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ABSTRACT

The current study was conducted to consider how pedigree and the gene-dropping analysis can use to moni-
tor genetic diversity, and to recommend a breeding strategy for improving breast weight (BRW) in a popu-
lation of Japanese quail. A total of 312 birds were divided equally into two lines. One line (S1) was selected
for four-week body weight (BW) based on breeding value, and the other (S2) was selected for four-week
BRW based on between-family selection. The distributions of allele frequencies originating from the foun-
ders were estimated using gene-dropping simulation software for the actual pedigree of each line. The re-
sults revealed that the total net genetic improvements in BW and BRW in the S1 and S2 lines were 28.3 and
9.7 g vs. 23.3 and 6.8 g, respectively. The average numbers of surviving alleles in the descendants were
59.6 and 31.2 for the S1 and S2 lines, respectively, which were 19.1% and 10% of the total number of as-
signed alleles in the base population. It can be concluded that for stabilizing the response to selection for
improving BRW, it is recommended to use indirect selection of BW based on breeding values. The results
obtained from the gene-dropping experiment showed that the between-family selection method results nei-
ther in more genetic gain nor in greater remaining genetic variation.
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breed (Blackburn, 2012), whereas genetic diversity is de-

INTRODUCTION

Over the past decade, substantial progress has been made in
genetic selection and the conservation of genetic resources.
Genetic selection and the standardization of animal popula-
tions to meet various demands depend on effective access
to, and the ability to use, genetic diversity. With the in-
creasing ability to change the genetic composition of live-
stock populations, the conservation of these genetic re-
sources becomes more critical (Blackburn, 2012). However,
there has been no experimental evidence demonstrating an
exhaustion of genetic variability through a selection plateau
(Carlborg et al. 2006). Genetic variability (variation) is
associated with the additive genetic variance found within a

fined as the sum of genetic differences in multiple loci
among individuals in a population, and is reflected in the
phenotypic variation seen in many populations (Man et al.
2007). Loss of genetic diversity is often associated with
inbreeding and a reduction in reproductive fitness
(Frankham et al. 2002). Hence, determination of genetic
diversity is important in farm animals breeding (Javanmard
et al. 2008; Mohammadabadi et al. 2010; Ruzina et al.
2010). In domestic animals, pedigree analysis is a valuable
tool for quantifying genetic effects and the loss of genetic
variation (Solkner et al. 1998). A large number of studies in
horses (Yamashita et al. 2010) and cattle (Solkner et al.
1998; Melka et al. 2012) have used pedigree information
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for such analyses. From pedigree information, the level of
inbreeding and the relationships among the population can
be estimated, as well as the effective population size (N,),
which is regarded as a good indicator of the change in ge-
netic diversity over a long period of time (Boichard et al.
1997). N, is an estimate of the number of animals that
would produce the observed rate of inbreeding in the cur-
rent generation under ideal conditions (Lacy, 1995). One of
the primary goals in the management of animal populations
is to maintain their genetic diversity at a high level and their
inbreeding at a low level (Fernandez et al. 2005). In addi-
tion, genetic diversity can be evaluated by an effective and
well-known method called gene-dropping (Yamashita et al.
2010). Due to the fact that the mean distribution of allele
frequency for a founder should coincide with the genetic
contribution computed from a pedigree analysis, the prob-
ability of allele extinction can be obtained only through
gene-dropping simulations (Honda et al. 2002).

Gene-dropping is a simulation procedure in which two
unique alleles are assigned to each founder, and the geno-
types of all descendants along the actual pedigree are gen-
erated following Mendelian segregation rules (MacCluer et
al. 1986). However, application of this method rests on
certain assumptions, such as 50:50 transmission probabili-
ties, no mutation, and no migration. Also, the method is
flexible enough to extend for several loci, thus measuring
the change in linkage disequilibrium (Baes and Reinsch,
2008). This allows simulating a genome for each animal, in
which the number of repetitions refers to the number of
unlinked loci (Suwanlee et al. 2007). This technique pro-
vides considerably more information about population
structure than is available from calculations of the propor-
tionate contributions of the founders (MacCluer et al.
1986). Although Japanese quail in Iran have been studied
by molecular techniques for different purpose (Sohrabi et
al. 2012; Moradian et al. 2014; Ori et al. 2014; Moradian et
al. 2015), but until now researchers have not determined
how pedigree and the gene-dropping analysis can be used to
monitor genetic diversity, and there is no any recommenda-
tion of breeding strategy for improving breast weight
(BRW). Hence, the main objective of this study was to ex-
amine the efficiency of the selection and to suggest the
breeding strategy for improving the BRW in quail. We con-
sidered how pedigree analysis and the gene-dropping
method can be used to monitor genetic variation, and to
help to decide the proper method of selection for increasing
the desired trait.

MATERIALS AND METHODS

The experimental Japanese quail population (Coturnixco-
turnix) originated from a commercial farm in Iran.
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To establish the selected lines, a total of 312 birds (gen-
eration 0) were randomly selected from the base population
and divided equally into two lines. One line (S1 line) was
selected to increase body weight (BW) and the other was
selected to increase BRW (S2 line). The population had not
been selected for any traits before the start of the experi-
ment. The birds in both lines were individually leg-tagged.
Two females were placed in two-floor cages and one male
mated with them every second day (1:2 male:female). The
birds were kept under conditions as presented by Khaldari
et al. (2010). The eggs were collected daily and labeled by
dam number to constitute pedigree. At the time of hatching,
the quails were leg-tagged with a numbered plastic plate
that was pitched by nip, and quails from each line were
placed into separate pens. Two hatches per each generation
(four generations total) were performed.

BW was measured at 4 weeks of age in each line. Then,
after 2 h without food, all of the birds from hatch 1 in the
S2 line were slaughtered, plucked, and eviscerated, and the
carcasses were kept for 4 h at 4 °C. Each carcass was then
weighed without the feet (empty carcass weight). The
breasts and legs were separated and the residual was calcu-
lated as the back. A total of 80 birds from hatch 1 in the S1
line also were randomly selected and slaughtered to obtain
the BRW. BW and BRW were recorded for each line to
calculate the direct and correlated responses to selection.

BW at 4 weeks was analyzed with an animal model to
predict the breeding values of birds in the S1 line using
ASREML software (Gilmour et al. 2000), and the superior
birds (104 females and 52 males) were selected as the par-
ents of the next generation. The parents in the S2 line, how-
ever, were selected for BRW using the between-family se-
lection approach in each generation, all of the birds of hatch
1 were slaughtered, then the birds from the 50% of full-
sibling families with the highest family BRW in hatch 1
were used as the parents from hatch 2. The numbers of
male and female birds, and the contributing founders in
each generation, are presented in Table 1.

The gene-dropping simulation is illustrated in Figure 1,
in which the process of one simulation trial is presented
with a simple pedigree. To obtain a reliable distribution of
allele frequencies in the reference population, the process
was replicated 1000 times using Mendel software (Lange et
al. 2001).

The probability of extinction of alleles originating from a
founder, Pr(lost), was calculated from the proportion of
replicates in which both alleles derived from the founder
did not segregate in the reference population (generation 4).
Similarly, the probability of alleles being at a high risk of
extinction, Pr(risk), was obtained by the proportion of rep-
licates in which allele frequency (q) was within the range of
0<q<0.01.
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(¥10E81 The number of male and female birds, total and contributing founders in each generation, for 4wk body weight (S1) and 4wk breast weight

(S2) lines
. S1 line S2 line
Generation - ‘
Male Female Total founder Contributed founder Male Female Total founder Contributed founder
0 52 104 156 156 52 104 156 156
1 196 214 - 113 177 156 - 108
2 202 205 - 94 158 176 - 84
3 204 206 - 69 168 155 - 59
4 169 156 - 64 68 77 - 38
GsGg G7Gg The latter was estimated as the average kinship between

G; Gio

Illustration of gene dropping simulation

Allocation of unique hypothetical alleles (G) for founders (F) and geno-
type assign to descendants (A, B, C and D) by Mendelian segregation of
founder alleles

The upper limit (0.01) of the range was chosen as de-
scribed by MacCluer et al. (1986). Finally, the probability
of alleles surviving at a critically low frequency, condi-
tional upon the founder alleles being retained in the refer-
ence population, was computed as:

Pr(risk | survive) = _Pr(risk)
1 - Pr(lost)

This conditional probability is an indicator of Pr(risk). It
should be noted that these three probabilities are condi-
tional on the pedigree structure (Honda et al. 2002). The
contribution of the founders and the inbreeding coefficients
(F) for all animals in the pedigree and F-statistics were cal-
culated using the Eva-Inbred software (Berg, 2010). The F-
statistics (Fir, Fsr, and Fi5) were estimated in each genera-
tion to assess the amount of inbreeding and the population
structure.

The coefficient Fir is the average inbreeding coefficient,
and Fgr is the inbreeding coefficient expected under ran-
dom mating.
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the sires and dams (parents) of the generation. The third
coefficient, Fis, is the deviation from random mating, ob-
tained by the formula of Wright (1969) as:

FIT — FST

1- FST

The actual inbreeding (Fir) exceeds the expected level
under random mating (Fst) when Fig > 0, implying that
mating among more closely-related parents than expected is
predominant, or that the population is partitioned into sub-
populations and mating is more or less restricted within
each subpopulation. In contrast, avoidance of inbreeding or
mating between subpopulations is predominant in popula-
tions with Fig < 0.

The effective size of the population was estimated from
the increasing rate of Fgp per generation (Caballero and
Hill, 1992). The generation rate of inbreeding (AFsr, 5) of
Fsr was first computed as:

IS —

AFgr, = (FST, t'FST, 1)/ (I'FST, 1)

Where:
Fgr, 1 and Fgr ¢ coefficients of Fgr in two successive gen-
erations.

The N, was then computed as 1/ (2AFsr, ;) (Nomura et al.
2001). Finally, we reached the following formula for calcu-
lating the average allele frequencies for each founder:

1000

- STA, _ g
NRx2N i=1

Where:

STA;: sum of total alleles.

nR: 1000 is the number of replicates.

N: number of individuals in the last generation.

pi and q;: allele frequencies of founder j in the last genera-

tion of the i™ replication.

P;i +0;
nR

RESULTS AND DISCUSSION

The direct and correlated responses to selection for BW and
BRW in the S1 and S2 lines are presented in Table 2.
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(E10 5% Direct and correlated response to selection for body weight (BW) and breast weight (BRW) in S1 and S2 lines (g)

Generation : S1 line S2 line :
BW (direct) BRW (correlate) BW (correlate) BRW (direct)

0 - - - -

1 - - - -

2 9.7 2.7 9.2 3.5
3 9.6 2.7 8.9 2.7
4 10.0 4.3 5.2 0.6
Total 28.3 9.7 23.3 6.8

In the current study,the efficacy of the pedigree
information and gene-dropping simulation were used in
order to conserve the genetic diversity and to suggest a
breeding strategy for improving BRW in the long-term
response to selection; however, the experiment was a short-
term selection. According to Table 2, the direct responses to
selection for BW and BRW were 28.3 and 6.8 g in the S1
and S2 lines, respectively. Similarly, the indirect responses
to selection for BRW and BW were 9.7 and 23.3 g in the S1
and S2 lines, respectively. The same responses have also
been reported by other researchers (Zhao et al.2007;
Varkoohi et al. 2010). Varkoohi et al. (2010) reported a
16.4% correlated response for BW when family selection
was directly used for the feed-conversion ratio. Considering
the responses to selection in Table 2, the current study does
not support using family selection to increase BRW,
because the recording of BW is easier and the costs of
breeding for BW are lower.

The numbers of birds, inbred birds, F-statistics, and N,
are presented in Tables 3 and 4 for the S1 and S2 lines, re-
spectively. Considering that the efficacy of each breeding
program should be assessed at the same level of inbreeding,
the results from the pedigree data showed that the estimated
generational rate of inbreeding was around 0.004 (0.4%) in
the S1 line, but the S2 line had a fluctuation of 0.008 -
0.013 (0.8%1.3%). Changes in inbreeding rates corre-
sponded to changes in N, (Tables 3 and 4); in other words,
increased inbreeding is an outcome of decreased N., and
vice versa (Gutie et al. 2008). For monitoring the breeding
strategy, N, is an important key parameter because it is
concerned with inbreeding; it affects inbreeding depression
and decreases genetic diversity. The N.for the current
population was 45.5 and 61.7 for the S1 and S2 lines, re-
spectively (Tables 3 and 4). Goddard and Smith (1990)
proposed the N, to be at least 40. When N, is > 100, the
response to selection continues linearly with the selection
program. This is clear in broilers, whose growth heritability
has remained at approximately 0.3 after 50 years of extreme
selection (Hill, 2000). Frankham et al. (2002) also reported
that N of 50 is required to withstand the effects of inbreed-
ing, whereas a size of 500 is essential to sustain the genetic
diversity and evolutionary potential of the population for
several generations (Frankham et al. 2002).
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Meuwissen (2009) also argued that N, of at least 50 is
adequate, although 100 is recommended. In this study, N,
did not go below the critical value, but a small N, and an
increasing inbreeding coefficient will lead to lower genetic
diversity in the future, especially in the S2 line, as Melka et
al. (2012) warned with regard to dairy cattle. Therefore,
two points about family selection are understood. One is
that inbreeding and then N, have a fluctuation in two suc-
cessive generations (Table 4) and the other is that founders
make more balanced genetic contributions to the last gen-
eration due to the low variance of family size. However, for
evaluating the retained genetic diversity in the lines under
selection, the results of gene-dropping are more acceptable.
The results revealed that of thel56 base founder birds for
each line, only 64 in the S1 line (22 males and 42 females)
and 38 in the S2 line (24 females and 14 males), contrib-
uted their genetic material to the last generation. The aver-
age genetic contributions of male and female founders to
the last generation in both lines were approximately 1.87%
and 1.40%, respectively. In the S1 line, a total of 87% of
the last generation’s genome was contributed by 34 foun-
ders, consisting of 13 males (37%) and 21 females (50%),
respectively. Forty-two founders contributed 95% to the
total genome, while 22 founders contributed only 5%. Simi-
larly, in the S2 line, 28 and 33 founders contributed 87%
and 95% of the total genome, while five founders contrib-
uted 5%. Genetic contribution based on pedigree, average
allele frequency, probability of being lost, and the risk of
future generations of founders with extreme genetic contri-
butions in the S1 and S2 lines are presented in Tables 5 and
6, respectively.

The average number of alleles surviving in each genera-
tion are presented in Figure 2. The average numbers of sur-
viving alleles in the last generation of the S1 and S2 lines
were 59.6 and 31.2, respectively, or approximately19.1%
and 10% of the total number of assigned alleles in the base
population.

The results of gene-dropping showed that the genetic
contribution of the founders to the last generation in S2 line
was more equal than S1 line (Tables 5 and 6). In addition,
the average allele frequency over all of the replicates for
each founder agreed with the genetic contribution obtained
in the pedigree analysis.
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(E195%) Number of birds (N), inbred birds, F-statistics and effective population size (Ne) in each generation at S1 line

Generation N N. Inbred Fir Fsr Fis AF Ne
0 156 0 0 0 0 0

1 410 0 0 0 0 0 -

2 407 14 0.0086 0.0033 0.0053 0.0033 151.5
3 410 67 0.0152 0.0109 0.0044 0.0076 65.8
4 325 116 0.0168 0.0218 -0.0051 0.011 455
Total 1708 197 0.0088 - -

AF: rate of inbreeding and Ne: effective size.

(1D Number of birds (N), inbred birds, F-statistics and effective population size (Ne) in each generation at S2 line

Generation N N. Inbred Fir Fgsr Fis AF Ne
0 156 0 0 0 0 0

1 333 0 0 0 0 0 -

2 334 0 0.0086 0.0033 -0.0023 0.0033 151.5
3 323 33 0.0167 0.0162 0.0004 0.0165 30.3
4 145 30 0.0158 0.0241 -0.0085 0.0081 61.7
Total 1291 63 0.0064 - -

AF: rate of inbreeding and Ne: effective size.

From the distributions, much information was derived for
the management of genetic diversity, such as Pr(lost), the
probability of alleles surviving at a critically low frequency,
and Pr(risk). The results showed that the founders with
higher genetic contributions had lower Pr(lost), and Pr(lost)
increased as the genetic contribution decreased (Tables 5
and 6). For the management of genetic diversity, Pr(lost)
provide suseful information. For example, the low Pr(lost)
of the founders implies that alleles can be transmitted to the
progeny (Trinderup et al. 1999; Yamashita et al. 2010;
Melka et al. 2012). In addition, Pr(lost) for the three foun-
ders with the highest genetic contributions in both lines was
near zero, but their surviving alleles (Pr(risk|survive)) had a
relatively high risk of future extinction (0.28, 0.24, and 0.37
vS. 0.04, 0.10, and 0.08 in the S1 and S2 lines, respectively)
(Tables 5 and 6). In contrast, the Pr(lost) for the three foun-
ders with the lowest contribution was high (>0.75), while
their surviving alleles had a relatively low Pr(risk). The
high Pr(lost) and the low Pr(risk|survive) of alleles indicate
that the alleles passed from a strong drift in the early gen-
erations. On the other hand, the lower probability of ge-
nome loss (for founders 147, 187, and 148 of the S1 line
and 62, 85, and 114 of the S2 line) reflects that their alleles
had a higher chance of being transmitted to the reference
population. In contrast, the low Pr(lost) and the relatively
high Pr(risk) means that the genetic contributions of the
founders were not fully informative for the distribution of
allele frequency. This is in agreement with the results of
Honda et al. (2002) and Yamashita et al. (2010). From the
gene-dropping results, it was also evident by comparing
two founders from S1 line (263 and 505), in whom
Pr(lost)=0 and Pr(risk) was the same, that the genetic con-
tribution of the former was approximately 2.5 times higher
than that of the latter (Table 5). The same status was noted
for founders 63 and 422 of the S2 line (Table 6).
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Nevertheless, all founders had a significant probability of
future extinction. Although the genetic contributions of
some founders to the reference populations were low, sev-
eral founders (for example, founder 231 of the S1 line)
showed low Pr(lost), which implies that a partial proportion
of the reference population was connected to these founders
without severe bottle necking. These results are in agree-
ment with what other researchers have reported (Honda et
al. 2002; Yamashita et al. 2010; Melka et al. 2012). There-
fore, it seems that the gene-dropping method gives more
useful information than a pedigree analysis. In addition, the
gene pools of the last generations of the S1 and S2 lines
were formed by only 64 and 38 of the 156 primary foun-
ders, respectively. This indicates that the major cause of
loss of diversity is random genetic drift, which is in agree-
ment with Melka et al. (2012). This is also clear from the
allelic diversity parameter. The number of surviving alleles
is a measure of genetic diversity relative to the base popula-
tion, which is called allelic diversity (Yamashita et al.
2010; Caballero and Garcia-Dorado, 2013). The average
surviving numbers of alleles were 59.6 and 31.2 in the last
generation in the S1 and S2 lines, respectively, or approxi-
mately 19.1% and 10% of the total number of assigned al-
leles (312) in the base population. According to Figure 2,
there was a severe decline of surviving alleles for the S2
line during the two first generations, before a plateau be-
tween generations 3 and 4. The decrease for the S1 line was
low, and the final decline agreed with the period of inten-
sive use of a limited number of founders for breeding.
These results strongly suggest that genetic diversity has
decreased in the S2 line after three useful generations of
selection. In general, heterozygosity and allelic diversity are
two of the most important measures of genetic diversity in
animal genetic resources. Allelic diversity refers to the av-
erage number of alleles at each locus.
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(E1) 56 A more detailed description of allele frequency and extinction risk for founders contributing to the last generation in S1 line
Allele frequency

ID Sex Genetic contribution Average v (%) Pr(lost) Pr(risk) Pr(risk|survive)
263 M 0.0577 0.0568 54.5 0.0000 0.2818 0.2818
513 F 0.0435 0.0441 62.4 0.0061 0.2455 0.2476
186 M 0.0400 0.0397 67.2 0.0061 0.3697 0.3720
220 F 0.0398 0.0419 69.9 0.0242 0.3091 0.3168
219 M 0.0398 0.0387 71.3 0.0242 0.3515 0.3602
505 F 0.0223 0.0223 58.1 0.0000 0.2727 0.2727
231 M 0.0015 0.0015 48 0.5636 0.1152 0.2639
147 F 0.0012 0.0008 394 0.7697 0.0545 0.2368
187 F 0.0012 0.0013 324 0.7576 0.0545 0.2250
148 M 0.0012 0.0012 45.2 0.7758 0.0485 0.2162

ID: identification; M: male; F: female; Pr(lost): probability of allele extinction; Pr(risk): probability of alleles being at high risk of extinction and Pr(risk|survive): probability
of alleles surviving at critically low frequency.
CV: coefficient of variation.

(10 A more detailed description of allele frequency and extinction risk for founders contributing to the last generation in S2 line

ID Sex Genetic contribution Avg;l;e frequen(c:)\'/ %) Pr(lost) Pr(risk) Pr(risk|survive)
467 F 0.0534 0.0559 58.7 0.0000 0.0467 0.0467
63 M 0.0474 0.0465 85.1 0.0400 0.1000 0.1042
424 M 0.0466 0.0429 60.9 0.0133 0.0800 0.0811
64 F 0.0457 0.0424 70.8 0.1067 0.0600 0.0672
102 M 0.0422 0.0473 62.6 0.0600 0.0467 0.0496
101

374 . . . . . . .
422 M 0.0198 0.0190 54.1 0.0467 0.1267 0.1329
103 . . . . . .
113 F 0.0022 0.0025 41.2 0.7200 0.0533 0.1905
114 M 0.0022 0.0019 40.2 0.7667 0.0733 0.3143
62 F 0.0017 0.0016 37.5 0.7800 0.0533 0.2424
85 F 0.0013 0.0015 40.7 0.7467 0.0733 0.2895

ID: identification; M: male; F: female; Pr(lost): probability of allele extinction; Pr(risk): probability of alleles being at high risk of extinction and Pr(risk|survive): probability
of alleles surviving at critically low frequency.
CV: coefficient of variation.
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The loss of heterozygosity is dependent on the rate of in-
breeding, which causes an increase of homozygosity and
lower fitness, but a lack of allelic diversity prevents along-
term response to selection (Falconer et al. 1996). Inbreed-
ing is minimized when the contributions of ancestors to the
next generation are equal (Sonesson and Meuwissen, 2000;
Sorensen et al. 2008).

This may be secured by family selection, which uses all
of the offspring of a family and thus decreases the family-
size variance, as was observed in the present study for the
S2 line. However, the intensive use of a limited number of
founders or families for breeding (discarding 50% of the
family in each generation) greatly decreased the number of
surviving alleles and contributing founders in the last gen-
eration for S2 compared to S1.

CONCLUSION

It can be concluded that individual selection based on
breeding values can be used as a selection criterion to im-
prove the BRW trait because the correlated response to
BRW is greater than direct selection (9.7 vs. 6.8). This is
due to using between- and within-variance of families by
individual selection (the S1 line) relative to between-family
selection with only between-family variance (the S2 line).
From this point of view, individual selection is recom-
mended to improve growth and BRW traits. At the level of
retained genetic diversity as well, it is suggested to use in-
dividual selection to increase BRW. Therefore, gene-
dropping is a valuable tool in optimizing decisions to pre-
serve genetic variability, and it is more useful than pedigree
analysis.
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