for $500 $40 000 $40 000
straw filling
Equipment (ranging $200 $200 to $20 000 $200 to $20 000
from Styrofoam box
to programmable
freezer) for freezing
samples
Microscope Compound Phase contrast Phase contrast
$500 $5 000 with fluorescence
$15 000
Centrifuge $10 000 $10 000 $10 000
Spectrophotometer $2 100 $2 100 $2 100
(fixed or portable)
Makler counter $850 $850 $850
chamber
Haemocytometer $200 $200 $200
pH meter $1 200 $1 200 $1 200
Osmometer $8 000 $8 000 $8 000
Water bath $800 $800
Total $11 450 to $46 450 $31 500 to $66 550 $111 350 to $211 150 $201 350 to $221 350

Note: costs are shown in United States dollars at 2012 prices.

to have notable regional differences in climate, situating the gene bank in a relatively colder
region can help to minimize liquid nitrogen evaporation and thereby reduce the cost of
maintaining the gene bank.

Other factors to consider in choosing the site for a gene bank include the extent to
which public — and private — sector arrangements can be made for germplasm collection
and processing and the location of important stakeholders. For example, Al centres may
already be operating in the country, and the national germplasm programme may be able
to develop arrangements with the Al companies to acquire germplasm from their facilities.
By formulating such arrangements, the national programme can focus its own attention
and resources on breeds and species for which there is a lack of commercial infrastructure
for collection. As noted above, existing gene banks for plants or wild animals are also
potential collaborators. In addition to aiding the collection effort, the presence of collabo-
rating institutions may increase the accessibility of inputs such as liquid nitrogen.
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HUMAN RESOURCES
The number and type of personnel needed to operate the gene bank will vary with the
size of the facility. Common to all sizes, however, is the need for three different disciplines:
genetics; reproductive physiology and cryobiology; and information systems and database
development. Minimally, the gene bank will require:

a curator (who will likely have a genetics background);

technical support to cryopreserve germplasm; and

technical support to develop a database and enter information into the database.

The curator has to develop targeted collection goals for each species and breed of inter-
est. Obviously, this task is a significant responsibility for one person. Thus, in formulating
plans for the development of the collection, the curator may need to seek input from a
wide array of livestock expertise. Such consultations should involve not only the research
community, but also the livestock industry, including groups involved in raising various
livestock breeds.

As gene bank activities increase in size and scope, more staff will be needed. Much of
this increase will be because of the increased flow of germplasm into the repository. How-
ever, as the size of a gene bank increases, additional technical needs will also arise. There
may be a need to use a broader range of reproductive and cryopreservation technologies
on a wider range of species. There may also be a need to quantify and understand the
genetic diversity in the gene bank, which may require the use of molecular genetic tech-
niques. With additional requirements comes the need for additional scientific support. Of
course, many of these additions can be addressed by integrating conservation activities
with those of pre-existing laboratories that have the necessary expertise (e.g. laboratories
that specialize in molecular genetics). Nevertheless, the gene bank absolutely needs to have
a reasonable level of competence with respect to these additional technologies if it is to
fulfil its conservation mission.

Proper training is a critical factor in ensuring the smooth operation of gene banks.
Regardless of his or her particular role, every gene bank employee should have an initial
course of orientation and training at the beginning of their period of employment. There-
after, training must be continual, with particular emphasis given to biosecurity.

CONTINUITY OF OPERATIONS

As with any important national resource, gene banks need to have procedures in place for
handling the collection in the event of an emergency. Such emergencies might include the
loss of electricity, flooding, earthquake, civil unrest, or a disease outbreak that affects the
animal or the human population. If such an event take places, it is important to have a
predetermined plan providing a set of guiding actions that can minimize the impact of the
emergency on the maintenance of the collection.

To ensure the sustainability of the gene bank in the event of a disaster, the following
points should be taken into account (some of these are mentioned above in the subsection
on gene bank security, but their importance cannot be overstated):

Establish the gene bank in a location where hazards such as earthquakes, floods and
tornados are minimized.



Establishing a gene bank — physical structure and costs

Split the collection into two parts and store them in geographically separated facili-

ties. This provides potential protection against earthquakes, floods, tornados, etc.

The decision on whether or not to split the collection will depend on the finances

available and the level of security afforded by the primary bank. In general, only the

facilities for long-term storage (core and historical collections) will need to be repli-

cated, so the costs of having two gene banks will be much less than double the cost

of a single bank.

Consider developing contingencies for moving the entire collection, or a predeter-

mined subset of the collection, in the event of civil unrest.

Establish minimum numbers of staff required to report to the gene bank in the event

of an emergency.

Develop plans for acquiring supplies (e.g. liquid nitrogen) from alternative sources.
Contingency plans should be subject to periodic review in order to ensure that they are

still viable.
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Developing and updating gene bank collections is a long-term endeavour that involves
several processes. Major steps include understanding the dynamics of the AnGR population
of interest, determining the status of the population (e.g. whether numbers have dropped
to a predetermined critically low level), establishing collection targets for germplasm
(semen, embryos or oocytes) or tissue, and selecting the animals from which samples will
be obtained for the collection.

As mentioned in Section 1, the choice of which breeds and animals to include in the
gene bank will depend upon the country’s objectives for AnGR management (preferably set
out in a national strategy and action plan for AnGR) and the country’s capacity to obtain and
store the samples. In countries that do not have an existing gene bank, conservation needs
for all the country’s AnGR should be reviewed as a first step in determining whether estab-
lishing a gene bank would be an appropriate part of the country’s conservation strategy. Fac-
tors to consider include both the accessibility of the animals for collection and the state of
technical and financial capacities within the country for processing and storing the samples.

Primary considerations for all gene banks have to be the need to acquire sufficient
quantities of germplasm to reconstitute the targeted populations and the need to ensure
that the samples collected sufficiently represent the genetic diversity of these populations.

CHOICE OF POPULATIONS TO INCLUDE IN THE GENE BANK

Before initiating collection activities, gene bank managers will have to assess the various
breeds and species in the country in order to determine where to start. More details on
identifying breeds at risk and prioritizing AnGR for conservation will be presented in the
forthcoming FAO guidelines on in vivo conservation of AnGR. Such decisions can be made
on the basis of breeds’ population size, potential genetic uniqueness, economic importance
and/or cultural importance. In general, the choice of breeds for conservation should be a
group decision undertaken by the National Advisory Committee on AnGR (FAO, 2011b)
or similar committee, in consultation with the wider stakeholder community. Nevertheless,
gene bank managers and curators should be allowed flexibility to be pre-emptive and initi-
ate the collection of germplasm from breeds that are viewed to be in an extreme state of
risk or critical to the country’s livestock sector.

Various quantitative measures can be used for deciding which breeds should be prior-
itized for inclusion in collections. In general, two primary factors determine the conserva-
tion priority of a breed:

level of risk of extinction; and
conservation value.
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Risk status

From a quantitative perspective, risk status can be thought of as expected future popula-
tion size. The best measurable indicator of future population size is the current popula-
tion size. Data on past population size can improve the prediction of future population
size, as trends can be extrapolated into the future. Unfortunately, breed-level population
data are often not available, especially where breed associations have not been estab-
lished. Although many countries undertake periodic censuses of livestock, very few of
these censuses record which breeds the animals belong to. As a result, it may be relatively
easy to obtain a general overview of the national livestock industry, but gaining accurate
information about the status of breeds within species is likely to be more difficult. The
best way to overcome these difficulties is to initiate a national programme of surveying
and monitoring for AnGR as an element of the country’s national strategy and action plan
for AnGR. As well as supporting decision-making at national level, this will enable regular
reporting of population data to FAO via the Domestic Animal Diversity Information Sys-
tem (DAD-IS: http://www.fao.org/dad-is) and thereby contribute to reporting on global
status and trends of AnGR. FAO has produced guidelines on Surveying and monitoring
of animal genetic resources (FAO, 2011c) to assist countries in the task of obtaining data
on their AnGR.

If the availability of data on national breed populations is insufficient, gene bank man-
agers (in consultation with relevant national working groups on AnGR) may wish to initiate
their own protocols for surveying and monitoring AnGR, provided the necessary financial
and technical support is available. If new surveying initiatives are planned, the sampling
procedure must be well designed. A statistician should be enlisted to design an appropriate
sampling strategy. Further advice can be found in the above-mentioned guidelines (FAO,
20110¢). If breed associations are present in the country, collaboration with them is recom-
mended, as these organizations typically keep track of annual registrations and may be
willing to share this information.

Factors other than population size can also influence risk status. Breeds that are dis-
tributed across more farms and/or across a wider geographic area tend to be at less risk
than breeds with more concentrated distributions. When a breed is maintained by large
numbers of livestock keepers, the action of a single individual will have less impact on
the population size. Wider geographical distribution decreases the risk that the entire
population may be wiped out by a single geographically concentrated catastrophic
event, such as a disease outbreak. Increased cross-breeding and increased inbreeding
also put AnGR at risk — even if the number of animals stays the same, the diversity may
decrease.

Conservation value

As discussed in Section 1, conservation of AnGR may be undertaken to meet various
objectives. These objectives and their relative importance are likely to vary from country to
country. In turn, breeds will vary in terms of their relative contributions to meeting these
conservation objectives. The following factors will influence the conservation value of a
given breed (Ruane, 2000):
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Genetic uniqueness. Genetic distinctiveness is an important criterion for establish-
ing conservation priorities. Understanding the genetic history of particular breeds, or
formally estimating genetic distances among breeds, will assist in determining breed
unigueness.

Genetic variation within a breed. Genetic variation gives an AnGR the capacity to
adapt and allows for genetic response to selection. Conserving the most genetically diverse
breeds is the most efficient way to conserve the diversity of a species.

Traits of economic importance. Breeds that are genetically superior for traits that
are economically important (at present or in the foreseen future) should receive priority in
conservation. Prioritization decisions require evaluation of both current and potential future
importance of particular breed characteristics and performance.

Unique traits. Breeds with special behavioural, physiological or morphological traits
should be given high priority for conservation.

Adaptation to a specific environment. The adaptation of breeds to specific envi-
ronments is likely to be under some genetic control. Thus, the conservation of AnGR that
thrive in specific environments (e.g. those that are in some way harsh) may be important.
Breeds that perform valuable environmental services will also often be priorities for con-
servation.

Cultural or historical value. Breeds with special cultural or historic values merit con-
sideration for conservation.

Species a breed belongs to. The above criteria are important in selecting breeds
within species; some consideration should also be given to the species to which the breeds
belong when considering which genetic resources to conserve and which approach should
be applied. For example, in some countries, particular species may be especially important
(e.g. alpacas in Peru). With regard to cryoconservation, the technology and procedures for
cryopreservation are generally more advanced for cattle than for other species, meaning
that costs are lower and success rates are higher. Considering species in conservation deci-
sions therefore helps ensure that financial resources are fairly allocated to all important
livestock species and accounts for the costs and likelihood of success of different conserva-
tion options.

Accounting for all of these factors can be quite difficult. Clearly, prioritization of breeds
for collection and entry into the gene bank can be done in a number of different ways,
and the approach chosen will depend on national circumstances. Advisory committees of
experts, including stakeholders from industry and breeders’ associations, can advise the
gene bank about the risk status of various populations and their genetic, economic and
cultural importance.

Molecular markers can be used for evaluating genetic distances and breed diversity (see
FAO, 2011a). Various objective methods have been proposed for incorporating molecular
measures of diversity into conservation decisions (see review by Boettcher et al., 2010).
These methods typically allow for simultaneous consideration of risk status and the various
genetic and non-genetic factors listed above. Their use will be described in more detail in
the forthcoming FAO guidelines on in vivo conservation of AnGR, because prioritization
should be done as part of an overall conservation plan rather than just for cryoconservation.
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Although formal prioritization methods may increase the efficiency of conservation
decision-making, a willingness to be flexible in establishing collections is also needed so as
not to miss unexpected needs and opportunities when they arise. When particular AnGR are
at high risk of extinction, or if they can be collected a very low cost, collecting them for cryo-
conservation can be justified even if no formal prioritization analysis has been undertaken.

COLLECTION TARGETS FOR RECONSTITUTING POPULATIONS

Once the decision has been taken as to which breeds and populations should be collected
for the gene bank and the type of germplasm to collect, the next step is to determine the
amount of germplasm needed. The quantity will vary depending on the conservation goal,
the type of germplasm and the species. In general, the goal of reconstituting extinct popu-
lations will require the greatest amount of germplasm.

Targets for cryoconserved semen

When semen is cryoconserved, the principal method for reconstituting a breed or popula-
tion is through backcrossing (Figure 3). Starting with females of a common breed, four
backcross generations allow the reconstitution of more than 90 percent (four generations
~94 percent; five generations ~97 percent)* of the nuclear genome of the conserved breed
or population. The following subsections describe how semen can be used to reconstitute
a population and the amount of germplasm needed to do this.

The length of reproductive cycles and conception rates influence the speed and effi-
ciency with which populations can be reconstituted. To better establish collection goals, the
manner in which the cryoconserved material will be used to reconstitute a breed needs to
be quantified. Previous publications (FAO, 1998; Boettcher et al., 2005) described a single
backcrossing approach, such as that shown in Figure 4. In this approach, females are used
as mothers only once in their lives. This allows the breed to be reconstructed with maxi-
mum speed and simplicity. All animals of the same age will be of the same generation and
will have the same proportion of genetic material from the reconstituted breed. Because
females are used only once, the amount of semen needed for reconstituting a population
is quite large. This is primarily because of the 50:50 sex ratio that must be assumed, which
in the early generations results in a large number of excess males.

Some livestock species, including cattle, buffalo, small ruminants and horses, have
longer reproductive cycles and/or smaller family sizes than others such as pigs and poultry.
Advanced strategic planning with regard to mating has the potential to drastically improve
the efficiency of gene banking and breed reconstitution. The mating plan shown in Figure 5
uses a slightly different backcrossing scheme. The approach allows females in the first, sec-
ond and third backcross generations to be mated up to three times. This gives these animals
a much greater chance of producing a female offspring. Expanding the mating opportunities
of the later generations means that less semen is used, and decreases the cost of maintain-
ing the animals used in reconstituting the breed. The principal drawback of this approach is
that it will take slightly (e.g. one to three years) longer to reconstitute the population.

4 Proportion of target breed recovered = 1 - 0.5, where b is the number of backcross generations.
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FIGURE 3
Population reconstitution with cryoconserved semen
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FIGURE 4
Standard backcrossing plan for breed reconstitution (using cattle as an example)

Base females Year 0
\4

50% - F, Year 2
\4

75% - BC, Year 4
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87.5% - BC, Year 6
Y

94% - BC, Year 8

Note: BC = backcross (numbers indicate the first, second and third backcross generations).
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FIGURE 5

Alternative efficient mating plan for breed reconstitution

Base
Year =0
Y
50% - F,
Year = 2
A4
75% - BC, 75% - BC, 75% - BC,
Year =4 Year =5 Year = 6
Y A4 Y
87.5% - BC, 87.5% - BC, 87.5% - BC,
Year = 6 Year =7 Year =8
\4 Y \4
94% - BC, 94% - BC, 94% - BC,
Year =8 Year =9 Year = 10

Note: BC = backcross (numbers indicate the first, second and third backcross generations).

Ruminants and horses. Table 7 shows the quantities of semen needed for a “150
percent breed replacement plan” in which a breed is reconstituted using the breeding plan
shown in Figure 5. A “150 percent breed replacement plan” means that the gene bank will
save 1.5 times the amount of germplasm that is expected to be necessary to reconstitute a
breed (i.e. to obtain 25 males and 25 females with 94 percent of the genetics of the con-
served breed). Planning at the 150 percent level provides flexibility and additional germplasm
that may be needed to compensate for lower than expected pregnancy or survival, excess
animals of one sex, or other failures in the reconstitution process. The table shows targeted
quantities of semen for various rates of pregnancy (which will vary according to circumstanc-
es). Another variable shown in Table 7 is the number of founder-breed females used to start
the reconstitution process. The final number of animals with 93.75 percent of the targeted
genome that will be generated (a critical factor in the success of the reconstitution process)
is also shown (in parenthesis) in Table 7. Note that the reconstituted population sizes are
also estimates of N. For several of the conception rates and initial numbers of animals bred
shown in the table, the N, is below 50, i.e. below the recommended threshold (see Sec-
tion 3). However, this deficiency can be addressed by having semen form extra males in the
repository, which can be used to broaden the genetic base of the newly regenerated breed.

Estimates of the quantities of semen required per male are presented in Table 8. For many
mammalian species, the quantities shown in Table 8 are achievable in a single collection.
Nevertheless, gene bank managers should follow a conservative approach and store samples
from at least two collections (separated by at least two weeks) from each male.

With cattle, and potentially other species in the future, the utilization of sexed semen
would dramatically change the projected amount of semen needed to reconstitute popula-
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TABLE 7
Number of semen doses required to reconstitute a breed of cattle, small ruminant or horse
Founder Pregnancy rate
females
(N) 0.4 0.5 0.6 0.7
75 LK 449 (26) 460 (37)
100 564 (22) 599 (35) 615 (49)
150 771 (17) 846 (33) 897 (53)
200 1029 (23) 1128 (44)
250 1287 (29) 1410 (55)
300 1544 (34)
350 1 800 (40)
400 2 058 (46)

Note: The figures in parenthesis show the effective population size of the reconstituted population.

The quantity of semen is calculated at the 150 percent level (see main text for explanation).

* Missing values indicate that results are not practical, resulting in either too few (upper-left corner) or too
many (lower-right corner) animals or requiring large quantities of semen.

TABLE 8
Number of doses per male required to reconstitute a breed of cattle, small ruminant or horse
Founder Pregnancy rate
feT,j’)'es 0.4 0.5 0.6 0.7
Males (N) Males (N) Males (N) Males (N)
25 50 100 25 50 100 25 50 100 25 50 100
75 18 9 5 19 10 5
100 23 12 6 24 12 6 25 13 7
150 31 16 8 34 17 9 36 18 9
200 42 21 11 46 23 12
250 52 26 13 57 29 15
300 62 31 16
350 72 36 18
400 83 42 21

Note: Quantity of semen is calculated at the 150 percent level (see main text for explanation).

tions. The figures in Tables 7 and 8 assume a sex ratio of 50:50. If sexed semen were used,
the number of doses could be reduced by 30 to 45 percent.

Another option that countries may consider as a means of decreasing the number
of doses of semen (and time for reconstitution) is to accept a larger proportion of
the founder breed in the final “reconstituted” population. For example, if a ratio of
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TABLE 9
Number of straws of semen required to reconstitute a breed of pig
Founder Pregnancy rate
females
(N) 0.4 0.5 0.6
15 2 880 (56) 2 760 (66) 2520 (72)
25 4 800 (96) 4 560 (108) 4200 (126)
50 9 600 (192) 9 000 (225) 8 400 (252)

Note: The figures in parenthesis show the effective population size of the reconstituted population. The
quantity of semen is calculated at the 150 percent level (see main text for explanation). Number of straws is
based on an assumption of 20 0.5 ml straws per insemination, with a total of 1 billion cells per insemination.

seven to one (87.5 percent) of the reconstituted and founder breeds is acceptable, the
number of backcross generations can be decreased to three and the amount of semen
required can be decreased by 30 percent or more. This option may be particularly
attractive in situations where reaching the goals shown in Table 7 would be difficult for
practical reasons.

Pigs. The relatively high reproductive capacity and shorter gestation period of pigs
enables quicker breed reconstitution than can be achieved in cattle and horses. Because
of the prolificacy of the species, large numbers of animals are not needed in order to start
the reconstitution process. However, because of dilution protocols, more straws of semen
are required per insemination than are needed in other species. To a certain degree, the
innate reproductive ability of the sow compensates for the occasionally high mortality of
pig sperm cells during the cooling and cryopreservation process. In Table 9, the numbers of
straws of semen needed for reconstitution are shown, as well as the numbers of offspring
reconstituted at the 93.75 percent level. The data are based on the assumption that six
piglets from each litter reach breeding age. This is a very conservative estimate given the
results obtained by Spencer et al. (2010), who reported a 74 percent pregnancy rate and an
average litter size of 11 when females were bred through Al. Quantities of semen needed
per male are presented in Table 10. As with the other species, these quantities can poten-
tially be obtained from a single collection, but a more conservative practice is to obtain two
collections from each boar.

Chickens. In contrast to programmes for mammalian species, chicken conservation
schemes may give less emphasis to breeds as categories. Although breeds are important,
industrial populations consisting of distinct lines may (depending on the country) be of
greater importance. In addition, poultry breeders and scientists have created numerous
research populations, many of which can be categorized by Mendelian traits controlled by
single genes or by quantitative traits.

Plans to reconstitute chicken populations need to account for the fact that cryopreserva-
tion has been problematic in recent years because of the contraceptive effects of glycerol
on hen fertility. Multiple inseminations have been employed to overcome this problem and
were a recommended in the previous guidelines on conservation (FAO, 1998). Other means



Developing gene bank collections

TABLE 10
Number of straws per boar required to reconstitute a breed of pig
Founder Pregnancy rate
feT,j’)'es 0.4 0.5 0.6
Donor males (N) Donor males (N) Donor males (N)
25 50 100 25 50 100 25 50 100
15 116 58 29 111 56 28 101 51 26
25 192 96 48 183 92 46 168 84 42
30 384 192 96 360 180 90 336 168 84

Note: The quantity of semen is calculated at the 150 percent level.

of solving this problem include using alternative media and performing intramagnal instead
of intravaginal insemination (Purdy et al., 2009). By using the intramagnal approach, multi-
ple inseminations are not needed and the number of units of semen needed to reconstitute
a population can be reduced significantly (Blackburn et al., 2009).

Table 11 outlines the semen resources needed to create secure reserves of chicken
genetic resources in gene banks. Various objectives for the eventual use of the stored
materials are considered and the data assume the use of intramagnal insemination. Semen
resources required for the reconstitution of a breed are presented in the first column of
data. These figures were calculated based on a number of assumptions regarding the effi-
ciency of reproduction and the survival of the resulting offspring. Specifically, the assump-
tions used in the calculations include:

two fertile eggs produced per hen per insemination;
1.4 fertile eggs hatched per hen per insemination;
85 percent of hatched chicks become adults;

two inseminations per 0.5 ml straw; and

50:50 sex ratio among surviving chicks.

Furthermore, the data assume an efficient mating system similar to that shown in Figure 5
for ruminants and equines. In the initial generations, females are allowed to produce only
a single offspring, after which (the third generation for reconstitution of a breed) they are
used to produce multiple offspring. This system decreases the number of excess males in
the early generations.

Many research institutes around the world have developed specific within-breed lines
that differ either for a single gene or for a single polygenic quantitative trait. Cryoconserva-
tion of germplasm from such lines may also be of interest, either to protect against loss or
for economic efficiency (i.e. maintenance in vitro rather than in vivo). Reconstitution of such
lines will require fewer resources, because a smaller amount of genetic variation needs to
be captured in the donor population. The amounts of material that need to be banked in
order to be able to reconstitute such lines are shown in the second and third columns of
data in Table 11. Note that populations with single genes of interest can be reconstituted
in one or two generations.
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TABLE 11
Resources required for chicken gene banks to address various conservation objectives

Objective for use of stored material

Reconstitution of Reconstitution of a Single gene
a breed research line with a introgression
(five generation given quantitative
backcross) trait (five generation
backcross)

Total straws used? 257 127 7
Initial number of hens 140 100 14
Inseminations for entire 513 254 14
reconstitution process
Generation number to start multiple 3(3) 4 (3) 0 (0)
intramagnal inseminations per hen
(inseminations/hen)®
Final number of birds in the 62 (5) 44 (5) 16 (1)
reconstituted population (generation
number)
Minimum number of straws for 150 386°¢ 191¢ 11¢

percent reconstitution

a Based upon a motile sperm concentration of 200 x 10° (Purdy et al., 2009).
b Generation 3 and 4 hens will have 87.5 percent and 93.7 percent of the genome of interest.
¢ Assumes a 0.5 ml straw and two inseminations per straw.

Embryo use in breed reconstitution

As noted in Section 4, embryos have some advantages and disadvantages relative to
semen with regard to the reconstitution of a population. Their principal advantage is the
speed with which breeds can be reconstructed (less than five years). In addition, the use of
embryos ensures the conservation of a breed’s entire genome, whereas when only semen
is used the mitochondrial genome is lost and a certain proportion of the founder breed
used for backcrossing will be present in the reconstituted population. Embryos could also
be particularly important for breeds with extremely unique characteristics that would be
very difficult to re-establish by using semen in a backcrossing scheme. The Angora goat is
such an example. Re-establishing the Angora’s fibre quality through crossing with a founder
population of goats that produce low-quality fibre would be very problematic from an
economic standpoint, as the fibre from initial backcross generations would be of very little
economic value.

However, embryos are significantly more expensive to collect and require greater tech-
nical capacity than semen (Gandini et al,, 2007). Moreover, embryo transfer (ET) is not
possible in all species of livestock. Biologically, the embryo offers the complete genetic
complement of the breed. However, the genetic combinations formed when making the
embryos can become dated. Gene bank managers should be aware that this may affect the
utility of embryos after long-term cryostorage.

Table 12 shows the number of embryos that need to be cryopreserved in order to
obtain a reconstructed population of 25 breeding males and 25 females, depending on
the survival of the embryo from thawing to birth and the subsequent survival of the animal



Developing gene bank collections

73

TABLE 12
Number of cryopreserved embryos required to reconstitute a breed population
Embryo survival Offspring survival (birth to breeding age)
(thawing to birth)
0.6 0.7 0.8 0.9
0.2 625 536 469 417
0.3 417 358 313 278
0.4 313 268 235 209
0.5 250 215 188 167
0.6 209 179 157 139
0.7 179 154 134 120

Note: The quantity of semen is calculated at the 150 percent level. Reconstituted population is assumed to
have at least 25 males and 25 females. Numbers of embryos (nems) Were obtained according to the formula
Nemb = 1.50 x 25 (0.5 x s x S,), Where 1.50 is a multiplier used to obtain the 150 percent level, 0.5 is the sex
ratio, and s. and s, are survival rates to birth and breeding age, respectively (Gandini and Oldenbroek, 2007).

from birth to breeding age. Ideally, the numbers of embryos per donor will be nearly
evenly distributed across at least 25 donor females, each mated to a different male (or
multiple males), to capture the maximum amount of diversity possible from the existing
population.

In cases where sampling 25 donors is not possible (or simply to economize), another
option that may be considered is a hybrid scheme in which a combination of semen and
embryos is stored (Boettcher et al., 2005). In this strategy, fewer embryos are required than
are listed in Table 12. Embryos are used to produce a population initially consisting of fewer
than 25 breeding males and 25 breeding females, but these animals are subsequently
mated with each other and with the stored semen in order eventually to obtain a popula-
tion of the desired size after one or more years (Figure 6). This approach can reduce costs
relative to storing only embryos while still allowing the maintenance of the mitochondrial
genome and usually decreasing the time required for breed reconstitution relative to the
backcrossing scheme utilized when only semen has been stored (Figures 3 to 5).

Nonetheless, a hybrid scheme requires some compromises. Although the reconstitution
will usually be faster than that achievable with stored semen, multiple breeding cycles are
nevertheless required to reach the final goal of 25 animals of each sex. Using embryos, this
goal can be achieved in a single breeding cycle. Furthermore, genetic relationships in the
reconstructed population increase (and N, decreases) as the number of embryos decreases,
as does the probability of failing to reconstitute the new population. Therefore, a hybrid
scheme with fewer than 30 percent of the number of embryos required for an embryo-only
reconstitution plan (Table 12) is not recommended. To increase N, the sires whose semen
is stored in the bank should be different from the sires of the stored embryos.

A conservative approach to developing a germplasm collection would be to acquire
semen samples as described in the above subsection on “targets for cryoconserved semen”
and, where possible, to acquire embryos opportunistically and thereby enhance the quality
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FIGURE 6
Reconstitution using only embryos versus a reduced number of
embryos and semen

Breed is
reconstituted directly
@ © from embryos

®
= g ] =0 0 S
09@ ®00 e

@ © Offspring from embryos
—> Gene —> —> are mated to create
© @) bank reconstituted populatlon

NeZo

\r@ Il-,
e >\‘§53

of the banked material. Collecting and maintaining sufficient embryos in the gene bank to
generate 10 to 20 females will speed reconstitution and ensure that mitochondrial DNA is
captured in the collection (Boettcher et al., 2005).

Cryopreservation of embryos is most effective in ruminants. Pig embryos can be cryopre-
served, but the success rates are lower. In poultry, embryo preservation is not yet possible.
Therefore, to capture the genetic complement of a poultry population primordial germ cells
have to be harvested and cryopreserved (see Section 4). Moore et al. (2006) demonstrated
that primordial germ cells can be cryopreserved effectively. However, successfully insert-
ing these cells into recipient eggs is problematic; the success rate is about 4 to 8 percent
(Petitte et al., 1990).

Before establishing a genetic reserve in an embryo bank, the number of available donor
animals should be determined and a decision taken regarding whether these donors can
produce a sufficient number of embryos to allow eventual reconstitution of the targeted
breed(s). Ideally, embryos from at least 25 donor females mated to 25 different sires should
be included in order to increase the genetic variability of the reconstituted population to the
recommended level. The final decision will depend on the availability of donor females and
the costs of the system used to access the germplasm. For example, if the gene bank has
to buy the donor females from the breeders, the acquisition of exactly 25 donors may be
financially optimal. However, if the breeders are paid for each collection (or if no payment
for access is necessary), then the cost of sampling more than 25 donors may be similar to
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the cost of sampling exactly 25 donors. In the case of at-risk breeds, gaining access to 25
donor females may be problematic.

Multiple embryo recoveries may be needed from each superovulated donor female.
Embryo recovery following superovulation is notoriously variable, especially in cattle. The
numbers of embryos per collection from a well-managed donor may range from zero to
40, with an average of five or six transferable embryos. In addition, females that do not
respond well to superovulation during the first collection have a tendency not to respond
well in subsequent attempts. Therefore, it is important that males used for matings are not
associated with the same female throughout the collection period; otherwise, one or a few
sires may dominate in the re-established breed. Repeated use of the same sire on a given
donor female will also result in the banking of multiple full-sib embryos. There is an implicit
penalty associated with storing full sibs: deleterious genes passed on by an individual of
one sex penalize not only its own future contribution to the population but also that of its
healthy mate. Avoiding full-sib embryos helps spread the risk (Woolliams, 1989).

Breed reconstitution with oocytes and semen
When oocytes and semen are stored in the gene bank, the number of oocytes required
can be determined by using a slight modification of the formula used to obtain the figures
presented in Table 11:
Nooc = 1.5 x 25 (0.5 X Se X SoX Sivf)

where neo is the number of oocytes to be banked, 1.5 is a multiplier used to obtain the
150 percent level, 0.5 is the sex ratio, s and s, are survival rates to birth and breeding age,
and s,z is the success rate of the IVF procedure used to obtain an embryo from an oocyte.

The number of doses of semen stored should be sufficient to fertilize all the stored
oocytes. A conservatively high estimate is one dose of semen per oocyte stored. However,
a single dose can fertilize multiple oocytes. Ideally, the number of males from which semen
is stored should be at least as large as the number of female donors of oocytes.

UTILIZATION OF GENE BANK MATERIAL IN LIVE

CONSERVATION AND BREEDING

As noted in Section 3, in addition to reconstituting a breed after its extinction, gene bank
material can be used for several other purposes, both in the short and the long term. First,
the use of gene bank material for breeding animals in live populations can be helpful in
controlling inbreeding rates or in revitalizing populations. Controlling the rate of inbreeding
in a population is important for maintaining genetic variation. The N, of a reconstituted
population should be at least 50, which corresponds to a rate of inbreeding of 1 percent
per generation. Gene bank collections can play an important role in maintaining the
genetic variation of a breed and can actually increase the N, of a breed if used properly.
Box 7 presents an example of how this approach is being applied in the Netherlands.
Obviously, semen taken from the bank for this purpose must not come from males that
are part of the live breeding population. When managing a small population, three to ten
males should be identified each year and their semen should be stored for future use. At
least 20 doses of semen from each male should be conserved, with quantities increasing
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BOX 7
Use of gene bank semen for revival and support of the breeding
programme of the endangered Dutch Friesian Red and White cattle breed

In the 1800s, the cattle population in the province of Friesland in the Netherlands
consisted mainly of Red Pied cattle. During the past century, however, preference
for the Black and White phenotype, followed by sustained import and crossing with
Holstein-Friesians, resulted in a sharp decline in the Red Pied population, so that only
21 Red and White individuals (4 males and 17 females) remained in 1993. At that point
in time, a group of owners started the Foundation for Native Red and White Friesian
Cattle. A breeding programme was developed in collaboration with the newly created
national gene bank for farm animals. Semen from sires preserved in the gene bank
in the 1970s and 1980s was used for breeding. Male progeny were raised by breed-
ers, who were granted a subsidy from the gene bank. Semen from these males was
collected, frozen and later used under new contracts. The breed increased in number,
reaching 256 registered living females and 12 living males in 2004. In addition to
the living populations, more than 10 000 doses of semen from 45 bulls are stored in
the gene bank and kept available for Al. The combination of the living population
and the gene bank stock results in a much larger N, than is represented by the living

population only.

depending on the reproductive capacity of the species (low capacity — more doses) and
population size (larger population — more doses). At least 100 doses per sire should be
conserved for species with low reproductive capacity such as cattle and horses. Because
this practice will involve the use of “old” germplasm, it limits the amount of genetic pro-
gress that can be made for a given trait. However, the main objective is to maintain a high
level of genetic diversity in the population.

Second, the material can be used in a cross-breeding system for introgressing specific
characteristics into live populations. Breeders may want to introgress desirable character-
istics of a cryoconserved breed into an existing breed. Introgression can be based on phe-
notypic information, and the desirable characteristics can be maintained in the subsequent
generations by continuous selection. Alternatively, the genes underlying the desirable char-
acteristics can be identified and molecular markers used to maintain the desirable genomic
regions or traits. Introgression or crossing cryoconserved populations with live populations
can be used to produce completely new breeds. Introgression generally involves only a sin-
gle cycle of breeding to the conserved breed that provides the desired gene. In subsequent
generations, the live animals are bred inter se or backcrossed to purebred animals of the
live population. Therefore, the number of doses that need to be stored for this purpose
will depend on the number of females in the live population that will be subject to cross-
ing to initiate the introgression process. Box 8 describes the use of banked germplasm to
introgress genes into a herd of pigs used for research.
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BOX 8
Reconstituting a research pig line

Gene banks have an important role in backing up research populations. Purdue Uni-
versity in the United States of America had developed a line of pigs that were either
homozygous or heterozygous for both the Napole and Halothane genes, which nega-
tively affect pork quality in animals with the homozygous recessive genotype. In 2003,
Purdue decided to discontinue this population and chose to have samples of semen
from three carrier boars frozen and banked by the National Animal Germplasm Pro-
gram. In August 2007, the University decided to re-establish a population in which the
recessive homozygous condition was present so that it could be used to research meat
quality. Samples of the semen stored with the National Animal Germplasm Program
were therefore transferred back to Purdue and sows were inseminated. The results
were a 100 percent pregnancy rate and an average litter size of 7.7 pigs. The resulting
boars were genotyped, and 14 of 25 were found to be heterozygous for both genes.
With the F, population, several boars were homozygous for both mutant genes. This
case was the first in which a livestock research line was cryopreserved, discontinued,
and re-established using germplasm frozen and stored by a gene bank.

For any breeding programme, regardless of the population size, periodic cryogenic
storage of genetic material is recommended as a backup in case (genetic) problems occur.
A cryo-aided live scheme can be very beneficial, especially for populations with a low Ne,
mainly because it will result in prolonged generation intervals and therefore a larger N..
Intensely selected breeds can have a small N, even if the actual number of animals is very
large (Bovine HapMap Consortium, 2009). It is important to collect new genetic material
regularly (at least once each generation interval) in order to maximize genetic diversity.

The plan for collection and utilization of material from a gene bank must consider the
characteristics of the breed in question, including the characteristics of its production sys-
tem in addition to its genetic and phenotypic characteristics. This is especially important for
breeds that differ greatly from the norm. Most scientific research on reproductive physiol-
ogy, cryobiology, breeding and animal husbandry has been undertaken on international
transboundary breeds kept under intensive management. To ensure optimal results when
utilizing stored germplasm, complementary research to establish breed-specific protocols
may be prudent. Box 9 presents an example from France in which the use of gene bank
semen from two at-risk breeds did not yield the results expected because of differences
between the characteristics of the breeds and those of the international transboundary
breeds upon which protocols (and expectations) were based.

SELECTION OF INDIVIDUALS FOR CRYOPRESERVATION
As described in Section 3, the first target for germplasm collections is to enable the recon-
stitution of a population with an N, of 50 animals. However, for the gene bank manager
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BOX 9
Using frozen biological material from at-risk breeds:
discrepancy between theory and practice

France has efficient conservation programmes for at-risk pig breeds, which include
both in situ and ex situ conservation. Semen was collected from males from the unique
bloodlines of all the at-risk breeds, mostly in the 1980s (semen pellets) and the 1990s
(straws). The living populations of two local pig breeds (Bayeux and Blanc de |'Ouest)
have suffered tremendous losses of genetic variability since the 1980s, prompting the
respective breeding associations to contact the French National Cryobank and request
permission to use pelleted semen from the collection (four males per breed). The qual-
ity of the semen in the pellets was evaluated as poor in Blanc de I'Ouest and good in
Bayeux. This semen was used for mating four sows from each breed, with the primary
goal of obtaining new breeding males. In the case of the Porc Blanc de I'Ouest breed,
the four sows produced litters ranging in size from 6 to 13 live piglets, and semen
from two of the males was collected for Al in 2007. However, in the case of the Bayeux
breed, only two females were born from the four inseminated sows. The failure of the
programme in the Bayeux breed was a result of several factors. The Bayeux is usually
raised in an extensive production system and the sows behaved very aggressively when
herded. Sanitary issues also played a role, as all the animals came from smallholdings
where hygienic standards were lower than those in standard commercial operations.
Last but not least, the physiology of the Bayeux sows was very different from that of
sows from typical commercial lines. The protocols applied in this case, such as heat
grouping, choice of insemination dates and so forth, were based on procedures that
yielded optimal results for mainstream commercial breeds. This experiment yielded
an important lesson. The French National Cryobank and breed associations have now
agreed to develop special protocols tailored to each breed and to consider breed-
specific measures in any future programmes for the use of stored genetic material.

the issue quickly turns to which animals within a breed should be sampled for the repository,
and for which of the collection categories. Genetics are often among the primary considera-
tions, but reproductive and sanitary aspects must also be accounted for.

Genetic aspects
Here the major consideration is to select animals that are as unrelated as possible to each
other in genetic terms. This can be done in several ways. The appropriate option will
depend upon the availability of information and resources.
When pedigree information is available, simple procedures can be used to ensure that
animals are not closely related, such as not selecting animals with common grandparents.
More formal analyses can also be undertaken, such as the application of genetic contri-
bution theory to select the least-related group of germplasm donors (Meuwissen, 2002).
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Clustering approaches can be used to group animals that are closely related and
identify clusters that are genetically distant from one another (see Box 10).

Donors should be chosen from within lines if line breeding is practised.

With or without pedigree information, various molecular DNA approaches can be
used to determine the genetic uniqueness of animals or subpopulations within a
breed. A principal obstacle to such approaches is that they require wide sampling
of the animals within the breed, and many more animals will need to be genotyped
than are actually needed for the gene bank. Alternatively, gene bank managers may
consider collecting germplasm samples concurrently with taking blood or tissue sam-
ples and then utilizing the resulting genotypic data to enable more effective use of
the stored material to decrease genetic relationships in the reconstituted population.
Genetic markers can also be used to identify introgression from other breeds, the
level of which may differ among subpopulations or geographical areas. This type of
information is useful in determining how genetically pure the targeted animals are.
If no reliable animal registration is available and resources are insufficient for the use
of molecular genetics, donors should be carefully chosen based on their geographical
location, phenotype and herd history.

Particularly when pedigree information is not available, donor animals should be cho-
sen from different areas and herds; genetic flows (i.e. exchange of animals) among
herds and areas should be taken into account. One option is to collect along line
transects drawn across maps of the regions of the country where the breed is located.
Adequate geographic spacing of the collection sites should help ensure that the level
of genetic relationships among collected animals is low.

Even when animals are taken from geographically distant locations, owners should
be interviewed to determine how unrelated their animals are from the immediate
surrounding population and from other more distant flocks or herds.

Reproductive aspects
Only a small sample of animals can be represented in the gene bank, and with limited
amounts of germplasm. Therefore, the gene bank manager must sample the animals that
have the potential to yield the greatest number of offspring from the germplasm stored.
Before the final decision about which animals to chose as donors, all candidates
should be subject to a clinical and andrological or gynaecological evaluation. Dur-
ing this evaluation special attention should be given to animals that are selected as
donors because of their genetic traits but which may be subfertile.
When choosing female donors, animals with a good reproductive history should have
a higher priority than animals that have a history of poor reproduction or have never
given birth.
When choosing male donors, priority should be given to animals that are known to
produce semen that is of good quality after it is frozen and thawed.
Both male and female donors must have morphological and behavioural characteris-
tics that facilitate the collection of genetic material.
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BOX 10
Selection of bulls for the National Animal Germplasm Program
in the United States of America

Cluster analysis was used to evaluate the bulls of the Jersey breed stored in the United States of
America’s gene bank (Blackburn, 2009). Pedigrees of the 537 bulls in the gene bank were evalu-
ated, along with pedigrees of the most popular bulls in 2004 and 2005. Genetic relationships
among the bulls were used to assign them to clusters, which were visualized in a dendrogram or
"tree” diagram (see the figure below).

Jersey cattle clusters computed from pedigrees using the Ward method
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Sanitary aspects
It is critically important that the conserved germplasm does not transmit pathogens into the
future along with its genetic information. Thus, strict sanitary standards should be followed.
Donor animals should be clinically inspected to confirm that they are healthy and free
from contagious and infectious diseases. They should fulfil all requirements established by
OIE in terms of infectious and contagious diseases that may be transmitted through semen
and/or embryos (see Section 9). To meet all the OIE standards, it may be necessary to quar-
antine animals to confirm their health status prior to collecting germplasm.

COLLECTION OF COMPLEMENTARY BIOLOGICAL MATERIAL

In addition to its role in promoting national food security, the gene bank has an opportu-
nity and responsibility to collect germplasm, or tissue samples, for DNA analysis or other
research purposes. It is advisable to undertake this type of activity at the same time as
other germplasm collection activities. For example, it takes little additional effort to collect
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The figure demonstrates how it is possible to define any given number of clusters (e.g. 8 or
22 clusters) by drawing a horizontal line across the dendrogram. The number of bulls in each
cluster, the mean genetic relationship per cluster, and the number of bulls in the gene bank from
each cluster were calculated for 22 clusters (see the table below). Several clusters were poorly
represented in the repository (e.g. clusters 4, 15, 16 and 21) and efforts were therefore made
to acquire samples to fill those gaps in the collection. A similar procedure could be followed in
the initial selection of animals for a gene bank, by choosing similar numbers of animals from

each cluster.

Cluster n Mean Rel. No. in Rep.
1 350 .18 85
2 98 .20 30
3 451 .05 105
4 50 .23 2
5 115 .35 8
6 214 .21 38
7 193 .25 16
8 198 1 13
9 342 .21 42

10 161 .20 37
1 116 .36 17
12 126 .22 36
13 142 .19 7
14 116 .33 15
15 62 .26

16 104 .20 2
17 156 .26 35
18 105 .33 22
19 70 .30 18
20 86 .28 14
21 49 .22 2
22 46 .22 10

Note: n = number of bulls per cluster.
Mean Rel. = mean additive genetic relationship within the cluster.
No. in Rep. = number of bulls selected for the gene bank from each cluster.

blood samples for health tests and future DNA analysis at the time of germplasm collec-
tion. Such efforts will, in the long term, increase the utility of the collection maintained

by the gene bank.
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Basic principles of
cryopreservation

Spermatozoa were the first mammalian cells to be cryopreserved successfully (Polge et al.,
1949). This success was due to the serendipitous discovery by Polge and co-workers of the
cryoprotective effect of glycerol. Since then, many methods have been developed for various
types of cells, tissues and organs. Much progress in the field has come from empirical work
as well as from fundamental cryobiology. Increased understanding of the causes of cryo-injury
has continually helped to improve cryopreservation methods. Research into fundamental
cryobiology has provided the basis for new cryopreservation methods such as vitrification.

The two most commonly used cryopreservation methods for animal germplasm are
slow-freezing and vitrification. These are quite different methods, but relate to the same
physico-chemical relationships. The differences between the two can be explained by first
describing what happens during slow freezing.

SLOW FREEZING

In slow-freezing, cells in a medium are cooled to below freezing point. At some stage, ice
masses containing pure crystalline water will form. What remains between the growing ice
masses is the so-called unfrozen fraction, in which all cells and all solutes are confined (see Fig-
ure 7). The concentrations of sugars, salts and cryoprotectant (e.g. glycerol) increase, while the
volume of the unfrozen fraction decreases. The increase in osmotic strength causes an efflux
of water from the cells. Slow cooling is needed in order to allow sufficient efflux of water to
minimize the chance of intracellular ice formation. As cooling continues, the viscosity of the
unfrozen fraction ultimately becomes too high for any further crystallization. The remaining
unfrozen fraction turns into an amorphous solid that contains no ice crystals.

Chilling injury and cold shock

The first challenge in cryopreserving cells from homeotherm (warm-blooded) animals is in
cooling the cells below body temperature. Cells may be damaged by very rapid cooling
(cold shock) or be damaged by low temperature per se (chilling injury). Behaviour and func-
tion of membrane lipids and proteins may be affected by temperature. For example, mem-
brane lipids that are normally in a liquid crystalline state may solidify at non-physiological
temperatures, which can change their function and begin processes such as cryocapacita-
tion of the production of reactive oxygen species that increase damage to membranes.
Decreasing the temperature may cause an imbalance in cellular processes because the rate
of one process may be affected more strongly than that of another. One example is the
disintegration of the metaphase spindle of oocytes caused by a change in the dynamic
equilibrium of the association/dissociation of the tubulin filaments.
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FIGURE 7
Frog erythrocytes in the “unfrozen fraction”, which is enclosed by
growing masses of ice

Source: Rapatz and Luyet (1960).

Supercooling

In slow-freezing methods cells are brought into a suitable freezing medium and cooling is
continued below the freezing point of the medium. Ice formation does not necessarily start
at the freezing point. Small ice crystals have a lower melting/freezing point than “bulk” ice,
due to their large surface tension. Spontaneous ice nucleation will in most cases occur after
the solution is supercooled to a temperature between -5 and -15 °C. Thereafter, ice will grow
rapidly in all directions, and the release of the latent heat of fusion will cause the sample to
warm up abruptly until the freezing/melting temperature of the solution (i.e. of the remain-
ing unfrozen fraction) is reached. At this point, the ice formation will stop, or will proceed
at a rate governed by the rate at which the heat of fusion is transported from the sample.
Finally, the sample can “catch up” again with the lower temperature in the freezing appa-
ratus. From a practical perspective, this means that the cells undergoing cryopreservation in
a typical semen straw have to withstand a series of large and abrupt temperature changes.

Conditions in the unfrozen fraction

Cells are faced with very high concentrations of solutes in the unfrozen fraction. Dehy-
dration and high salt concentration may result in loss of stability in the membranes or
denaturation of proteins (Tanford, 1980; Crowe and Crowe, 1984; Hvidt and Westh, 1992;
Lovelock, 1953). Moreover, high salt concentrations may cause extracellular salts to enter
the cells, a process known as “solute loading” (Daw et al., 1973; Griffiths et al, 1979).
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The fast efflux of water causes a rapid decrease in the volume of the cells to approximately
50 percent of their original volume. This leads to structural deformation of the cells. Fur-
ther mechanical stress may be caused by cells being confined in very narrow channels of
unfrozen solution and squeezed between growing masses of ice (Rapatz and Luyet, 1960).

The influence of cryoprotectants

At all practical cooling rates, the total solute concentration (which is measured in moles
per kg water) is determined only by the subzero temperature (Figure 8). When the initial
freezing medium contains only salts (electrolytes), salt concentrations in the unfrozen frac-
tion will reach extremely high levels as the temperature decreases. In contrast, in a medium
that contains a large proportion of non-electrolytes, the total solute concentration at each
subzero temperature will be the same as that found at the equivalent temperature in a
medium containing only salts; however, the salt concentration will be much lower.

Sugars can be used as non-electrolyte solutes, but they will only affect the extracellular
salt concentration. Moreover, high concentrations of impermeable solutes impose osmotic
stress on the cells already before freezing. This is much less the case when a membrane
permeable solute, such as glycerol, is used rather than a non-permeable solute. When
cells are brought into a hypertonic glycerol medium, water will leave the cells because of
the osmotic pressure difference. However, at the same time, glycerol will enter the cells.
After a short period of equilibration, the cells will have regained their original volume. The
osmotic stress imposed by a hypertonic glycerol solution is therefore much smaller than that
imposed by a hypertonic sugar solution. Hence, glycerol can be used at greater concentra-
tions than sugars without damaging the cells. A substantial initial glycerol concentration
in the medium means that part of the extracellular and intracellular water is replaced by
the glycerol. Hence, the amount of ice formed is lower, the unfrozen fraction remains
larger, the degree of shrinkage of the cells is limited, and the electrolyte concentration in
the unfrozen solution and in the cells will be relatively small (see Figure 8). The mecha-
nisms through which other membrane permeable substances, such as ethylene glycol and
dimethyl-sulfoxide (DMSO), provide cryoprotection are similar to those involving glycerol.

There are additional mechanisms through which polyols, such as like glycerol and
several sugars, provide cryoprotection. These substances can stabilize lipid membranes
by hydrogen bonding with the polar head groups of membrane lipids (Crowe and Crowe
1984; Crowe et al., 1985), which is especially important under severely dehydrated condi-
tions. In addition, these substances may affect the mechanical properties of the unfrozen
fraction, especially its viscosity and glass-forming tendency.

The degree to which cells shrink and re-swell after addition of a membrane-permeable
cryoprotectant depends on the concentration of the cryoprotectant and the relative perme-
ability of the membrane to water and to the cryoprotectant (Kleinhans, 1998). For instance,
bull sperm shrink very little when brought into a freezing medium with glycerol (Chaveiro
et al., 2006), whereas bovine embryos react much more strongly. Upon thawing, removal
of the cryoprotectant has the opposite effect on cells: they first swell and then they shrink
again. This may lead to damage if the cells expand too much. Damage due to over-swelling
of cells can be prevented by stepwise removal of the cryoprotectant.
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FIGURE 8
Effect of subzero temperature on salt concentration in the
presence and absence of glycerol
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Note: The total solute concentration (salts plus non-electrolytes) is a function of subzero temperature.
Thus, the presence of non-electrolytes, such as glycerol, results in a lower salt concentration in the
unfrozen fraction and inside the cells (Mazur and Rigopoulos 1983).

The influence of cooling rate

A general observation in the cryopreservation of cells and other biological systems is that
each system has a specific optimal cooling rate, with decreased survival at cooling rates that
are too low (slow-cooling damage) or too high (fast-cooling damage) (Mazur et al., 1972).

Ice growth is a rapid process, but transport of water through the cell membrane is
relatively slow, because the membrane acts as a resistance barrier. Therefore, as cooling
and extracellular ice growth continue, the liquid water of the unfrozen fraction remains
very close to equilibrium with the ice, but the intracellular water lags behind. This means
that the water concentration (i.e. the chemical potential of water) is too high for thermo-
dynamic equilibrium, and there may be a risk of intracellular ice formation.

The optimal cooling rate falls in a range that is neither too fast nor too slow. When cells
are cooled very slowly, the intracellular water lags behind only a little, and the risk of intracel-
lular ice formation is minimal. However, it also means that the dehydration of the cells is maxi-
mal, which is not desired. At higher cooling rates, intracellular dehydration, intracellular solute
concentration and shrinkage of the cells is less excessive. Moreover, the cells are exposed to
the unfavourable conditions for a shorter period of time. However, when cooling rates are
increased too much, the dehydration may not be fast enough to prevent intracellular ice
nucleation (Mazur, 1963, 1985; Mazur et al., 1972). Fast-cooling damage can also be caused
by other factors. For instance, it has been proposed that rapid water flow through membrane
pores could lead to an uneven distribution of pressure on the membrane (Muldrew and
McGann, 1993, 1994). Fast-cooling damage could also result from the very sudden changes
in size, shape and ultrastructure, caused by the rapid efflux of water (Woelders et al., 1997).

Different cells or other biological materials (embryos, tissue pieces) may have different
optimal cooling rates. The optimal cooling rate of cells is largely determined by their volume
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FIGURE 9
Effect of cooling rate on survival of different kinds of cells
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Note: Cells may have a specific optimal cooling rate, i.e. they have a lower survival rate at cooling rates
that are too low (slow-cooling damage) and at a cooling rates that are too high (fast-cooling damage)
(Mazur, 1985).

and their membrane surface area (volume to surface area ratio), and by the permeability of
the membrane to water and to cryoprotectant (see Figure 9).

Interactions of cooling rate with thawing rate and

cryoprotectant concentration

The optimal cooling rate may depend on various other factors, such as the cryoprotectant
concentration and the thawing rate. It has been observed in semen from a number of spe-
cies that the combination of fast cooling and slow thawing is particularly damaging to the
cells. (Rodriguez et al., 1975; Fiser, 1991; Henry et al., 1993; Woelders and Malva 1998).
If intracellular ice nucleation occurs at a low temperature and cooling proceeds rapidly, it
may be that the cytoplasm turns into glass before the intracellular ice crystals grow to a
significant size, thus causing only sublethal, or no, damage. During slow thawing, the small
crystals can grow and subsequently damage the cells (Rall et al.,1984). In addition, cells
may be damaged by extracellular restructuring of ice masses, a process known as “recrys-
tallization” (Bank, 1973).

Programmable and non-programmable freezers

Biological material can either be frozen using quite simple, non-programmable, freezers
or using more sophisticated, programmable, freezers (see Figure 10). Although program-
mable freezers are more expensive, they do not necessarily yield more satisfactory results,
especially for experienced technicians and cryobiologists. Therefore, the choice between
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FIGURE 10
Example of a programmable freezer

Note: the freez