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Mating system analysis in Pinus leucodermis
Ant.: detection of self-fertilization in natural

populations
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The mating system was analysed in two natural populations of Pinus leucodermis Ant., a narrow
ranged and relic species. The amount of outcrossing was estimated by assaying four enzyme loci.
An efficient multilocus model was used, which allows the joint estimation of outcrossing rate and
pollen allele frequencies for individual trees. The estimated multilocus outcrossing rates were 0.765
and 0.840 in the two populations. Both regression of individual pollen allele frequencies on the
additive value of the maternal genotypes and outcrossing rates estimated with the unique allele
method revealed that these low outcrossing rate estimates were not merely determined by mating
among relatives, but reflected significant levels of self ing. They are especially significant, if
compared with those observed in other conifers, which are almost complete outbreeders. The
estimated selfing rate may be an upper limit because it was obtained by analysing non-germinated
seeds. The presence of such a selfing level in this species could have important implications for seed
production, as it seems that strong selection acts against homozygotes derived from inbreeding
between germination and the adult phase.
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Introduction

Pinus leucodermis Ant. is a wind-pollinated coniferous
species with a discontinuous and restricted distribu-
tion. Its range consists of small and disjunct popula-
tions located both in southern Italy and in the southern
part of the Balkan peninsula. Little is known about the
phylogenetic relationships between the populations
from these two main portions of the species range and
it is uncertain whether or not they all belong to the
same species. Pinus leucodermis in Italy occurs in only
four small groups of populations located in the South.
Its previous distribution covered central and southern
Italy (Avolio, 1986). Due to the restrictedness of its
actual range and to the frequent occurrence of fires in
these areas, it can be considered to be a highly en-
dangered species whose genetic resources need to be
analysed and conserved. Moreover, its ecological
characteristics, such as great adaptability to extreme
environmental conditions and great colonizing poten-
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tial(Brogi, 1960; Avolio, 1986) make it suitable for the
reforestation of extensive dry areas in southern Italy.

As reproductive patterns in a population determine
the genetic structure of the progeny generations,
information on mating system and fertility variation in
natural populations is needed to plan gene conserva-
tion programmes and to manage breeding populations
(Muona, 1989). Moreover, determination of the out-
crossing rates should be an integral part of any study of
selection in plant populations (Ennos, 1981).

Coniferous species are known to be predominantly
outbreeders (Stern & Roche, 1974) and thus usually
suffer from strong inbreeding depression (Franklin,
1970), but a variable and sometimes significant amount
of selfing has been observed in natural populations of
species of the genera Pinus, Picea and Pseudotsuga
(Muona, 1989).

In this study we analyse the mating system of two
natural populations of P. leucodermis in order to
obtain an estimate of the outcrossing rate typical of the
species, to find out whether there is between-popula-
tion variation in the mating system and to examine to
what extent filial and parental population structure
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reflect any inbreeding that might be revealed by the
mating system analysis. An efficient multilocus model
developed by Ritland & El Kassaby (1985) was used
for the mating system analysis, which also allows the
estimation of pollen allele frequencies and outcrossing
rates for individual trees.

Materials and methods

Current year cones were collected in September, 1985
from two populations of Pinus leucodermis located in
southern Italy on Monte La Spina (40°07'N, 15°56'E)
at an altitude of 900 m and on Monte Pollino in locality
Pollinello (39°54'N, 16°11'E) at an altitude of 1800 m.
Twenty-five cones were taken from the upper part of
the crown of each of 28 trees in La Spina population
and 20 trees in Pollino population. The trees were
spaced 50 m apart on average. Seeds were extracted
using standard techniques, thus maintaining parental
identity. They were air-dried to a moisture content of
7—8 per cent and stored in sealed containers at 2°C in
the dark until needed.

Seed tissues were assayed for three enzyme systems,
glutamate oxaloacetate transaminase (GOT), phospho-
glucomutase (PGM) and shikimate dehydrogenase
(SKDH). GOT was separated on an 11 per cent w/v
starch gel (5 h at 30 V cm-') in a 0.3 M boric acid—
NaOH, pH 8.2 buffer system (modified from Poulik,
1957). PGM and SKDH were separated on a 12 per
cent w/v starch gel (6 h at 12 mA cm-') in a 0.13 M
Tris-citrate, pH 7.0 buffer system (modified from Shaw
& Prasad, 1970). Enzyme staining procedures were
taken from Cheliak & Pitel (1984), with the following
modification: MTT was used in place of NBT in
SKDH staining. Four polymorphic loci were scored for
the mating system analysis, namely GOT-A, GOT-C,
PGM-A and SKDH-A: their Mendelian inheritance
and lack of linkage have been previously verified by
genetic segregation tests (M. Morgante & G. G. Ven-
dramin, in preparation). Between 25 and 30 dormant
seeds were assayed, both for their embryo (diploid) and
megagametophyte (haploid) genotypes. The megagam-
etophyte genotype is genetically identical to that of the
ovule so this allows the unambiguous ascertainment of
the pollen contribution to the embryo even in progen-
ies from heterozygous individuals.

Single locus and multilocus estimates of the propor-
tion of progeny due to outcrossing (t) in a population
and of the pollen allele frequencies (p) were computed
using the maximum-likelihood procedure of Ritland &
El Kassaby (1985). This method is based on the mixed
mating model (Fyfe & Bailey, 1951) whose assump-
tions are described in Brown et al. (1985). The Ritland
and El Kassaby procedure also gives estimates of out-

crossing rates and pollen allele frequencies for indivi-
dual trees. At the individual level the estimated out-
crossing rate is the female one.

To assess the homogeneity of the pollen pooi among
maternal parent trees, the number of homozygous and
heterozygous embryos borne by each female was
entered into a 2 x f contingency table (Brown et al.,
1975), where f is the number of homozygous females,
and tested by a chi-square analysis. An estimate of the
effective selfing caused by consanguineous matings was
obtained by regression of the individual tree outcross-
ing pollen allele frequency on the additive value of the
ovule genotype (Ritland, 1985). The additive values (0,
0.5, 1.0) were assigned to the mother genotypes (aa,
Aa, AA) respectively, where 'A' is the most common
allele. A minimum variance mean of the single locus
regressions was computed. Single tree estimates of self-
fertilization rate, s, were also obtained for two trees
carrying unique alleles in heterozygous state through
the maximum likelihood procedure of Adams & Joly
(1980). The outcrossing rate, t, was then obtained as
1—s.

Wright's (1965) fixation index [F= 1 Ho/He] was
estimated at each locus for the adult and progeny
generations. The minimum variance mean of F for
each population was obtained after weighting the F
values at each locus by the inverse of their variance
(Brown, 1979). The expected fixation index at inbreed-
ing equilibrium, that is when all Hardy—Weinberg equi-
librium assumptions apart from random mating are
met, was computed as Fe = (1 —

tm)/(1 + tm), where tm is
the multilocus outcrossing rate (Allard et al., 1968).

Results and discussion

The multiocus estimates of allele frequencies in the
pollen are compared with the corresponding maternal
parent frequencies for the two populations in Table 1.
Differences between any pairs of allelic frequencies
were checked for significance at the 5 per cent level by
comparing bounds of confidence intervals. Only at the
SKDH-A locus in population Pollinello was the differ-
ence significant. This could be due to differential
pollen production among adult plants, which has been
well documented in conifers (Müller-Starck & Ziehe,
1984; Schoen & Stewart, 1986; Muona, 1989), to
selection at the gametophytic level [even though there
is virtually no published evidence that this mechanism
is active in gymnosperms (Apsit et al., 1989)], or to
non-random pollination, which may result from
restricted pollen movement.

The single- and multi-locus estimates of outcrossing
rates are presented in Table 2. In La Spina the single-
locus t values ranged from 72 to 77 per cent and in
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Table 1 Allelic frequencies and
maternal and pollen-pool in the

r 95 per cent confidence intervals in the
studied populations

La Spina Pollinello

*Based upon multi-locus estimate.

Outcrossing
pollen*

Outcrossing
pollen*

Table 2 Single locus (I) and multilocus (Im) estimates of outcrossing rate and single-
locus minimum variance mean (1) in the two populations (standard errors in paren-
theses)

Locus

La Spina Pollinello

Number of
seeds analysed i

Number of
seeds analysed I

GOT-A
GOT-C
PGM-A
SKDH-A

—

739
739
679

—

0.771(0.064)
0.717(0.061)
0.723(0.055)

596
596
595
594

0.857(0.052)
0.617(0.104)
0.882(0.054)
0.843(0.046)

1

m

Heterogeneity*
Chi-square of 1

741
0,735(0.034)
0.765(0.032)

=0.45 ns

600
0.841(0.028)
0,840(0.029)

= 5.31 ns

*The heterogeneity test of tis given by x - = I(i — 1)2, with k — 1 d.f.; the
information measure i is the inverse of the variance for the ith estimate of t

(Kahler etal., 1984).

Pollinello from 62 to 88 per cent. The chi-square test
did not detect any significant heterogeneity between
the single locus estimates in any of the two populations.
All the single locus values are significantly higher in
Pollinello than in La Spina, with the exception of the
GOT-C locus, at which the estimate is much lower. Its
standard error is, however, twice as large as those at the
other loci. This difference could therefore be attributed
to statistical inefficiency of the estimator due to viola-
tion of the mixed-mating model assumptions. Single
locus estimates of outcrossing rate are known to be
lowered by any form of inbreeding in addition to self-
ing, such as mating among relatives (Shaw & Allard,

1982) due to family substructuring of the populations.
Multilocus estimates, on the contrary, are much more
robust to any violation of the mixed-mating model
assumptions. The comparison of single- and multi-
locus measures therefore gives information on the
amount of inbreeding other than selfing (Ritland &
Jam, 1981). The multilocus estimate of tin La Spina is
76.5 per cent, a lower value than that of Pollinello,
which is 84.0 per cent. The negligible differences
between the single-locus minimum variance mean and
the multilocus estimates observed in Pollinello and La
Spina populations indicate that most or all apparent
selfing in the two stands is caused by actual self-

Locus Allele Maternal Maternal

GOT-A 1 0.000 0.000 0.175±0.118 0.063±0.024
2 1.000 1.000 0.825±0.118 0.937±0.024

GOT-C 1

2
3
4

0.000
0.893±0.088
0.036±0.051
0.071

0.000
0.861±0.029
0.057±0.020
0.083±0.024

0.050±0.068
0.950±0.068
0.000
0.000

0.017±0.012
0.983±0.012
0.000
0.000

PGM-A 1

2
0.179 0.100
0.82 1 0.100

0.242 0.039
0.758 0.039

0.200 0.124
0.800 0.124

0.093 0.027
0.907 0.027

SKDH-A 1

2
0.750 0.118
0.250 0.118

0.836 0.035
0.164 0.035

0.725 0.138
0.275 0.138

0.912 0.029
0.088 0.029



200 M. MORGANTE ETAL.

fertilization and is not the result of consanguineous
matings. However, Ritland & Jam (1981) have demon-
strated, using simulation studies, that multilocus esti-
mates of the outcrossing rate can also be biased
downwards when a small number of loci is used. As
this was the case in our study we used two other
methods in order to determine whether and to what
extent our outcrossing estimates have been lowered by
violations of the mixed-mating model.

Firstly we tested the hypothesis of homogeneity in
pollen pool allele frequencies over the maternal trees
by means of a contingency chi-square test between
progenies of homozygous individuals (Table 3). Local
heterogeneity in the pollen pool may arise from spatial
substructuring of the population and restricted pollen
dispersal and therefore can also be related to con-
sanguineous matings, or from tree to tree variation in
the outcrossing rate (Brown et a!., 1975). In one single
case, at the PGM-A locus in Pollinello population, the
null hypothesis of homogeneity of pollen allele fre-
quencies was rejected at the 5 per cent level of signifi-
cance. If variation in the individual ts was the cause,
then all the loci should be affected in the same way
(Knowles eta!., 1987). As this was not the case, we can
reject this interpretation. If family substructuring was
the cause, there should be a correlation between the
presence of the heterogeneity and the deviation from
random mating at each locus. At the PGM-A locus,
however, we had the highest outcrossing rate estimate
(Table 2). We can therefore conclude that spatial
heterogeneity of the pollen pooi allele frequencies does
not contribute significantly to the lowering of our out-
crossing rate estimates.

In the second test we used the regression of the
pollen allele frequencies (obtained from the joint
estimation of t and p for individual trees) on the
additive values of the ovule genotype in order to obtain
a direct estimate of the selfing caused by mating among
relatives. According to Ritland (1985) the regression
line has an expected slope equal to the amount of
estimated selfing caused by consanguineous matings.

Table 3 Chi-square test for the heterogeneity of pollen pool
allele frequencies across female parent trees (degrees of
freedom in parentheses)

Locus La Spina Pollinello

GOT-A — 4.63(12)ns
GOT-C 23.21(21)ns 14.66(17)ns
PGM-A 12.98(18)ns 23.81(11)*
SKDH-A 17.05(13)ns 13.99(9)ns

The regression (Table 4) had a non-significant average
coefficient for La Spina population, and a highly
significant one for Pollinello. If we consider, however,
the single locus coefficients, we can observe that the
significance of the mean value is merely due to the
GOT-C locus, which is also the one with the lowest
outcrossing rate estimate and the highest standard
error. We can therefore consider mating among rela-
tives as the most probable cause of the bias in the
GOT-C locus estimate of t. The regression of pollen
allele frequencies on maternal genotypes also reveals
that, with the exception of the above mentioned locus,
mating among relatives is not the cause of our low t
estimates. They therefore reflect a significant amount
of true self-fertilization.

A further confirmation of the presence of a signifi-
cant amount of selfing in Pinus leucodermis comes
from the estimates of outcrossing rate obtained from
trees that carry a unique allele in the heterozygous state
(Table 5). The estimate of the mother tree from La
Spina was lower than the population multilocus value.
In the other tree, which belongs to a third population,
Valle Torta, located close to Pollinello, but at a lower
altitude, we had a still lower outcrossing estimate. The
same estimation method gave much higher outcrossing
rates in Pinus taeda (Adams & Joly, 1980) and in Pinus
sylvestris (Muller, 1977; Rudin et al., 1986).

As far as the multilocus estimates of t and p
obtained for individual trees are concerned, it must be

Table 4 Regression of pollen allele frequencies on maternal
genotype and minimum variance mean over loci (1 and j3
jointly estimated)

Locus La Spina Pollinello

GOT-A — 0.003
GOT-C —0.066 0.314**
PGM-A 0.116 —0.055
SKDH-A —0.001 0.017
Sample size 22 18
Mean 0.016 0.082**

Table 5 Outcrossing rates obtained from trees carrying a
unique allele in heterozygous state

Locus Tree number Population I (S.E.)

6PGD-A 4 LaSpina 0.689(0.071)
IDH-B 14 ValleTorta 0.527(0.115)

**significant at the 1 per cent level.

*signific ant at the 5 per cent level. *Standard error from Adams & Joly (1980).
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remembered that the t values estimate the female out-
crossing rates of single trees, which need not equal the
male outcrossing estimates (Horovitz & Harding,
1972; Gregorius et a!., 1987). The individual t values
have been computed in two different ways, (i) keeping
p constant and equal to the population estimate and (ii)
allowing p to vary between families. The averages of
the individual t obtained with both methods (Table 6)
were higher than the population multilocus estimates in
both populations. This observation is in accordance
with the results of Ritland & El Kassaby (1985) in
Douglas fir. The range of among-tree variation was

Table 6 Distribution of estimates for female outcrossing rate
of individual trees, for intervals with midpoints (L.S. =La
Spina; Poll. = Pollinello)

Midpoint

Only I (%) Joint I, j3 (%)

L.S. Poll.L.S. Poll.

0.1 0 0 0 0
0.3 8 0 5 0
0.5 16 5 27 11
0.7 20 25 18 28
0.9 32 50 32 22
1.1 12 10 14 11

1.3 12 10 5 17
1.5 0 0 0 11
1.7 0 0 0 0
1.9 0 0 0 0

Sample size 25 20 22 18

Meant 0.815 0.890 0.785 0.947

quite wide but smaller than that observed in Douglas
fir. The variation is not due to true biological variation
between trees in individual outcrossing rates, but
rather to sampling variance, because the observed
among-tree variance per individual was nearly equal to
the one expected when t has no true variation among
trees, as determined by inversion of the expected
information matrix. The individual tree estimates of t,
which exceed 1, may not be biologically realistic, unless
negative assortative mating is involved (Cheliak et a!.,
1983). In our case they are probably due to sampling
error, which is at least partly attributable to the small
family size (about 30 progeny per mother tree). They
have nevertheless to be taken into account, if an
unbiased estimate of I is to be obtained (Brown et a!.,
1985).

The expected fixation index at inbreeding equi-
librium (Allard eta!., 1968) was computed on the basis
of the multi-locus estimate of outcrossing rate in the
two populations. The expected F values were com-
pared with the minimum variance mean F of progeny
and parents (Table 7). The t-test was significant for the
parental generation but not for the filial one. This
occurs because in both populations there is a consider-
able difference in the genotypic distribution between
the two life-cycle phases. The parental generation
always shows a much lower fixation index than the
filial. If a similar bias towards inbreeding existed in the
seed crop that produced the sampled parental trees, a
significant part of the reduction in homozygosity
between the two phases could be due to selection
against inbreds. This is a phenomenon which has often
been reported in conifers, which usually show a notice-
able inbreeding and particularly self ing depression
(Sorensen & Miles, 1982; Sorensen, 1982; Griffin &

Table 7 Fixation indices (S.E. in parentheses after Rasmussen, 1964) for the
parental and progeny generations in the two populations

Locus

Population

La Spina Pollinello

Parents Progeny Parents Progeny

GOT-A
GOT-C
PGM-A
SKD-A

F(minimum
variance mean)

— —

— 0.091(0.107) 0.028(0.040)
0.026(0.195) 0.145(0.041)

—0.128(0.173) 0.242(0.043)

—0.079(0.083) 0.133(0.024)

—0.212(0.079) 0.118(0.050)
—0.053(0.032) 0.340(0.087)
—0.250(0,086) 0.053(0.045)
—0.129(0.203) 0.076(0.044)

—0.095(0.028) 0.102(0.025)

F
t-testforF"Fe

0.133

P<0.05 ns

0.087

P<0.01 ns
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Lindgren, 1985) attributed to the action of recessive
lethal and deleterious alleles. Our estimate of the
proportion of selfed progeny in Pinus leucodermis was
obtained on dormant seeds which were scored prior to
germination. If selection against inbred progeny acts
during germination, then our selfing rate estimates are
likely to be lower than those based on the analysis of
germinating embryos, which are normally used in
studies of conifer mating systems. The same seed lots
which we utilized for the mating system analysis were
employed by Borghetti et at. (1989) for a study on the
germination ecology of Pinus leucodermis. Seeds from
the La Spina population had a significantly higher
germination rate than those from Pollinello, although
seeds from La Spina are selfed to a greater extent than
those from Pollinello (Table 2). These data seem to
indicate that strong selection does not act against selfed
progeny during germination in this species. Vaquero et
at. (1989) report a similar observation in rye, whilst a
positive correlation between germination and outcross-
ing rates was observed in Robinia pseudoacacia (Surles
etal., 1990).

The analysis of the mating system of Pinus leuco-
dermis has shown that this species is distinguished by a
significant and possibly variable level of true self-
fertilization. This level is higher than that usually found
in coniferous species, which tend to have very high out-
crossing rates (Muona, 1989). Selfing levels similar to
those of Pinus leucodermis have only been reported in
Pinus radiata (G. F. Moran, J. C. Bell and 0. Muona,
unpublished results) and Larix laricina (Knowles et at.,
1987). In the last species a positive relationship was
found between stand density and outcrossing rate. In
the only high density population the outcrossing rate
was higher than in the low density situations (0.91
versus an average of 0.74). La Spina and Pollinello
populations are both rather high density stands, so that
stand density is unlikely to be responsible for the low
outcrossing estimates obtained. It has to be stressed,
however, that the relationship between stand density
and outcrossing rate has not been observed in Jeffrey
pine (Fumier & Adams, 1986) nor in Douglas fir
(Neale & Adams, 1985).

Differences in self-fertility due to a different number
of lethal equivalents could explain the variability in
outcrossing rate among the two analysed populations.
This hypothesis, of course, needs to be tested through
the comparative analysis of progenies from controlled
self- and cross-pollinations.

The presence of a significant level of self-fertiliza-
tion in Pinus teucodermis has important implications
for seed production, as it seems that there is a strong
selection against homozygotes derived from inbreed-
ing, acting between seed production and the adult

phase. Natural stands managed for seed production
should hence be chosen among those with the highest
proportion of outcrossed progeny. Furthermore, if
open-pollinated families are to be used in order to
obtain estimates of genetic parameters such as herit-
ability and genetic gain, the level of inbreeding should
be accounted for in the computations because a basic
assumption of heritability estimation is that open-
pollinated progenies are not selfed to a significant level
(Namkoong, 1966).
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