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Abstract

Background: Duration of fertility (DF) is an important economic trait in poultry production because it has a strong
effect on chick output. Various criteria or traits to assess DF on individual hens have been reported but they are
affected by many nongenetic factors. Thus, a reliable definition and associated genetic parameters are needed.
Because egg production is also vital in chicken breeding, knowledge of the relationship between DF and laying per-
formance is needed for designing selection programs.

Methods: We used five traits that consider both fertility and embryonic livability to delineate DF. Phenotypic and
genetic analyses were completed for 2094 hens, with measurements of DF at 35 and 60 weeks of age and hatching
egg production at 400 days of age (HEP400). The selection differentials for DF and HEP400 were evaluated.

Results: DF is largely independent of the number of oviposited eggs in the peak laying period but both egg produc-
tion and DF naturally decline with age. The heritability of the five DF traits ranged from 0.11 to 0.13 at 35 weeks of age
and increased slightly in the later laying period, ranging from 0.14 to 0.17 (except for efficient duration, time between
insemination and the first unhatched egg). Estimates of the genetic correlation for a given trait measured at the two
ages were moderate (0.37-0.44), except for efficient duration. However, number of viable embryos depends strongly
on egg production. Estimates of genetic correlations of fertility duration day (FDD) at both ages with HEP were weak.
Selection for FDD improved DF but without a significant change in laying performance. Selection for increased
HEP400 did not contribute to DF improvement.

Conclusions: Although estimates of heritability of the five traits related to DF were low, selection to improve DF
based on any one of them is possible. Among these, FDD is an effective selection criterion when the eggs are col-
lected for approximately two weeks after insemination. The best selection procedure for DF improvement would
involve multiple measurements at various ages. FDD is independent of laying performance and can be incorporated
into a breeding program with egg production to improve reproductive efficiency.
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production traits, fertility has not received much atten-
tion in genetic studies and breeding programs. Fertility
is fundamental to reproductive success, so we should
expect fertility traits to be under strong selection to max-
imize reproductive output and minimize the wastage of
an animal’s investment in producing gametes. The cost
of gametic wastage is likely to be higher for female than
male poultry, because females typically invest consider-
ably more into producing yolky ova [5]. In spite of this,
fertility of females has received comparatively less atten-
tion than that of males within poultry production.

Fertility varies remarkably between breeds, strains, and
individuals and is affected by both genetic and nonge-
netic factors. Except for sperm quality of the male, sev-
eral physiological factors originating from the female can
markedly influence egg fertilization [5]. Previous stud-
ies have revealed that female birds can store spermato-
zoa for prolonged periods in the sperm storage tubules
[6-9]. The capability of sperm storage tubules to store
and gradually release sperm ensures continuous fertiliza-
tion during the days following natural mating or artificial
insemination (AI). As a consequence, females can lay fer-
tilized eggs for periods of variable length. In practice, the
trait of economic interest is the level of fertility and the
hen’s ability to maintain a high level of fertility over a long
period, termed the duration of fertility (DF), which is
usually defined as the number of days after mating or Al
when hens lay fertilized or hatched eggs [10]. To deter-
mine the DF of an individual hen, early studies usually
used pedigreed eggs collected for 18—21 days, beginning
on the second day after insemination [11, 12]. The crite-
ria for assessing DF include the efficient (ED, number of
days post-insemination until first infertile egg) and maxi-
mum duration (MD, number of days post-insemination
until last fertile egg) and the number of fertilized eggs or
hatched chicks during the observation period [12, 13].

Distinct individual differences in measures of DF have
been observed, and all of the DF variables vary in length
from a few days to several weeks [6, 12, 14, 15]. The crite-
ria used to assess DF have been estimated to be lowly to
moderately heritable [6, 10, 16], indicating some poten-
tial for genetic improvement of DF by selective breed-
ing. Due to low fertility in the last few days after Al, the
period over which DF measurements are performed can
be reduced by several days without leading to signifi-
cant differences in the ranking of females [12]. Tai et al.
[13] suggested that the appropriate selection criterion
for DF for ducks was the number of fertilized eggs laid
from 2 to 15 days after a single AI with pooled semen.
Subsequently, a series of selection experiments in ducks
demonstrated the feasibility of selection for this criterion
[17-19].
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However, several studies have revealed that genetic
improvement of DF is accompanied by an increase in
embryonic mortality [11, 12]. The number of eggs that
are capable of producing a viable embryo depends on
their ability for fertilization and their capacity to develop
a normal embryo. However, distinguishing embryo mor-
tality from infertility is difficult if mortality occurs in
the very early stages of development [20], especially for
commercial production. Considering that the main goal
of selection to increase DF is to improve the number
of hatched eggs, a trait that considers both fertility and
embryonic livability may be more suitable for character-
izing DF. Brillard et al. [21] conducted divergent selection
for increased and decreased numbers of hatched chicks
and observed large differences in DF and number of via-
ble embryos per hen between the two lines in generation
5.

Although previous experiments showed that genetic
improvement of DF is possible, it has not yet been used
on a large scale in commercial breeding programs. A
major reason for this is that DF is not well defined, with
values that depend on the definition of the trait [6, 12,
22, 23] and DF is affected by many nongenetic factors,
such as mating systems [24], the number of spermatozoa
inseminated [25], and hen age at data collection [25, 26].

Egg production is also important for reproduction effi-
ciency in poultry production. However, the genetic rela-
tionships between DF and laying performance remains
to be established. Accurate phenotypic measurements
and reliable genetic parameters are vital for choosing a
selection criterion and enabling breeders to evaluate the
potential impact that selection for DF will have. Thus, the
purpose of our study was to determine which DF meas-
urement, considering both fertility and embryonic sur-
vival, is preferred for use in chicken breeding programs.
Our study also focused on estimating the genetic param-
eters of DF at various ages and ascertaining the genetic
relationship between DF and laying performance.

Methods

Animals and management

We used a yellow-feather chicken breed from Guang-
dong Wen’s Nanfang Poultry Breeding Co., Ltd. (Xinx-
ing, China). This population is a purebred dam line and
has been selected for laying performance over 25 years.
This experiment included 2094 pedigreed hens from
two consecutive hatches (1062 and 1032 chickens from
hatches 1 and 2, respectively), which were separated by
12 days. The population of 2094 hens produced from 70
sires and 569 dams. All birds were placed individually in
layered cages in one poultry facility and accurately identi-
fied by bar codes and cage numbers. The environmental
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conditions were controlled for ventilation, temperature
(19 ~28 °C) and photoperiod (16 h light/8 h dark).

Design of the fertilization experiment

Given that age has an adverse effect on the reproduc-
tive success of birds [25, 26], the fertilization experiment
was performed during two periods of the hen’s repro-
ductive cycle (at 35 and 60 weeks of age). The pheno-
types obtained from the first period provide a reference
for early selection. The genetic determination of DF at
later production periods could increase the accuracy of
selection and thus achieve maximum genetic progress in
multistage selection. In the present study, we chose Al as
the reproductive method because females were the focus
of interest. Al is an efficient technique used by poultry
producers to improve reproductive efficiency [24, 27].
Another advantage of Al is the efficient use of males by
reducing the number of roosters needed and allowing
greater selection pressure on male traits. At each age, Al
was performed with duplicate doses on two successive
days to eliminate missed inseminations. Specifically, all
hens were intravaginally inseminated once per day with
50 pL of diluted semen, which consisted of pooled ejacu-
lates from seven roosters and was diluted 1:1 with a glu-
tamate-based diluent [28].

The effect of sperm quality on DF has been clearly
demonstrated by Brillard et al. [25]. To circumvent any
undesirable effects of differences in semen quality on
subsequent fertility [29], the spermatozoa concentra-
tion and motility for each male were assessed with a
light microscope. Only males with 3 to 5 billion sperm
per milliliter of semen were used for this insemination
experiment. Inseminations on two consecutive days were
performed in the afternoon by the same technician and
were carried out within 30 min of semen collection. The
insemination dose was 100x 10° viable spermatozoa per
Al dose, which is higher than recommended in practice
[27] and should fill the sperm storage tubules completely.
Hens whose oviducts could not be everted during insem-
ination were eliminated from subsequent analyses.

From a physiological point of view, pedigreed eggs
should be assessed for more than 18 days after insemina-
tion [10, 11], especially for MD, which is defined as the
number of days between the insemination or mating and
the final fertile egg or viable embryo [22]. Poultry pro-
duction is wholly dependent on the supply of day-old
chicks at all scales of operation. When hens are at opti-
mal conditions for greater peak and persistency of egg
production, the first few eggs after insemination largely
determine the fertility and hatchability of eggs set, which
has a strong effect on chick output. Thus, we focused
mainly on the earliest days after insemination in com-
mercial practice. In addition, to reduce the impact of the
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fertilization experiment on the supply of hatching eggs,
we only collected eggs from days 1 to 15 following the
second insemination. Eggs were collected daily and iden-
tified individually by marked collection date and hen cage
number on the blunt end of the eggshell.

All eggs were classified as normal (settable eggs),
cracked, soft-shell, double-yolk or misshapen. Since eggs
stored more than eight days have reduced hatchability
[30], settable eggs were stored at 12+0.5 °C and moved
to incubation within one week under standard condi-
tions. The eggs collected from the last eight days were
incubated together. Cracked and soft-shell eggs were
not placed in hatcheries because enhanced water loss
increases mortality and subsequent dehydration of the
embryos, thus decreasing hatching success [31]. Cracked
eggs also have a higher risk of bacterial contamination,
which may increase the likelihood of contamination of
the incubator due to putrefaction, leading to embryonic
death [32]. Because it is difficult and inconvenient to dis-
tinguish hatched chicks, the settable eggs were examined
for the presence of viable embryos by candling on day 18
of incubation [11] and the collection date and cage num-
ber of each unhatched egg (containing infertile eggs and
dead embryos) were recorded. All information, including
the date of collection and the hen’s cage number for the
settable and unhatched eggs, were used for subsequent
quantification of DF measurements, using a customized
R script.

Measurement of DF traits and laying performance

Hatchability was calculated as the ratio of the number of
viable embryos to the number of eggs incubated. Infer-
tile eggs and dead embryos were considered unhatched
eggs. We used five traits to assess DF: (1) MD, which is
defined as the number of days between AI and the final
viable embryo; (2) ED, which is defined as the number
of days between Al and the last viable embryo before the
first unhatched egg [22]; MD and ED are measures that
are commonly used for evaluating DF, because they reflect
duration of sperm storage and uninterrupted hatchability,
respectively; (3) EN, which is the number of viable embryos
during the observation period [12], which determines the
chick output, and is an important characteristic in com-
mercial production. Because the first few eggs after Al are
more important in commercial practice and MD is too
strict, two other criteria were also used to assess DF, i.e. (4)
TD, which is the number of days from the day after Al to
the last viable embryo before two consecutive unhatched
eggs [23]; and (5) FDD, which is fertility duration day and is
defined as the number of days from the day after Al to the
last viable embryo before two cumulative unhatched eggs,
minus any unhatched eggs (0 or 1) before two cumulative
unhatched eggs [6]. These five DF traits were calculated for
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each hen using a customized R script. Only hens with at
least five settable eggs collected over a 15-day period were
included in the analysis.

For each bird, hatching egg production (HEP) was
recorded daily with a barcode scanner until 400 days of age.
The age at first egg (AFE) and total HEP at 400 days of age
(HEP400) were determined. Mortality was recorded daily.
The hen-day laying rate was calculated as the ratio of the
number of eggs produced per day to the number of birds
in the population that day, expressed as a percentage. Dead
hens (N =53), which were excluded from the calculation of
HEP400, were included in the analysis of DF and AFE.

Statistical analyses

The DF traits measured at the two ages were viewed as dif-
ferent phenotypes in our study. Normality for all traits was
assessed using the Shapiro—Wilk test [33] with the Shapiro.
test function in the R program (ver 4.0.2). The Wilcoxon
rank-sum test was performed to determine differences in
DF traits between the two chicken hatches. The difference
between measurements of the same trait at the two ages
was also investigated using the pairwise Wilcoxon rank-
sum test. Differences were considered significant when the
P value was less than 0.05.

Estimation of genetic parameters

Pedigree information from six generations was included
in the genetic relationship matrix. Heritabilities and phe-
notypic and genetic correlations were estimated using the
AI-REML of DMU software [34] combined with the EM
algorithm. The model used for each trait was:

Yij = ik + hi + aj + ejj,

where y;; is the record of individual j from hatch i; 4; is
the fixed effect of hatch (two levels); a; represents the
random additive genetic effect of chicken j; and e;; is the
residual random error. Heritability was estimated based
on a single trait model. Phenotypic and genetic correla-
tions were estimated using a bivariate model.

Improved criteria to select for DF were derived as the
averages of the estimated breeding values (EBV) of a given
trait at the two ages, after normalizing each EBV to have a
zero mean and a variance of 1. All the hens were succes-
sively ranked by their average EBV for the various DF traits
and the top 50 or 30% of individuals for each of the five
traits were selected, resulting in five selected groups. For
each group, the selection differential for hatchability was
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quantified by the difference of the population mean and the
mean of the selected hen.

To better understand the relationship between DF and
laying performance, the population was separated into two
equally-sized groups (the highest and lowest 50% of hens,
respectively) based on their EBV of HEP during the obser-
vation period or the average EBV for DF. Statistical com-
parisons of DF variables were then performed between the
highest and lowest HEP group with the Wilcoxon rank-
sum test. In addition, statistical comparisons of HEP400
and AFE were then performed between the highest and
lowest DF group with one-way analysis of variance.

Results
Duration of fertility after insemination
Hen-day laying rate and hatchability are shown in Fig. 1a
for the two experimental periods. Hen-day laying rate
was substantially lower at 60 weeks of age (50.3%) than at
35 weeks of age (82.0%). To reduce the impact of the fer-
tilization experiment on the commercial demands for day-
old chicks, eggs were collected only during the first 15 days
after insemination. The changes in hatchability with days
since insemination were similar at 35 and 60 weeks of age.
Specifically, there was an obvious increase in hatchability
from day 1 to day 2. After the hatchability peak on day 5,
it decreased slightly on day 6 and remained relatively con-
stant until day 8 or 9, after which it dropped linearly and
approached 35% at day 15. However, hatchability declined
earlier in older females, with hatchability on days 4 to 15
being significantly higher for younger hens than for hens
at 60 weeks of age (P<0.01). The higher rate of laying at
35 weeks of age may explain the higher rate of decline in
hatchability from days 9 to 15 for the younger flock. To
prevent any undesirable effects of the number of eggs incu-
bated on the DF analyses, hens that produced less than five
eggs during collection period were excluded from the DF
analyses. In total, 2044 and 1619 chickens were used in the
calculation of the five DF traits at 35 and 60 weeks of age
(Fig. 1b), respectively. Several examples of the evaluation of
DF variables are shown in Fig. 1c. Hen age had a consider-
able effect on the DF traits and selection based on a record
at one age is not recommended. Thus, the DF variables
measured at the two ages were viewed as different traits,
and the average EBV of the DF trait was used for further
analyses.

Descriptive statistics for all phenotypes are summa-
rized in Table 1. Some hens laid more than five settable

(See figure on next page.)

Fig. 1 Duration of fertility (DF) and the five traits to measure it. a Hen-day laying rate and hatchability at 35 and 60 weeks of age. b Histogram of
the number of eggs incubated for each hen at 35 and 60 weeks of age. ¢ Examples of five traits used to determine DF; and (d) Histogram of the

five DF traits at 35 and 60 weeks of age. The red dashed line is the mean value of the corresponding trait at a given age. Data are expressed as the
mean = SD. The estimates may not represent the true statistics for these DF variables since the eggs were only collected during 15 days. The P value
indicates the significance of the difference between the same variable measured at two ages
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Fig. 1 (See legend on previous page.)
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eggs, but all were infertile eggs or dead embryos. Thus,
a minimum of 0 was observed for each DF trait. The
coefficient of variation (CV) of AFE was less than 5% as
a result of artificial lighting management in the coops.
However, the records of egg production covered a longer
period and variation in HEP400 was high, with a CV
value of 15.0%. Remarkably, high phenotypic variation
was observed in the DF traits, with CV ranging from 15.5
to 64.4% at 35 weeks of age and from 19.4 to 56.6% at
60 weeks of age. None of the DF traits were significantly
different between hatches in the two fertilization experi-
ments. However, the age effect was significant for MD,
ED, EN, and TD, but not for FDD, as shown in Fig. 1d.
MD, EN, and TD decreased significantly with age, espe-
cially EN, dropping from 10.0 to 7.2 (P<0.001). How-
ever, ED was significantly higher at 60 weeks of age than
at 35 weeks of age (8.4 vs. 7.9, P=0.04), which may be
explained by the higher egg production rate of younger
hens, resulting in a shorter period for the first unhatched
egg after insemination.

Genetic parameters of DF traits

None of the DF variables measured in our study exhib-
ited a normal distribution (Shapiro—Wilk test, P<0.001),
although the distribution of EN was close to normal.
Therefore, the DF traits were regarded as ordinal traits
and generalized linear mixed models were used to esti-
mate genetic parameters.

Estimates of heritability for the five DF traits were
similar at 35 weeks of age (0.11-0.13, Fig. 2a). Estimates
of heritability for MD, EN, FDD, and TD were slightly
higher at 60 weeks of age (0.14-0.17) but lower for ED
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(0.06). Estimates of genetic correlations for the same trait
measured at the two ages were moderate, i.e. 0.41, 0.42,
0.44, and 0.37 for MD, EN, FDD, and TD, respectively,
but only 0.27 for ED (Fig. 2b). Phenotypic correlations
between the DF variables measured at a given age are
shown in Fig. 2c. Except for MD and ED, the DF traits
correlated moderately to highly with each other. Phe-
notypic correlations were slightly higher at 60 weeks of
age (0.50-0.87) than at 35 weeks of age (0.40—0.79). Esti-
mates of genetic correlations between the DF traits were
very high, ranging from 0.32 to 0.94 (Fig. 2d).

Comparison of the effect of selection for different DF traits
on hatchability

To further determine which trait is the most appropri-
ate for improving DE, all the hens were sorted by their
average EBV for each DF trait and the top 50% chickens
(N=1047) for each trait were considered as a group.
Only 587 birds (56.1%) were present in the top group
for all traits (Fig. 3a). The top groups for MD and ED
included 89 (8.5%) and 103 (9.8%) exclusive birds, respec-
tively. These results indicate that selection on different
DF traits will result in different genetic progress.

As shown in Fig. 3b, ¢, selecting on any one of the
five DF traits can improve hatchability. Among the five
top groups, the MD group exhibited the lowest hatcha-
bility during the first eight days and the highest hatch-
ability during the last two to three days. Conversely,
the top ED group had the highest hatchability during
the first five days but the hatchability of this group
declined on day 6 and showed the lowest hatchabil-
ity from day 9 to day 15. In addition, the heritability

Table 1 Descriptive statistics of duration of fertility (DF) and laying performance

Traits N Mean SD CV (%) Min Max.
DF traits at 35 weeks MD 2044 13.30 2.06 1549 0 15
ED 2044 7.92 5.10 64.35 0 15
EN 2044 10.01 272 2717 0 15
FDD 2044 10.69 3.81 3563 0 15
™D 2044 12.10 348 28.75 0 15
DF traits at 60 weeks MD 1619 12.50 243 1942 0 15
ED 1619 843 4.77 56.59 0 15
EN 1619 7.5 234 3277 0 14
FDD 1619 10.81 346 3203 0 15
™D 1619 11.70 332 2841 0 15
Laying performances AFE 2094 158.15 6.83 432 136 195
HEP400 2041 181.88 27.26 14.99 37 235

It should be noted that eggs were collected from day 1 to day 15 following Al, and the estimates of the various DF traits may not represent the real statistics for these

characteristics, especially for MD

MD maximum duration, ED efficient duration, EN number of viable embryos, FDD fertility duration day, TD number of days from the day after Al to the last viable
embryo before two consecutive unhatched eggs, AFE age at first egg, HEP400 hatching egg production at 400 days of age, N number of non-missing values for each

trait, CV coefficient of variation
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Fig. 2 Genetic properties of the five DF traits. a Heritability for the five DF traits at 35 and 60 weeks of age; and (b) Genetic relationships between
the same variable measured at two ages. ¢ Phenotypic relationships among the five DF traits at 35 weeks (above the diagonal) and 60 weeks (below
the diagonal); d Genetic relationships among the five DF traits at 35 weeks (above the diagonal) and 60 weeks (below the diagonal). For panels (c)
and (d), the background color represents the relationship among the five DF traits at the corresponding ages

estimate for ED was low at 60 weeks of age. Thus, results were also observed when the 30% of chickens
MD and ED may not be the best traits to select on (N =628) with the highest average EBV for each DF
to improve DF. With regard to the three other traits, trait were used (Fig. 3d—f).

the top FDD group had higher hatchability during the

first nine days than the top TD and EN groups. Similar
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Relationship of DF traits with the number of eggs

incubated

We also evaluated the associations of each DF trait with
HEP during the collection period. The phenotypic rela-
tionship of EN with the number of eggs incubated at
35 weeks of age was 0.70 (Fig. 4a). A similar result was

found at 60 weeks of age (Fig. 4b), indicating that EN
strongly depends on egg production. Phenotypic correla-
tions of MD with number of eggs incubated were equal
to 0.31 and 0.30 at 35 and 60 weeks of age, respectively.
Phenotypic correlations of HEP with any one of the three
other DF traits at the corresponding ages were less than
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0.20, especially for FDD and ED, which were largely inde-  four other DF traits were slightly larger for the later lay-
pendent of the number of settable eggs. ing period, ranging from 0.19 to 0.29 (Fig. 4d).

Estimates of genetic correlations of each DF trait with To further explore the effect of the number of eggs
HEP are shown in Fig. 4c, d. Moderate correlations were  incubated on DF, the breeder flock was separated into
observed between EN and HEP at both ages (0.46-0.49), two equally-sized groups based on the EBV for HEP at
which further corroborated the idea that EN depends the corresponding age. Comparisons of DF traits between
strongly on the actual number of eggs incubated. Esti-  the highest (N = 1047) and lowest HEP EBV groups (N =
mates of the genetic correlation of HEP with each of the  1047) are shown in Fig. 4e—h. At both ages, the hen-day
four other DF traits at 35 weeks of age were weak, with  laying rate was clearly greater for the highest HEP group
values ranging from 0.04 to 0.16 (Fig. 4c). However, esti-  than for the lowest HEP group (Fig. 4e, f). As the oviduct
mates of the genetic correlation of HEP with each of the  function of an aging flock grows senescent, the DF will
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naturally decline, which coincides with a decrease in egg
production (Fig. 4f). Specifically, as shown in Fig. 4h, the
average MD, ED, EN, FDD, and TD were significantly
higher for the highest HEP group than for the lowest
HEP group at 60 weeks of age (P<0.001). However, there
was no obvious distinction in hatchability between the
two groups at a younger age (Fig. 4e). These results indi-
cate that DF is largely independent of the actual number
of oviposited eggs when the reproductive systems of hens
are at optimal conditions. The average ED, FDD, and TD
were not significantly different between the two groups at
35 weeks of age (P>0.05, Fig. 4g). However, average MD
and EN were higher for the highest HEP group than for
the lowest group (P <0.001), especially for EN.

Genetic relationships of FDD with laying performance

As noted above, FDD is one of the efficient indexes
for characterizing DF. Thus, we chose FDD to further
assess the relationship between DF and laying perfor-
mance. Estimates of heritability for AFE and HEP400
were 0.31 and 0.22 (Fig. 5), respectively. HEP400 was
moderately and negatively correlated with AFE (— 0.34).
However, the genetic correlations between FDD at both
ages and HEP400 were negligible, with estimates near 0
(— 0.02 and — 0.04, respectively). The genetic relation-
ship between FDD and AFE was also weak, although it
was equal to 0.15 at 35 weeks of age. Generally, no clear
genetic association between DF and laying performance
was observed.

To better understand the above result, all the hens
were successively ranked by the average EBV for FDD or
the EBV for HEP400 and the highest and lowest 50% of
birds for each of the traits were selected, resulting in four
selected groups. The number of birds (N =564) that were
in both the highest FDD group and the highest HEP400
group was significantly larger than those (N=483) in
both the highest FDD group and the lowest HEP400
group (P<0.05, x* test, Fig. 6a). The average FDD pheno-
type was greater in the top FDD group than in the bottom
FDD group at both ages (P<0.001). However, the hen-
housed laying rate was similar for the highest FDD group
and the lowest FDD group (Fig. 6b). There were also no
significant differences in HEP400 and AFE between the
highest and lowest FDD groups (P>0.05). Comparisons
between the highest and lowest HEP400 groups are
shown in Fig. 6¢, d. The highest and lowest HEP400 birds
displayed distinct laying rates (Fig. 6¢). The top HEP400
group had higher averages for HEP400 and AFE than the
bottom HEP400 group (P<0.001). There was no obvious
discrepancy in hatchability between the highest and low-
est HEP400 groups at either age (Fig. 6d). Specifically, the
average FDD was not significantly different between the
top and bottom HEP400 chickens at either age (P> 0.05).
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Discussion

Duration of fertility is a trait of major economic impor-
tance in poultry production because it has a strong effect
on chick output. Increasing DF and thus improving
reproductive efficiency would be economically benefi-
cial. The traits used to assess DF in previous studies were
generally MD, ED, and the number of fertilized eggs or
hatched chicks during the observation period [12-14].
The trait MD is of a cognitive nature, showing the great-
est possibility of laying fertilized eggs after a single insem-
ination or mating. The trait ED is considered particularly
important because of its practical significance [26]. How-
ever, there are some limitations in applying these traits in
commercial practice: (1) eggs need to be assessed over a
longer period to ensure the accuracy of the measurement
[10], especially for MD; (2) the numbers of fertilized eggs
and hatched chicks depend strongly on the actual num-
ber of oviposited eggs [12, 21]; notably, hens with more
settable eggs will have a greater probability of achieving
a larger number of fertilized eggs and hatched chicks;
and (3) hens with the same number of fertilized eggs or
hatched chicks may exhibit a significantly different fer-
tility or hatchability during the first few days after Al or
natural mating. The first few eggs largely determine the
fertility and hatchability of the eggs set, which are more
important in commercial production, especially for farms
that use Al

In the current study, five traits, MD, ED, EN, FDD and
TD, were used to characterize DF. The highlights of our
study are as follows. First, we adopted a new trait, FDD,
to delineate DF, because it is more suitable when the
pedigreed eggs are collected for approximately two weeks
after insemination. Second, we evaluated the genetic cor-
relation of FDD with egg production and revealed that
FDD is independent of laying performance. Selection for
egg production, combined with the fertility of those eggs,
may be a satisfactory route for improving reproductive
efficiency. In addition, to the best of our knowledge, this
is the largest-scale analysis of genetic parameters for DF
in poultry from the same generation to date. An analysis
of an entire population should generate more valid data
than a small sample size, since a sample size that is too
small would reduce the power of the study and increase
the margin of error.

DF is the result of a complex interaction of traits from
two individuals with different characteristics, sperm
quality for males and oviduct physiology for females. We
observed high individual variability in DF at the two ages
evaluated, even when insemination conditions were con-
sidered optimal. Similar results were also found for ducks
[35], geese [36], quails [37], and turkeys [38]. Estimates of
heritability of the DF traits were approximately 0.12 for
the peak laying period and increased slightly for the later



Wen et al. Genetics Selection Evolution (2022) 54:41

Page 11 of 15

FDD35
0:13(0.03)

FDD60

0.44

0.14 (0.04)

for each trait are presented on the diagonal

Fig. 5 Genetic relationship between fertility duration day (FDD) and laying performance. FDD35 and FDD60 represent FDD measured at 35 and
60 weeks of age, respectively. Estimates of genetic correlations are shown above the diagonal. Scatter plots of the estimated breeding value (EBV)
between two traits are shown below the diagonal. The diagonal shows the histogram of each trait. Estimates of heritability and their standard error

AFE HEP400

-

0.01 002 E

=

0.15 -0.04 Z
0.31 (0.05) |

034 =

00vddH

laying period (except for ED), which was in accordance
with previous estimates for layer-type hens [10]. How-
ever, the estimate of heritability for DF was notably lower
than previous estimates for ducks [13], which ranged
from 0.29 to 0.38. This difference in heritability may be
partly due to species or strain differences but is prob-
ably mainly attributable to differences in trait definition,

hen age at data collection, and length of the observa-
tion period. In our study, approximately 35% of the hens
were presumably still laying fertile eggs at 15 days after
the second insemination, which indicates that the genetic
potential of some of the hens had not yet been realized
by the end of the observation period. Experiments over
longer periods of time should be conducted to determine
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whether the measurement of DF can be shortened with-
out impacting genetic parameter estimation. In gen-
eral, the estimates of heritability indicated the existence
of genetic variability for DF and thus that DF can be
improved through selection.

Several related studies on selection for DF have been
published. Selection over eight generations for fertility of
frozen-thawed chicken semen was conducted by Ansah
et al. [39]. The DF of frozen-thawed semen improved sig-
nificantly, with the mean increasing from 1 day in genera-
tion 1 to 5 days in generation 8. Brillard et al. [21] found
that MD, ED, and EN differed significantly between two

chicken lines that were divergently selected for number
of hatched chicks. Another study in ducks [17] reported

a 12-generation selection experiment with a line selected

on the number of fertile eggs after insemination and an

unselected line. The average response per generation was
0.40 for number of fertile eggs, 0.45 for MD, and 0.32
for number of hatched ducklings. Moreover, the fertility
in the selected line was 92% at day 4 and then decreased
slowly to 81% at day 8, while the fertility of the unselected
line decreased abruptly at day 4 to 74%. All these results
confirm that DF can be improved effectively by genetic
selection.

Precise phenotypes are important for genetic selec-
tion and a large number of traits has been reported to
evaluate individual DFE. These traits are highly variable
and affected by many nongenetic factors. Thus, a reliable
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definition of a trait to assess DF and for its application in
breeding programs is essential. Coincident with decreas-
ing egg production with age, other indicators of age-
related declines emerge, including a decline in fertility.
In broiler breeder hens, Brillard et al. [25] observed a
statistically significant decline in both ED and MD when
inseminations were performed after 55 weeks of age.
Gumulka et al. [26] found that the average ED and MD
were approximately two days shorter for inseminations
of hens at 56 weeks of age compared to 31 and 36 weeks
of age. The adverse effect of bird age on DF was also
reported for laying hens [12], quails [40], and partridges
[41]. Furthermore, the low repeatability of DF traits
between ages [12, 39, 42] indicates that genetic selection
for DF should be based on multiple measurements at dif-
ferent ages to improve the accuracy of selection for a high
DF across ages.

The phenotypic and genetic correlations between the
five DF traits examined in the present study were high
at both ages (35 and 60 weeks), while MD and ED were
not strongly correlated with each other. A similar result
was reported by Beaumont et al. [12] in egg-type hens,
in which MD was not highly correlated with ED. ED is
an important characteristic in commercial production
since it reflects uninterrupted hatchability. The relatively
lower genetic correlation between ED and MD indicates
that MD may not be economically important, which was
confirmed by subsequent selection analyses that showed
that MD is theoretically associated with the greatest pos-
sibility of laying hatch eggs but has a limited effect on
DF improvement, especially in the first few days after
insemination. The genetic correlation between ED meas-
ured at the two ages was low, and the heritability of ED
at 60 weeks of age was 0.06. Genetic improvement is the
product of the selection intensity applied and the herit-
ability of the trait [43]. Selection based on ED is possi-
ble but not efficient. Among the three other DF traits,
EN strongly depends on individual egg production. Hens
with a higher laying intensity and persistence will lay
more eggs, which will, in turn, have a higher probabil-
ity of achieving complete embryonic development and
hatching. As demonstrated here, the average EN was
significantly larger for younger hens with a higher lay-
ing rate than for younger hens with a lower laying rate.
Other reasons for choosing FDD as the selection crite-
rion over TD include its higher genetic correlation at the
peak and in later laying periods and its greater selection
differential.

In commercial selection programs, chicken breeders
must consider a wide array of traits that have some eco-
nomic importance to achieve the genetic gains needed for
commercial success. Persistence of egg production and
DF are very important in chicken breeding because these
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traits are beneficial for chicken reproduction efficiency
and are required in both grandparental and parental
stocks. Knowledge of the relationship of DF with laying
performance is important for optimization of selection
programs. It is widely acknowledged that egg-type chick-
ens have a higher laying intensity and persistence than
meat-type chickens but the duration of fertility of meat-
type chickens [25] is not shorter than that of egg-type
chickens [12]. Gowe et al. [44] performed a multiple-trait
selection experiment and found that selection for fertility
and hatchability had little effect on the genetic improve-
ment in egg production. Here, we estimated the correla-
tion between FDD and egg production and compared the
selection differentials for HEP400 and FDD. Our results
implied that laying performance and DF are independ-
ent traits and that selection for DF or for egg production
does not contribute to improvement in the other trait,
which is not consistent with the earlier hypothesis of
Lamoreux [45] that hens with higher laying rates tend to
have a longer DFE. Genetic selection for increasing laying
intensity and persistence has been highly successful in
egg-type poultry. However, there is no evidence that the
improvement in egg production has been accompanied
by high fertility and hatchability.

Conclusions

Our results suggest that DF traits that take both fertil-
ity and embryonic survival into account have a low her-
itability in the peak laying period and a slightly higher
heritability in the later laying period. The best selec-
tion procedure to increase DF includes taking multiple
measurements at various ages to improve the accuracy
of selection. Genetic selection to improve DF based on
MD or ED is possible but may not be efficient as it has
a limited effect on DF improvement. With respect to
EN, which depends mainly on the actual number of eggs
incubated. Another appropriate trait to select for DF in
chickens is FDD, which showed a higher selection differ-
ential than TD and is independent of laying performance.
Thus, selection for FDD has a limited effect on laying
performance. Thus, a breeding program including FDD
and egg production in a selection index may be more effi-
cient than other programs for commercial chicken pro-
duction. Our study provides valuable insights into DF
traits so that poultry breeders can make informed deci-
sions regarding the optimization of breeding programs
for profit maximization.
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