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Abstract

Pedigree records, maintained from 1978 to 2005 at the Oudtshoorn Research Farm, South Africa, of
40 074 birds of a pair-breeding ostrich flock were used to estimate the effective number of founders (f,), the
effective number of ancestors (f,), the effective population size and the effective genome equivalents (f,)
under random mating, to assess the genetic variability present in the population. The average level of
completeness of the pedigrees was high (99.3%) in the first generation, and the average level of inbreeding
(F), calculated from the pedigrees, was 0.51%. The reference population was defined as the 39 784 birds
hatched from 1990 to 2005. The estimated measures of variability were f, = 47.3, f, = 59 and f, = 58, with an
[f/f, ratio of 1.02. The numbers of ancestors responsible for 100%, 50% and 20% of the genes in the
reference population were 254, 21 and 6, respectively. The largest individual contribution to the population
hatched from 1990 to 2005 was from a male that was responsible for 4.85% of the genetic variability. The
generation interval for the four selection pathways — calculated as the average age of parents when offspring
that were kept for reproduction were born — were sire to son (7.74 + 4.92), sire to daughter (7.77 = 5.13),
dam to son (7.50 + 4.29) and dam to daughter (7.90 + 4.92). The average generation interval of the reference
population was 7.72 £+ 4.79 years. The linear regressions of mean annual individual rate of inbreeding on
year of birth for the two distinct periods 1995-2002 and 2003-2005 were 0.08% and -0.07% per year,
respectively. The estimate of effective population size (,), computed via the increase in the individual rate
of inbreeding, was 112.7. Estimates of N, using the alternative methods of tracing the numbers of generations
were 73.6, 177.4 and 95.3 for complete, maximum and equivalent complete generations. The results of this
study indicated that the population under study was at an acceptable level of genetic variability.
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Introduction

Domestic animal diversity is an integral part of global biodiversity that requires sound management
for sustainable use and future availability (FAO, 1992). The effective population size, computed from the
rate of inbreeding of a population, is a measure of the genetic diversity and drift, and is used to characterize
the risk of extinction of animal populations and genetic variability available for future selection (Wright,
1969; Duchev et al., 2006). The founder effect is a measure of the loss in genetic diversity caused through
the formation of small groups of individuals that may remain isolated in a population. The founder effect
contributes to genetic drift, which can play an important role in determining the genetic makeup of
subsequent generations.

Inbreeding occurs when individual animals mate that are more closely related than they would be if
mating were random (Falconer & Mackay, 1996). There is a direct relationship between an increase in
inbreeding and the reduction of heterozygosity for a given locus in a closed, unselected and panmictic
population of finite size (Wright, 1931). The common practice in the selection of livestock in which animals
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are selected by truncation on estimated breeding values across age classes results in increased genetic gains,
but also increased rates of inbreeding. This poses the threat of inbreeding depression, which may hamper
selection response and genetic diversity in the long run (Bijma et al., 2001). Inbreeding and the rate of
inbreeding (AF) also have an effect on the effective population size (N,). For example, the N, based on AF
among dairy cattle breeds in the US was reported to be 161, 61, 65, 39 and 30 for the Ayrshire, Brown
Swiss, Guernsey, Holstein and Jersey populations, respectively (Weigel, 2001).

Earlier works reported numerous studies on the genetic parameters (Bunter & Cloete, 2004; Cloete et
al., 2006; 2008c) and selection responses (Cloete et al., 2008a) for the production traits of a pair-bred ostrich
flock at Oudtshoorn Research Farm. However, no genetic variability analyses based on pedigree data have
been done so far. It is known that the breeding structures in ostrich flocks are unlike those of other livestock,
with confounding between random effects in a pair-bred population, as well as a very narrow male : female
ratio (Cloete et al., 1998; 2008c). Awareness of the pedigree structure, of levels of inbreeding and of the
effective population size of a local flock of ostriches can be used to avoid the possible loss of genetic
variability and fitness (e.g. fertility) owing to inbreeding when formulating modern breeding programmes for
optimum production.

The aim of this study was thus to investigate the pedigree structure, inbreeding levels, generation
interval, effective population size and founder contributions of a well-documented ostrich research flock.
Knowledge of these parameters could help the industry when formulating breeding programmes.

Material and Methods

The data of a pair-breeding ostrich flock (n = 40 074), maintained at Oudtshoorn Research Farm,
South Africa, were used for this study. The data included records collected from 1978 to 2005 and edited
where necessary for inconsistencies regarding pedigree. Each breeding pair was kept in a separate paddock
to facilitate the identification of parentage of the hatched chicks. The general management of the breeding
pairs, eggs and chicks has been described in detail (Van Schalkwyk et al., 1996; Cloete et al., 1998; Bunter,
2002; Cloete et al., 2006; 2008¢).

The ENDOG software program (version 4.8) (Gutiérrez & Goyache, 2005) was used for all
genealogical analyses of the pedigree data. ENDOG is a population genetics computer program that conducts
several demographic and genetic analyses on pedigree data to monitor the changes in genetic variability and
population structure in a population.

Several parameters were calculated for assessment of the concentration of the origin of animals and
genes. The effective number of founders (f,) was defined as the number of equally contributing founders that
would be expected to produce the same genetic diversity in the population under study. For a given number
of total founders, the more balanced their expected genetic contributions are, the higher the effective number
of founders will be. The effective number of ancestors (f,) is the minimum number of ancestors (including
founders and non-founders) that explains the complete diversity of the population (Boichard et al., 1997).
The ratio of f/f, (1.02; Table 1) can be used to evaluate the loss in genetic variability in the founders owing
to bottlenecks between the base population and the reference population. This ratio is an indication of the
importance of bottlenecks in the development of the population. The “founder genome equivalent” (f,) can
be defined as the number of founders that would be expected to produce the same genetic diversity as in the
population under study if the founders were equally represented and no loss of alleles occurred (Lacy, 1989).
The number of founder genome equivalents accounts not only for unbalanced contributions of parents to the
next generation (as f, and f,) and bottlenecks in the pedigree (as f,), but also for the random loss of genes
from parents to their offspring; therefore, f, is always smaller than f, and f,, and decreases more rapidly over
time. The degree to which the founder genome equivalent is smaller is an indication of the degree of random
loss of alleles owing to drift (Lacy, 1989; Tahmoorespur & Sheikhloo, 2011). The parameter f, was obtained
by the inverse of twice the average co-ancestry of the individuals included in a pre-defined reference
population (Caballero & Toro, 2000). The reference population was defined as all animals with both parents
known.

To assess the completeness of the pedigree, ENDOG computes these three traced generations for each
animal in the pedigree:

@) Fully traced (complete) generations, defined as those separating the progeny of the furthest
generation, where the second-generation ancestors of the individual are known. Ancestors
with both parents unknown were considered founders (generation 0).
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(ii) Maximum number of generations traced, defined as number of generations separating the
individual from its furthest ancestor.
(iii)  Equivalent complete generations computed for the pedigree of each animal as the sum over
all known ancestors of the term (1/2)" where n is the number of generations separating the
animal from each known ancestor (Maignel et al., 1996; Boichard et al., 1997).
The inbreeding coefficient (F;) for each animal in the dataset was calculated according to Meuwissen
& Luo’s (1992) method. Individual inbreeding coefficients were used to compute the individual rate of
inbreeding (AF;) according to the methodology described by Gonzalez-Recio et al. (2007) and modified by
Gutiérrez et al. (2009). The individual rate of inbreeding is an alternative measure of inbreeding that is
adjusted for the depth of the known pedigree. This coefficient corrects the cumulative inbreeding coefficient,
F, according to the pedigree depth of each animal. It is not a measurement of inbreeding, but an indicator of
the increment in inbreeding for each animal, regardless of the number of generations known in its pedigree.
Therefore, the individual rate of inbreeding makes it possible to distinguish between two animals with the
same inbreeding coefficient, but with a different number of generations over which inbreeding was
accumulated (Gonzélez-Recio et al., 2007; Gutiérrez et al., 2009). Slow inbreeding allows natural and
artificial selection to operate and to remove the less fit animals. Less inbreeding depression is thus expected
among the individuals who accumulated the inbreeding over a larger number of generations (Van Wyk et al.,
2009).
This coefficient should not be affected by a possible nonlinear increase of inbreeding over time and,
thus, two animals with the same inbreeding coefficient could have different inbreeding depression effects,
depending on the number of complete generations in their particular pedigrees (Gonzédlez-Recio et al., 2007).

The individual rate of inbreeding was calculated as AF; = 1- rdv‘ 1-F , where F; is the individual
coefficient of inbreeding of animal i and ¢ is the “equivalent complete generations”. The ¢ was calculated
with ENDOG v 4.8 computer program (Gutiérrez & Goyache, 2005). Using AF;, ENDOG computes the

1

effective population size (N,) as V= = 2AF; for each generation.

The average generation interval was calculated as the average age of the parents at the hatching of
their selected progeny (James, 1977).

Trends were calculated for the average annual levels of inbreeding, as well as for the rate of
inbreeding, using the regressions of applicable values on the year of hatch.

Results and Discussion

The trend of number of birds hatched per year is shown in Figure 1. A steep increase is evident from
1990 to 1992, after which the number of birds in the population increased at a more gradual rate.

Parameters characterizing the genetic variability of the ostrich flock at Oudtshoorn Research Farm are
presented in Table 1. There were 253 equivalent founders (animals with one or more unknown parents) that
contributed to the reference population in the original data set of 40 074 records. The effective number of
founders for the reference population was 59, accounting for 24% of the total number of founders. The
reference population consisted of 39 784 birds hatched between 1990 and 2005. The number of ancestors
responsible for 100% of the variation in the reference group was 254. However, 50% of that variation was
explained by only 21 animals, and 20% by 6 ancestors. The animal with the largest individual contribution to
the genetic make-up of the birds born between 1990 and 2005 was a male that was responsible for 4.85% of
the genetic variation.

The ratio of f./f, (1.02: close to unity; Table 1) indicated that the population has been stable in terms of
numbers of effectively contributing ancestors and that bottlenecks have not played a significant role in the
population. If the ratio is larger than one, bottlenecks have played a role in the formation of the population
(Sgrensen et al., 2005). The number of founder genome equivalents (f,) was 47.3, which is smaller than
those estimated by f, and f,, as would have been expected, and indicated a small random loss of alleles owing
to drift (Lacy, 1989; Tahmoorespur & Sheikhloo, 2011).
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Figure 1 Number of birds recorded per year of hatch from 1990 to 2005 for Oudtshoorn resource ostrich
flock.

Table 1 Parameters characterizing the probability of gene origin in the Oudtshoorn resource ostrich flock

Item Total
Original dataset 40 074
Reference population (both parents known) 39 784
Number of founder animals (animals with one or more unknown parents) 253
Number of ancestors contributing to the reference population 256
Effective number of founder animals (f,) 59
Effective number of ancestors (f,) 58
Ancestors explaining 100% of genetic variability of population 254
Ancestors explaining 50% of genetic variability of population 21
Ancestors explaining 20% of genetic variability of population 6
Contribution of the main ancestor (%) 4.85
Average relatedness (%) 2.11
Maximum number of generations 2.70
Number of complete generations 1.81
Number of equivalent generations 2.17
Founder genome equivalent (f,) 473

Pedigree completeness of the male and female lines up to three generations back is illustrated in
Figure 2. The first ancestral generation, calculated from all animals in the data set, was 99.3% complete. The
second generation was 69% and 74% complete. The completeness decreased to as low as 34% in the third
generation.

The numbers and proportions (%), relative to the full pedigree, as well as the mean level of inbreeding
of the Oudtshoorn resource ostrich flock, is depicted in Table 2. When all the animals in the study were
considered, the average inbreeding coefficient was 0.51%, compared with an average of 5.26% for the inbred
animals. As shown in Table 2, only 9.6% of all the animals were inbred to some extent. No animals hatched
before 1995 were inbred. The annual generation interval range of this flock (8.3 to 10.4) during this period
was long (Fair et al., 2006) resulting in few replacements being added to the flock per annum. It was thus
easy to avoid the mating of related birds.
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Figure 2 Level of pedigree completeness of the male and female lines up to three generations back for the
Oudtshoorn resource ostrich flock.

Table 2 Number (r) and proportion (%) of animals in the full pedigree, and mean level of inbreeding (F) of
the Oudtshoorn resource ostrich flock

n Proportion (%) F (%)
Total number of animals 40 074 100.0 0.51
Non-inbred 36 221 90.4 0.00
Inbred 3853 9.6 5.26

The trend depicting the average annual level of inbreeding for the ostrich flock under investigation is
presented in Figure 3. The mean annual level of inbreeding was 0% from 1990 to 1995, rising steadily from
1996 to 2005 at a rate of 0.10% per annum to an average level of 1.2%. The increase in average annual
inbreeding may be the result of a number of matings between close relatives in 2000 which resulted in 311
full sib, 363 half sib and 24 parent-offspring progeny. The current level of inbreeding in the flock is low and
it should be possible to continue at relatively low levels, given sound mating management. It should,
however, be kept in mind that inbreeding is likely to increase over time in any closed population of finite
size.

The trend of the annual individual rate of inbreeding (AF;) for the ostrich flock under investigation is
presented in Figure 4.

Similar to the trend in the average annual level of inbreeding, a sharp increase is noticeable in the
individual rate of inbreeding from 1996 onwards. This was the stage at which the selection lines reported by
Cloete et al. (2008b) were formed. Linear regressions of the individual rate of inbreeding on year of hatch
resulted in estimates of the individual rate of inbreeding for the two distinct periods 1995 - 2002 and 2003 -
2005 of 0.08% and —0.07% per year, respectively. The critical level of 0.5% per year suggested for animal
breeding programmes (Nicholas, 1989) is exceeded by the rate that was observed over the first period.
During this period, three separate breeding lines were established, comprising an unselected control line, a
line selected for weight, and a line selected for chick output (Cloete et al., 2008a). Because the lines were
represented by relatively few animals (5 - 7 new breeding pairs introduced per line per year), inbreeding
could have been expected to accrue, as with any population of finite size. However, estimates of the
individual rate of inbreeding declined from 2002 to below 0.5% in 2003, 2004 and 2005 at an average rate of
—0.07% per year. The reduction in the rate of inbreeding coincides with the introduction of unrelated
breeding birds to the flock at the beginning of the 2003 breeding season (Cloete et al., 2008b). Also, because
the mating of related individuals was recognised by those involved in the flock husbandry at this stage,
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inbreeding was started to be managed during mating decisions in the flock. It should be noted that obtained
AF; values are still subject to change owing to the relative shallowness of the analysed pedigrees (equivalent
complete generations = 2.17), and more generations of pedigree data are needed to make proper use of this
parameter. Cervantes et al. (2008) also reported that the trend of AF; values tended to become more stable
with the increase in equivalent generations owing to the correction resulting from deeper pedigrees of the
individuals.
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Figure 3 Mean annual level of inbreeding (%) by year of hatch for Oudtshoorn resource ostrich flock.
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Figure 4 Mean annual individual rate of inbreeding by year of hatch for Oudtshoorn resource ostrich flock.

The estimate of effective population size (V,), computed via the individual rate of inbreeding
(Gutierrez et al., 2008), for the current study was 112.7 animals, which is appreciably higher than the critical
value of 50 animals suggested by the FAO (1998). Meuwissen (1999) stated that owing to mutation and drift,
the critical N, size should be between 50 and 100 animals. However, the method of calculating N, can have a
substantial effect on the outcome. In the current study, different N, -values were obtained using three
methods of tracing generations in the pedigrees of animals, that is, complete generations, maximum
generations and equivalent complete generations, and yielded N, -values of 73.6, 177.4 and 95.3 respectively.
Furthermore, estimates of N, are usually not constant and may change over time, given changes in average
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levels of inbreeding in the population, generation interval and the number of known parents and progeny per
parent; that is, current estimates of N, can decrease to below the critical value if the rate of inbreeding in the
population should increase. Although the depth of the pedigrees and the levels of completeness of the
pedigrees should be considered in making a comparison between different estimates of N,, the estimated
effective population size (112.7) of the ostrich resource flock at the Oudtshoorn Research Farm currently
seems to be at acceptable levels.

Five forces are active in making the calculated N.-values using AF; different from the real population
size. These forces are fluctuating population size; sex ratio of breeding animals; Poisson distribution of
family (offspring) numbers; overlapping generations (Felsenstein, 1971); and spatial dispersion of the
breeding population. Unlike dairy herds, where the ratio of sires to dams is low, the sex ratio of ostrich
breeding animals was close to 1 : 1 for all years under consideration, as would be expected in a pair-bred
population (Cloete et al., 1998; 2008b). Spatial dispersion does not play a role in the flock as each male is
paired off with a single female and is kept in a paddock that restricts interbreeding with other birds.

The calculated generation interval for the four gamete pathways were sire to son (7.74 £ 4.92 years);
sire to daughter (7.77 + 5.13 years); dam to son (7.50 + 4.29 years); and dam to daughter (7.90 + 4.79 years).
The average generation interval of the reference population was 7.72 + 4.79 years. This value is high and
may hamper ostrich breeders from making reasonable genetic progress in the selection of production and
reproduction traits. The average age of female and male breeding birds, however, was lowered intentionally
in later years (Cloete et al., 2006). Whereas breeding animals as old as 22 years were initially kept in the
breeding flock, male and female breeding animals are now culled at 10 - 11 years to help shorten the
generation interval. This strategy was prompted by observed age trends in reproductive fitness, as described
by Cloete et al. (1998) and Bunter (2002).

More than 200 000 slaughter birds are produced annually in South Africa (Brand & Jordaan, 2011).
This flock is therefore a miniscule sample of the total number of breeding ostriches found in the country. The
effective population size of South African ostriches is probably large and varied compared with other
domestic livestock populations (particularly dairy, beef and sheep).

Conclusions

Pedigree analysis was found to be useful in determining the status of genetic variability in the ostrich
flock maintained at the Oudtshoorn Research Farm. The results showed a relatively low rate of inbreeding,
resulting in a comparatively high effective population size. Inbreeding levels are currently low and
manageable. However, the rather long generation interval of 7.7 years needs to be shortened to increase the
rate of genetic improvement owing to more opportunities to select superior birds for economically important
production and reproduction traits.

The individual rate of inbreeding that was obtained is still subject to change owing to the shallowness
of the analysed pedigrees, and more generations of pedigree data is necessary to make proper use of this
parameter. Follow-up studies are recommended for continued monitoring of the genetic variability in the
flock and for the calculation of AF; parameters as more data become available. The higher the numbers of
generations in the pedigree, the more stable the genetic variability parameters are likely to become. It is
concluded that the population investigated demonstrated acceptable levels of genetic variability.
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