in showing very large fully heterochromatic satellites
attached to the short arm.

P. tremula

The chromosomes are m to sm and have mostly proxim-
ally located C-bands. Some small chromosomes appear
to be devoid of heterochromatin. The distinct feature of
the complement is the presence of a very large pair (3.27
um) (Fig. 3 arrows), which is 1.74 times longer than the
second longest pair (1.87 um). This pair is sm, the short
arm is fully heterochromatic as is also the long arm
except for two narrow intercalary regions of euchro-
matin. This shows that during the course of evolution
this particular pair has gained C-band material dispro-
portionate to that in rest of the chromosomes. It might
be that it is concerned with sex determination! However,
its exact nature and significance can only be ascertained
by the detailed karyotypic studies in some more species.
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Summary

The genetic structure and the mating system were in-
vestigated in a 250 year old stand of Polish larch (Larix
decidua subsp. polonica [Racis.] DomiN) using six allozyme
marker loci (Gdh, Mdh-1, Mdh-2, Mdh-3, Shdh, Srdh).
The average expected heterozygosities, based on these
loci were 0.189 and 0.187 for the parental and filial gen-
eration respectively, and the mean expected hetero-
zygosity for the mature stand based on 18 gene loci was
calculated to be 0.193. An excess of heterozygotes was
found in the mature forest population. Single-locus
estimates of outcrossing rate (i) ranged from 0.776 to
1.132 (minimum variance mean 1.048), while the multilocus
estimate (,) was 0.943. Detected amount of selfing and
heterogeneity of single-locus estimates were statistically
significant. The calculated ratio of genetically effective
male individuals to receptive female individuals was only
0.22 in this population.

Key words: Isozymes, heterozygosity, inbreeding, ouicrossing,

variance effective population size.

Introduction

Polish larch (Larix decidua subsp. polonica [Racis.]
Dowmin), is of high wood quality, fast growth and relative
high resistance to air pollution (LatocHa and Hawrys,
1976), thus it belongs to valuable coniferous trees in Eu-
rope. However, despite the economic value of this species,
little is known about its biology and especially about
its genetic properties.

Larch in Poland occurs in small groups or even as in-
dividual trees within stands of pine, spruce or fir. It is
suggested that such a structure of populations and heavy

Silvae Genetica 40, 2 (1991)

pollen create significant barriers for the free passage of
genes between and within populations (MeNaRTOWICZ and
BercoMANN, 1975). Larch produces many empty seeds and it
is supposed that self-fertilization plays an important role
in this process. Kosinski (1986) studying the causes of empty
seed formation in larch has shown, that embryo degen-
eration took place in 85% to 100% of the pollinated ovules,
after controlled self-pollination. However, there is no
information about the rates of natural self-fertilization.
A significant level of self-fertilization was found for na-
tural populations of another larch (Larix laricina (Du Ror)
K. Kocn) (Knowwes et al.,, 1987). Thus it is very interesting
to study the mating system of Polish larch, which could
be helpful in explaining empty seed formation in natural
stands and could extend our knowledge about this species.

The mating system, being part of the whole genetic
system of the species, defines the mode of transmission of
genetic information from the parental to the filial genera-
tion (Stern and Rocue, 1974), and is an important deter-
minant of plant population structure (Crecc, 1980). In
recent years the mating system was studied in many coni-
fer trees in natural populations, however statistically
efficient multilocus estimates of mating system para-
meters have been obtained only for a relatively small
number of conifers (see reviews: MirTon, 1983; Apams and
BIrkEs, 1988; Muona, 1989).

Coniferous forest tree species are wind pollinated and
genetically highly variable (Hamrick et al.,, 1981). Many of
them display strong inbreeding depression (Koski, 1973;
Park and FowLer, 1982), which following selfing results in
reduced seed set, decreased survical and growth of prog-
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eny. Some studies indicate that a small but significant
proportion of selfed progeny exists (Knowres et al., 1987;
Yen and Moracan, 1987). Therefore the knowledge about
the rates of selfing for particular populations would allow
foresters to predict the losses caused by inbreeding de-
pression, when seeds from these populations are used for
reforestration.

In this paper we report the results of studies on the
genetic structure and the mating system parameters using
allozymes as genetic markers.

Materials and Methods

Material for this study came from 21 randomly chosen
Polish larch (Larix decidua subsp. polonica [Racis.] DoMIN)
trees from Ciechostowice (Poland), growing within an
area of about 5 ha. The investigated population is a rem-
nant of one of the best dccumented natural populations
of Polish larch (KuLesza, 1927). Sampled trees build upper
story were about 200 years to 300 years old and were 30 m
to 40 m tall with 2.5 m to 3.3 m girth. They were distrib-
uted relatively uniformly throughout the stand with
density about 40 trees/ha. Associated species build second
story include 30 years to 40 years old Abies alba and
Fagus silvatica with density of 1200 trees and 500 trees
per ha respectively. Cones were collected in 1986 from the
middle part of the crown during a moderate cone crop.
The seeds were kept separately for the maternal parent
trees and stored dry below 0 °C until laboratory analysis.

Genotypic identification of the 21 parent trees was
made using the seed megagametophyte tissue for 10 en-
zyme systems: esterase (EST; 3.1.1.2), glutamate dehy-
drogenase (GDH; E.C. 1.4.1.2), glucose-6-phosphate dehy-
drogenase (GBPDH; E.C. 1.1.14), isocitrate dehydrogenase
(IDH; E.C. 1.1.1.42), leucine aminopeptidase (LAP; E.C.
3.4.1.1.), malate dehydrogenase (MDH; E.C. 1.1.1.37), men-
adione reductase) MNR), shikimate dehydrogenase (SHDH;
E.C. 1.1.1.25), sorbitol dehydrogenase (SRDH; E.C. 1.1.1.14),
and superoxide dismutase (SOD; E.C. 1.15.1.1).

The progeny was identified at six polymorphic loci:
Gdh, Mdh-1, Mdh-2, Mdh-3, Shdh and Srdh. Other poly-
morphic loci could not be clearly resolved in the embryo
tissue. At least 12 embryo-megagametophyte pairs were
analyzed for each tree. Details of the electrophoretic
procedures for detecting these allozymes, their banding

patterns and analyses of their Mendelian genetics are
reported elsewhere (Lewanpowskr and MEINARTowicz, 1990).

Data analysis

Single-locus (t;) and multilocus (t,) mating system
parameters were estimated based on a mixed mating
model, using the maximum likelihood procedures and
programs described in NearLe and Apawms (1985a). The mixed
mating model divides the mating process into two com-
ponents: random mating and self-fertilization (CLece,
1980). This model is based on the following assumptions:
(1) each viable progeny is the result of a random outcross
(with probability t) or a self-fertilization (with probability
s=1—t), (2) the probability of an outcross is independent
of the genotype of the maternal plant, (3) allele frequen-
cies of outcross pollen pools are homogeneous over the
array of mature plants sampled (Suaw et al., 1981). Multi-
locus data contain more information about outcrossing.
When more loci are assayed at once, more outcrosses are
detected directly, and then multilocus estimation is sta-
tistically more efficient than single-locus estimation, how-
ever independence among studied loci should be assumed
(Suaw et al., 1981; Rirranp and Jamn, 1981). Estimates of t
are occasionally greater than 1.0 (Suaw and ALLarp, 1982a;
Neare and Apawms, 1985a; NeaLe and Apawms, 1985b; BARRETT
et al,, 1987; EL-KassaBy et al., 1987). This may be due to
violations of the mixed mating model (eg. disassortative
mating), but sampling error is also a reasonable explana-
tion (Brown et al.,, 1984; Riranp and EiL-KassaBy, 1985).
Sampling error is especially likely, when t is near 1.0 and
sample sizes are small (Apams and Birkes, 1988).

Spatial heterogeneity of pollen alleles was tested across
maternal homozygous trees in a 2 x m contingency table,
where m is the number of homozygous females in the
sample (BrowN et al., 1975). The detectable outcrosses were
compared with homozygotes for each maternal tree by
way of a chi-square analysis.

Observed (H,) and expected (H,) heterozygosity were
calculated for each polymorphic locus in parental and
filial population after Ner (1975). The observed genotypic
distribution was compared with that expected under
HarpY-WEINBERG equilibrium by means of a G-test (SokaL
and Rownrr, 1973).

- Whitent’s fixation index (F) was estimated to measure
the proportional extent of inbreeding using the formula:
F = 1-H/H,. The variances of fixation indices were cal-

Table 1. — Summary of genetic characteristics for a mature stand of Polish larch near Ciechostowice, Poland.
Ho — observed heterozygosity, He — expected heterozygosity, F — Wricnr's fixation index, G — G-test

Gene

locus

Bst-1 Bst-3 6dh  Gépdb  Idb  Lap-1 Lap-2 Mdh-1 M3h-2 Mdh-3 Mdh-4 Mer-2 Mor-) Mor-&  Shdb  Sed-1 Sed-2 Srdh Nean
Allele frequencies
Allele 1 0.826 1,000 0.913 0.413 1,000 1.000 0.957 0.956 0.04¢ 0.95 1.000 0.976 0.565 0.413 0,522 1,000 1.000 0.956
Allele 2 0.044 - 0.087 0.326 - - 0.001 0.044 0.956 0.044 - 0,022 0.635 0.587 0.17% - - 0.048
Allele 3 0.130 - -0 - - 0.022 - - - - - - - - - -
Allele & - - - 0,04 - - - - - - - - - - 0.007 - - -
fo 0.348 - 0.7 0,69 - - 0.087 0.087 0.087 0.087 = 0.046  0.609 0.565 0.652 - - 0.097 0.212
$B(Ho)  (0.099) - (0.079) (0.096) - - {0.059) (0.059) (0.059) (0.059) - (0.043) (0.102) (0.103) (0.099) - = (0.059)
fe 0.299 -~ 0.159 0.67% - - 0.086 0.083 0.083 0.083 - 0,083 0.492 0.485 0.643 - 0,083 0.193
14 -0.165 - -0.09% -0.033 - - -0.03¢ -0.046 -0.046 -0.046 - -0.022 -0.239 -0.166 -0.015 - - =0.046  -0.057
SB(F)  (0.321) - (0.046) (0.151) _ (0.247) (0.026) (0.020) (0.028) - (0.002) (0.200) (0.203) (0.184) - - (0.028)
dg 1.637 - 0.322 1.621 - - 0.031 0.0;1 Mgl 0.0*1)1 - 0.0}2 l.JiiD 0.6:0 9.726 - : o.ozx
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Table 2. — Summary of genetic characteristics of the filial population from a stand of Polish
larch near Ciechostowice, Poland,

33t 1 213 P F i 1t 1 ittt 112ttt i 2+ i ittt i it P ittt ittt ittt i =
G ene l ocus
Gdh Mdh-1 Mdh-2 Mdh-3 Shdh Srdh Mean
Allele frequencies
Allele 1 0.937 0.950 0.966 0.948 0.486 0.950
Allele 2 0.064 0.050 0.034 0.052 0.155 0.050
Allele 3 - - - - 0.282 -
Allele 4 - - - - 0.077 -
Ho 0.127 0.099 0.060 0.095 0.556 0.083 0.170
SE(Ho) (0.021) (0.019) (0.015) (0.019) (0.031) (0.017)
He 0.119 0.094 0.065 0.098 0.654 0.094 0.188
F -0.068 -0.052 0.087 0.027 0.151 0.116 0.043
SE(F) (0.011) (0.009) (0.109) (0.075) (0.103) (0.103)
G 2.171 1.305 1.202 0.159 18.322 2.267
af 1 1 1 1 6 1

* — Indicates a significant departure from the null hypothesis at P < 0.05.
Ho — observed heterozygosity, He — expected heterozygosity,

F — Wricnur’s fixation index, G — G-test

culated according to Brown (1970). If self-fertilization is
the only factor causing deviations from random mating,
an expected equilibrium coefficient F, can be calculated:
F, = (1—t,)/(1 + t,), where t, is the multilocus out-
crossing rate (ALLarp et al., 1968).

The variance effective population size, N,, was calcu-
lated using allelic frequencies estimated in the two gen-
erations (Yasupa, 1969, after Cueuiax et al., 1985). It defines
the theoretical number of individuals contributing to the
next generation. Estimates of allelic frequencies in the
filial population make it possible to calculate the number
of males and females in a theoretical population (Crow
and Kimmura, 1970; BarrerT et al., 1987).

Results and Discussion
Mature population

The 18 loci studied in this sample of 21 trees included
six monomorphic loci, eight polymorphic loci each with
two alleles, two loci with three alleles, and two loci with
faur alleles each (Table 1). Average number of alleles
per locus was 2.0 for all loci or 2.5 for polymorphic loci
only.

Individual tree heterozygosity ranged from 0.05 to 0.32
with a mean of 0.177 and it is in line with values for other
conifers (Yen, 1981). Expected heterozygosity values rang-
ed from 0.0 for monomorphic loci to 0.674 for the four-
allelic G6pdh locus. The average expected heterozygosity
of 0.193 is similar to the results reported for many other
coniferous species (Hamrick et al., 1981). Analysis of 11
populations of Larix decidua revealed mean heterozygosity
of 0.157 and the average number of alleles per locus as 1.90
(LewanDowsk1, unpublished). These values are similar,
though somewhat lower than presented in this study. When
observed proportions of heterozygotes were compared
with heterozygosities expected for a population in Harpy-
WEeINBERG equilibrium a nonsignificant, but constant excess
of heterozygotes was detected at all variable loci, with an
average WricHr’'s F index of -0.057. This appears to be
typical for most mature populations of conifers (O’MaLLEY
et al.,, 1979; Yen and Layron, 1979; Linuart et al., 1981;
Cueuiak et al., 1985). Mean expected heterozygosity and F
values for the subset of six polymorphic loci studied in
the progeny were 0.189 and —0.049 respectively.

Filial population

Analysis of the embryos in seeds did not reveal addi-
tional alleles at the six loci studied by electrophoresis
(Table 2). Values of expected heterozygosity in the filial
population were similar to those obtained for the same
loci in the adult population, and ranged from 0.065 for
Mdh-2 to 0.654 for Shdh. The negative F values for Gdh
and Mdh-1 indicate an excess of heterozygotes. The
remaining four loci showed a deficiency of heterozygotes.
The F value appeared to be statistically significant for
the Shdh locus only, which occurs occasionally for dif-
ferent loci (Kinc et al., 1984 Curriak et al., 1985).

The differences between mature and filial generations
in inbreeding values seemed to be typical of many coni-
ferous trees (Suaw and Aiiarp, 1982b; Neaie, 1985; NEeALE
and Apawms, 1985b; EL-KassaBy et al., 1987), and is probably
caused by natural selection increasing the frequency of
heterozygotes in adult populations (Stern and Roche, 1974;
Brown, 1979).

Mating system estimation

Single- and multilocus estimates of outcrossing are
presented in fable 3. The single-locus rates (t;) ranged
from 0.776 for Mdh-2 to 1.132 for Mdh-1, and were sig-
nificantly heterogeneous over loci studied (x%,,; = 14.605),
based on chi-square test for heterogeneity (Rao, 1973).
Because of great differences among variances of single-
locus estimates, the arithmetic mean does not reflect the
theoretical real mean for a population and thus the mini-
mum variance mean over loci was used (Er-KassaBy et
al., 1987). It was 1.048. The single-locus estimates for
Gdh and Mdh-1 are greater than 1.0. This biologically
unrealistic event could be explained by negative assorta-
tive mating following phenological differences within and
among trees (Sarvas, 1962; EL-KassaBy et al, 1984), or
may be due to sampling error (Brown et al.,, 1984). Ob-
served heterogeneity among single-locus outcrossing rates
is probably due to the restricted number of maternal
sampled trees, when each marker locus tests overlapping
sets of mating events with unequal presision (Brown et
al., 1984). MuLLEr-STARCKk and Grecorws (1988) claim that
every investigated isozyme locus in a population can be
related to a distinct mating system.
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Table 3. — Single-locus ({s) and multilocus (fm) estimates of
outcrossing rates and allelic frequencies in the outcrossed pollen
pool for a stand of Polish larch near Ciechostowice, Poland

(standard deviations in parentheses).

Pollen pool

Locus t
s
Al A2 A3
Gdh 1.048(0.049) 0.958  0.042 -
Mdh-1  1.132(0.033) 0.942 0.058 -
Mdh-2  0.776(0.136)2 0.983  0.017 -
Mdh-3  1.000(0.163) 0.917 0.083 -
Shdh 0.803(0.138)° 0.458 0.170° 0.372
srdh 0.851(0.066)° 0.967 0.033 -
t 1.048°
s
s a d
t 0.943(0.055) F 0.029
m e

8) significant departure from the null hypothesis HO: t=1, at p
< 0.05, based on chi-square likelihood ratio test.

b) synthetic allele (A2+A4)

¢) minimum variance mean over loci

9) Wrienr’s fixation index under mating system equilibrium.

The multilocus estimate (t,) was calculated to be 0.943
and was unexpectedly lower then the minimum variance
mean of the single-locus estimates. Spatial heterogeneity
in pollen pool allele frequencies was not detected at all
loci.

Multilocus and some of single-locus estimates were
significantly different from 1.0 (see Table 3), indicating
the existence of significant amounts of selfing compared to
complete outcrossing. The value of t, suggests that the
proportion of selfed viable embryos is likely about 5.7%
(s = 1—t,). The proportion of selfed progeny in this study
is similar to values reported for natural populations of
other conifers (see reviews: Apams and Birkes, 1988;
Muona, 1989).

It should be noted that the t, estimator is much less
biased by outcrosses among relatives, thus if the mean t,
for population is substantially less then t,, inbreeding
other ithan selfing is indicated (Suaw and Avrrarp, 1982a).
The situation, when t,, is less than mean t; is unexpected
in natural populations, and was found mainly for planta-
tions such as seed orchards (Sumaw and Avrvarp, 1982a;
BagrrerT et al., 1987; Muona and Harju, 1989). This event
suggests lack of mating among relatives, which can be
explained by the absence of family structure. Larch is
distinctly a light demanding species and it is a pioneer
tree. Most populations of Polish larch are formed by
discontinuous generations and there are problems with
natural regeneration of a stand, which was also ob-
served in the studied population. Larch regenerates and
grows only where the structure of the shade forest
(with beech and/or fir) was destroyed (Oraczek, 1986),
and hence the familiar structure can not be maintained.

Similarity between Wricur’s fixation indices, calculated
from the progeny F = 0.043 and expected under mating
system equilibrium F, = 0.029, and the lack of mating
among relatives suggest that self-fertilization is the most
important factor influencing the level of inbreeding in
the studied population.
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The variance effective population size estimation in-
dicate, that viable zygotes are equivalent to an idealized
population of 9 females and 2 males, all with an equal
opportunity to mate. The calculated size of 11 effective
individuals is half less (52 %) then the 21 individuals
studied in the population. The variance effective popula-
tion size, assuming the studied population approximates
a Harpy-WEeINBERG equilibrium, is based on gene frequency
and should be regarded with reference to the adult pop-
ulation (Crow and Kimura, 1970; Cueuiak et al., 1985).

In species, where flowering is less regular, such as Picea
abies, the ratio of effective to actual size may be very
low, 0.15 to 0.35 in years with poor cone crops (LINDGREN
after Muona, 1989). The larch is regarded to be strongly
irregularly flowering species, hence the small effective
population number is not unexpected, the more so since
cones were collected during a moderate cone crop.

Two effective males represent only 9,5 % of the actual
number of males and nine effective females form 41%
of the total females. The ratio of genetically effective
males to receptive females observed in this sample was
calculated to be 0.22, and this suggests that receptive
females do not have equal opportunities to mate with a
random sample of males. Asynchronous phenology, con-
founded with asymmetrical fertility can have a serious
impact on the effective population size, which was ob-
served in seed orchards (MULLER-STARck, 1982; CHELIAK,
1984). However previous information about asymmetrical
fertility in larch is not known to the authors. Additionally,
direct genetic estimates of female and especially male re-
productive success are very difficult to make in natural
populations, because current methods are developed for
isolated populations as seed orchards (ScHoeN and STEWART,
1986) or small island populations (Muona, 1989).

Transport of larch pollen, which has no air sacs is
considered restricted, compared to other conifers, however
early studies have shown, that the average transport
distance of male gametes can be as large as 6.7 km (Dya-
kowska, 1936). The small ratio of genetically effective
males to receptive females and spatial homogeneity of
pollen allele frequencies indicate, that mating between
individuals relatively distant from one another, can occur.
In the situation, when almost all selfed progeny dies
(Kosinski, 1986), only the outcross pollen pool is effective
in the fertilization process.

The studied population showed a significant proportion
of selfed viable embryos and other patterns of nonrandom
mating. Differences of mating systems among different
populations of the species were reported for many coni-
fers (Farris and Mirron, 1984; NeaLe and Apawms, 1985b;
KnowLes et al., 1987), which were mainly due to different
spatial structure of the populations or specific environ-
mental conditions. Thus to fully describe the mating
system of European larch further studies are needed.
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Summary

The objective of this study was to determine the amout
of microgeographic differentiation within the Fraser fir
(Abies fraseri (Purss) Poir.) on Mt. Rogers, Virginia, an
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