emasculated with no pollination bag treatment. If, for ex-
ample, contaminants were only one-half what we observ-
ed based on germination, i.e., approximately 0.3%, the
maximum number of unwanted seeds produced would be
about 3 per 1,000, or one seed for every 13 controlled pol-
linations, assuming an average yield of 25 filled seeds per
pollination as found in this study.

In a large-scale, applied breeding program designed to
produce large quantities of hybrid seed, this level of con-
tamination would be acceptable, and generally no greater
than would be expected by accident. It is certainly less
than the level of contamination found in wind-pollinated
seed orchards of other species. Tarr (1962) estimated that
a worker can perform 15 to 20 controlled pollinations per
hour using this technique. An average of 1,000 pollinations
per day could thus result in the production of 35,000 to
75,000 control-pollinated seeds per man-day, of which 100
to 200 might be contaminants.

In our study the effects of environmental events such as
rain following pollination were not evaluated. It is pos-
sible that such events would interfere with normal pollen
germination and pollen tube growth into stigmas of gy-
noecia not protected by pollination bags, and may have

been responsible for the significant difference between
bagging treatments on trees #7 and #8, located 80 km
north of the other study trees.
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Summary

Genetic variation using three alloenzyme markers (re-
spectively loci PGI1, ADH1 and IDH1) was studied in the
holm-oak (Quercus ilex L.), an anemophilous tree which is
characterized by high phenological variability. At a region-
al scale, the results from genetic distance analyses showed
that the closer the population sites, the higher the gene
flow between the populations. The determination of pollen
flow seems to depend essentially on inter-site phenological
divergence.

At a larger scale (which corresponds to a substantial part
of the whole distribution of this species), analysis of the
genetic differentiation using F-statistics revealed, on one
hand, that one or very few genenations would have passed
since the time of the original founding of the populations
and, on the other hand, that these populations were pro-
bably differentiated from one another a long time ago.

Key words: Quercus ilex L., genetic differentiation, phenology,
F-statistics, allozymes.

Zusammenfassung

Anhand dreier alloenzymischer Merkmale (Enzymloci
PGI1, ADH1 und IDHI1) wurde die genetische Diversitit der
Stech-Eiche (Quercus ilex L.) untersucht, einem anemophi-
len Baum mit groBler phédnologischer Variabilitit. In einem
regionalen Rahmen erwiesen genetische Distanzanalysen,
daB der GenfluBl zwischen den Populationen umso bedeu-
tender ist, je dichter deren Standorte beieinander liegen.

140

Der Pollen-FluB} scheint wesentlich durch die ph&nologische
Divergenz zwischen den Standorten bestimmt.

In einem weiteren Rahmen (der einen guten Teil der ge-
samten Verbreitung dieser Art erfaBt) erwies die Analyse
der genetischen Differenzierung mittels F-Statistik zum ei-
nen, daB erst eine oder nur sehr wenige Generationen seit
der Griindung der Populationen vergangen sind, zum an-
deren, daBl diese Populationen bereits seit langer Zeit von-
einander differenziert waren.

Introduction

Theoretical studies on population genetic structure pre-
dict generally the occurrence of higher intra-population
variability in species that are distributed continuously than
in those which are made up of small isolated populations;
these, on the other hand, would possess a higher inter-
population variability (WricnT, 1931; Kmmura and Crow,
1964; NE1 et al., 1975). WricHT (1946, 1965) underlines the im-
portance of the reproductive system on the genetic struc-
ture of populations and shows that limited gene-flow can
generate consanguinity and thereby genetic structuring
within those populations. These theoretical concepts were
also supported by experimental studies. Thus, from the
survey of 110 plant species, Hamrick et al. (1979) showed
that those species which have a wide distribution, long
life-span and are allogamous as well as wind-pollinated,
possess the greatest intra-population genetic variability.

Silvae Genetica 38, 3—4 (1989)
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Figure 1. — Distribution area of the holm-oak and mapping of
the studied sites (for coordinates and identification of the sites,
see Table 1).

The genetic structure of only a limited number of forest-
tree species have been studied up to now. Most of these
species belong to the Gymnospermae. Results from ane-
mophilous tree populations showed that these could no
longer be considered as being panmictic and genetically
homogeneous. However, in Fagus sylvatica which has a
high rate of allogamy and substantial gene flow, the genet-

ic variation was found to be more pronounced within
populations than between them (Cucuen, 1986).

The present paper examines the case of the holm-oak
(Quercus ilex L.). It is a diploid 2n = 24), long-lived, mo-
noecious, anemophilous Angiosperm which is distributed
primarily in the Mediterranean area. It often shows a
dense and continuous distribution with low seed regenera-
tion and often resprouts from the stump. In addition, the
holm-oak is characterized by a great phenological varia-
bility (Du MercLe, 1983).

The aim of the present study is to analyse the intra- and
inter-population variation in Quercus ilex using enzyme
markers. In forest-tree populations, such markers have
been used to study genetic diversity which was found
generally to be globally high and often more important
within than between the populations (TiGersTepT, 1973;
Hamrick et al., 1979). Allele and genotype frequencies ob-
tained from those workers were also used to analyze the
population structure by means of WricHT’s (1951, 1965, 1969)

' F-statistics. Their results often showed that genetic vari-
ation is sometimes higher within forest-tree populations
than between them (Mirton et al., 1977; KNowiLes and GrANT,

Table 1. — Location and principal abiotic characteristics of the sixteen studied sites.
(Data from Copg, J. (1977); Commission de Météorologie de 1‘Hérault (1950 a 1980);
Enregistrements du Laboratoire Arago, Banyuls-sur-Mer; Garnier, M. (1967); IonEsco,

T. (1965)).
Alti- P m M
n® Site Locality Coordinates tude Parent-rock
[ [
(m) (mm) (o7) (o7)
1 Seranne (F) 43°49°'N 260 1274 +0.5 +31.5 limestone
03°36'E
2 Lagardiole (F) 43°28'N 30 628 +4,2 +27.0 colluvia
01°60'E
3 La Cardonille (F)  43°52'N 340 1152 -0.2 +28.3 limestone
03°44'E
4 Pont d'Hérault (F) 44°89'N 270 1782 +0.4  427.2 schist
03°41'E
S Estrechure (F) 44°05'N 830 1518 +1,3 428.5 crystallire
03°46'E
6 Puéchabon (F) 43°44'N 300 1075 +0,8 +30.3 limestone
03°35'E
7 Menton (F) 43°47'N 200 819 +4.4 4272 sandstone
07°30'E ’
8 Pas de la Faye 43°45'N 860 1078 +0.4 423.2 limestone
(Grasse) (F) 06°50'E
9 Thoard (F) 44°06'N 700 756 -0,3 +28.8 crystalline
06°06'E
10 Vallée Baillau- 42°27'N 160 976 +5.3 +28.3 schist
rie (F) 03°06'E
11 Gorges de la Fou(F) 42°27'N 350  B60  +2.1 +28.9 schist
02°35'E
12 Vallée du Fango 42°22'N 370 940 +3.9 +25.3 crystalline
(Corse) (F) 08°45'E
13 Tigzirt (D2) 36°52'N 180 936 +5.9 +32.5 schist
04°07'E
14 Meurdja (DZ) 36°30'N 900 1129 - - limestone
03°09'E
15 Amizmiz (MA) 31°13°'N 1650 481 +2.4  +31.1 schist
08°14'W
16 Ounein (MA) 31°02'N 2100 544  +1.8 +29.8 limestone
08°01'W

P: average annual rainfall; m: average daily minimum temperature for the coldest
month; M: average daily maximum temperature for the hottest month.
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1985; Suea; Cucuen et al., 1985). The intensity of gene flow
and the age of the populations, in terms of the number of
generations, are frequently cited as factors which may ex-
plain such results. Both of these parameters are taken into
account in the present study.

Materials and Methods
1. Plant material

The study has been carried out using naturally regene-
rated populations. Locations of the sixteen sampled popu-
lations are shown in Figure 1. Six are located in the region
of Montpellier (from n°® 1 to n° 6), the distances between
them ranging from 6 km to 34 km. Two other populations
are located in the Oriental Pyrenees, one more in the
“Alpes de Haute Provence” region, two along the french
Riviera and one in the Fango valley, in Corsica. Four other
studied sites are located in North Africa: two of them in
the Moroccan High Atlas and the two others in the Algerian
Tellian Atlas. Geographical coordinates, altitudes and
several climatic characteristics of the sixteen sites are given
in Table 1.

Leaves from small branches collected on each tree were
used for the enzyme analyses. The number of trees studied
per population ranged from 27 to 158, the average being 51
individuals.

Seeds from controlled crosses or from deliberate self
fertilization were not available for assay. A total of 490
offsprings from open-pollinated progenies were therefore
used to study the genetic control of the isozymes. These
individuals originated from acorns collected on 9 mother-
trees located in site n° 6 (Puechabon), 40 km from Mont-
pellier. The method of Aissa (1981) was used for the acorn
germination. Quick and simultaneous germinations were
obtained by destroying the pericarp and by positioning
the acorns, under one centimetre of compost, in boxes lo-
cated in a green house.

2. Analysis of enzyme polymorphism

Of the 8 enzyme systems investigated and analysed using
starch gel electrophoresis, only those which showed no
change in relation to age of leaves and the position of leav-
es on branches, variability in environmental conditions or
collecting season, and which possessed a very simple genet-
ic control, were selected as markers. These systems are:
phosphoglucose isomerase (PGI), isocitrate dehydrogenase
(IDH) and alcohol dehydrogenase (ADH). The protein ex-
traction was carried out using 350 to 700 mg leaves crushed
in 1 ml Tris-HC1 buffer (0.1 M, pH 7.6) (Lumagrer, 1982),
100 mg of sterile sand and 30 mg of insoluble polyvinyl-
pyrolidone (PVP). The homogenate was centrifuged for 15
min. at 40,000 x g and the supernatant was stored at —80*C
before analysis. Enzyme separation (using electrophoresis)
and staining were carried out using Seconp’s methods (1982),
with the difference that the starch concentration in gels
was changed to 12.5%.

3. Genetic parameters
3.1. Genetic distance

Genetic distances between populations were estimated
from their allelic distributions using three different in-
dices: (1) Ner's distances (1978) derived from a “mutation
drift” model; (2) distance of Rey~noLps et al. (1983) based on
the coancestry coefficient, which is generally used for
short-term differentiation; (3) The “X2? distance” which is
the square root of a weighted X2. This has thereby the
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property of stabalizing variances (De Vienne and DAMERvAL,
1985) and of maximizing the effect of rare alleles. It was
proposed by BarakrisuNAN and Sancuvi (1968) and can be
written as follows:

_ i=1 o
(¢))] d = VZ i = p WP (i - yi)?

where xi and yi are the respective frequencies of the ith
allele in the two compared populations, and pi the average
frequency of the ith allele in all the populations.

The respective positions of the populations estimated by
the distances between them were plotted in multidimen-
sional space and then projected upon a plane by non-
metric multidimensional scaling (or proximity analysis)
(Escourier, 1975). The same distances were also used as the
basis for a cluster analysis (UPGMA) with the “average
distance” as the clustering criteria, which preserves the
initial space (LeceNDpre and LeGeNDRE, 1979).

3.2. Genetic structure
Allelic diversity was estimated using the entropy meas-

ure of SuaNNoN and WEAVER, in LewonTiN (1972):
i=

n
(V)] H=2; | -pilogpi

where pi is the frequency of the ith allele and n the total
number of alleles. This index combines diversity from both
the numbers and frequencies of the alleles.
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Figure 2. — Schematic pattern of PGI (A), IDH (B) and ADH (C)
zymograms, and genetic interpretation of the phenotypes.



Analysis of genotypic structure was carried out using
WricHr's F-statistics (1951, 1965, 1969) modified by Kirey
(1975) and Ner (1977). In each population, the fixation index
was first estimated for each allele using the Kirsy’s formula
(1975) and then for each locus using an average measure
weighted by the allele frequencies. Average F-statistics
were estimated by the method of Wryr and Cockeruam
(1984) which minimizes the effects due to population size
variation.

Results and Discussion
1. Genetic interpretation of zymograms

Phenotypes obtained in zymograms from individuals
beionging to the same family were compared among them-
selves and to the maternal parent phenotype. Several
maternal parents suspected of being either heterozygotes
or homozygotes a loci coding for PGI or IDH enzymes were
used. For the ADH system, only putative homozygote ma-
ternal parents were available.

The individuals that constitute the progeny of a given
homozygote mother are expected to possess in common
the allele present in the maternal genotype. Descendants
from heterozygote mother possess at least one of the two
alleles which are present in the maternal genotype. Both
these postulates were taken into account when examining
the phenotype distributions in the progenies. Moreover, the
patterns of variation of the systems in other plant species
and the occurrence of hybrid bands (heteromultimers) in
putative heterozygous phenotypes also supported our in-
terpretation.

Great consistency was obtained from the examination of
the total results. That is PGIs from the holin-oak were
observed to be dimers (either single or three banded pheno-
types) and to be specified by one locus (PGI1) showing
seven codominant alleles (fig. 2a). The index value 1.00 was
given to the most frequent allele; other indexes were cal-
culated as relative migration distances. IDH enzymes were
found to be specified by one locus with three codominant
alleles and to be of dimeric structure (fig. 2b). The ADH

enzymes were also dimers specified by a locus showing
four codominant distinet alleles (fig. 2c). No gene duplica-
tion was indicated in our experimental conditions.

2. Allele frequencies

Allele frequencies at each of the three studied loci in
each population are given in Table 2. Polymorphism at
locus PGI1 was found to be high (4.69 alleles per population
in average). Alleles 1.00, 1.09 and 0.80 are present in all the
studied populations. These populations could be distinguish-
ed from one another by the occurrence of one or several
of the other alleles which have low frequencies (from 1%
to 7). Thus the allele 1.33 is only present in North-Afri-
can populations, whereas 0.66 (which never exceeds 2%)
was only found in the populations from Oriental Pyrenees
and in populations n® 2 and 5 from the region of Montpel-
lier. The French Riviera populations showed the lowest
polymorphism at this locus with the occurrence of only
the ubiquitous alleles (1.00, 1.09 and 0.80). Among the 16
studied populations, 4 (n° 2, 5, 10 and 11) possess 6 out of
the 7 known alleles.

The average number of alleles per population at locus
IDH1 is 2.19 and the allelic frequencies show variation be-
tween the populations. Those from North Africa and from
the region of Montpellier are characterized by low fre-
quencies (from 0 to 11%) for IDH1*7%, whereas this allele
ranges from 18% to 36% in the other populations. The low
frequency allele 1.10 (from 0.3% to 2%) is only present in
populations n° 4, 5, 6 and 15.

The lowest degree of polymorphism is found at locus
ADH1 with an average number of alleles per population of
2.06. Five populations are monomorphic for the allele
ADHI1.%, Populations from Morocco are characterized by
high frequencies (21% and 40% respectively) of allele 0.76;
whereas this never exceeds 8 else¢where. ADH1!.16 is present
in 7 populations. Six of them have frequencies that range
from 1% to 4%. The ADHI11.1¢ frequency is 9% in popu-
lation n® 9 which also possesses a peculiar and rare allele
(ADH11.25), :

Table 2. — Allele frequencies (%) of holm-oak at loci PGIl, IDHI in the sixteen studied sites. N1, N2, N3 are the numbers of 1nd1—
viduals analysed respectively at the PGII, IDHI and ADHI loci.

Locus

PGL-1 IDH-1 ADH-1
Popu- Alleles
lation ., 1.00 0.66 1.33 0.74 1.09 0.80 1.20 N2 1.00 0.76 1.10 N3 1.00 0.76 1.16 1.25
o N
1 30 72 - - 3 22 3 - 30 82 18 - 30 96 2 2 -
2 50 71 ) - 5 13 5 5 50 94 6 - 49 24 5 1 -
3 50 77 - - 1 13 9 - 50 80 20 - 50 95 - 1 -
4 52 80 - - 2 15 3 - 46 92 6 2 50 95 5 - -
5 50 82 1 - 1 5 10 1 a8 94 5 1 46 100 - - -
6 153 74 - - 5 8 12 1 158 87 12 1 158 94 5 1 -
7 as 62 - - - 35 3 - a8 81 19 - a5 100 - - -
8 59 70 - - - 21 9 - a7 80 20 - 50 100 - - -
9 49 78 - - 7 a 11 - a8 93 7 - 49 90 - 9
10 50 79 1 - 5 6 7 2 a4 78 22 - 50 100 - - -
11 50 69 2 - 3 8 12 4 47 78 22 - 50 99 1 - -
12 49 85 - - 1 9 5 - a9 64 36 - 52 100 - - -
13 38 83 - 3 5 3 5 1 31 97 3 - 38 93 3 a -
14 40 71 - 1 5 15 8 - 40 99 1 - 40 90 9 1 -
15 34 76 - 3 6 15 - - 32 94 5 1 33 62 38 - -
16 27 68 - 6 7 15 - 4 23 100 - - 26 79 21 - -
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Table 3. — Descriptive statistics over the three distance matrices.

Genetic itverage Variance Standard- min. max . Amplitude
distance deviation
Nei (1978) 0.023 0.000 0.023 0.000 0.119 0.012
Reynolds
et al, (1983) 0.056 0.002 0.054 -0.003 0.240 0,024

X 0.496 0.053 0.231 0.015 1.100 0,109

3. Genetic distances
3.1. Al the large scale

Descriptive analyses were carried out from the three
distance matrices (Ne1, 1978; Revnorps et al., 1983; and
“X27). The results are plotted in table 3 and in figure 3. The
diagrams constructed from both multidimentional scaling
and cluster analysis treatments established from these
three matrices are shown in figs. 4a and 4b. The estimates
of genetic distance using Ner's and ReyNoLp’s methods give
very similar results. They can be distinguished only by
their absolute values as well as by their range of variation
between the populations (table 3). As the synthetic dia-
grams from these two methods were also very similar, only
that obtained from Reynorps et al. distances is presented
(fig. 4a).

Histograms that divided the whole range of distance
values into 10 equal classes were also constructed from
the three distances matrices. The highest values are on the
right of the histograms (fig. 3). It can be noticed that the
class representing the shortest distances is very important
(87%) for the Ner's and RevnoLp’s distances whereas it re-
presents only 3% of all distances for the “X2’ distances.
This has obviously consequences for the cluster analyses
where the clustering levels are very different depending
upon the kind of distance used. However, the population
composition within the groups were observed to be similar
when obtained from the different treatments. This is not
very surprising as significant positive correlations (p <
0.05) were found between the three matrices.

It is obvious from the whole results that the greatest
genetic distances as well as the greatest geographical
distances are found between the populations of the Fango
valley in Corsica (n® 12) and those from Morocco (n’ 15
and 16).

Populations from the Oriental Pyrenees (n° 10 and 11),
the french Riviera (n° 7 and 8) and populations n° 1 and 3
from the region of Montpellier are genetically the closest
to the Corsican populations. Populations n° 13 and 14 from

N N N
50 50 c
40 40|

304

20

10

0

classes
Figure 3. — Distribution of genetic distance values obtained from
Ne1, 1978 (a), Reynorps et al., 1983 (b) and X (c) estimations.

distance
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Algeria, n° 9 from the “Alpes de Haute Provence” region
and populations n° 2, 4, 5, 6 near Montpellier are interme-
diate- The extent and the organization of gene flow among
local populations determine their potential for genetic dif-
ferentiation. Thus, genetic distance analyses at a regional
scale were estimated to be more appropriate than those at
a very large scale to examine such effects.

3.2. Genetic distance at a regional scale

Populations from n® 1 to n° 6 were only considered at
this scale. Distances (as the crow flies) between two suc-

a

Axis 1
1+10

Figure 4. — Position of holm-oak populations according to poly-

morphism at loci PGIl, IDHI and ADHI. Multidimensional scaling

from Ner‘s (1978) distance (4a) (populations are clustered at levels

20 and 60 of the hierarchical clustering) and from X* genetic dis-

tances (4b) (populations are clustered at levels 55 and 80 of the
hierarchical clustering).



cessive populations ranged between 6 km and 34 km. Re-
sults from the correlation tests between genetic and geo-
graphic distances showed that no significant correlations
{p < 0.05) could be found between the Ner's or REYNOLDS’S
genetic distances and the geographic distance. On the
contrary, a positive correlation (p < 0.05) was observed be-
tween geographic distance and genetic distances estimated
from the “X2?“ method. From a selection-mutation-drift
model, StaTxin (1981, 1985) demonstrates that the average
frequency of rare and more especially “private” alleles
(those which are present in particular demes) is approxi-
mately independant of either selection intensity or muta-
tion rate but depends essentially on the global gene flow.
Thus, according to this model, the positive correlation be-
tween “X?” and geographic distances could be interpreted
as evidence that gene flow increases, the closer the popu-
lations are to one another. It should be noticed, however,
that the geographical transect established for this regional
study also corresponds to a climatic gradient (table 1) which
may well have some effect on the phenology of the studied
populations.

4. Genetic structure
4.1. Allelic diversity

For each locus the index of allelic diversity in each popu-
lation (Hpop), in the species considered as a whole (Hsp),
and its average value per population and per locus (Hpop)
were calculated and are given in Table 4.

PGI1 has both the highest allele number and the greatest
diversity but also the lowest ability to discriminate popu-
lations. The diversity index at loci IDH1 and ADH1 show
a wide range of variation, the highest values being ob-
tained in populations 10, 11 and 12 for IDH and in the
Moroccan populations for ADH.

The total diversity was then apportioned to within
populations (Hpop/Hsp) and between populations (Hsp -
Hpop/Hsp) and the results are plotted in Table 5. They

Table 4. — Genetic Jdiversity in holm-oak from the SHANNON-WEAVER
index in each population (Hpop) averaged over the 16 populations

(ﬁpop) and in the species taken as a whole (Hsp).

Locus | PGI-1 | IDH-1 | ADH-1 |

Population

|

|

| | | | |
! N° | | | |
| ! i | !
} H | 1.15 | 0.69 | 0.24 |
| 2 | 1.45 | 0.33 | 0.37 |
| 3 ] 1.05 | 0.72 | 0.08 |
| 4 ] 0.93 | 0.45 | 0.29 |
| 5 | 0.98 | 0.38 | 0.00 |
| 6 | 1.27 | 0.54 | 0.37 |
1 7 | 1.12 | 0.70 | 0.00 |
| 8 | 1.15 | 0.73 | 0.00 |
] 9 | 1.10 | 0.38 | 0.52 |
| 10 | 1.18 | 0.75 | 0.00 |
| 11 | 1.54 | 0.77 | o0.08 |
| 12 | 0.81 | 0.94 | o0.00 |
| 13 ] 1.03 | 0.21 |} 0.41 |
| 14 | 1.33 | 0.10 | 0.52 |
| 15 | 1.09 | 0.39 | 0.95 |
[ 16 | 1.47 | 0.00 | 0.74 |
! | | | |
| Hpop [ 1.16 | 0.50 | 0.29 |
| Hsp | 1.28 | 0.58 | 0.41 |
|

Table 5. — Apportionment of the total allelic diversity within (1)
and between (2) the populations at the three studied loci.

(1) — (2)
Locus Hpop/H sp (H sp - Hpoé/H sp
PGI-1 0.912 0.088
IDH-1 0.873 0.127
ADH-1 ‘ 0.703 0.297
Average 0.829 0.171
Table 6. — Fixation index (Fis) per population and per locus as
well as for the loci taken as a whole (T) in the sixteen studied
populations.
Site PGI-1 IDH-1 ADH-1 T
1 0,027 -0.214 0.330 G.064
2 0,150 -0.053 0.130 0.043
3 0.221 -0.113 0.000 0.036
a 0.213 0 .560 -0.031 0.154
5 0.321 0.095 0.000 0.139
6 0.068 0.091 -0.190 -0.010
7 0.237 -0.230 0 .000 0.002
8 0.133 -0.227 0.000 -0.031
9 -0.006 -0.095 0.120 0.006
10 -0.025 -0.257 0.000 -0.094
11 0.047 -0.286 -0.005 -0.081
12 0.272 -0 .008 0.000 0.088
13 -0.020 -0.090 -0.015 -0.042
14 0.212 0.240 -0.069 0.128
15 0.092 0.021 0.050 0.054
16 0.056 0 .000 -0.25C -0.065

show clearly that most of the total diversity at the three
loci is present within populations. However, the part of the
diversity which is attributable to the interpopulation level
varies substantially between loci- The highest values were
obtained for IDH1 and more especially ADH1 which, as
stated previously, possesses the greatest differentiation
ability. Similar results were obtained using the same
method in several forest-tree species such as Pinus pon-
derosa (LiNHART et al., 1981), as well as in allogamous grass
species such as Phlox drumondii (Levin, 1977), Desmodium
nudiflorum (SuaaL et al, 1980) and Dactylis glomerata
(LumARET, 1985).

4.2. Genotype structure

The fixation index per population (Fis) calculated for
each locus are indicated in table 6. The values of this index
(quantity and sign) are directly dependent on the degree
of polymorphism. At each locus, this was defined as the
expected heterozygote frequency (He) assuming panmixia.
For each locus, a sign-test was carried out. Thus, at locus
PGI1 which is highly polymorphic (He values range be-
tween 0.25 and 0-50), more populations show an excess (Fis
< 0) than deficiency (Fis > 0) of heterozygotes- This
deviation is significant (X%, = 6.25, p < 0.05). At both
loci ADH1 and IDHI1, no significant deviation between
heterozygote excess or deficency was observed. :

Average values of F-statistics obtained from the method
of Wer and Cockeruam (1984) over the whole populations
are indicated in table 7. The Fis fixation index calculated
over all the populations shows variation between loci. Thus
a 12% heterozygote deficiency is found.for PGI1 whereas
a slight heterozygote excess is observed at loci IDH1 and

145



Table 7. — Average F-statistics at each the three loci (genotype
data from the sixteen studied populations).

Locus Fis Fst Fit

PGI-1 0,120 0.018 0.136
I1DH-1 -0.092 0.065 -0,021
ADH-1 -0.050 0.135 0.091
Average -0.008 0.073 0.069

ADHI1. These non-significant differences are likely to be
due to variation in allele frequency and number in the
polymorphism between the studied loci. Similar effects
were noticed previously by Cucuen (1986) in his study of
numerous European populations of beech where he stated:
“the mode of Fis variation differs according to the level
of polymorphism of the studied samples. When this is low,
with or without selfing, the negative values of Fis are more
numerous than the positive ones. In case of high poly-
morphism, in a panmictic situation, the positive and nega-
tive values are equifrequent“. These observations constitute
only a partial explanation of the results obtained in our
study. At the highly polymorphic locus PGil, indeed, the
estimated Fis do not show equifrequency in heterozygote
excess and deficiency.

This inter-locus Fis variation could result also from
selection acting differently on the loci. According to
Wricar (1965, 1978), neutral loci under the action of the
same reproductive process are expected to show the same
response and, consequently, to have similar (Fi) indices.
This would not be the case with selected alleles. Such a
situation cannot be completely ruled out at least for PGI1
because, at the regional scale, this locus shows a decrease
of the allelic diversity and an increase of homozygotes for
the predominant allele (PGI1%) as the degree of continen-
tality increases. Selection might be acting on this locus
or on a tightly linked locus.

The average Fis value calculated over all the loci which
was found to be very close to zero (—0.008) shows that no
differentiation is occurring within the populations. Several
hypotheses can be suggested as explanation:

(1) The species possesses a high rate of allogamy. This is
very likely the case as no offspring was obtained from 37
controlled-self pollinated trees (unpublished data);

(2) The neighbourhood size is at least equal or even ex-
ceeds the size of the studied samples and/or very few suc-
cessive generations (overlapping or not) have occurred
since foundation the population. In that case, even with
limited gene flow, a long time would be needed before
some differentiation would be noticeable. In a plant species
such as Quercus ilex that possesses a long life-span and
that is able to produce suckers from the stump quite con-
tinuously (this characteristics increases even more the
plant’s longevity), the number of successive generations
since the foundation of the population is likely to be
very low. The extensive vegetation clearing that occured in
the region of Montpellier at the end of the eighteenth
century (Ducranp, 1964) could indicate a possible time of
foundation for the populations observed nowadays in this
region.

The Fst value calculated over all the loci is 0.073. This
may indicate an heterozygote deficiency which could be at-
tributable to inter-population differentiation. This result
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supports the hypothesis that only limited gene flow occurs
between the populations. Several observations about phe-
nological variability in this species provide further infor-
mation to explain the differentiation between the popu-
lations by utilizing the idea of efficient pollen-flow. From
numerous observations made during three consecutive
years, Du Merce (1983) showed that the length of the period
of flowering maturity varied, depending upon the popu-
lation location. He also demonstrated that the greater the
environmental differences between the populations, the
higher the flowering period divergence between them. As
a consequence, even if the putative pollen flow is sub-
stantial, the efficient part of this flow will decrease de-
pending upon the phenological divergence between the
populations, which itself is related to differences in cha-
racteristics of the environment.

Stam (1983) proposed a model of the evolution of repro-
ductive isolation in adjacent plant populations resulting
from flowering period divergence. The results can be sum-
marized as follows: genetic divergence for the reproductive
period which is derived from environmental differences
between adjacent populations is likely to occur in parti-
cular circumstances. Conditions for a non selective diver-
gence are (1) initial occurrence of substantial genetic vari-
ability in flowering time; (2) short (or no) overlap of the
flowering period between early and late genotypes; (3)
restricted seed flow between the populations. These mecha-
nisms lead automatically to a substantial degree of re-
productive isolation the effects of which will be increased
by microgeographical differentiation.

When our results are compared to those obtained from
other grass or anemophilous-tree species, holm-oak seems
to be one of the very few species not to show any intra-
population differentiation. The reproductive system cowsted -
not explain completely this situation. In a completely al-
logamous species such as Liatris cylindracea (ScHaaL, 1975),
the. Fis- value was equal to 0.41. such genetic structuring
was thought to be attributable to restricted seed dissemi-
nation, reduced pollen flow which generates crosses be-
tween relatives and a large number of generations since
the original foundation of the population. So, the even-
tuality that, in holm-oak populations, internal structuring
could be established after numerous generations, despite
complete allogamy, is not completely ruled out for the
two following reasons. (1) In this species, from the few
studies on acorn dissemination and predation, it could be
concluded from the occurrence of consequent acorn pre-
dation (according to Vincent (1977) from 65% to 78% of the
acorns would be collected by several micromammals) and
their short dissemination as, from Sorx’s observations
(1984) about 99% of the acorns carried more than 20 metres
apart from the producting-source would be consumed. (2)
According to the model of Stam (1983), phenological vari-
ability between individuals from a same site associated
with short dissemination of the acorns escaped from pre-
dation would lead to produce some intrapopulation dif-
ferentiation. This may well be the case in three of the
studied populations (n° 4, 5 and 14) for which the Fis values
are respectively 0.15, 0.14 and 0.13.

The genetic differentiation between the holm-oak popu-
lations is high when compared with that of other anemo-
philous-tree species such as Pinus rigida (Guries and Lebic,
1982), Pinus banksiana (Danik and Yew, 1983) or Fagus syl-
vatica (Cucuen, 1986). This particular situation in holm-oak
seemns to be attributable to phenological cariability which



produces temporal isolation between the populations, ad-
ding to the spatial isolation and thus increasing inter-
population differentiation.

Conclusion

In models devoted to describing plant population struc-
ture, the following parameters are generally taken into ac-
count: (1) characteristics of the reproductive system (selfing
and outcrossing rate essentially); (2) intensity of gene flow
which includes both seed and pollen flow (the latter being
related to entomophilous or anemophilous characteristics);
(3) number of generations since the founding of the popula-
tion; (4) selective forces.

The results obtained from this study suggest that an ex-
tra parameter can be decisive in terms of the way the popu-
lations become structured. When the phenological varia-
bility on population level is indeed very substantial, the
opportunities for inter-population crosses are restricted so
that only a small part of the pollen flow is efficient, what-
ever its dispersal ability. Similar observations were found
in the study of metal-tolerant grass species such as Agrostis
tenuis and Anthoxanthum odoratum (McNriLLy and ANTo-
Novics, 1968). These authors showed that variation in the
flowering period can lead effectively to some degree of iso-
lation which reduces the homogenizing effect of the observ-
ed high genic flow, without completely eliminating the oc-
currence of gene exchange between the populations.

in the particular case of the holm-oak, it has been ob-
served that the divergence for the flowering period in-
creases with the differences of environmental conditions
between the sites (Lumarer et al., unpublished). The inter-
annual climate variation reduces or increases the duration
of the flowering-time but the respective divergence be-
tween the populations is globally maintained. Thus, results
from the regional scale study showed that the closer the
sites (and therefore the more simiilar their environmental
conditions), the higher the gene flow.

On the contrary of what would be expected from an al-
logamous species with a long life-span and generally a
continuous distribution, the holm-oak is characterized by
absence of intra-population genetic differentiation, where-
as the populations are highly differentiated with respect
to one another. These results can only be attributed to
both the low number of successive generations from the
original foundation and the occurrence of some ancient dif-
ferentiation between the populations. The historical events
which depend essentially on man’s activity (vegetation
clearing and forestry management) may have contributed
significantly to fashion the present structure of the holm
oak populations.
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Summary

. A genetic base population (GPOP77) of Eucalyptus
grandis (HiL) ex. MameN planted in July 1977 with 529
families representing four generations of selection was
partially harvested in August 1978. Regrowth through
December 1983 was evaluated to assess genetic improve-
ment potential for coppice productivity.

Four generations of selection have produced impressive
genetic gains. At 64 months after harvest, first-, second-,
third- and fourth genmeration families averaged 7.04 dms?,
21.54 dm?, 25.91 dm?® and 40.16 dm? per tree, respectively.
Fourth-generation families also had the best frost resi-
lience and coppice quality. In individual tree volume, the
best trees were more than three times larger than the
fourth generation trees at 64 months after harvest. Prove-
nances from Queensland, Australia, grew better than other
sources studied. High individual and family tree heritabi-
lities were observed for all growth traits at different ages.

The potential inbreeding depression resulting through
mating of related families was examined. The mean in-
breeding coefficients in the offspring of all possible
matings of selected individuals for six different selection
strategies ranged from 0 to 1%. The predicted genetic
gains, adjusted for any inbreeding through relatedness and
selfing, were high. The highest gain of 90% was predicted
by the selection of thre trees from the top 100 families.
Key words: Eucalyptus grandis (HiLL) ex. Maipen, genetic varia-

tion, frost resilience, heritabilities, inbreeding, genetic
gains, provenance.

Introduction

Although eucalypts occupy perhaps one-fifth of the
world’s plantations (Locan, 1967), only a small part of the
world’s tree breeding effort has been devoted to this genus.
In Florida, eucalypts were first planted in 1878, and in-
dustrial plantations were first established in 1972 (Geary
et al., 1983). The ability of E. grandis to coppice, combined
with its exceptional growth rate in low quality soils, makes
it an attractive species for short rotation biomass produc-
tion.

Eucalyptus grandis has revealed significant provenance
variation around the world (Assis and Brune, 1983; Apes
and Burcess, 1983; Darrow and Roeper, 1983; King, 1983;
Borces and Brune, 1983). In Florida, appreciable genetic
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variation has been observed in E. grandis, and successful
selection programs have been reported (Rockwoop and
MeskiMeN, 1981; MeskimeN, 1983). Limited information is
available on the genetic variation for coppicing ability
in E. grandis. Significant genetic variation in this trait has
been reported by Geary et al. (1983). In southern Florida,
four progenies at two different sites showed no significant
differences in coppicing ability (Rockwoop and Geary, 1982).

Due to the absence of annual resting buds in Eucalyptus,
indeterminate shoots grow continuously year round (FAO,
1979). In the southern United States temperatures drop
suddenly from well above freezing to well below (Hunt
and Zoset, 1978). This sudden drop has a devastating im-
pact on the survival of trees. Of all the Eucalyptus species
examined in Florida, E. grandis was notably frost sensitive
(Hunt and ZoseL, 1978). MeskiMeN et al. (1987) found signifi-
cant relationship (r = 0.33) between tree height and frost
resilience among clones of E. grandis.

In recent years research has been done on the pollination
biology of the eucalypts. The amount of natural selfing oc-
curring in eucalypts is higher than the 7% that is reported
for most pines (Wricnt, 1976). Published estimates for the
degree of natural selfing occurring in eucalypts vary
somewhat among species: 24% in E. obliqua L’Herir.
(Brown et al., 1975), 37 in E. pauciflora SieB. eX SPRENG
(PuiLies and Brown, 1977), 23% in E. delegatensis R. T.
Bak. (MoranN and Brown, 1980) and 18% in E. stoatei C. A.
GARDN. (Hoepper and MoraN, 1981). In E. grandis ELDRIDGE
(1978) reported 20% to 40% selfing, and Van Wyk (1981)
estimated this to average about 30%. In E. grandis Hobcson
(1974, 1976, 1977) studied the extent of inbreeding depres-
sion for inbred individuals where he observed height of
selfed progenies to be 8% to 49% less than that of out-
crossed progeny.

Materials and Methods

Eucalyptus grandis in Florida constitutes a landrace
developed through four generations of selection and pro-
geny testing in local environments (Geary et al., 1983) (Fig-
ure 1).GPOP77, the fourth-generation base population
planted in July 1977, had a total of 529 (144 first-genera-

Silvae Genetica 38, 3—4 (1989)



