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Summary 
 
European quails (Coturnix coturnix) in Spain are potentially threatened by hybridization, caused 

by the release by hunters of Japanese quails (Coturnix japonica) and hybrids. Hybridization may cause 
disruption of local adaptations, and can lead to the formation of a hybrid swarm. In quails, 
hybridization is believed to be one of the causes for the increasing number of birds not migrating to 
Africa in winter. To investigate the impacts of these threats, wild quails from two populations in N.E. 
Spain in three different years (1999, 2002, 2005, each n=30 feather samples per population) were 
genotyped for 13 hypervariable microsatellite loci, as well as 12 non-migrating quails, 30 quails from 
Spanish game farms and 6 pure Japanese quails from Uppsala University. The genetic differentiation 
(FST) between Japanese and European quails was estimated at 0.13, which is higher than estimated in a 
previous study, probably because in the present study, basically all hybrids were excluded for this 
estimation. The FST between farm quails and pure Japanese quails was relatively large, likely due to 
hybrids in the former and genetic drift in the latter.  

Using the program Structure 2.1, six wild-caught individuals with pure Japanese origin (proportion 
of European origin qEUR < 0.1) and ten hybrids (0.1 < qEUR < 0.9) were identified. However, credibility 
regions (CR) for some individuals were very wide, showing uncertainty in classification. This could 
either be due to contradicting information from different loci, or non-informative loci. Considering this, 
another thirteen individuals may not be of pure European origin (qEUR = 0.90 - 0.95; CR 0.55 – 1 to    
0.7 – 1).  

With the employed statistical methods it was not possible to verify whether these individuals 
actually result from hybridization in the field. Instead, they may either have been released as hybrids 
from farms (maybe even shortly before the sampling; sampling uncertainty), or can in fact be pure 
European quails (statistical uncertainty). The former also holds for the two Japanese quails found 
among the twelve non-migrating birds. This hybrid proportion in winter is roughly equal to that found 
during summer; it can therefore be concluded that other factors than hybridization likely cause the 
increasing number of non-migrating birds found in Spain.  

Future research using mtDNA can hopefully help to distinguish between European backcrosses 
and pure European quails, and thereby verify whether hybridization in the field occurs or not, but for 
now no conclusive answer can be given.  
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1. Introduction 

1.1 The quail 
The European or Common quail, Coturnix coturnix, is a partially migrant bird species with a 

breeding range covering most of central and southern Europe, extending to northern Africa in the south 
and Lake Baikal in the east (fig. 1) (Derégnacourt et al., 2005a; Barilani et al., 2005). The population 
size has shown large fluctuations in the past, but since the 1970s the populations have decreased and 
stayed on a low level (Derégnacourt et al., 2005a; Hagemeijer & Blair, 1997). There are several factors 
causing this decline, such as habitat destruction, among others due to agricultural intensification, use of 
pesticides which limit the amount of chick food, and overhunting.  

 

 
Fig 1: Approximate breeding distributions of Common (Coturnix  coturnix) and Japanese (Coturnix  japonica) quail 
(shaded red) and winter areas (lighter orange)  (J.D. Rodríguez-Teijeiro, unpublished). 
 
 

1.2 Hybridization 
 

Cause: The release of Japanese quail  
To restock decreasing quail populations, hunters in Spain, Portugal, France, Italy and Greece have 

released hundreds of thousands of Japanese quail (Coturnix japonica) and hybrids every year. Due to 
the releases of farm-reared quails, Japanese quails and hybrids have been observed in European quail 
breeding areas in Portugal, Spain, France and Italy (Barilani et al., 2005). 

These releases have been prohibited in most Europe during the last 10 years, but are still going on 
in Spain. During the time span of this research (1999-2005) in total 731 907 quails were legally 
released in Catalonia (North-East Spain) alone, or about 100 000 quails per year. On an estimated 
population size of European quails for this region around 200 000 individuals (pers. comm. J.D. 
Rodríguez-Teijeiro, 2006), this is an impressive number.  

Japanese quails are a separate species, but were formerly considered a subspecies (Coturnix c. 
japonica) and originates from East Asia (fig. 1). This species has been kept in farms for centuries for its 
meat and eggs, and is a common laboratory species. The domestic form has lost most of its migratory 
behaviour, as well as many other behavioural characteristics of wild quails. The advantage of Japanese 
quails for game farms is that these breed much better in captivity and maturate faster compared to 
European quails. To improve among others flight quality of these game birds, farms hybridize the two 
species (Derégnacourt et al., 2005b).  
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Likelihood of hybridization 
The practice in game farms shows that hybrids between European and Japanese quails are possible, 

and laboratory studies show that F1, F2 and backcrosses are fertile, and no mechanisms of post-zygotic 
isolation have been detected (Deregnacourt et al., 2003 in Barilani et al., 2005). Whether hybridization 
also occurs in the natural overlap of the breeding areas of the species, near Lake Baikal, is not certain 
(Barilani et al., 2005). 

Hybridization in the field may be prevented by differences in behavioural characteristics; in 
general, female animals do not accept allospecific males in presence of conspecific males. However, 
unpaired males may engage in forced copulations, which are shown to have equivalent reproductive 
success, and may be the reason for observed polypaternity despite the monogamous mating system of 
quails. Some of the game strains are selected on ‘nervousness’, this has resulted in more aggressive 
males which dominated European quail males in an experimental setup (Derégnacourt et al., 2005b). 
Hybrid males may also be more dominant due to hybrid vigour, and at the same time indistinguishable 
from European males; backcrosses have been shown to be able to produce European quail mating calls 
(Derégnacourt et al., 2005b). The other way around, field experiments with funnel traps have shown 
that Japanese quail females can attract European quail males (Puigcerver, 2000 in Barilani et al., 2005). 
Adding to this the faster sexual maturation of Japanese quail and hybrids, introgression of japonica 
genes into the wild populations is rather likely (Derégnacourt et al., 2005b).  

 
Effects of hybridization 

In general, genetic admixture and introgression of alleles non-native to a population can disrupt 
local adaptations, and eventually led to drop of fitness (Frankham et al., 2002). When hybridization 
occurs beyond the first generation, as seems to be the case in the Iberian quail population, this may lead 
to the development of a hybrid population, and in the worst case disappearance of the native species 
(Huxel, 1999 in Derégnacourt et al., 2005a). The level of threat that hybridization represents is partly 
dependent on the survival of hybrid quails in the wild. The survival rate of Japanese quails and hybrids 
is likely to be lower than that of European quails, since the former have largely lost their migratory 
behaviour, an adaptation to harsh winter conditions, and lack anti-predatory behaviour due to a long 
domestication process (Derégnacourt et al., 2005a). But even when only a small proportion of the 
hundred thousand Japanese quails and hybrids released each year in Catalonia survived, this may be a 
considerable number. Due to global warming, the survival chance for resident (hybrid) birds may be 
elevated, and thereby the potential effect of hybrids on the migratory patterns of the natural populations 
of quail. Derégnacourt et al. (2005a) showed that most of the European quails were of the migratory 
type (>80%), while hardly any of the Japanese quails (<10%) and a minority of the F1 hybrids were. 
Backcrosses were in-between F1 and European quails or similar to the latter. 

Changes in migratory behaviour are though not necessarily solely due to hybridization; another 
factor that likely has been influencing migratory behaviour for decades is the persistent drought in the 
Sahel region of Africa, disadvantaging long-distant migrants (Derégnacourt et al., 2005a). This, and the 
increasing survival chance of resident birds, may very well enhance the effect that hybridization has on 
migratory behaviour. Moreover, it is a self enhancing process, when the proportion of residents and 
short-distance migrants (which travel less far and thus return earlier) increases, breeding begins earlier, 
which gives a competitive advantage over long-distance migrants (Derégnacourt et al., 2005a). 
Combined with the other selective advantages of hybrids, this may enable rapid evolutionary changes 
in migratory behaviour (Derégnacourt et al., 2005a). 

Furthermore, since some hybrids, especially backcrosses and further generations, are likely to 
migrate, introgression of japonica genes may not only occur in Spain, were the hybrids are released, 
but throughout the entire breeding range of the European quail 
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Detection of hybrids 
Morphologically the European and Japanese quail differ only to a minor extent, but behaviourally 

they can be distinguished by among others by the mating call of the males and the loss of migratory 
impulse in domestic Japanese quails, along with many of the behavioural and physiological 
characteristics associated (Barilani et al., 2005, Derégnacourt et al., 2005b). However, the 
identification is not totally unambiguous, and practically impossible after one or more generations of 
backcrossing.  

Since it is so difficult to clearly identify hybrid quails using morphological traits (Deregnaucourt, 
2000 in Barilani et al., 2005), genetic markers have to be used, as done by Barilani et al. (2005). In that 
study, mitochondrial DNA and six microsatellites were used to detect hybridization in 13 wild and 10 
domesticated quail populations from Spain, Portugal, Italy, Saudi Arabia and Senegal, and a wild 
Japanese quail population. They found only a weak differentiation between the two species (average 
FST=0.05), which may make the detection of hybrids difficult.  

 
 

1.3 Research questions & hypotheses 
In this research it will be investigated how large the proportion of hybrids is in two different 

European quail populations from North-East Spain, and whether this proportion has changed over time. 
If a hybrid swarm is being formed, than it would be expected that this proportion increases. 

Additionally, the proportion of hybrids in non-migrating quails, sampled in winter, will be 
investigated. It has been suggested that non-migrating birds are likely to be hybrids, since Japanese 
quail have a largely decreased migratory tendency compared to European quail.  

The few markers used in the study of Barilari et al. (2005) had a limited power to separate the two 
quail species. To increase the detection power for hybrids, in this study a larger number of unlinked 
microsatellites is used (9 vs. 6 used by Barilani et al. (2005)). Further, 4 additional linked 
microsatellites are used, as suggested by Falush et al. (2003), in order to detect older admixture events 
(yielding a total of 13 microsatellites). This strategy has been successfully applied to detect 
hybridization between wolves and dogs (Verardi et al., 2006) and wild and domestic cats (Lecis et al., 
2006). 
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2. Materials and Methods 
 

2.1 Material 
 

Animals 
Quail samples were provided by the team of Professor J.D. Rodríguez-Teijeiro from the University 

of Barcelona, Spain, and are part of a long-term research project on the behavioural ecology of 
European quails. In the summers of 1999 to 2005, feather samples were collected from wild quails in 
different populations in Spain. In the present research, only a subset of these samples was used, 
consisting of 30 individuals from each of the years 1999, 2002 and 2005, from each of two populations 
in North-East Spain, Mas Esplugues and Alp (fig. 2). Next to this, some resident birds were sampled 
during winter in Torres de Alcandre, Berbegal and Malpartit. In addition to the wild quails, samples 
from three different game farms were included. These are assumed to be hybrids between Japanese and 
European quails bred to be released, and form the source of introgression of Japanese alleles in the 
Spanish population. For further comparison, six purebred Japanese quails from Uppsala University 
were included (for an overview, see table 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Sampling localities. Berbegal is located ± 5km east of Torres d’ Alcandre. 
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Table 1: Number of samples for each location and year of sampling.  
Sampling location Year Code Sample size 
Alp (Girona) 1999 ALP99 31 
Alp (Girona) 2002 ALP02 30 
Alp (Girona) 2005 ALP05 31 
Mas Esplugues (Barcelona) 1999 ME99 30 
Mas Esplugues (Barcelona) 2002 ME02 29 
Mas Esplugues (Barcelona) 2005 ME05 30 
Berbegal (Huesca) 1996 - 1999 Winter 4 
Malpartit (Lleida) 2002 Winter 4 
Torres d’Alcandre (Huesca) 2004 - 2005 Winter 4 
Farm 1 (hybrids) (Lleida) 2006 Farm 10 
Farm 2 (hybrids) (Lleida) 2006 Farm 10 
Farm 3 (hybrids) (Lleida) 2006 Farm 10 
Uppsala University (C. japonica) 2006 JAP (UU) 6 

 
 

Microsatellites 
About one hundred microsatellites have been developed for Japanese quail by Kayang et al. 

(2002). Fifteen microsatellites with 10-20 CA repeats were chosen, in order to minimize both the 
chance of monomorphic markers and of messy PCR replications (very long microsatellites generally 
show much stutter bands and can be difficult to score). Using the linkage map in Kayang et al. (2004), 
one linkage group with three markers and two with two markers were selected. One out of the 15 
markers (GUJ52) was excluded since it was monomorphic in a subset of 20 initially screened 
individuals. Another marker (GUJ85) had to be excluded because of a probable 1 bp insertion/deletion, 
which resulted in difficulties with allele scoring. Both excluded markers were not part of one of the 
linkage groups chosen. 

 
Table 2: Microsatellite name, chromosome name (CJA for chicken homologous chromosomes, Q for unique quail 
chromosomes),  location on the chromosome for linked markers, GenBank accession number and repeat array (all 
based on table 1 in Kayang et al. (2002)), and annealing temperature and MgCl2 concentration used in the PCR 
amplification. Markers in grey were excluded from analyses.  

 

Locus name Chromosome 
Location 

(cM) 
GenBank 

accession nr. Repeat array 
TA 

( ◦C) 
[MgCl 2] 
(mM) 

Unlinked GUJ0028 Q08  AB035838 (CA)9 55 4 
 GUJ0039 CJA05  AB035849 (CA)19 53 4 
 GUJ0057 Q03  AB063125 (CA)12 60 4 
 GUJ0065 Q10  AB063133 (CA)13 60 3 
 GUJ0093 CJA02  AB063161 (CA)16 50 4 
 GUJ0097 CJA14  AB063165 (CA)14 55 3 
Group 1 GUJ0017 CJA01 165 AB035827 (CA)14 55 3 
 GUJ0062 CJA01 180 AB063130 (CA)13 55 4 
 GUJ0068 CJA01 197 AB063136 (CA)13 55 4 
Group 2 GUJ0001 CJA27 0 AB035652 (CA)7TG(CA)13 60 3 
 GUJ0014 CJA27 9 AB035824 (CA)9 58 3 
Group 3 GUJ0033 Q04 12 AB035843 (CA)13 58 4 
 GUJ0044 Q04 36 AB035854 (CA)16 50 4 
Excluded GUJ0052 CJA01 19 AB063120 (CA)12 55 4 
 GUJ0085 Q11  AB063153 (GT)14 55 4 
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2.2 Methods 
 

2.2.1 Lab methods 
 

DNA extraction from feathers 
To extract DNA from the feathers, first the calamus of the feather was cut longitudinally or 

diagonally, and barbs, vanes and the upper part of the rachis were removed (see fig. 3). Per extraction, 
preferably two or three feathers were used. However, when the sample consisted of only 2 feathers, 
only one was used in order to allow for re-extraction in later studies. 

 
 
 
 
 
 
 
 
 
 

Figure 3: Feather. The black lines indicate the cutting lines, the closed arrows indicate the highest concentrations of 
DNA according to Horváth et al. (2005). 

 
Because of the low expected yield of DNA, due to the small size of the feathers (1-2 cm), different 

extraction protocols were tried out (if no reference is mentioned, lab protocols from the Department of 
Evolutionary Biology, Uppsala University were used): 

1. Boiling with 5% CHELEX (in a heating block) with 15 sec vortex every 5 minutes, followed by 
centrifuging the samples and transferring the supernatant to a fresh tube 
a. Boiling for 15 minutes in 250 µl per sample, followed by a cool down and spin at 10.000 

rpm for 30 sec (following Nishiguchi et al., 2002). 
b. Boiling for 45 min in 200 µl (Pearce, 1997), then spin at 13.000 rpm for 3 min  
c. Digestion overnight in 200 µl 5% CHELEX and 10 µl Proteinase K (20 mg/ml) in rotating 

oven at 37 °C, followed by boiling for 15 min, then spin at 13.000 rpm for 3 min  
2. Digestion in lysis buffer by Taberlet & Bouvet (1991), overnight in shaking water bath of 37°C, 

followed by phenol-chloroform extraction and ethanol precipitation. 
3. Digestion overnight and extraction using the Qiagen DNeasy kit (Manufacturer). 
Extraction method 1c (CHELEX and Proteinase K) resulted in the highest proportion of samples 

with a sufficient yield of DNA for PCR, and was therefore used on the majority of the samples. 
Moreover, it is a fast and cheap method without use of dangerous chemicals.  

 
Polymerase chain reaction (PCR) protocol 

Different MgCl2 concentrations and enzymes (AmpliTaq Gold, HotStar Taq) were tried out during 
the PCR optimization phase. Success of PCR amplification was verified using agarose gel 
electrophoresis and ethidium bromide staining. When using regular amounts of MgCl2 (1-2 mM), no 
bands or primer dimer was visible on the gels, probably indicating the presence of inhibitors in the 
reaction. Adding BSA to the PCR mix did not improve amplification results, but increasing magnesium 
and including Q solution (Qiagen) did result in successful amplification. The following PCR mix (10 µl 
per tube) was used: 1x HotStar PCR buffer, 0.4 µl Q solution, 4.0 or 3.0 mM MgCl (see table 2), 0.2 

Rachis Calamus Vanes 
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mM of each dNTP, 0.4 mM forward and reverse primer (0.3 mM for GUJ014 and GUJ033), 0.05 µl 
HotStar Taq, 1.0 µl extraction product.  

In the optimization phase, a gradient of 3 different temperatures was used, including the 
recommended annealing temperature in Kayang et al. (2002) with steps of either 3 or 5°C (eg. 50-53-
55°C or 50-55-60°C). The highest temperature that resulted in specific amplification was selected for 
subsequent PCR amplifications. The positive controls (Japanese quail), extracted from blood, amplified 
under a wider range of conditions than the samples extracted from feathers. 

The following PCR protocol was used on a PT 225 Peltier Thermal Cycler (annealing temperatures 
see table 2): 

1. 15:00 min 95 °C 
2. 0:30 min annealing temp 
3. 0:30 min 72 °C 
4. 0:30 min 95 °C 
5. repeat steps 2-4  40 times 
6. 1:00 annealing temp 
7. 10:00 72 °C 
8. 1:00 4 °C 
9. hold  12 °C 

 
Genotyping /sequencing 

PCR products from 3 or 5 different microsatellites were pooled and diluted with water: 1 µl of a 
mix with 1 µl of each PCR product and 6 or 9 µl H2O was added to a plate with 9.85 µl H2O and 0.15 
µl ET-ROX size marker. Genotyping was performed on a MegaBace 1000 capillary instrument (GE 
Healthcare) using the associated software, Genetic Profiler 2.2, following the manufacturer’s protocols. 

 

2.2.2 Analysis methods 
 

Error checking and population charasteristics 
The Excel plug-in Microsatellite Toolkit was used to check for errors and convert the data file to a 

GENEPOP input file. In this program summary population statistics such as allelic frequencies, and 
expected and observed heterozygosity (HE resp. HO) were computed for each microsatellite locus. 
Checking for null-alleles, allelic drop-out and stuttering was performed with MicroChecker. Indicators 
for population differentiation (Weir & Cockerham’s FST, FIS) were computed in GENETIX, and 
factorial correspondence analysis was performed in the same program. Genepop on the web was used 
to test for deviations from HWE (one-tailed test for heterozygote deficit), to calculate the observed and 
expected number of heterozygotes per population and to test for linkage disequilibrium. The genetic 
distance FST between European and Japanese quails was estimated by the FST between the two wild 
populations with the lowest number of hybrids versus the farm with the lowest number of hybrids 
combined with the Japanese quails from UU. 

 
Admixture and hybridization  

A commonly used method to investigate population substructure is the program Structure 2.1 
(Pritchard et al., 2001; Falush et al., 2003) It uses a Bayesian approach to assign probabilities for 
individuals to have recent ancestry in two or more populations, and its performance improves with a 
higher level of parental population divergence and a higher the number of loci (Vähä & Primmer, 
2006). Since the level of divergence between C. coturnix and C. japonica is likely to be low, as 
indicated by Barilani et al. (2005) (FST=0.05), a large number of microsatellites should preferably be 
used. Although the number of unlinked microsatellites used here is higher than in the study of Barilani 
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et al. (2005) (9 vs. 6, respectively), it is still not as high as the 24 loci recommended by Vähä & 
Primmer for FST=0.06. The use of linked loci will (at least partly) compensate for this.  

Vähä & Primmer (2006) stated that whether or not reference samples were included hardly 
affected the results. However, we decided to include them in order to get a better overview of the 
genetic distances between purebred European and Japanese quail, and to verify that farm quails are 
Japanese quails.  

An additional factor affecting performance is the threshold q-value, used to distinguish purebreds 
from hybrids. The lower this value, the higher the efficiency of detecting hybrids, but at the same time 
the lower the accuracy; more hybrids are detected, but these include also more false positives. Here a 
threshold value of 0.10 will be used, as recommend by Vähä & Primmer (2006) for conservation 
studies, were false positives are preferred over misclassifying hybrids as purebreds. An option to 
increase both accuracy and efficiency may be to consider q-value intervals instead of thresholds, 
whereby individuals with q-values not falling within a particular interval are not classified to any group 
(Vähä & Primmer, 2006). 

For most runs a burn-in time of 100 000 and a run time of 100 000 was used, each run was 
replicated 3x. For the final results a burn-in of 500 000 and a run time of 1 000 000 was used.  

Structure offers the option to choose between models with either correlated or independent allele 
frequencies; although the theory behind the models is slightly different, the choice of model in general 
does not seem to influence the results (Falush et al., 2003). To be sure, both models were tested and 
compared, but no obvious difference in the results was detected. For the analysis, the commonly used 
correlated allele frequencies (“F”) model was used.  

Another option is to include linkage information of loci in the so-called linkage model. This model 
makes use of the different sources of linkage disequilibrium (LD) between loci: (1) variation in 
ancestry, leading to correlations among markers across the genome, called ‘mixture LD’; (2) 
correlations in ancestry along each chromosome, leading to additional LD or ‘admixture LD’, and (3) 
‘background’ LD which usually decays on a much shorter scale (ignored in Structure) (Falush et al. 
2003). The analysis of admixture LD is said to provide better resolution to study the historical process 
of admixture, and thereby resolve more hybrids. 
 
Hybrid Categories 

The classification of individuals into certain hybrid categories may provide evidence for 
hybridization in the wild, and not only on the farms. Since F1 hybrids are present on the farm, the 
presence of these in wild populations is not necessarily the results of matings between wild European 
quails and released Japanese quails. European backcrosses however will prove this, since it can be 
assumed that all female breeding animals are Japanese; European quails are known to breed poorly in 
captivity.  

To this end, the Bayesian program NewHybrids 1.1 beta (Anderson & Thompson, 2002) was used 
to estimate for each individual the probability that it belonged to one of the following classes: Pure 
European, pure Japanese, F1, F2, backcross European or backcross Japanese.  
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3. Results 
 

Marker characteristics and genetic differentiation 
The markers used proved to be more polymorphic than expected based on the number of 

microsatellite repeat units (9-19, see table 2): the average number of alleles was 22 (min. 10, max. 33, 
see table 3). For all loci, the number of alleles was lower in Japanese quails than in European quail, as 
expected from sample size and the domestic origin of the former. FIS was around 0.1 for all loci, and 
FST between putatively pure European and 
Japanese quails was estimated at 0.13. 

As can be seen in both table 3 and 4, 
the fraction of observed heterozygotes is 
considerably smaller than expected for all 
populations and markers. This deviation 
from Hardy-Weinberg equilibrium (HWE) 
is partly due to the pooling of different 
sample groups, but table 3 shows that also 
within populations a relatively large 
difference between observed and expected 
heterozygosity exists.  
 
Table 4: For each marker: Chromosome name and position (Kayang et al., 2004), number of alleles, size range, 
expected (HE) and observed (HO) fraction of heterozygotes in wild (ME/ALP) and captive (Farm/JAP) quails 
(Genepop), FIS and FST for presumed pure European and pure Japanese populations (Genetix). 

ME & ALP Farm & JAP (UU) 
C. coturnix 

– C. japonica Marker 
Chromosome 
(position in 
cM) 

Nr.  
alleles 

Size range 
(bp) 

min - max HE HO HE HO FIS FST 
GUJ028 Q08 23 148 - 207 0.451 0.335 0.381 0.258 0.092 0.127 
GUJ039 CJA05 27 161 - 203 0.440 0.416 0.431 0.426 0.111 0.136 
GUJ057 Q03 24 128 - 182 0.458 0.444 0.432 0.397 0.117 0.138 
GUJ065 Q10 24 104 - 153 0.458 0.416 0.383 0.286 0.104 0.133 
GUJ093 CJA02 23 191 - 245 0.442 0.393 0.357 0.300 0.105 0.132 
GUJ097 CJA14 33 123 - 196 0.466 0.408 0.419 0.371 0.107 0.134 
GUJ017 CJA01 (165) 19 150 - 183 0.445 0.375 0.427 0.329 0.100 0.140 
GUJ062 CJA01 (180) 23 166 - 222 0.466 0.399 0.445 0.394 0.092 0.143 
GUJ068 CJA01 (197) 25 201 - 246 0.443 0.419 0.420 0.414 0.117 0.139 
GUJ001 CJA27 (0) 14 212 - 255 0.381 0.322 0.360 0.329 0.105 0.127 
GUJ014 CJA27 (9) 11 141 - 163 0.324 0.325 0.280 0.219 0.108 0.136 
GUJ033 Q04 (12) 10 183 - 201 0.273 0.256 0.321 0.268 0.108 0.104 
GUJ044 Q04 (36) 30 172 - 241 0.461 0.436 0.431 0.397 0.116 0.141 
          
Overall  286      0.106 0.133 

 
Unique alleles 

For several of the loci used, some alleles are much more common in the JAP(UU) and Farm 
populations than in the wild populations, suggesting they could be used as markers for hybridization. 
Promising in this context is allele 216 from GUJ93, which had a frequency of around 50% in the 
captive populations and many of the wild individuals possessing this allele were later identified as 
hybrids. Two alleles were private for farm, but both in low frequencies, and seem therefore not suitable 
as markers for hybridization. Many alleles were private for European quails, but these are not useful 
identifying individuals with Japanese origin.  

 Population Sample 
size 

HE HO average 
nr. alleles 

 ME 1999 30 0.823 0.744 13.46 
 ME 2002 29 0.827 0.752 13.92 
 ME 2005 30 0.845 0.749 13.62 
 ALP 1999 31 0.831 0.779 14.08 
 ALP 2002 30 0.844 0.766 13.77 
 ALP 2005 31 0.817 0.770 14.46 
 Winter 12 0.796 0.715 9.08 
 Farm 30 0.798 0.726 11.38 
 Jap (UU) 6 0.428 0.449 2.77 

Table 3: HE, HO and average nr. alleles per locus, per population 
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Population differentiation 
As can be seen in table 5, the genetic differences between different wild populations (Mas 

Esplugues (ME), Alp and Winter) and between different years in the same locality are much smaller 
than between wild populations on the one hand and captive strains on the other hand, as expected. The 
difference between the Japanese strain from UU and the farmed quails in Spain (FST = 0.110) is larger 
than between wild and farmed quails (average FST = 0.065). This can be due to selection for different 
purposes and genetic drift, or due to hybrids in the farm population, or both. Difference in hybrid 
proportion may also partly explain the differences in FST between the different years and populations.  
 
Table 5: Weir & Cockerham estimate of Fst for each pair of populations (calculated in GENETIX). ME = Mas 
Esplugues, 99, 02 and 05 indicate sampling years. 
      ME 02 ME 05 ALP 99 ALP 02 ALP 05 Winter Farm Jap (UU) 

ME 99 -0.0004 0.0015 0.0018 0.0013 0.0063 0.0051 0.0674 0.2112 
ME 02 --------- 0.0002 -0.0028 -0.0026 -0.0001 -0.0005 0.0690 0.2199 
ME 05 --------- --------- 0.0010 0.0011 0.0034 0.0023 0.0494 0.1932 
ALP 99 --------- --------- --------- -0.0010 -0.0028 0.0051 0.0672 0.2113 
ALP 02 --------- --------- --------- --------- 0.0013 0.0069 0.0711 0.2145 
ALP 05 --------- --------- --------- --------- --------- 0.0095 0.0785 0.2275 
Winter --------- --------- --------- --------- --------- --------- 0.0549 0.2274 
Farm --------- --------- --------- --------- --------- --------- --------- 0.1100 
Jap (UU) --------- --------- --------- --------- --------- --------- --------- --------- 

 
In concordance with FST values, factorial correspondence analysis (FCA) places the Japanese 

quails from UU (pink, uttermost left) further from the cloud of wild quails (yellow and blue dots, left) 
than the farm quails (grey dots). There are some suspected hybrids: the white (Winter) and yellow (Mas 
Esplugues) dots that appear to the centre of the figure, mixed with farm animals (grey). The plotting of 
two individuals above all others is probably caused by some missing data in these. 

 
 

 
 

Fig. 4:  FCA produced in GENETIX, combining different years within each population. Pink = Japanese quails (uu),  
grey = Farm, white = Winter, yellow = Mas Esplugues, blue = Alp 
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Fig. 5: Posterior probability of the data, Ln P(D), given K.  
 
Bayesian assessment of admixture 

For each individual, Structure estimates the proportion of ancestry in each of the K ancestral 
populations. Here the proportion of European ancestry qEUR will be discussed; the proportion of 
Japanese ancestry qJAP is by definition 1 - qEUR. 

To make sure that the assumed number of K=2 ancestral populations was correct (Japanese and 
European), short runs (burn-in and run both 10 000) were done with K=1-5, each replicated 3 times. 
Figure 5 shows that the average likelihood of the data (Ln P(D) ) was indeed maximized for a value of 
K=2. The bar plots for K>2 showed for each individual an approximately equal proportion of ancestry 
in each except 2 of the K populations, indicating a random distribution. For K=3 a long run (burn-in 
250 000, run 1 000 000, replicated 2x) was performed as well, but showed identical results. Therefore, 
K=2 was used for all analyses.  

 
Fig 6: Barplot from Structure results using K=2 clusters.  Group 1 = ME & ALP 1999, 2 = ME & ALP 2002,  
3 = ME & ALP 2005, 4 = Winter, 5 = Japanese (UU), 6 = Farm. Each vertical line represents the proportion of origin 
(q) of an individual in the first (green, European) and second (red, Japanese) cluster. 
 
 
Identification of hybrids 

The estimated proportions of European ancestry (qEUR) for each individual are represented by the 
length of the green bar in figure 6. The red bars in groups 1, 2 and 3 indicate that several hybrids, and 
probably even pure Japanese individuals (whole bar red), are present in the wild quail populations. 
There does not appear to be any trend over time; the proportion is lowest in the middle year (2002) and 
roughly equal in the two other years.  

To make certain that the estimates for the proportions of origin are reliable, the next step was to 
investigate the credibility regions (CR) around the point estimates. Credibility regions (CR) are the 
Bayesian variant of confidence intervals and indicate the uncertainty around the estimated proportions 
of origin qEUR. From this it became clear that for several individuals, the CR was very wide, and 
therefore the point estimate not very reliable (fig. 7).  

Most wild quails seem to be of pure European origin, they have a narrow CR between 0.9 and 1, 
showing that they are definitely of pure European origin. There are at least three individuals of pure 
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Japanese origin in the wild population. Several individuals have a wide CR but exclude qEUR = 1, 
indicating they are not pure Europeans but may be pure Japanese, F1 or backcross Japanese. 
Individuals in both categories are listed under ‘Japanese / Hybrids’ in table 6. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7: Each vertical line represents the 90% credibility regions (CR) for an individual qEUR fraction (green in fig 6); 
left are wild quails, right captive quails. All CR’s above the upper red line are pure European, and under the lower 
red line are pure Japanese.  CR’s crossing the upper and lower blue line are potential European backcrosses and F1 
hybrids, respectively.  

 
The hardest category is formed by the individuals that have a wide CR that includes 1; these can be 

either pure European or hybrids of some category. In the couple of cases were the CR is from 0 to 1, 
they might even be pure Japanese. When only considering the point estimate, most of these individuals 
would be classified as pure European (qEUR > 0.9), but when looking at the CR, this is questionable. All 
individuals were qEUR = 0.5 (lower blue line) is included in the CR may be F1, and all were qEUR = 0.75 
(upper blue line) is included may be European backcrosses. These individuals are listed under 
‘Uncertain’ in table 6; this table shows that this uncertainty is not due to a high proportion of missing 
data (see further Discussion). 

 It is theoretically possible that European back-backcrosses are present in the sample as well (qEUR = 
0.825). These would however been expected in a lower frequency than the European backcrosses, 
which does not appear to be the case, although the possibility cannot be excluded totally either.  

 
Proportion of hybrids per population 

The number of Japanese / Hybrid individuals differs between populations: from the ten identified 
individuals, six were from Mas Esplugues (4/30 from 2005 and 2/30 from 1999), and two from Alp 
(both from 1999, 2/31). The number of individuals of uncertain origin is larger in Mas Esplugues 
(11/89) than in Alp (8/92). For Alp there seems to be a decreasing trend over time in the number of 
hybrids: from 2-6 in 1999 to 0-2 in both 2002 and 2005. For Mas Esplugues no such trend is visible; 
the number of hybrids is highest in 2005. However, four of these were sampled within the same week 
(4/6), so the effect of a possible recent release cannot be excluded (see also discussion). 

Two out of twelve of the non-migrating quails were identified as pure Japanese. This proportion is 
larger than on average over all summer samples (8/181) but roughly equal to the proportion for Mas 
Esplugues 2005. It is notable that these individuals have the lowest and third lowest proportion of 
European origin; this could be an effect of the lower migratory tendency of domestic Japanese quails, 
but based on the small sample size in winter it is impossible to draw clear conclusions. It is however 
clear that not all non-migrating birds are hybrids, 9 out of 12 are of pure European origin (qEUR=0.984 
– 0.996, lower limit CR(qEUR ) = 0.982 – 0.976). 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

q
 E

U
R

Pure European 

Pure Japanese 

Backcross European 

F1 



 

 15 

Table 6: Individuals from wild populations with Japanese ancestry (P (qEUR < 0.05), “Japanese / Hybrids”) and 
uncertain ancestry (those with lower 90% CR limit < 0.7 are listed). “FCA” indicates the individuals that are 
depicted left of the -0.5 line in the FCA (fig. 4), “Ambiguous” indicates individuals that were classified as hybrids 
when marker subsets were used. 

Individual Name 
Missing 

data 
qEUR 90% CR qEUR FCA Ambiguous 

Japanese / Hybrids 
    

   W_TA04_73 7 % 0.009 (0 - 0.055) *  
ME_05_044 0 % 0.01 (0 - 0.065) *  
W_Mal02_3  0 % 0.013 (0 - 0.091) *  
ME_05_045 0 % 0.019 (0 - 0.134) *  
ME_99_122 0 % 0.026 (0 - 0.182)   
ME_05_043 7 % 0.085 (0 - 0.403) *  
ME_05_030 0 % 0.226 (0 - 0.61) *  
ME_99_114 15 % 0.296 (0 - 0.695) *  
ALP_99_002 0 % 0.144 (0 - 0.726)   
ALP_99_009 0 % 0.454 (0.087 - 0.871)   

Uncertain      
ME_02_023 7 % 0.2 (0 - 1)  * 
ME_05_047 0 % 0.373 (0 - 1)  * 
ME_05_028 7 % 0.735 (0.004 - 1)  * 
ME_02_026 0 % 0.675 (0.337 - 1)  * 
ALP_99_001 0 % 0.799 (0.292 - 1)  * 
ME_99_098 0 % 0.898 (0.545 - 1)  * 
      
ME_05_053 0 % 0.915 (0.569 - 1)  * 
ALP_99_004 0 % 0.918 (0.58 - 1)  * 
ME_02_005 7 % 0.925 (0.584 - 1)   
ALP_02_022 0 % 0.908 (0.595 - 1)   
ME_99_131 7 % 0.915 (0.598 - 1)   
ALP_05_021 0 % 0.918 (0.601 - 1)  * 
ME_05_029 15 % 0.945 (0.628 - 1)   
ME_02_022 7 % 0.946 (0.644 - 1)  * 
ALP_99_003 0 % 0.934 (0.647 - 1)  * 
ME_99_115 7 % 0.95 (0.65 - 1)  * 
ALP_05_023 0 % 0.93 (0.66 - 1)   
ALP_02_018 7 % 0.953 (0.674 - 1)  * 
ALP_99_025 0 % 0.946 (0.688 - 1)   

ALP_99_026 0% 0.959 (0.732 - 1)   

 
Captive quails 

The quails from game farms are mostly pure European, but some hybrids are present as well. This 
is confirmed by the credibility regions (CR’s) for these individuals (fig. 7), which do exclude values for 
qEUR of both 0 and 1, indicating they are unlikely to belong to either one of the pure species. Most 
hybrids seem to be F1 or Japanese backcrosses, while for two individuals the possibility of being 
European backcross cannot be excluded totally. In practice however, this seems very unlikely.  
 
Marker subsets 

To test the consistency across markers and the possible effect of linkage groups, two different 
marker subsets were run in Structure. For both subsets, several individuals were found with qEUR< 0.90, 
while being classified as pure European with the linked dataset (qEUR > 0.90). These results were 
consequent across replicates (n=3), but not between the subsets. When looking at the credibility 
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regions, it turned out that all the individuals with ambiguous results were the ones with large intervals; 
those are indicated as “Ambiguous” in table 6. So, the results of the different data subsets seem 
contradictory when considering only qEUR, but are fairly consistent when considering the credibility 
regions.  
 
Classification into hybrid categories 

The distribution of individuals over the different values of qEUR appears to be discrete (fig. 8), with 
most individuals falling in the class with the highest proportion of qEUR (0.9 – 1). There seem to be four 
other classes: around 0, 0.25, 0.45 and 0.75, which corresponds with the expectation in case of 
respectively pure Japanese, backcross Japanese, F1 and backcross European. To verify this assumption, 
the Bayesian program NewHybrids was used. 

Since tests for linkage disequilibrium (LD) in different data subsets revealed that none of the 
marker pairs, including the markers in the same linkage group, showed significant LD, all loci were 
used for analysis in NewHybrids rather than the intended subset of unlinked loci.  

As recommended in the manual, several replicates were run with each prior setting (Jeffreys or 
Uniform for both Theta and Pi, total 4 combinations). Unfortunately the results were not consistent 
using different prior settings; when Jeffreys prior was used for Theta, most farm animals were assigned 
to F2, while with a Uniform prior they were assigned to pure Japanese. This indicates that the prior 
settings have a considerable effect on the posterior probabilities, and therefore the outcome is not very 
reliable. Excluding the Japanese individuals from UU did not improve the outcome. 

The results were nonetheless consistent with the results obtained by Structure considering which 
individuals were assigned to classes other than pure European. When looking to the settings that most 
likely gave the correct NewHybrids results (uniform prior for theta; most farm individuals are pure 
Japanese, which corresponds best to Structure results), the assignment to the different hybrid classes 
was not clear; none of the individuals was assigned a probability higher than 0.4 for being F2 or 0.15 
for F1 and backcross European. Two individuals (ALP02-22 and ALP05-23) had consistently for each 
setting the highest probability of being backcross European compared to other individuals, but both 
individuals had higher probabilities to be pure European.   
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Fig 8: number of individuals in each q class (153 individuals in 0.95 – 1) 
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4. Discussion 
 

Chance of hybridization in the field 
All hybrids found in Mas Esplugues and Alp were adult individuals collected during the breeding 

season, which responded to the recorded sound of a female European quail. This implies that they 
theoretically are all able to take part in breeding. If any backcrosses between European and F1 were 
found, this would imply two things: (1) released and wild quails have successfully reproduced in the 
wild, since no European backcrosses are present on the farms, and (2) this offspring has survived the 
winter, either in Africa or in Spain. But since it cannot be said with certainty if European backcrosses 
are present in this data set, it is not sure whether this is the case or not.  

 
Winter samples 

Perhaps the most interesting result from the winter samples is that the proportion of hybrids does 
not seem to be larger in those non-migrating quails. The sample size is small, so no solid conclusions 
can be drawn about the proportion, but it is obvious that in any case not all non-migrating quails are 
hybrids or Japanese quails, as is sometimes suggested. This proves that hybridization is definitely not 
the only factor affecting migratory behaviour. It seems likely that the other factors mentioned in the 
introduction, such as global warming and the competitive advantage of early breeding, and perhaps 
unknown other factors, influence migratory behaviour. 

The finding of two pure Japanese quails suggest that Japanese quails may be able to survive winter 
conditions in Spain; it is however impossible to tell how long before the sampling these individuals 
were released, and whether they will survive from the moment of sampling until the breeding season.  

 
Bias 

One of the major things that may have influenced the results is the release of farmed quails shortly 
before the moment of sampling. Assuming high mortality of released individuals, based on preferential 
hunting of released quails, as well as reduced viability in the field (pers. comm. J.D. Rodríguez-
Teijeiro, 2006), this likely causes an overestimation of the proportion of Japanese quails and hybrids. 
Since releases are performed on a large scale, year round and sometimes in secret, it is hard to correct 
for this effect. Suspicious from this point of view is that four of the hybrids and Japanese quails 
identified in Mas Esplugues in 2005 were collected in the same week (out of 6 totally collected that 
week), while for earlier and later dates much less hybrids were found. Whether or not this is just 
coincidence or part of a larger trend could not be verified with the current set-up, but may be 
investigated when the sample number is more equally spread over the year, and when data for more 
different years is available. That way, trends within a year can be investigated, instead of only trends 
between years.  

 
Genetic differentiation between C. coturnix and C. japonica  

The genetic difference between Japanese and European quail is quite small, and therefore the 
detection of hybrids relatively difficult. Barilani et al. (2001) reported that FST = 0.05 between Japanese 
and Common quail, but state in their discussion that the Japanese strains were ‘somewhat introgressed 
with European quail genes’, and found many hybrids in their wild, putatively European, quail 
populations. The FST as calculated here, between (relatively) pure European quail populations (ALP02 
and ALP05) and pure Japanese strains (JAP(UU) and Farm1), seems to reflect better the genetic 
difference between the two species (Weir & Cockerham’s multilocus FST = 0.13).  

This larger genetic differentiation between Japanese and European quails has one important 
advantage, namely the higher efficiency of hybrid detection. Vähä & Primmer (2006) found that when 
using 12 markers, the efficiency of hybrid (F1) detection when FST = 0.12 is over 90% at a threshold q 
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of 0.1 and almost 100% for q = 0.2. This implies that it is unlikely that there are any (F1) hybrids in the 
population which are not listed in table 5. The performance of detecting backcrosses was however 
much worse than for F1 hybrids in that simulation, even for a number of loci as high as 48.  

 
Deviation from HWE 

The difference between the observed and expected number of heterozygotes, as well as the per-
locus tests for deviation from Hardy-Weinberg equilibrium (HWE), showed a heterozygote deficiency 
for all populations and most loci. This heterozygote deficiency was even larger in a previous research 
on quail by Barilani et al. (2001), who reported HE = 0.82, HO = 0.55 in European quail and HE = 0.79, 
HO = 0.64 in Japanese quail. 

There are several factors that may cause this deficiency, both demographical and during analysis. 
Introduced individuals will likely cause deviations from HWE, since they do not result from random 
mating within the (wild) population. The generally lower difference between observed and expected 
heterozygosity in populations with less hybrids does suggests that this effect is present. After removal 
of identified hybrids, the deviation from HWE decreased, but most remained significant (results not 
shown).  

Another demographic factor that may cause deviation from HWE is the possible presence of social 
or spatial sub-structuring of the population, or some form of mate preference leading to non-random 
mating.  

Deviation from HWE may however also be a sign of allelic drop out or the presence of null alleles. 
Larger alleles are generally conserved less well than smaller alleles and also PCR amplify more slowly, 
which results in them showing up weaker in the genotyping output, or not at all. Considering the large 
size ranges of some of the loci used (up to 70 bp), this effect may be present. There seemed to be a 
tendency for alleles with a higher size range (GUJ97, GUJ28) to have a larger discrepancy between the 
observed and expected number of heterozygotes. To be sure that this did not influence the final results, 
analysis in Structure was also performed without these two markers, which resulted in the same 
outcome.  

Other factors that can neither be excluded are linkage of some of the markers to loci under 
selection, or mutations in the primer binding sites which prevent some alleles to amplify (so-called null 
alleles).  

 
Linkage disequilibrium 

To increase the detection power of hybrids, microsatellites in the same linkage group were chosen. 
However, none of these appeared to be in significant linkage disequilibrium (LD), which was tested in 
different subsets of the data (e.g. combined or split populations and removal of hybrids). It seems that 
the inter-locus distance of 9 - 24 cM is too large to detect LD in the sample size used, especially 
considering the high number of alleles per locus (22 on average).  

 
Large credibility regions 

Most of the studies referred to did not mention credibility regions around the proportions of origin 
q obtained by Structure. These seem, however, an important tool in detecting hybrids or suspicious 
individuals; some individuals that had a qEUR > 0.9, and would thus be classified as pure European, had 
a lower confidence limit around 0.55 (while for most individuals this was > 0.9). These broad 
credibility regions may be caused by the fact that the corresponding individuals are hybrids; some loci 
suggest Japanese origin while other loci suggest European origin, this conflict results in uncertainty. 
However, it may also be that the individuals carry for most loci alleles that are common in both species, 
and therefore ancestry cannot be determined. The latter appeared to be the case for at least several 
individuals. Hence, increasing the number of microsatellites is likely to decrease the credibility regions, 
provisioned the individual possesses more informative alleles for these additional loci.  
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5.  Conclusions & Recommendations 

5.1 Conclusions 
The main aim of this study was to investigate the proportion of hybrid individuals in two wild quail 

populations in North-East Spain, Alp and Mas Esplugues. The results make clear that hybrids, and even 
pure Japanese quails, were present in these populations at the moment of sampling. Depending on the 
certainty level used, between 5 and 15 % of these wild populations are hybrids or pure Japanese quails. 
The proportion differs between populations and years, from zero to two out of 30 for Alp in 2002 and 
2005, to four to eight out of 31 for Mas Esplugues in 2005.  

For Alp there seems to be a decreasing trend over time; in the earliest sample (1999) two to six 
hybrids were present. Since this location is close to the French border, this decrease may be (partly) 
due to the ban on releases in the rest of Europe, but this is hard to tell. For Mas Esplugues, no trend 
over time was visible; the middle year (2002) had fewer hybrids than both other years. In any case, no 
clear increasing trend was visible, indicating that the formation of a hybrid swarm is not very likely. 

The proportion of hybrids in non-migrating quails, sampled in Spain in the winter, is roughly equal 
to the proportion in summer. This implies that the increase of non-migrating quails is not solely due to 
hybridization. Further, since it seems unlikely that all released individuals are shot or die due to natural 
causes before winter, it seems likely that at least some of the released hybrids and Japanese quails 
migrate to Africa.  

The farm quails are not of European origin, as is sometimes claimed, but are mostly pure Japanese 
quails and some hybrids. The latter impair the possibility to detect hybridization in the field; F1 hybrids 
may be released, while European backcrosses are difficult to distinguish from pure European quails.   

 

5.2 Recommendations 
It would be worthwhile to be able to distinguish European backcrosses form pure European quails. 

When the mother is a released (F1 or pure Japanese) quail, this can relatively easily be done using 
mitochondrial DNA (mtDNA), since the haplotypes for European and Japanese quails are well defined 
(Barilani et al., 2005). When the individual of interest is however sired by a released quail, which is 
more likely, mtDNA will not add any information, since this quail has European mtDNA. In mammals 
a Y-chromosomal marker could theoretically be used, but since in birds males have ZZ sex 
chromosomes and females ZW, a sex chromosomal marker will not add any information.  

The most intuitive solution to increase resolution would be to increase the number of 
microsatellites. It is however uncertain how many additional microsatellites should be used to reach the 
desired resolution; a simulation study showed that even with 48 markers the efficiency of hybrid 
detection is only around 80% (Vähä & Primmer, 2006). In the best case, some of the additional loci 
will have alleles that are private for Japanese quails, which can be used as indicators of hybridization. 
However, since all loci used so far are much more polymorphic in European quails and show 
overlapping size ranges with Japanese quails, the search for such loci is likely to be time-consuming, if 
ever successful.  
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