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Abstract: This investigation was carried out to estimate the genetic parameters for German Angora rabbits
using most appropriate animal model comprising additive and maternal effects. The pedigree information
and data on growth traits were collected from 5221 rabbits, which descended from 699 does and 294 bucks
over a period of 21 yr (2001-2021) kept at Northern Temperate Regional Station, Garsa, Kullu (Himachal
Pradesh), India. The average daily gain (ADG) and Kleiber ratio (KR) were calculated at different age intervals.
Analyses were carried out by restricted maximum likelihood procedure fitting six animal models with various
combinations of direct and maternal effects. The best model was evaluated on the basis of a likelihood
ratio test. Analysis revealed that the model including both direct and maternal genetic effects along with
permanent effect of the dam was most suitable for all traits except for body weight (BW) at 6th wk of
age, ADG from 6th to 12th wk of age and KR associated to ADG from 12th to 18th wk of age. The direct
heritability estimates from the best model were ranged from, 0.34+0.05 to 0.49+0.05 for BW; 0.19+0.04,
to 0.46+0.06 for ADG and 0.21+0.04 to 0.41+0.05 for KR, respectively. Direct heritability estimates were
overestimated when maternal effects were ignored. Matemal effects on BW declined from 0.49+0.04 at
weaning to 0.06+0.03 at 12th wk of age and 0.09+0.04 at 18th wk of age. Correlations between direct and
maternal effects ranged from —0.44+0.15 t0—0.52+0.14 for body weights, indicating biological antagonism
between these effects. Genetic correlations among various growth traits were positive and high, indicating
scope for correlated response in later expressed traits. Analysis revealed that maternal additive influences
were only important until weaning, whereas permanent environmental maternal influences were present in
all growth traits considered in this study. The moderate estimates of heritability for growth traits and Kleiber
ratio of rabbit in this study indicate that rates of genetic progress may be possible for these traits by selection
under the standard management system.
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INTRODUCTION

Angora rabbit farming is a profitable self-employment enterprise for small and marginal rural farmers. The profitability
of Angora farming largely depends on fibre production and its production potential is much higher and priced 10 to
30 times more than that of sheep (Ossard et al., 1995). Angora fibre is one of the finest speciality animal fibres, with
its well-known reputation for fineness, lightness, softness and thermal insulation properties (Pokharna et al., 2004).
Rabbit meat is healthier than other meats due to its high protein content and low fat and cholesterol contents (Nistor
etal., 2013). German Angora is one of the heaviest varieties of Angora rabbit breed, with high prolificacy and a faster
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growth rate capability (Sarma et al., 2020). Due to the shorter gestation period, genetic progress is expected to be
achieved within a short time and selection of superior lines can be possible based on the sizeable number of progeny
performances. Kit body weight (BW) is an economically important trait in rabbit production, as it is directly related to
kit survivability and growth rate (Agea et al., 2019 and Belabbas et al., 2023). Measuring BW of rabbit at different
intervals is important to assess the growth trajectory and health status of the herd. A strong positive correlation
between the BW and wool yield dictates growth as a desirable trait for early selection in Angora rabbits in order to
increase wool production (Singh et al., 2008; Niranjan et al., 2010; Rahim et al., 2022). The cost of rabbit rearing
can be reduced by enhancing growth rate during the early period, which directly enhances farmer’s economy. Kleiber
ratio (KR) is an important indicator of growth efficiency and can be expressed as the ratio of average daily gain (ADG)
to metabolic BW. KR is a moderately heritable trait, has a strong correlation with growth traits and can be used to
improve growth efficiency (Sakthivel et al., 2017).

Growth traits are influenced by both direct and maternal components, which affect the phenotypic expression of the
kit. To maximise accuracy of response to selection, it is necessary to estimate the unbiased genetic parameters, as
bias of any kind will give unrealistic estimates. Likewise, accurate estimates of genetic parameters such as additive
and residual variances are essential for prediction of breeding values using Best Linear Unbiased Prediction (BLUP).
Biased genetic parameters also result in biased estimates of breeding values. Therefore, it is essential to evaluate
different animal models to identify the most appropriate genetic model for evaluating the targeted traits (McGlothlin
and Galloway, 2013). However, only a few studies have attempted to estimate genetic parameters accounting for
direct and maternal effects on growth and wool traits in rabbits (Krogmeier et al., 1994; Allain et al., 1999; Niranjan
et al., 2010; Niranjan et al., 2011; Sakthivel et al., 2017). For genetic evaluation, unbiased estimates of the direct
additive genetic, maternal genetic and maternal permanent (common) environmental components are very important
for breed improvement programmes (Hanford et al., 2006; Zhang et al., 2008). Several reports have shown inflated
direct heritability estimates when maternal effects were not included in the model (Mandal et al., 2008; Sakthivel
et al., 2017; Magotra et al., 2021). Thus, accurate estimation of (co)variance components is a prerequisite for
designing any breed improvement programme and genetic evaluation system. There is no report related to genetic
parameter estimates for KR and ADG gain in Angora rabbit. Therefore, the aim of the present study was to estimate
the genetic parameters for BW, ADG and KR, as well as to obtain genetic and phenotypic correlations between these
traits to formulate future selection plans for obtaining the desired response to selection in growth traits of German
Angora rabbit.

MATERIALS AND METHODS

Ethical approval

The present study was conducted using phenotypic records maintained at Angora Rabbit Unit (ARU), North Temperate
Regional Station, ICAR-Central Sheep and Wool Research Institute, Garsa, Kullu (Himachal Pradesh) India. There were
no elements of intervention that caused any kind of stress during the non-invasive, non-interactive study. So, the
research did not require any ethical approval.

Data description

The information utilised in the study was collected from the database of 5221 Angora rabbits maintained at the Angora
Rabhbit Unit (ARU) during the period from 2001 to 2021. The ARU is located at an altitude of 1400-2100 m above mean
sea level at 31.28° North latitude and 77.20° east longitude. The climate is sub-temperate, with temperatures ranging
from —4°C to 35°C and average annual rainfall is about 840 mm, mainly during the monsoon season.

Management practices

The flock was kept with optimum inputs under a conventional intensive rearing system in all-wire cages with provision
of fresh drinking water and ad /ibitum feeding in the morning and evening. Animals were fed seasonal grasses ad
libitum and concentrate (15 to 20% crude protein) in graded quantity from 90 to 220 g according to age, BW and
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lactation. Approximately 40 to 60 breeding females were kept each year, with a male to female ratio of 1:5. Each
doe was brought for mating to the assigned breeding buck cage. Mating of closely related individuals was avoided as
far as possible to keep inbreeding at the lowest level. Pregnant does were shifted to kindling cages 2-3 days before
expected date of kindling and clean dry jute wool was provided for nesting. After kindling, the does were allowed to
nurse their kits in the morning. Twenty days after birth, they were offered mashed concentrate diet until weaning.
The lactating doe and kits were kept together in kindling nest box until weaning (42 d). Sexing was done at the time
of weaning and ear tagging performed accordingly. Kits were properly identified by ear tagging and then gradually
separated into individual wire cages of standard dimensions under similar housing and management practices (Rahim
etal., 2023). A standard prophylactic schedule and symptomatic treatment was adopted in disease management.

Recording of growth traits

The BW records of German Angora rabbit at weaning (BW6: 6" wk of age) and post-weaning BW12, BW18,
BW24 (12" 18™ and 24" wk of age) were obtained for the period 2001 to 2021. The growth efficiency traits studied
were ADG in grams ADG1 (from weaning to 12" wk), ADG2 (from 12" to 18" wk), ADG3 (from 18" to 24" wk age),
ADGT (from weaning to 24" wk), and KR. The KR is the proportion of ADG to the metabolic BW and was calculated
using the formula ADG/BW®”®, where BW®™ denotes the metabolic BW at the older age of the period for which
KR is calculated (Kleiber, 1947). KR traits used for genetic evaluation were: KR1 from weaning to 12" wk (ADG1/
(BW12)°79), KR2 from 12" to 18" wk (ADG2/(BW18)%7), KR3 from 18" mo to 24" wk (ADG3/(BW24)*™) and KRT
from weaning to 24" wk (ADGT/(BW24)°7).

Statistical analysis

Initially, the data were subjected to least squares analysis of variance using the general linear model in SPSS
version 25.0 (IBM Corporation, 2019) to identify the major significant effects. These fixed effects were separated
into seven periods of kindling, each lasting for three years [P1 (2001-2003), P2 (2004-2006), P3 (2007-2009),
P4 (2010-2012), P5 (2013-2015), P6 (2016-2018), P7 (2019-2021)], kindling season (4 levels: January-March,
April-June, July-September, October-December), sex of kit (2 levels: Male, female) and litter size at kindling (3 levels,
i.e. up to 5, 6-8 and above 8). Only effects significantly affecting traits (P<0.05) were included in six different animal
models to derive genetic parameter estimates using the Restricted Maximum Likelihood (REML) approach. WOMBAT
was used to undertake univariate analyses for each of the twelve traits under consideration to select the best model
(Meyer, 2007). The models used for estimating genetic parameters were as follows:

y=Xp+Za+e (1
y=Xp+Z,a+Z m+e with Cov (a_,m )=0 2
y=Xp+Z,a+Z m+e with Cov (a_,m )=Aa, 3)
y=XB+Z,a+Z c+e @
y=Xp+Z,a+Z m+Z c+¢&with Cov (@,,m)=0 Q)
y=Xp+Z,a+Z m+Z c+¢with Cov (@ ,m)=Aa, (©)

where y is the phenotypic record’s vector; §, a, m, ¢ and e are vectors for fixed, direct additive, maternal additive,
maternal permanent environmental and residual effects, respectively. X, Z,,Z and Z_were their corresponding
incidence matrices. A is the numerator relationship matrix and g, is the covariance between direct and maternal
genetic effects. Assumptions for variance (V) and covariance (Cov) matrices involving random effects were V(a) = AOZa,
V(m) = Ad®_,V(c) = I0°,, V(e) = 16, and Cov(a,m) = Ag,, where | is an identity matrix and 0®, 0 , 0°, and o” are direct
additive, maternal additive, maternal permanent environmental and residual variances, respectively. The correlation
between direct and maternal genetic effects (r, ) was estimated as a,,/(0,xa,). Total heritability (hzt) was calculated
by accounting for the maternal effects as h’=(0;+0.50,"+1.50, )/0.* described by Willham (1972). The maternal
repeatability across the year for doe performance (t ) was calculated as tm=(1/4)h2+m2+cz+mramh (Niranjan et al.,
2010). To select the best univariate model, we employed Likelihood Ratio Tests (LRT) for each trait (Meyer, 1992). An
effect was considered to have significant influence when its inclusion caused a significant increase in log likelihood,
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compared with the model in which it was ignored. Significance was tested at P<0.05 by comparing differences in
log-likelihoods to values for a chi-square distribution with degrees of freedom equal to the difference in the number of
(co)variance components fitted for the two models. Subsequently, a series of bivariate analyses from the best model
were carried out using WOMBAT to estimate genetic and phenotypic correlations among the studied traits.

RESULTS

The data structure and number of records in pedigree and summary statistics pertaining to various body weights, ADG
and KR obtained in this study in German Angora rabbit are presented in Table 1. The coefficients of variations ranged
from 12.27 to 25.28 % for body weights, 14.49 to 42.12% for ADGs and 8.47 to 40.14% for KRs. The coefficients
of variation indicate that these traits are moderately to highly variables. Least square means and standard errors of
various growth traits are presented in Table 2. The means (+standard deviation) for BW6, BW12, BW18, BW24,
ADG1, ADG2, ADG3, ADGT, KR1, KR2, KR3 and KRT were 669+3.33 g, 1451+5.51 g, 2036+5.70 g, 2438+6.03 g,
18.41+0.09 g, 14.01+0.09 g, 9.43+0.09 g, 13.99+0.04 g, 13.82+0.05, 8.22+0.05, 4.82+0.04 and 7.16+0.01,
respectively. Least squares analysis of variance revealed significant (P<0.05) influence of kindling period, kindling
season, sex of kit and litter size at birth on several growth traits (Table 2). Kindling period had a significant effect
(P<0.01) on all the studied traits. Kits born during the spring season had higher body weights recorded from weaning
up to 24" wk of age followed by winter season and lowest during summer season. The male kits showed significantly
higher growth at BW12, BW18, ADG1 and KR1 than their females. The litter size at birth significantly (P<0.01)
affected the body weights at all ages (Table 2) and growth traits except ADGT. The body weight of kits gradually
declined as the litter size at birth increased due to negative correlation between both traits.

(Co) variance components and genetic parameters estimated by different models for BW traits are presented in
Table 3. The inclusive animal model-6 was most appropriate model for BW at different weeks of age except weaning
weight as per the Likelihood ratio test (LRT) that included direct genetic, maternal genetic and maternal permanent
environmental variation as random effects, including non-zero direct maternal genetic covariance.

Weaning weight at six weeks of age (BW6)

Results revealed that model 3 (including maternal genetic effect (m? in addition to direct additive variance for weaning
weight) was the most appropriate model to analyse BW6. The likelihood was maximum for Model 3 due to addition
of maternal genetic effect and because the covariance between direct and maternal genetic effects was not ignored.
The direct heritability (h9) estimates were 0.35+0.04 and corresponding maternal heritability was 0.49+0.04 The
direct h? estimates ranged from 0.26:£0.03 to 0.430.03 over different animal models for BW6. The overestimation
of direct h?(0.43+0.04) was due to ignorance of maternal effects in model 1. Reduction of direct h? in model 2 to
0.26+0.03 was due to further partition of genetic variance into maternal genetic variance component (0.37+0.02).
The more comprehensive Model 5 gave estimates of h?, m?and ¢?as 0.31+0.04, 0.05+0.03 and 0.22+0.03,

Table 1: Characteristics of data structure for growth traits in German Angora rabbit.

Traits BW6 BW12 BW18 BW24 ADG1 ADG2 ADG3 ADGT KR1 KR2 KR3 KRT
Number of records 5221 4876 4542 4237 4876 4542 4237 4237 4876 4542 4237 4237
Number of sires with progeny 294 294 288 282 294 288 282 282 294 288 282 282
Number of dams with progeny 629 623 613 602 623 613 602 602 623 613 602 602

Mean 6799 14689 20429 2479 ¢ 18.58 913.409 9.98¢ 14.16913.84 7.85 5.03 7.16
Standard error of the mean 237 411 443 467 007 006 0.06 0.03 003 0.03 003 0.01
Standard Deviation 171.53 286.93 298.27 304.09 466 418 420 205 225 232 202 0.61

Coefficient of variation (%) 2528 1955 14.61 1227 2507 3120 4212 14.49 16.22 29.54 40.14 8.47

BW6, body weight at 6™ wk; BW12, body weight at 12" wk; BW18, body weight 18" wk and BW24, body weight at 24™ wk; ADG1,
average daily gain from 6" to 12" wk of age; ADG2, average daily gain from 12" to 18™ wk of age; ADG3, average daily gain from
18™ to 24™ wk of age; ADGT, average daily gain from 6" to 24" wk of age; KR1, Kleiber ratio associated with ADG1; KR2, Klgiber
ratio associated with ADG2; KR3, Kleiber ratio associated with ADG3; KRT, Kleiber ratio associated with ADGT.
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respectively. However, these models were not superior to Model 3, as there was no increment in log likelihood value.
The likelihood ratio test did not show difference between Models 4, 5 and 6. The estimates of repeatability of doe
performance (t ) for weaning weight were moderate (from 0.11 to 0.43). The total heritability (hf) ranged from 0.22 to
0.44 over different models for weaning weight.

Post-weaning growth traits for BW (BW12, BW18 and BW24)

Analysis for the (co)variance components along with log likelihood estimates for post-weaning weights (BW12,
BW18 and BW24) for all models are presented in Table 3. The present results indicate that, Model-6 yielded better
estimates for all post-weaning weights, which includes all the effects (direct, maternal genetic and permanent
environmental components) along with the covariance between the direct and maternal genetic effects to explain
the variability. Direct heritability estimates from the best Model were 0.34+0.05, 0.42+0.06 and 0.49+0.05 and
their corresponding maternal heritabilities were 0.06+0.03, 0.09+0.04 and 0.10+0.04 at 12, 18 and 24 wk of age,
respectively. Maternal permanent environment (c?) estimates ranged from 0.15 to 0.18 across the age. Maternal
genetic effect was most evident during weaning stage. Estimates of h?, m? and ¢? for post-weaning weights from the
inclusive model-6 were 0.34+0.05, 0.06+0.03 and 0.18+0.03, respectively, for BW12; 0.42+0.06, 0.09+0.04 and
0.15+0.03, respectively for BW18 and 0.49+0.05, 0.10+0.04 and 0.18+0.03, respectively for BW24. Negative and
high correlation between direct and maternal genetic effects was observed for post-weaning weights from best
models that included g, The total heritabilities for BW12, BW18 and BW24 were 0.26, 0.34 and 0.37, respectively.
Moderate repeatability of doe performance was 0.26, 0.26 and 0.29 for BW12, BW18 and BW24.

ADG and KR

The estimates of variance components and heritability for ADG and KR are shown in Table 4. Based on the logarithm of
the likelihood function, Model-4 was best for ADG1 and KR2, whereas Model-6 was the best for ADG2, ADG3, ADGT,
KR1, KR3 and KRT. The direct heritability estimates of the ADG from the best models were 0.19+0.04, 0.30+0.05,
0.38+0.06 and 0.46+0.06 for ADG1, ADG2, ADG3 and ADGT, respectively and direct heritabilities estimates of KR1,
KR2, KR3 and KRT were 0.23+0.05, 0.21+0.04, 0.37+0.06 and 0.41+0.05, respectively. Maximum likelihood
values for ADG1 and KR2 were obtained due to addition of maternal permanent environmental effect to direct genetic
effect (Model 4), which contributed 13% and 12% of total phenotypic variance. The direct h? estimates were similar
to the total h® estimates and slightly higher than c? values for these traits. The comprehensive animal model (Model
6) with inclusion of all the effects along with covariance between the direct and maternal genetic effects had the
maximum likelihood value to explain the variation for all traits except ADG1 and KR2. Estimates of correlation between
direct and maternal genetic effects were negative for all the traits studied except ADG1. The estimates of hf ranged
from 0.19to 0.74 for ADGs, 0.16 to 0.47 for KRs and t_ for the respective traits ranged from 0.14 to 0.25 and
0.15t0 0.27, respectively.

Genetic and phenotypic correlations

Estimates of genetic and phenotypic correlations among various growth traits are presented in Table 5. Genetic
and phenotypic correlations between BW traits were positive and high in magnitude associated with low standard
errors. Genetic correlations were larger than the majority of corresponding phenotypic correlations. The largest
relationship was found between chronologically adjacent body weights. Genetic correlations between body weights
under consideration ranged from 0.48+0.06 (BW6-BW12) to 0.88+0.02 (BW18-BW24) and phenotypic correlations
ranged from 0.51+0.02 BW6-BW12) to 0.85+0.01 (BW12-BW18), respectively. ADG1 had negative genetic and
phenotypic correlations with ADG2 and ADG3. However, the genetic correlation between ADG1 and ADG3 estimates
was close to zero. Genetic correlation estimates among KR traits studied were positive and low (0.08+0.07) to high
(0.72+0.07) magnitude except KR1-KR2. The phenotypic correlations between KR1-KR2 and KR1-KR3 were found
to be negatively correlated. However, other traits showed positive correlation with each other, with values ranging
from as low as 0.02+0.02 to as high as 0.64+0.07. BW6 was negatively correlated with post-weaning ADG and KR
except ADG1 and KR1, whereas BW24 was positively correlated with ADG and KR for both genetic and phenotypic
correlations. BW18 was positively correlated with ADG and KR except ADG3 and KR3.
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Table 5: Estimates of heritability (at diagonal) and genetics (above diagonal) and phenotypic (below diagonal)
correlation+standard error among various traits in German Angora rabbit from bivariate analysis.

Traits BW6 BW12 BW18 BW24 ADG1 ADG2 ADG3 ADGI KR KR2 KR3 KRT
BW6 032 087 071 048 0.51 -002 -029 -003 034 -037 -0.36 -0.60
+0.03 +0.03 +0.04 =006 =+0.09 =+0.09 =+0.07 =+0.07 =008 =+0.06 =0.07 =+0.04
BW12 077 028 085 071 077 -019 -016 033 030 -051 -029 -0.23
+0.01 +0.03 +0.03 =+0.05 =+0.03 +0.07 =+0.07 =+0.06 =007 =+0.05 =+0.07 =+0.07
BW18 067 085 034 088 0.61 045 -0.09 057 019 004 -0.31 0.06
+0.01 +0.01 +0.04 =+0.02 =+0.05 =+0.05 =+0.07 +0.04 =+0.07 =+0.07 =+0.06 =0.07
BW24 0.51 063 080 040 054 042 049 0.81 015 0.09 024 0.36
+0.02 +0.01 +0.01 =+0.04 =+0.05 =+0.06 =+0.06 =+0.02 =+0.07 =+0.07 =+0.07 =0.06
ADG1 023 082 057 044 019 -014 -0.04 044+ 075 -032 -0.14 0.26
+0.02 +0.01 +0.01 =+0.02 =+0.03 =+0.08 =+0.14 010 =+0.05 =011 =+0.13 =0.08
ADG2 -0.12 -0.27 039 032 -030 025 020 059 003 0.91 0.05 0.49
+0.02 +0.02 =+0.02 +0.02 =+0.02 =+0.04 =+0.12 +0.08 =+0.12 =+0.02 =+0.12 =+0.07
ADG3 -020 -0.21 -0.27 044 -012 -005 024 075 020 020 096 0.65
+0.02 +0.02 =+0.02 +0.02 =+0.02 =+0.02 =+0.04 +0.06 =+0.14 =+012 =+0.08 =0.06
ADGT -0.14 0.25 043 080 0.41 042 060 037 041 030 047 061
+0.18 +0.02 +0.03 =+0.01 =+0.02 =+0.02 =+0.01 +0.04 =+0.06 =+0.07 =+0.06 =+0.08
KR1 -037 036 023 020 083 -021 -001 043 022 -022 0.08 0.61
+0.03 +0.02 +0.02 =002 =+0.01 =+0.02 =+0.02 =+0.02 =+0.04 =+0.08 =+0.07 =+0.50
KR2 -0.36 -061 004 003 -053 090 -003 023 -030 024 013 050
+0.03 +0.02 +0.02 =+0.02 =+0.01 =001 =0.02 =+0.02 =+0.02 =+0.04 =+0.08 =+0.09
KR3 -0.32 -006 -041 024 -023 -012 098 045 -004 002 023 072
+0.02 +0.02 =+0.02 =+0.02 =+0.02 +0.02 =+0.01 =+0.02 =+0.02 =+0.02 =+0.04 =+0.07
KRT -0.64 -027 002 033 023 039 051 082 057 064 053 0.30
+0.02 =+0.03 +0.02 +0.02 +0.02 +0.02 =+0.02 =+0.07 =+0.02 +0.07 +0.01 =+0.04
BWB, body weight at 6 wk; BW12, body weight at 12" wk; BW18, body weight 18" wk and BW24, body weight at 24" wk; ADG1,
average daily gain from 6" to 12" wk of age; ADG2, average daily gain from 12" to 18" wk of age; ADG3, average daily gain from
18" to 24" wk of age; ADGT, average daily gain from 6" to 24" wk of age; KR1, Kleiber ratio associated with ADG1; KR2, Klgiber
ratio associated with ADG2; KR3, Kleiber ratio associated with ADG3; KRT, Kleiber ratio associated with ADGT.

DISCUSSION

The overall least squares means obtained in the present study were comparable with earlier reports for weaning and
post-weaning weights at different weeks of age (Singh et al., 2004; Niranjan et al., 2010; David et al., 2015; Assad
etal., 2017), ADG gain (Xian-bo et al., 2014; Sakthivel et al., 2017) and KR (Sakthivel et al., 2017). Least square
means of body weights increased with age, while growth rates (ADGs and KRs) at different weeks of ages decreased
with age. This may be due to the rapid growth of kits at young ages. The coefficient of variation ranged from
8.47 (KRT) to 42.12% (ADG3) and similar results were reported by Niranjan et al., 2010 and Sakthivel et al., 2017 in
rabbits. Least squares analysis of variance revealed that all the fixed effects were found to be significant on different
traits studied, with few exceptions. Present estimates agree with those obtained in different breeds of rabbits (Belhadi
etal., 2002; Gupta et al., 2002; Ghosh et al.,2008; Niranjan et al., 2010; Sivakumar et al., 2012; Dige et al.,2012;
Rojan et al., 2017; Sakthivel et al., 2017; Rahim et al., 2022). The differences could be attributed to the variation in
environmental conditions such as temperature, humidity, rainfall, disease outbreaks, change in feeding practices and
breeding strategies that prevailed over the years. The lower performance of kits born in larger sized litters could be
due to competition of foetuses for nutrients and space during the pregnancy and lactation period (Gupta et al., 2002).

The traits in this study were moderately heritable in nature. This augurs that there is scope for selection of the traits.
The direct heritability estimates were in accordance with previous reports in German Angora and New Zealand White
rabbit (Singh et al., 2008; Niranjan et al., 2010; Niranjan et al., 2011; David et al., 2015; Sakthivel et al., 2017). The
direct heritability and corresponding maternal heritability estimates were a little inflated due to negative estimate of
covariance between animal and maternal genetic effects. Similarly, a moderate to high estimate of ¢? indicated the
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importance of maternal care during lactation age, as kits remain with their dams for longer and this corroborates
earlier findings (Iragi, 2008; Niranjan ef al., 2010; Sakthivel et al., 2017). In the current study, maternal influences
on weaning weight comprised both maternal genetic effects and maternal common environmental effects (c?). We
found that m? for BW6 explained 49% of the overall phenotypic variance. The m? component represents the genetic
component of the mother that is passed down to the kit and expressed when the kit becomes a dam. The maternal
permanent environment and maternal genetics define the competition among the individual foetuses in the uterus, the
limited capacity of a doe to provide nutrients and space to a large number of kits in her womb during pregnancy and
the lack of sufficient milk during lactation stage, all of which have a significant impact on the kit's overall development.
The moderate estimate of total heritability and repeatability of doe performance in this study was comparable with
the results of New Zealand white rabbit (Sakthivel et al., 2017; Dige et al., 2012). The covariance between direct and
maternal effect has biological antagonism, which was also revealed in our findings. This was in accordance with the
estimate obtained by Niranjan et al., 2010, although in contrast to Sakthivel et al., 2017.

In case of post-weaning body weights, the estimated heritabilities were moderate to high in the present study, which
was similar to the earlier estimates reported by Xian-bo et al. (2014) for New Zealand White rabbits and Dutch
breeds of rabbits (Akanno and Ibe, 2005). However, Niranjan et al., 2010 reported lower estimates at 6 (0.25+0.05),
12 (0.17+0.05), 18 (0.21+0.06) and 24 (0.12+0.05) weeks BW than the present study in German Angora rabbit.
Lower estimates for BW12 than in the present study were also reported by Khalil et al., (2000) for New Zealand
white rabbit and Californian rabbits and Iraqgi et al. (2002) for purebred and crossbred rabbits. Analysis revealed that
direct heritability at weaning (0.35 from Model 3) was similar to the value of 0.34 obtained at BW12, but that the
heritability subsequently increased to 0.42 at BW18 and 0.49 at BW24 indicating the importance of direct additive
effects on BW with advancement of age. Other studies (Dige et al., 2012; Xian-bo et al., 2014; Farouk et al., 2022)
also confirmed that overall heritability estimate increased as the age advanced. Moderate to high h? estimates for
weaning and post-weaning body weights revealed the presence of sizable additive genetic variance, implying the
possibility of selection in these traits for further genetic improvement. Maternal heritability estimates ranged from
high (0.49) at weaning to low at post-weaning body weights (0.06, 0.09 and 0.10), highlighting the importance
of maternal influences on animal growth. Maternal influence was found to be maximum at weaning stage and its
contribution considerably dropped after weaning. Similar trends were reported by Niranjan et al., 2010; Dige et al.,
2012; Sakthivel et al., 2017 and Abdel-Kafy ef al., 2021.

The m? values were lower than the estimates of h? for post-weaning body weights and are consistent with previous
reports of Niranjan ef al. (2010) in this breed and Dige et al. (2012) in the New Zealand White rabbit. This was
anticipated when weaners grew older and were less dependent on does. Several authors reported a higher maternal
genetic heritability and permanent environment effect for growth traits at the initial stage, which significantly decreased
in the magnitude of the maternal genetic influence in latter stages (Ferraz et al., 1992; Niranjan et al., 2010; Dige
et al., 2012; Sakthivel et al., 2017; Abdel-Kafy et al., 2021 and Farouk et al., 2022). All the body weights had high
and negative r, and revealed an unfavourable association for the direct and maternal direct effects (~0.23 to —0.52)
and were similar to growth and wool traits in German Angora (Niranjan et al., 2010; Niranjan et al., 2011). Genes with
antagonistic pleiotropic effects on maternal performance and the growth traits could cause negative r,  (Wilson and
Reale, 2006). Post-weaning weights in this breed had moderate to high total heritability, ranging from 0.26 to 0.38.

The direct heritability estimates of ADG and KR were moderate to high in the present study. The present findings of
direct h? estimated were in accordance with estimates in New Zealand white rabbits using REML method (Iraqi, 2008;
Xian-bo et al., 2014; Sakthivel et al., 2017). Most of the reported heritabilities for weaning and post-weaning body
weights and other growth-related traits of this breed were estimated mainly by paternal half-sib method based on
ratios of variance components without taking into consideration the maternal effects. With the advancement of age,
the constraints faced at weaning age do not exist at post-weaning weight and impacts of permanent environmental
maternal influences existed at all growth traits considered in present study.

In the current study, weaning weight had strong and positive additive genetic as well as phenotypic correlations with
different post-weaning weights indicating the usefulness of early BW as selection criterion for genetic improvement
of BW at later ages. Similar results for positive and medium to high correlation were also reported by Bhushan et al.,
1998; Bhushan and Ahlawat,1999; Rojan et al., 2009; Xian-bo et al., 2014; Sakthivel et al., 2017 in different rabbit
breeds. A high genetic correlation between weaning weight and wool yields was reported by Niranjan et al., 2011;
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Singh et al., 2006 and Qinyu, 1992 in German Angora rabbit, indicating that individuals with weaning weight above
mean would often indicate superior genetic merit for wool production (Niranjan et al., 2011). Weaning weight had a
low to moderate negative correlation with ADG and KR except ADG1 and was consistent with the findings of Sakthivel
et al, 2017 in New Zealand white rabbit. However, BW24 had a positive correlation with all these traits. Sakthivel
etal., 2017 reported positive genetic correlation ADGs with BW at 35 wk of age and negative with KRs in New Zealand
white rabbit. Genetic and phenotypic correlations among ADGs were positive except ADG1-ADG2, ADG1-ADG3 and
ADG2-ADG3 and ranged from low to high in magnitude. Negative correlation was found among ADGs, indicating
that these traits tend to compensate for high or low gain in corresponding traits. In the present research, additive
genetic correlations were higher in magnitude than the phenotypic correlations and similar trends were also reported
in various breeds of rabbit for growth traits (Xian-bo et al., 2014; Sakthivel et al., 2017; Rahim et al., 2022). Positive
genetic correlation among various growth traits indicated that traits are under the control of some common genes.
Therefore, early selection at weaning age in the Angora rabbit could be advantageous, since selection for any one
trait would lead to the overall genetic improvement of other correlated traits. In addition, this will also help in culling of
surplus animals and less productive animals to increase the selection intensity and accuracy of selection for profitable
rabbit farming.

CONCLUSION

The results of the present study demonstrated that environmental factors played a significant role in BW, ADG and
KR of German Angora rabbits from weaning to adult age. The maternal genetic effect was only important for weaning
weight, but maternal effects declined as the age of the rabbits increased. The permanent environmental maternal
influences were present in all growth traits in our study. The high and positive correlation of weaning weight with
post-weaning traits indicates that selection based on weaning weight of kits would be more effective as a basis for
selection to improve body weights at later ages. The moderate estimates of heritability for growth traits and Kleiber
ratio of rabbit in this study indicate that modest rates of genetic progress may be possible for these traits from
selection under the standard management system.
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