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Many strategies have been proposed for delaying the development of insect resistance to Bacillus thuringiensis (Bt ) .  The 
current paradigm for Bt resistance management is the high dose-refuge strategy. For this strategy to be successful: ( i )  
heterozygotes must be killed in treated areas, ( i i )  resistant alleles must be rare (frequency < 10-3), and (iii) there must be 
a high level of gene flow between populations to ensure random mating. We studied gene flow within and between 
populations with a view to managing the resistance of Chrysomela tremulue (Coleoptera: Chrysomelidae) to new 
transgenic, highly toxic poplars expressing a synthetic Bt gene. In this study, we assessed the extent of gene flow in C. 
tremulue within and between 16 sites in France and Belgium, using allozyme markers. We found a high level of genetic 
variability in C. tremulue, with a mean of 0.206 f 0.16. There were no obvious limitations to gene flow between 
populations of C. tremulae over large geographical distances (several hundreds of kilometres). Nevertheless, a very low 
level of genetic differentiation was observed between a site located in the south of France and the sampled sites from the 
Centre region. 
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Plant resistance due to Bacillus thuringiensis ( B t )  
toxin production is, like that due to chemical insecti- 
cides, under threat from evolution in the pests 
(BISHOP and GRAFIUS 1996; DEMAAGD et al. 1999). 
This is the conclusion drawn from the rapid genetic 
adaptation of many target insects to Bt toxins in the 
laboratory. Indeed, since MCGAUGHEY (1985) first 
reported resistance to a Bt toxin in the Indian meal- 
moth, Plodza inter~un~tella (Hiibner), resistance has 
been successfully selected in several insect pest species 
(see FRUTOS et al. 1999; SANCHIS 2000 for recent 
reviews). 

Various management strategies for reducing selec- 
tion for Bt resistance alleles have been proposed 
(FRUTOS et al. 1999; GOULD 1998; ROUSH 1998) but 
the high dose-refuge strategy is generally accepted to 
be the most effective (ALSTAD and ANDOW 1995; 
ANDOW et a]. 1998; MALLET and PORTER 1992). 
This strategy is considered to be the best approach 
for managing transgenic crops and is currently rec- 
ommended for Bt cotton and Bt maize in North 
America (OSTLIE et al. 1997). The underlying theory 
is that random gene exchange between selected (in 
transgenic areas) and unselected (in non-Bt areas, 
referred to as refuges) insect populations can delay 
the evolution of resistance. 

As pointed out by ANDOW et al. (1998), the high 
dose-refuge strategy may not be effective if three 
conditions are not satisfied. First, the dose of toxin 
produced by Bt plants must be sufficiently high to kill 
heretozygous individuals, thus making the fitness 
conferred by the resistance allele recessive 
(BOURGUET et al. 2000a). Second, the frequency of 
alleles decreasing Bt toxin susceptibility must be low 
( < lo-’) so that only a few resistant homozygotes 
are likely to survive on Bt crops. Third, random 
mating must occur between resistant and susceptible 
homozygotes. 

Most of the insecticidal cultivars are arable crops 
into which Bt genes have been inserted. However, 
trees with Bt genes have also been engineered, for 
resistance against phytophagous species (ELLIS and 
RAFFA 1997). The sustainability of the resistance in 
these transgenic trees depends on the rate of selection 
of Bt resistance alleles in target populations. Taking 
this environmental risk into account is of particular 
importance due to the longevity of trees (STRAUSS et 
al. 1991). 

Most of the transgenic trees produced are hybrid 
poplars (ELLIS and RAFFA 1997; LEPLE et al. 1999) 
expressing Bt genes, resulting in very low levels of 
feeding damage (MEILAN et al. in press). We have 
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Table 1. Characteristics of samples of Chrysomela tremulue: location, date of sampling and number (N) of sample 
sites analysed 

Country - Region Department Location Population Latitude Longitude Date N 

France ~ Centre Loiret Ardon Ard 

Marcilly en Villette Vil 

Nogent sur Nog 
Vernisson 

Ligny le Ribeault Lig 

Fay aux Loges For 

Loir et Cher Marchenoir Che 

Chaumont sur Cha 
Tharonne 

Eure et Loire Dangeau Dan 

Indre Vatan Vat 

Vatan Vaa 

France - Lorraine Vosges Contrexeville c o o  

Contrexeville Con 

France - Picardie Oise Berneuil sur Aisne Ami 

France - Champagne-Ar- Ardennes Bouconville Bou 

France - Midi-Pyrenees Arikge Moulis Mou 

Belgique - Wallonie Hainault Oignies Oig 

denne 

47'49N 

47'46N 

47'50N 

47"39N 

47"56N 

47'53N 

47'36N 

48'11N 

47"5N 

47"4N 

48" 12N 

48" 12N 

49'25N 

49" 16N 

42"58N 

50"26N 

l"55E 

l"58E 

2"47E 

l"47E 

2"lOE 

l"16E 

l"58E 

l"15E 

1 "45E 

l"45E 

5'52E 

5"52E 

3"E 

4'47E 

1 "5E 

4"35E 

14-05-99 

14-05-99 

13-05-99 

14-05-99 

16-05-99 

12-05-99 

10-05-99 

12-05-99 

27-05-99 

27-05-99 

19-05-99 

19-05-99 

05-06-99 

08-06-99 

07-06-99 

30-05-99 

36 

40 

42 

21 

41 

41 

42 

41 

40 

28 

21 

24 

31 

32 

10 

36 

recently engineered and assessed new transgenic hy- 
brid poplars Populus tremula x P. tremuloides ex- 
pressing a synthetic Bt cry3A gene (G~NISSEL et al. 
unpublished data). One target of the Cry3A toxin is 
the poplar leaf beetle, Chrysomelu tremulue F. This 
species is a polyvoltine and oligophagous beetle re- 
sponsible for sporadic but highly destructive attacks 
on native and introduced hybrid poplars (AUGUSTIN 
and L ~ V I E U X  1993). The predicted benefits for the 
tree-growing industry (RAFFA 1989), may result in Bt 
poplars in intensive cultivation being rapidly intro- 
duced at  the field scale in Europe, providing fa- 
vourable conditions for the selection of Cry3A 
resistance in the C. tremulae population. 

Our Bt poplar produced very high levels of toxin 
(G~NTSSEL et al. unpublished data), so the high dose- 
refuge strategy may be considered for managing resis- 
tance. The first requirement of this strategy (the 
resistance must be recessive) cannot be evaluated 
until the selection of C. tremulue strains resistant to 
the Cry3A toxin are selected. The second requirement 
(resistance alleles must be rare) is currently under 

investigation and will be reported elsewhere. The aim 
of this study was to provide insight into the third 
requirement of the high dose-refuge strategy, that 
there must be extensive gene flow within and between 
C. tremulae populations. We therefore assessed the 
extent of gene flow in C. tremulae within and between 
16 sites in France and Belgium. 

MATERIALS AND METHODS 

Sampling sites 

Samples were taken from 16 sites in France and 
Belgium (Table 1, Fig. 1). We collected first-genera- 
tion adults. Adults were removed from poplar leaves 
at each site sampled and frozen at - 80°C. 

This is the first study to evaluate the genetic diver- 
sity and structure of natural populations of 
Chrysomelu tremulae. As the geographic level at 
which genetic differentiation could occur was un- 
known, we carried out a hierarchical sampling of 16 
natural populations covering a large geographical 
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area in France and Belgium. Eight of the 16 sites 
were in the centre of France (populations Cha, Dan, 
Che, Nog, Ard, Vil, Lig, For) and for two locations, 
2 populations (Vat and Vaa; Con and Coo), sepa- 
rated by 200 and 50 metres, respectively, from each 
other, were sampled. 

Electrophoresis 

Each individual was homogenised in 250 pl of 0.4 % 
NADP Tris-EDTA buffer (pH 6.8), after discarding 
the head, thorax and wings. The homogenates were 
subjected to horizontal starch gel electrophoresis us- 
ing Tris-borate-EDTA (pH 8.6) and Tris-citrate (pH 
6.8) buffer systems (PASTEUR et al. 1987). Enzymes 
were detected using staining techniques adapted from 
those described by PASTEUR et al. (1987) and the TPI 
protocol, adapted from that described by BOURGUET 
et al. (2000b). Twenty-two enzyme systems were stud- 
ied, but only seven were retained, on the basis of their 
unequivocal genetic interpretation and polymor- 
phisms. These enzyme systems were phosphogluco- 
mutase (PGM, EC 5.4.2.2), mannose-6-phosphate 
isomerase (MPI, EC 5.3.1.8), hydroxybutyrate dehy- 
drogenase (HBDH, EC 1.1.1.30), glucose-phosphate 
isomerase (GPI, EC 5.3.1.9), creatine kinase (CK, EC 
2.7.3.2), triose phosphate isomerase (TPI, EC 
5.3.1. I), and one dipeptidase, using L-leucyl-DL-ala- 
nine as substrate (PEP-LA, EC 3.4.13.11). 

Data analysis 

For each sampled site, allelic frequencies (see ap- 
pendix 1 for details), the mean number of alleles 
(Null), the observed heterozygosity (H(,) ,  the unbiased 

Fig. 1. Geographical location of the 16 sites samded. 

expected heterozygosity, as described by NEI et al. 
(1978) (He) ,  ?-values (i.e. F,, estimates as described by 
WEIR and COCKERHAM 1984) and polymorphism at 
95 YO and 99 % thresholds were estimated using 
GENETIX 4.0 software (BELKIR 2000). NNII, H,,, He 
and f̂  were calculated for all individuals and loci. 
Tests for deviations from Hardy-Weinberg equi- 
librium at each locus and for genotypic linkage dise- 
quilibrium between loci were performed for each 
sampled site with GENEPOP 3.2 (RAYMOND and 
ROUSSET 1995). 

The genetic structure at sites over the whole study 
area, or at sites from a restricted area (to test for 
regional effects), for each of the 7 polymorphic loci 
and for all of the loci, was analysed by testing for 
allelic differentiation using exact tests and by calcu- 
lating the estimator 4 of F,, as described by WEIR 
and COCKERHAM (1984), using GENEPOP 3.2 
(RAYMOND and ROUSSET 1995). The significance of 
8-values was determined by resampling methods 
(bootstrapping over loci) to determine 95 YO confi- 
dence intervals, using FSTAT 2.8 (GOUDET 1995). A 
hierarchical analysis was also conducted by clustering 
populations belonging to restricted geographic areas. 
Three groups were defined: the populations sampled 
in the centre of France (Cha, Dan, Che, Nog, Ard, 
Vil, Lig, For) plus Vat-Vaa, the populations sampled 
in the east of France and Belgium (Con-Coo, Bou, 
Oig and Ami) and a population from the south of 
France (Mou). Hierarchical analyses of population 
structure were performed by partitioning 4 into 8, 
and gP, indicating differentiation within and between 
groups, respectively. Those calculations were done 
with TFPGA 1.3 (MILLER 1997). Isolation by dis- 
tance patterns (SLATKIN 1993) were also investigated 
by analysing the independence of geographic and 
genetic distances. The null hypothesis of indepen- 
dence of geographic from genetic distances was tested 
against a hypothesis of positive correlation expected 
under isolation by distance, estimated as Spearman’s 
rank correlation coefficient. The observed correlation 
coefficient was compared to the distribution of corre- 
lation coefficients obtained from Mantel-like permu- 
tations of the genetic (8/(1 - 6))  and geographic (In 
(geographic distance)) matrices, using GENEPOP 
3.2. 

RESULTS 

Of the 16 samples analysed, eight, six, four, eight, 
seven, seven and four alleles were observed for the 
loci Tpi, Gpi, Hhdh, Ck, Mpi, Pgm and Pep respec- 
tively (Table 2). Exact tests for genotypic linkage 
disequilibrium gave non-significant values in 21 com- 
bined tests for each locus pair across all samnled 
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Table 2. Within-site genetic parameters. Each site is named. The mean number of alleles (Nan), observed 
heterozygosity (H,) and gene diversity (He) are given, as well as estimates of the ?-values and P-values of the test 
for  deviation from Hardy- Weinberg equilibrium per population, for  seven loci (Tpi, Gpi, Hbdh, Ck, Mpi, Pgm and 
Pep, see text for  details) 

N a n  Ho He .? P 

Mean S.E. Mean S.E. Mean S.E. 

Cha 
Dan 
Che 
Nog 
Ard 
Vil 
Lig 
For 
coo 
Con 
Vat 
Vaa 
Moll 
Arni 
Bou 
Oig 

3.57 
3.29 
2.71 
3.57 
2.86 
3.29 
3.29 
3.29 
3.29 
2.86 
3.57 
3.71 
3.29 
3.71 
3.29 
3 .OO 

0,79 
1,11 
0,49 
1,51 
1,07 
0,76 
1,11 
0,76 
I ,5O 
0,38 
1,40 
1,50 
0,95 
1,25 

0,82 
1,11 

0.21 
0.24 
0.21 
0.25 
0.21 
0.25 
0.28 
0.22 
0.30 
0.25 
0.28 
0.26 
0.40 
0.27 
0.27 
0.26 

0.11 
0.14 
0.12 
0.18 
0.17 
0.15 
0.17 
0.15 
0.20 
0.17 
0.18 
0.16 
0.24 
0.12 
0.20 
0.14 

0.27 
0.25 
0.25 
0.26 
0.24 
0.27 
0.28 
0.25 
0.26 
0.27 
0.27 
0.24 
0.37 
0.28 
0.26 
0.21 

0.14 
0.15 
0.15 
0.19 
0.15 
0.16 
0.15 
0.18 
0.17 
0.16 
0.13 
0.15 
0.16 
0.13 
0.17 
0.15 

0.219 
0.067 
0.098 
0.049 
0.128 
0.062 

-0.007 
0.120 

-0.137 
0.094 

-0.004 
-0.042 
- 0.084 

0.070 

0.053 
-0.059 

0.002 
0.54 
0.58 
0.49 
0.01 
0.78 
0.71 
0.14 
0.99 
0.33 
0.12 
0.85 
0.88 
0.83 
0.62 
0.66 

sites. The proportion of polymorphic loci for the 
95 'YO criterion was 71 % to 100 %I depending on the 
population and was 100 oio in all populations for the 
99 YO criterion. Within samples (Table 2), the mean 
number of alleles was from 2.71 to 3.71 for the 7 loci 
used. The observed and expected heterozygosities 
were almost identical and were from 0.21 to 0.40 and 
0.23 to 0.35, respectively (Table 3). The estimates of 
?-values showed no large excess or deficit of het- 
erozygotes, and deviations from Hardy-Weinberg 
equilibrium for the seven loci were significant at only 
two of the 16 sites sampled (Cha ( P  = 0.002) and Ard 
( P  = 0.01)). Heterozygote deficiencies at these two 
sites were attributed mainly to high f^ values for the 
Pgrn locus, 0.497 and 1 respectively. Deviations from 
Hardy-Weinberg equilibrium were observed in four 
populations for this locus (Cha ( P  = 0.005), Ard 
( P  = O.OOOl), Con ( P  = 0.007), and Vat ( P  = 0.04)). 

At the smallest geographical scale studied (i.e. be- 
tween Vat and Vaa, and between Con and Coo), no 
allelic differentiation was observed. The probability 
value (Fisher's method) for the Vat/Vaa and Con/ 
Coo population pairs for all loci was 0.40 and 0.72, 
respectively. Moreover, pooled data sets (Vat pooled 
with Vaa and Con pooled with Coo) showed no 
deviation from Hardy-Weinberg equilibrium. To 
avoid mean distance biases between pairs of samples 
when analysing the whole data set (see below), we 
pooled these data and analysed thereafter 14 samples. 

Similar results were obtained on a regional scale. 
The eight samples from the centre of France (Chan, 
Dan, Che, Nog, Ard, Vil, Lig, For), showed no allelic 

differentiation ( P  = 0.11) and null g values were ob- 
tained. No isolation by distance was observed (Man- 
tel test: P = 0.63). This was also true for analysis both 
in the same data set of the Vat and Vaa samples 
( P  = 0.16, 6 =  0.000, Mantel test: P = 0.74). Thus, on 
a small geographical scale (a few hundred meters) 
and on regional scale, populations did not appear to 
be genetically structured. 

On a larger scale (the whole study), overall allelic 
differentiation between the 14 samples (Vat and Vaa, 
and Con and Coo were pooled), was highly signifi- 
cant (P = 0.013). This was due to two (Tpi and Gpi) 
of the seven loci. It was associated with a low mean 
l-value (8 = 0.002), not significant if the bootstrap- 
ping method was used over loci (95 % confidence 
interval 6 = [ - 0.004; 0.005j). Finally, the hierarchi- 
cal analyses yielded similar results, with low and 
non-significant & and & values obtained when taking 

Table 3.  Overall genetic differentiation @-values esti- 
mated as described by WEIR & COCKERHAM (1984)) 
for the 7 loci, for  14 sample sites 

e P S.E. 

Tpi 
Gpi 
Hbdh 
Ck 
Mpi 
Pgm 
pep 
All loc 

0.010 
0.009 

- 0.002 
-0.005 
-0.003 
- 0.005 

0.002 
0.002 

0.003 0.001 
0.002 0.001 
0.331 0.02 
0.489 0.03 
0.105 0.01 
0.625 0.03 
0.326 0.03 
0.013 
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into account that populations belonged to different 
regions. e^, and gP were 0.002 and 0.004 respectively 
and 95 % bootstrap confidence intervals were [O; 
0.0011 for both. When calculating the probability 
values in exact tests for differentiation between 
groups, a highly significant difference (P = 0.0003) 
was observed between populations in the center of 
France plus Vat-Vaa and the Mou population. In 
pairwise 6 calculations (Table 4), the highest values 
were obtained in comparisons between the Mou sam- 
ple and the others. However, the Mantel-like test for 
independence between geographic and genetic dis- 
tances (Table 4) was only marginally significant over 
the whole data set (P = 0.055). 

DISCUSSION 

This study of the genetic structure of C. tremulue 
populations in France and Belgium, based on al- 
lozyme markers, is the first study of the genetic 
structure of natural populations of this species. It 
reveals a high degree of gene flow within and between 
sampled sites on all geographical scales. 

At the site level, significant deviation from Hardy- 
Weinberg equilibrium was observed for two of the 16 
sites sampled. These heterozygote deficiencies were 
mainly due to one locus, Pgm. Heterozygote deficien- 
cies were observed at this locus in four of the 16 
samples. If the low heterozygosity of this locus had 
arisen from non-random mating, it would have af- 
fected all seven neutral loci in the same way. The 
most likely explanation for the deficiencies in the four 
samples is technical problems in resolving het- 
erozygotes, although there may be selection acting on 
this locus. Overall, the lack of deviation from Hardy- 
Weinberg equilibrium strongly suggests that the ob- 
served genetic structure is highly stable, with 
panmixia among individuals collected at the sampled 
sites. 

Over the whole study (on the largest spatial scale) 
a very low level of genetic differentiation was ob- 
served, especially between the site in the south of 
France (Mou) and the sites from the Centre region. 
The Mou sample was very small (1 0 individuals) and 
no other populations from that area were analysed. 
Further sampling in the south would therefore be 
necessary before: ( i )  concluding that there was a 
genetic differentiation between the southern and 
northern areas and (i i)  analysing the slight (and 
non-significant for this data set) isolation by distance 
pattern observed. The major result of this study is the 
finding that there are no obvious limitations to gene 
flow between populations of C. tremulue over large 
geographical distances (several hundreds of 
kilometres). 
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Several authors have used allozyme markers to 
investigated the population genetics of various 
Chrysomelidae species (JACOBSON and HSIAO 1983; 
KRAFSUR et al. 1995; MCDONALD et al. 1985; Row- 
ELL-RAHIER and PASTEELS 1994). In this order, the 
genetic structure of populations of Plagiodera versi- 
colora (MCCAULEY et al. 1988), Chrysoinela aeneicol- 
lis (RANK 1992), Phratora vitellinae (CARSTENS 
1994), and Oreina cacaliae (KNOLL et al. 1996) have 
been studied using hierarchical sampling. In contrast 
with our results, genetic differentiation was found at 
the largest (between populations several hundred 
kilometres apart) and lowest (between groups of 
closely related individuals) levels. In Phratara, Go - 
nioctena and Oreina, the genetic differentiation be- 
tween regions was often due to geographical barriers 
such as mountain ridges (CARSTENS 1994; KNOLL et 
al. 1996). In these genera, some species also displayed 
genetic isolation by distance at geographical scales of 
20 km to 200 km. The slight genetic differentiation of 
the Mou population may be due to the Massif Cen- 
tral, which may restrict the gene flow of C. tremulae. 

Two main ecological characteristics of C. trenzulae 
have a major effect on gene flow. The first is habitat 
persistence. Transient, patchily distributed habitats 
increase migration between populations, so gene flow 
is expected to be greater in species that occupy tem- 
porary habitats (GANDON et al. 1998; VIARD et al. 
1996). This may be the case for C. tuemulae, which is 
known to feed in temporary and pioneer habitats 
because poplar trees recolonise forest sites after dis- 
turbances (STETTLER et al. 1996). Gene flow is also 
affected by dispersal ability. The transient habitat of 
C. tremulae has resulted in the selection of adaptive 
features for the finding of new host-plant patches and 
resources for future generations. 

In Chrysomelidae species, allozyme markers dis- 
play a high and homogeneous level of heterozygosity. 
For example, the North American species C. scripta, 
which is related to C. tremulae, has a Nei’s mean 
heterozygosity per locus of 0.201 f 0.04 (KRAFSUR et 
al. 1995) close to that of L. decemlineata (0.206-l 
0.039) (JACOBSON and HSIAO 1983) and that of 
French C. tremulae populations (0.2717 & 0.158, 
Table 2). This genetic variability has important evolu- 
tionary consequences as it directly affects the proba- 
bility and magnitude of adaptive responses to 
environmental changes (AMOS and HARWOOD 1998). 
Pesticide treatment is one of the best known examples 
of such environmental changes. Population genetics 

has provided relevant information for tracking and 
managing the adaptation to this man-made change 
(LENORMAND et al. 1999). Not surprisingly, gene 
flow within and between populations is considered to 
be one of the key components in the sustainability of 
transgenic insecticidal crops and trees. As stressed by 
BOURGUET et al. (2000b), high level of gene flow 
have two effects: ( i )  the spreading of resistance alleles 
over a large geographical area and ( i i )  the reduction 
in local resistance to Bt toxins with the immigration 
of susceptible individuals from non-Bt plants. This 
second conclusion must be considered with care. In- 
deed to significantly delay the evolution of resistance 
the level of migration from populations under Bt 
selection must be far greater than the amount of 
migration needed to homogenise the genetic diversity 
of populations which are not  under selection (as 
measured is the present study). Thus, while the results 
of this paper are encouraging, they can hardly be 
used to ascertain that the current levels of gene flow 
are of sufficient magnitudes to strongly delay the 
selection of Bt resistance alleles. 

The present results must therefore be strengthened 
by further studies at small geographical scale. Given 
the low level of gene diversities for our allozyme 
markers, one possibility is the development of more 
polymorphic markers such as microsatellites. The 
second and complementary approach would be an 
estimation of the migration level from one poplar 
area to another using mark release recapture experi- 
ments. In this latter case the manipulation of the 
density level of C. tremulae in poplar field (in order to 
mimic Bt selection) could be considered. 

Finally, more data on the genetic characteristics of 
Bt resistance alleles (e.g., resistance ratio, dominance 
levels, initial allele frequencies, fitness costs) are re- 
quired before deciding on the best management strat- 
egy for Bt poplars. 
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APPENDIX A: Allelic frequency values for each locus (Tpi, Gpi, Hbdh, Ck, Mpi, Pgm and Pep),  for the 16 
sample sites (N = number of alleles for each locus) 

Locus N Cha Dan Che Nog Ard Vil Lig For Coo Con Vat Vaa Mou Ami Bou Oig All 

Tpi 1 0.037 0.077 0.024 0.013 0.083 0.050 0.000 0.025 0.095 0.065 0.018 0.038 0.100 0.141 0.063 0.056 0.052 
2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.001 
3 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.002 
4 0.000 0.000 0.000 0.000 0.000 0.000 0.048 0.025 0.048 0.043 0.036 0.013 0.000 0.000 0.000 0.000 0.011 
5 0,000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
6 0.951 0.897 0.976 0.988 0.875 0.913 0.929 0.938 0.810 0.891 0.911 0.938 0.850 0.828 0.891 0.931 0.915 
7 0.000 0.013 0.000 0.000 0.000 0.000 0.024 0.000 0.024 0.000 0.000 0.000 0.050 0.016 0.016 0.000 0.006 
8 0.012 0.000 0.000 0.000 0.042 0.025 0.000 0.013 0.024 0.000 0.018 0.013 0.000 0.016 0.031 0.000 0.013 

Gpi 1 0.000 0.000 0.000 0.000 0.014 0.000 0.048 0.000 0.025 0.000 0.000 0.025 0.000 0.016 0.000 0.000 0.007 
2 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
3 0.756 0.900 0.829 0.838 0.944 0.825 0.786 0.900 0.825 0.932 0.821 0.825 0.900 0.891 0.969 0.819 0.857 
4 0.122 0.050 0.110 0.100 0.000 0.088 0.095 0.063 0.125 0.068 0.161 0.075 0.050 0.016 0.000 0.111 0.077 
5 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
6 0.110 0.050 0.061 0.063 0.042 0.088 0.048 0.038 0.025 0.000 0.018 0.075 0.050 0.078 0.031 0.069 0.057 

Hbdh 1 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
2 0.012 0.014 0.012 0.025 0.000 0.013 0.048 0.013 0.000 0.022 0.000 0.026 0.050 0.047 0.031 0.000 0.017 
3 0.963 0.986 0.963 0.963 0,986 0.974 0.952 0.988 1 .OOO 0.957 0.964 0.974 0.900 0.938 0.969 0.944 0.967 
4 0.012 0.000 0.024 0.013 0.014 0.013 0.000 0.000 0.000 0.022 0.036 0.000 0.050 0.016 0.000 0.056 0.015 

Ck 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.001 
2 0.012 0.024 0.000 0.013 0.000 0.025 0.024 0.038 0.024 0.000 0.000 0.013 0.050 0.031 0.000 0.000 0.014 
3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.000 0.000 0.000 0.100 0.016 0.000 0.000 0.004 
4 0.122 0.183 0.1 10 0.175 0.153 0.200 0.024 0.150 0.167 0.196 0.196 0.138 0.200 0.078 0.156 0.139 0.148 
5 0.098 0.122 0.146 0.163 0.139 0.150 0.214 0.125 0.143 0.109 0.089 0.150 0.050 0.141 0.125 0.167 0.136 
6 0.768 0.671 0.744 0.638 0.708 0.625 0.738 0.688 0.643 0.696 0.714 0.675 0.600 0.719 0.719 0.694 0.693 
7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.016 0.000 0.000 0.002 
8 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.001 

Mpi 1 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.013 0.000 0.000 0.000 0.000 0.004 
2 0.088 0.103 0.122 0.122 0.069 0.100 0.143 0.100 0.024 0.130 0.071 0.050 0.100 0.031 0.078 0.097 0.089 
3 0.038 0.051 0.012 0.014 0.056 0.000 0.071 0.075 0.048 0.065 0.018 0.013 0.000 0.078 0.047 0.042 0.039 
4 0.838 0.808 0.866 0.811 0.819 0.850 0.762 0.800 0.929 0.804 0.821 0.900 0.750 0.891 0.859 0.847 0.839 
5 0.038 0.026 0.000 0.014 0.028 0.050 0.024 0.025 0.000 0.000 0.054 0.025 0.050 0.000 0.000 0.014 0.021 
6 0.000 0.000 0.000 0.014 0.028 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.100 0.000 0.016 0.000 0.006 
7 0,000 0.000 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
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APPENDIX A (Continued) 

LocusN Cha Dan Che Nog Ard Vil Lig For Coo Con Vat Vaa Mou Ami Bou Oig All 

Pgm 1 0.000 0.013 0.000 0.000 0.000 0.013 0.000 0.000 0.024 0.000 0.036 0.000 0.000 0.000 0.047 0.014 0.009 
2 0.000 0.000 0.037 0.038 0.000 0.013 0.024 0.013 0.000 0.022 0.018 0.038 0.000 0.016 0.016 0.028 0.018 
3 0.866 0.885 0.902 0.913 0.889 0.888 0.929 0.925 0.905 0.870 0.875 0.875 0.800 0.844 0.844 0.917 0.886 
4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0,000 0.001 
5 0.1100.1030.061 0.0380.111 0.0880.0480.0630.071 0.1090.0540.0880.1500.1250.0780.0420.080 
6 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
7 0.012 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.050 0.016 0.016 0.000 0.005 

Pep 1 0.731 0.789 0.711 0.671 0.764 0.738 0.714 0.635 0.786 0.659 0.685 0.757 0.500 0.609 0.638 0.639 0.701 
2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.023 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
3 0.269 0.211 0.289 0.329 0.236 0.263 0.286 0.351 0.214 0.318 0.315 0.243 0.500 0.391 0.345 0.361 0.295 
4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.001 


