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ABSTRACT

Peat-bog pine Pinus uliginosa Neumann has become extinct or rare in many parts of Europe. We have investi-
gated the levels of genetic variation and inbreeding in seeds collected from a highly endangered reserve of this
species in Poland, using allozymes as genetic markers. Generally, a high level of genetic variation was observed.
The mean expected heterozygosity was 0.376, while average (Na) and effective (Ne) numbers of alleles per locus
were 2.45 and 1.67, respectively. Nevertheless, we have detected relatively low levels of outcrossing, and poten-
tial biparental inbreeding. The population-wide multilocus outcrossing rate was estimated to be 0.706 (£0.091),
while the minimum variance mean of single-locus estimates was distinctly lower (t,=0.611). The estimates of out-
crossing calculated for individual trees ranged widely from 0.051 to 1.017, indicating the complexity of outcros-
sing patterns. The investigated population of P. uliginasa from Wegliniec is small and surrounded by extensive
forest stands of P. sylvestris. Our three-year records of phenological observations demonstrated that flowering pe-
riods for P. uliginosa and P. sylvestris overlap, allowing for cross-pollination. The possibility of P. uliginosa po-
Ilination by P. sylvestris creates a potential danger of genetic erosion of the P. uliginosa gene pool. Nonetheless,
based on a species specific cpDNA marker we have found that among 533 seedlings of P. uliginosa there were
only six seedlings carrying cpDNA marker specific for P. sylvestris, indicating that such hybridization seems to
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be rare.
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INTRODUCTION

Peat-bog pine Pinus uliginosa Neumann is one of the fo-
ur native pines in Poland. It reaches there the northern bo-
undary of its natural range, and usually forms small isola-
ted populations on peat lands in the southern part of the co-
untry (Boratynski 1994). Morphologically P. uliginosa is
considered as an intermediate species between P. mugo
and P. sylvestris (Staszkiewicz 1985) and/or between P.
mugo and P. uncinata (Staszkiewicz and Tyszkiewicz
1972; Krzakowa et al. 1984; Christensen 1987). However,
some other studies postulate that P. uliginosa is more clo-
sely related to P. mugo than to P. sylvestris (Prus-Gtowac-
ki et al. 1998; Lewandowski et al. 2002; Boratynska et al.
2003). The species has been recently regarded as a stabili-

zed hybrid taxon resulting from an ancient cross pollina-
tion of the pairs of species mentioned above (Christensen
1987; Lauranson-Broyer et al. 1997; Lewandowski et al.
2000).

One of the best-known locations of peat-bog pine in Po-
land is the reserve in Wegliniec in the area of Lower Sile-
sian Pinewood (South-Western part of Poland). Nowadays
P. uliginosa occurs at two sites in the area of the Silesian
Pinewood. The four other sites of this taxon known from
German literature of the 19™/20™ centuries have declined
due to habitat degradation. The peat-bog pine population
from Wegliniec reserve is small and threatened with
extinction because of the lack of its natural regeneration
and the gradual decline of older trees. Currently, there are
about 98 trees in the reserve, but over 50% of them is wea-
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kened or dying back. The size of population has decreased
by over half within the last 42 years (Danielewicz and Zie-
linski 2000). The remaining Polish populations of peat-bog
pine are also endangered and the species has been included
in the Polish Plant Red Data Book (Staszkiewicz 2001).

Recently, three approaches for protective activities of pe-
at-bog pine have been formulated by Danielewicz and Zie-
linski (2000): (1) supporting the population within the fra-
mework of reserve conservation by improving growth con-
ditions for P. uliginosa trees and creating conditions for its
natural regeneration; (2) protection of genetic resources of
P. uliginosa by archiving the genotypes through conserva-
tion plantations; (3) creating secondary sites of P. uligino-
sa in environments similar to those in which colonization
of the species may have occurred.

In order to create new populations from seedlings we ne-
ed information about genetic quality of seeds produced in
endangered populations. Pines are known to be predomi-
nantly outcrossed, but in small, isolated populations a de-
gree of selfing and inbreeding may increase, partly due to
related matings. Abnormal levels of inbreeding may have
implications for seed and seedling performance during
plantation establishment, thus altering ex situ conservation
programs. Additionally, some peat-bog populations (e.g. in
Wegliniec) are located in the vicinity of closely related P.
sylvestris and thus are theoretically exposed to constant in-
flow of its genes through pollen, leading to further species
extinction (Ferdy and Austerlitz 2002). These concerns se-
em to be important as the observations of phenology revea-
led only slight differences in flowering periods of the two
species.

In this paper we have investigated the genetic quality of
seeds of P. uliginosa collected in the Wegliniec reserve for
the purpose of ex-situ conservation program. The two sub-
jects that we have investigated relate to: (1) the levels of al-
lozyme variation and inbreeding in seeds; (2) the possibili-
ty of genetic erosion of P. uliginosa resulting from hybridi-
zation with P. sylvestris. Basing on phenological observa-
tions, firstly we have evaluated the possibility of cross-po-
llination between P. sylvestris and P. uliginosa, and then
through applying species specific copDNA marker we ana-
lysed seedlings of P. uliginosa estimating the actual level
of hybridization.

MATERIAL AND METHODS

Study area

The study site was the Wegliniec reserve (51°17° N,
15°14° E), located in the area of Lower Silesian Pinewood,
Poland. The population of P. uliginosa in Wegliniec is iso-
lated from other populations of the taxon and surrounded
by extensive forest stands of P. sylvestris. The area of the
reserve is only 1.35 ha. The height of P. uliginosa trees
ranges from 3.5 m to 16 m, and most of them are about 9
m high. Over the last three decades there has been a large
reduction in number of individuals, from 208 in 1956 to 98
in 1998, observable due to habitat degradation (Daniele-
wicz and Zielinski 2000). It is worth noting that in spite of
its isolation and small size the adult population of peat-bog
pine from Wegliniec reserve has preserved a high level of
genetic variation. The level of allozyme variation is com-
parable to the one in P. sylvestris considered to be the most
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variable coniferous trees in Europe (Lewandowski et al.
2002).

Phenological observations

The phenological observations were carried out in 1999,
2000 and 2001, starting from early spring to the end of po-
llen release and the end of receptivity of female strobili on
the last tested trees. At least ten individuals of each species
(P. uliginosa and P. sylvestris) were observed every year.
The observations were conducted with the use of binocu-
lars twice a week. According to Jonsson et al. (1976), du-
ring field observations we distinguished four distinct deve-
lopmental stages of megastrobili and six of microstrobili.
The duration of pollen release by microstrobili and pollen
reception by megastrobili were calculated separately for P.
uliginosa and P. sylvestris.

Mating system and genetic diversity of offspring

Mating system was investigated basing on 740 offspring
(seed embryos) collected in autumn 2000 from 14 mother
trees. The eleven of polymorphic allozyme loci used are the
following: Adhl (alcohol dehydrogenase), Fle (fluorescent
esterase), Gdh (glutamate dehydrogenase), Gotl (glutamate
oxalo-acetate transaminase), Lap2 (leucine aminopeptida-
se), Mdhl, Mdh3, Mdh4 (malate dehydrogenase), 6Pgdl,
6Pgd2 (6-phosphogluconate dehydrogenase), Pgm (pho-
sphoglucomutase). The separation of allozymes on starch
gels and the genetic interpretation of the results were per-
formed according to the results obtained for closely related
P. sylvestris species by Rudin and Ekberg (1978), Szmidt
and Yazdani (1984) and Goncharenko et al. (1994). Para-
meters describing genetic variation of mother trees and seed
embryos, including mean (Na) and effective (Ne) numbers
of alleles per locus, expected heterozygosity (He) and fixa-
tion index (F) were obtained using Pop Gen computer pro-
gram (Yeh et al. 1997). The population single-locus (t,) and
multilocus (t,,) estimates of outcrossing rate, as well as se-
veral other parameters, including correlation of paternity
(rp) and correlation of outcrossing (7,), were calculated on
the basis of the mixed-mating model and maximum-likeli-
hood procedures using the MLTR for Windows computer
program (Ritland 2002). The multilocus outcrossing rates
for individual 14 mother trees were also estimated.

cpDNA analyses

In order to investigate hybridization events we used
a cpDNA marker which is species specific for P. sylvestris
and P. mugo (Wachowiak et al. 2000). PCR-RFLP analy-
ses of trnL-trnF cpDNA region of P. uliginosa individuals
from the locus classicus of the species from the “Wielkie
Torfowisko Batorowskie” peat bog in Poland revealed one
Dral restriction site in that region in P. uliginosa, similarly
as in the case of P. mugo (Wachowiak et al. 2000). Howe-
ver, Dral restriction site does not occur in trnL-trnF cpD-
NA region in P. sylvestris. Consequently, restriction analy-
sis of respective PCR products differentiates P. sylvestris
samples (no digestion) versus P. mugo and P. uliginosa.
Since in Pinaceae the chloroplast DNA is transmitted pa-
ternally (Neale et al. 1986) this marker is useful to indicate
introgression between P. uliginosa and P. sylvestris in the
sympatric populations of the species. The cpDNA haploty-
pes were determined for 44 parental trees of P. uliginosa
and their F1 progeny consisting of 533 seedlings sampled
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Fig. 1. Development of megastrobili of Pinus uliginosa and microstrobili of P. sylvestris at Wegliniec.

from 1999 to 2001 (235 seedlings from 33 trees in 1999;
107 and 191 seedlings each from eight trees in 2000 and
2001, respectively).

Two weeks-old seedlings and the needles from the pa-
rental individuals (ca. 100 mg of fresh material) underwent
DNA isolation using method described by Dumolin et al.
(1995). PCR amplification was carried out in a total volu-
me of 25 pl containing about 20 ng of template DNA, 2.5
mM MgCl,, 100 pM of each of NTP, 0.2 uM each of pri-
mer and 0.25U Taq polymerase with the respective 1XxPCR
buffer (Taq polymerase and 10xPCR buffer were provided
by Fermentas, Lithuania), following the cycle profile and
primers described by Taberlet et al. (1991). The PCR pro-
ducts (10 pl) were subjected to the restriction analyses at
37°C over night. After digestion, the samples were separa-
ted in 2% agarose gel (Sambrook, et al. 1989), stained with
ethidium bromide and analyzed by UV light.

RESULTS

Phenological observations

The periods of successive phenophases of P. uliginosa
and P. sylvestris micro- and megastrobili were variable
each year and were largely influenced by weather condi-
tions. The time differences of phenophases between an
extremely early, dry and warm spring in the year 2000, and
late and cold springs in the years 1999 and 2001, were 10

days for P. uliginosa and 18 days for P. sylvestris. In both
species the megastrobili were developing earlier than mi-
crostrobili. The differences in periods of maturation of mi-
cro- and megastrobili were the least in 2000, reaching on
average only about 0.5 day for P. uliginosa and 1.4 day for
P. sylvestris. However, in 1999 and 2001 megastrobili were
receptive up to 2 weeks before the pollen has been released
from the same individuals. Every year P. sylvestris released
pollen at the time of receptivity of pollen by P. uliginosa
megastrobili (Fig. 1).

Level of allozyme variation

A summary of genetic variability measures at eleven al-
lozyme loci for the sampled mother trees and embryos are
given in Table 1. Generally, a high and relatively similar
level of allozyme variation was observed. The average
(Na) and effective (Ne) numbers of alleles per locus were
2.09 and 1.66 for mother trees, while 2.45 and 1.67 for se-
ed embryos, respectively. Mother trees exhibited a 5%
excess of heterozygotes (F=-0.047), according to the Har-
dy-Weinberg equilibrium. Contrary, in embryo we obse-
rved a 17% excess of homozygotes (Table 1).

Mating system

The population-wide multilocus outcrossing rate was esti-
mated to be 0.706 (£0.091). However, the minimum varian-
ce mean of single-locus estimates was distinctly lower
(t,=0.611£0.112). The difference between multi- and single-

TABLE 1. Genetic variability at 11 allozyme loci in the maternal trees and embryos (standard deviations in parentheses).

Sample size Na Ne He F
Maternal trees 14 2.09 (0.30) 1.66 (0.30) 0.376 (0.129) -0.047
Embryos 740 2.45 (0.69) 1.67 (0.29) 0.376 (0.133) 0.174
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TABLE 2. The multilocus outcrossing rates and correlation of paternity estimated for the offspring of individual mother trees of Pinus uliginosa and the

entire sampled population (standard deviation in parentheses).

Mother tree Sample size Outcrossing rate Correlation of paternity ()
01 57 1.017 (0.091) 0.696 (0.099)
02 57 0.987 (0.050) 0.048 (0.045)
03 56 0.072 (0.028) 2 -0.200 (0.000)
04 76 0.796 (0.046) @ 0.094 (0.066)
05 57 0.595 (0.068) # 0.143 (0.058)
06 59 0.994 (0.070) 0.027 (0.025)
07 55 0.929 (0.053) -0.048 (0.047)
08 46 0.051 (0.034)# 0.999 (0.206)
09 42 0.939 (0.107) 0.050 (0.060)
10 57 0.684 (0.076) @ 0.285 (0.121)
11 47 0.735 (0.064) # 0.149 (0.077)
12 52 0.593 (0.059) 2 0.077 (0.050)
13 19 0.967 (0.135) 0.157 (0.114)
14 60 0.648 (0.065) # 0.078 (0.047)

Pooled 740 0.706 (0.091) 2 0.188 (0.096)

2 — parameter significantly different from r=1 at P<0.001 level

locus parameters appeared to be statistically significant (t  —
t,=0.095£0.030), indicating that some proportion of inbree-
ding additional to selfing (i.e., biparental inbreeding) may be
present among offspring. Nevertheless, the high correlation
of outcrossing rates among loci (r=0.947£0.109), suggests
that biparental inbreeding is rather low as compared to uni-
parental inbreeding (selfing). The correlation of outcrossed
paternity within progeny arrays (or the probability that a ran-
domly chosen pair of progeny from the same array are full
sibs, Ritland 2002) was low (rp=0.18810.096), indicating
that on average, the number of outcrossing males mating
with a given mother tree was relatively high.

The correlation of outcrossing rate within progeny arrays
(normalized variation of outcrossing rate among progeny
arrays, Ritland 2002) was high (0.41240.157), suggesting
considerable variation of outcrossing rate among individual
mother trees. This has been confirmed by individual-tree
estimates ranging widely from 0.051 (tree #08) to 1.017
(tree #01) (Table 2). The biologically unrealistic value for
tree #01 (although not significantly different from 1), may
result from a negative assortative mating. The correlation
of paternity within the progeny array of that tree was very
high (rp=0.696i0.099) indicating that the outcrossing po-
llen came from very few individuals. Eight out of 14 trees
exhibited outcrossing rates significantly lower than unity
(Table 1). This means in general, that offspring of particu-
lar mother trees may be highly selfed (s=1-t), potentially
altering levels of inbreeding depression.

cpDNA analyses

All the parental trees of P. uliginosa displayed the haplo-
type of trnL-trnF cpDNA region typical to the species. In
the group of 533 P. uliginosa seedlings there were only six
individuals identified with cpDNA haplotype specific to P.
sylvestris. Three of them are dated to 1999 and the other th-
ree to 2001.

DISCUSSION

The three-year records of phenological observations pro-
ve that growth periods for P. uliginosa megastrobili and P.

sylvestris microstrobili overlap, enabling cross-pollination.
The possibility of P. uliginosa being pollinated by P. sylve-
stris creates potential danger of genetic erosion of the P.
uliginosa gene pool. This probability increases because the
investigated P. uliginasa population in Wegliniec is small
and surrounded by extensive forest stands of P. sylvestris.
However, our studies with the aid of ¢cpDNA marker indi-
cated that introgression from P. sylvestris to P. uliginosa is
rare. The presence of only six among 533 seedlings derived
from P. uliginosa mother trees contained P. sylvestris pla-
stid DNA. This indicates that such hybridization process
seems not to affect the cohesion of natural gene pool of P.
uliginosa. Also latest biometric analyses indicated the lack
of effective hybridization between P. uliginosa and P. sy-
Ivestris at Wegliniec (Boratynska et al. 2003). Neverthe-
less, our results point out the possibility that hybrids of
both species may appear among seedlings derived from the
P. uliginosa seeds obtained from sympatric population of
the species. According to our observations, such introgres-
sion is more likely when megastrobili of P. uliginosa beco-
me receptive much earlier before its pollen shedding (as in
1999 and 2001). However, the time differences between
mega- and microstrobili phenophases are variable from
year to year, mostly due to weather conditions. In order to
exclude hybrids, seedlings of P. uliginosa intended for re-
introduction purposes may be preceded by their cpDNA
haplotype analyses. The cpDNA marker described above
constitutes an efficient tool for this type of research. Thus,
the obtained results suggest the existence of natural bar-
riers restricting the hybridization process with P. uliginosa
as a pollen acceptor.

The progeny (embryos) preserved high levels of allozy-
me variations, which is consistent with the results reported
earlier for the adult population from Wegliniec (Lewan-
dowski et al. 2002). The mean of F over loci for the mater-
nal trees (F=-0.047) indicated an excess of heterozygotes.
In contrast, the mean of F' over progeny loci was positive
(Table 1), indicating inbreeding in the seed crop. The re-
duction in homozygosity between the two life stages (seed
embryos and adults) could be due to selection against in-
breds. This phenomenon has often been reported in coni-
fers, which usually show a noticeable selfing and inbree-
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ding depression attributed to the action of recessive lethals
and deleterious alleles (Shaw and Allard 1982; Lewandow-
ski et al. 1991; Morgante et al. 1991; Williams and Savola-
inen 1996).

Conifers are known to be predominantly outcrossing
(Stern and Roche 1974), however a variable and someti-
mes significant amount of selfing has been observed in na-
tural populations of different species. High self-fertiliza-
tion levels, similar to those of Pinus uliginosa, have also
been reported for Pinus leucodermis (Morgante et al.
1991), Larix laricina (Knowles et al. 1987), Thuja occiden-
talis (Perry and Knowles 1990) and Thuja orientalis (Xie et
al. 1991). Selfing higher than average was often observed
at marginal populations in upper mountains or at the nor-
thern limit of species distribution (Karkkainen et al. 1996;
Hedrick et al. 1999; Lewandowski and Burczyk 2000). The
possibility of selfing allows population to survive during
unfavorable conditions when the amount of outcross pollen
is limited.

Relatively low levels of outcrossing, and potential bipa-
rental inbreeding draw attention to the strategy of seed
sampling for gene conservation purposes. We demonstra-
ted that individual mother trees may exhibit very low out-
crossing rates (high self-fertilization). Sampling offspring
from such trees not only decreases the genetic diversity of
next generations, but increases the probability of inbree-
ding depression expressed as high mortality, or low growth
performance. The considerable variation of outcrossing ra-
tes among mother trees is probably a result of genetic dif-
ferences among individuals in their self-fertility.

The need to maintain diversity and reduce the effects of
inbreeding in seeds from the Wegliniec reserve is evident.
Therefore collecting seed for gene conservation should ta-
ke into consideration two steps: Firstly, mother trees with
higher outcrossing rates should be selected; Secondly,
among the trees with high outcrossing rates the trees with
low correlation of paternity (r.) (i.e., the mother trees
which mated with a large number of males) should be pre-
ferred. Such procedure would enable to maximize genetic
diversity of the offspring, avoiding high inbreeding levels.
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