Robin Rabier 
email: robin_rabier@hotmail.fr
  
Alexandre Robert 
  
Frédéric Lacroix 
  
Loïc Lesobre 
  
Genetic assessment of a conservation breeding program of the houbara bustard (Chlamydotis undulata undulata) in Morocco, based on pedigree and molecular analyses

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

7 Rabier 127 were analyzed by an automatic sequencer (3730XL DNA analyzer, Applied Biosystem) and allele 128 sizes were assessed by GENMAPPER software.

129 Pedigree analyzes 130 During a single breeding season, females can be inseminated with sperm of various males; combined 131 with the occurrence of sperm retention and competition in the species, this led to the existence of 132 dubious paternities within the captive population (Lesobre, 2008). In order to improve pedigrees 133 accuracy, paternity analyzes, based on mendelian inheritance, were conducted using CERVUS 3.0.7 134 135 paternity within the captive population were resolved through molecular data; between 1997 and 136 2017, this represented 33% of the breeding chicks. Pedigree analyzes were conducted annually, from 137 1997 to 2018 for the breeding flock (range of pedigree sizes [231, 8 631]) and from 1997 to 2017 for 138 both breeding (range [165,659]) and surplus chicks (range [13, 21 545]). The package optiSel 2.0.2 139 [START_REF] Wellmann | optiSel: Optimum Contribution Selection and Population Genetics[END_REF], in R 3.5.1 [START_REF] Core | R: a language and environment for statistical computing[END_REF] was used to perform pedigree analyzes and to 140 compute pedigree's proportion of known ancestry, individual generation, and the kinship between 141 individuals as the probability of alleles to be identical by descent. Kinship results were used to 142 compute individual mean kinship Mk as the average kinship of an individual with the whole 143 population (Ballou & Lacy, 1995;Lacy, 1995), and the individual inbreeding coefficient (F) as the 144 kinship of the parents of the focal individual (Keller & Waller, 2002). The population average 145 inbreeding coefficient by year is noted year . During pedigree analyzes, unknown parents were F 146 considered as individuals of generation 0, not related to the captive population (i.e. Mk = 0), of zero 147 inbreeding. These individuals were not considered as founders when computing the number of 148 founders within the pedigree. Individuals with two wild parents were considered as founders and wild 149 bred individuals collected from the same nest, or from the same tagged female over different years, 150 were considered as full sibs. Founders were excluded from kinship computation. Pedigrees were well-151 known (proportion of known ancestry > 98%) and exhibited an average depth ranging from 1.03 to 152 3.68 generations in captivity. Pedigree descriptions, including pedigree sizes, proportion of kwon 153 ancestry, average generation, and maximum generation are provided in TABLE 1. 10 Rabier 207 value), which was not the case (see Results); and (iii) the F/MLH correlation when considering only 208 individuals without paternity confirmed using molecular data was as weak as that calculated for all 209 genotyped individuals.

RESULTS

211 Pedigree analyzes 212 The average mean kinship exhibited low levels in 1997 (0.030 ± 0.015 for the breeding flock, 213 0.034 ± 0.014 for breeding chicks, and 0.054 ± 0.016 for surplus chicks) and further decreased over 214 215 of surplus chicks had converged to the values of the captive groups (Fig. 1A). The average inbreeding 216 coefficient year increased for the breeding flock and for breeding chicks during the growth phase of 
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RESEARCH HIGHLIGHTS

A strict genetic management within captive breeding is essential in the aim of preserving populations' genetic diversity. Discrepancies between pedigree-based and molecular analyzes show that both must be used in integrative genetic managements. 

F

  217 the program and prior to the implementation of the current genetic management in 2002. However, it 218 remained low since 1997 ( year ≤ 0.011 for the breeding flock, year ≤ 0.016 for breeding chicks, and F F F 219 year ≤ 0.073 for surplus chicks; Fig. 1B). In the same way, the proportion of individuals with relatively 220 high individual inbreeding coefficient (F > 0.1) decreased with time, for the breeding flock (p-221 value < 0.001), for breeding chicks (p-value < 0.001), and for surplus chicks (p-value < 0.001) 222 (Fig. 1C). Proportions of inbred individuals in the captive population in 2017 are provided in 223
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 1 Fig. 1. Interannual variation of (A) the average mean kinship Mk, (B) the average inbreeding
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 2 Fig. 2. Interannual variation of (A) the average allelic richness Ar and (B) the observed heterozygosity
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 3 Fig. 3. (A) correlation between pedigree-based individual inbreeding coefficient F and molecular-

Fig. 1 .

 1 Fig. 1. Interannual variation of (A) the average mean kinship Mk, (B) the average inbreeding coefficient F, and (C) the proportion of individuals with F > 0.1, for the three groups of ECWP's captive population of Houbara. Solid lines represent breeding chicks, long dashes line represents the breeding flock, and dot dashes line represents released chicks. 57x41mm (800 x 800 DPI)

Fig. 3 .

 3 Fig. 3. (A) correlation between pedigree-based individual inbreeding coefficient F and molecular-based individual multilocus heterozygosity MLH when considering all genotyped individuals of ECWP's captive population of Houbara (N = 7 158). The blue line represents the linear relationship between F and MLH (R2 = 0.004). (B) distribution of the number of individuals by pedigree-based inbreeding coefficient F when considering all genotyped individuals of ECWP's captive population of Houbara. The dashed vertical blue line represents the pedigree-based average inbreeding coefficient which was equal to 0.006. 57x25mm (800 x 800 DPI)

  

  

TABLE 2

 2 

	226 Molecular analyzes
	227 Loci A113a, A210, A29, and A2 exhibited discrepancies from the Hardy-Weinberg equilibrium
	228 (TABLE 3). The average allelic richness of the breeding flock increased from 5.84 ± 2.74 in 1997 to
	229 7.39 ± 4.00 in 2018 (p-value < 0.001; Fig. 2A). The unbiased expected heterozygosity of the breeding
	230 flock also increased (p-value < 0.001; Fig. 2B) from 0.66 ± 0.16 in 1997 to 0.70 ± 0.14 in 2018; while

. Note that in 1997, the average inbreeding coefficient and the average mean kinship were 224 different from zero since the captive population was composed of both wild and captive bred birds 225 (i.e. 74 founders and 231 captive bred birds descended from 49 founders; TABLE

1

).

231 the observed heterozygosity of the breeding flock did not show significant evolution over time (p-232 value = 0.963; Fig.

2B

). It was equal to 0.67 ± 0.19 in 1997 and 0.69 ± 0.13 in 2018. The

TABLE 1 . Sample sizes of pedigree and molecular analyzes of the ECWP's captive population of Houbara, for each study year.
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	Group	Year	N pedigree N founders %known	AvgGen MaxGen N genotyped %typed
					ancestry				
		1997	231	49	99.4%	1.03	2	62	26.8%
		1998	328	52	99.5%	1.16	2.25	99	30.2%
		1999	347	54	99.6%	1.22	2.25	124	35.7%
		2000	473	73	99.5%	1.31	2.5	189	40.0%
		2001	507	76	99.6%	1.46	3	356	70.2%
		2002	596	80	99.3%	1.59	3.12	523	87.8%
		2003	946	79	99.2%	1.86	3.25	753	79.6%
		2004	1 349	87	99.1%	2.06	3.25	970	71.9%
		2005	2 372	112	99.2%	2.26	3.37	1 448	61.0%
		2006	2 736	127	99.3%	2.36	3.87	1 663	60.8%
	Breeding flock	2007 2008	3 244 4 314	159 191	99.1% 98.0%	2.44 2.50	4.22 4.28	2 048 2 841	63.1% 65.9%
		2009	5 437	201	98.9%	2.57	4.64	3 510	64.6%
		2010	6 625	234	98.2%	2.58	4.70	4 295	64.8%
		2011	6 942	258	98.2%	2.55	4.84	4 503	64.9%
		2012	7 081	260	98.2%	2.54	4.94	4 495	63.5%
		2013	8 409	268	98.1%	2.54	4.94	5 169	61.5%
		2014	9 002	266	98.0%	2.56	5.05	5 363	59.6%
		2015	8 412	268	98.1%	2.54	5.05	5 066	60.2%
		2016	8 020	262	98.0%	2.55	5.05	4 800	59.9%
		2017	8 648	262	98.0%	2.59	5.05	5 035	58.2%
		2018	8 631	278	98.1%	2.61	5.05	4 833	56.0%
		1997	165	42	100%	1.39	2.25	38	23.0%
		1998	116	40	99.6%	1.43	2.25	26	22.4%
		1999	148	53	99.3%	1.55	2.5	66	44.6%
		2000	316	74	99.4%	1.64	3	169	53.5%
		2001	266	67	99.2%	1.84	3.12	186	69.9%
		2002	530	73	99.3%	2.23	3.25	258	48.7%
		2003	529	80	98.8%	2.42	3.37	246	46.5%
		2004	1 144	106	99.3%	2.53	3.87	505	44.1%
	Breeding chicks	2005 2006	599 777	114 143	99.4% 98.4%	2.73 2.77	4.22 4.28	282 423	47.1% 54.4%
		2007	1 362	185	98.9%	2.71	4.64	83	61.2%
		2008	1 207	174	98.3%	2.84	4.80	662	54.8%
		2009	1 847	225	96.5%	2.56	4.84	1 018	55.1%
		2010	611	224	99.0%	2.13	4.94	336	55.0%
		2011	768	236	98.5%	2.37	4.53	320	41.7%
		2012	1 690	248	97.5%	2.54	5.16	782	46.3%
		2013	1 239	243	97.8%	2.70	4.20	473	38.2%
		2014	469	229	98.6%	2.34	4.16	218	46.5%

TABLE 2 . Average pedigree-based inbreeding coefficient F, average mean kinship Mk, and proportions of individuals with F > 0.1 of the three groups of the ECWP's captive population of Houbara, in 2017. SD is the standard deviation.
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	Group	N	Mk	2017 ±SD 𝐅	Proportion of individuals with F > 0.1
	Breeding flock	8 648	0.008±0.003 0.003±0.012	0.2%
	Breeding chicks 659	0.008±0.002 0.0004±0.003 0%
	Surplus chicks	21 545 0.008±0.002 0.002±0.006	0.02%
	N: sample size; Mk: average pedigree-based mean kinship in 2017; 2017 : average pedigree-based F
	inbreeding coefficient in 2017		

TABLE 3 . Genetic characteristics of 7 microsatellite loci used for the molecular analyzes of all individuals that have been genotyped since 1997 (N = 7 158).
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	Locus Ar	Ho	He	uHe	Significance of Hardy-Weinberg equilibrium test
	A113a 25	0.83	0.82	0.82	***
	A120	7	0.68	0.69	0.69	n.s.
	A210	6	0.73	0.77	0.77	***
	A21	7	0.41	0.40	0.40	n.s.
	A29	5	0.74	0.74	0.74	***
	A2	17	0.76	0.79	0.79	***
	D118	9	0.66	0.66	0.66	n.s.
	Ar: allelic richness; Ho: observed heterozygosity; He: expected heterozygosity; uHe: unbiased
	expected heterozygosity. n.s.: not significant; ***: p-value < 0.001.

TABLE 4 . Results of correlation tests between pedigree-based individual inbreeding coefficient F and molecular-based individual multilocus heterozygosity MLH for different batches of all genotyped individuals of ECWP's captive population of Houbara.
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	Pearson's test

maintenance of a gene flow between wild and captive populations[START_REF] Conway | Wild and zoo animal interactive management and habitat conservation[END_REF].

founders, collected in Algeria in 1986 and 1987, and their 244 descendants, transferred from the

[START_REF] Kalinowski | Revising how the computer program 573 CERVUS accommodates genotyping error increases success in paternity assignment[END_REF] and the seven microsatellites markers. Every dubious

seen as, large conservation breeding programs, such as the golden-headed lion tamarins

is weak when the individual inbreeding coefficients and their variances are low[START_REF] Balloux | Does heterozygosity estimate inbreeding in real 457 populations?[END_REF] 

the wild, allowing for the integration of their possible sibling relationships within the pedigree
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