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Abstract

Inheritance and linkage relationships of 13 enzyme
systems were investigated by horizontal starch gel elec-
trophoresis in female gametophytes of Pinus leucodermis
ANT.. Isozymes observed were under the control of at least
23 loci. In 2 of these loci, GDH and NDH, no variation
was detected. The segregation of allozymes in megagame-
tophytes of heterozygous trees revealed simple Mendelian
inheritance for most of the enzyme systems analyzed.
Distorted segregation ratios were observed at ACO, GOT
and LAP loci. Linkages were studied by analyzing 61 2-
locus combinations. Significant linkage, as attested by the
95% confidence intervals, was detected for GOT-A:PGI-B,
G6PD-A:LAP-B, LAP-B:PGM-A and 6PGD-B:PGI-B.
Estimates of recombination frequencies varied among
trees. The tightest association was observed between
6PGD-B and PGI-B loci, with a recombination frequency
of 8.1%.
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Introduction

Isozyme analysis is a useful tool to characterize the
genetic structure of populations and to assess evolutionary
relationships at the species level. The interpretation of
measures of variation, gene flow, mutation, and other
genetic parameters require that mode of inheritance and
linkage relationships among loci are determined. The
female gametophyte of gymnosperms allows direct analysis
of inheritance and linkage at heterozygous isozyme loci
without the need for making controlled crosses.
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The number and the subcellular locations of isozymes
appear to have been highly conserved during plant evolu-
tion (GorrtLIEB, 1982). However, duplication of structural
gene loci in diploid species has increased the number of
isozymes. Differences among related species can then pro-
vide useful phylogenetic indications.

Pinus leucodermis, a species with a discontinuous and
restricted distribution in Italy’s Calabria region, grows in
extreme xeric and humid habitats with considerable
tolerance of temperature fluctuations. This species is con-
sidered endangered because of its limited range and the
frequent occurrence of fires in these areas; therefore its
genetic resources must be conserved. Moreover this species
could be used for reforestation of dry areas in southern
Italy, as it shows high adaptability to extreme environ-
mental conditions and high colonizing capabilities.

Electrophoretic studies for Pinus leucodermis have in-
vestigated levels of genetic variatility (MorcanTE and
VENDRAMIN, 1990, 1991) and mating system (MorGANTE et al.,
1991) of different natural populations in Italy. In this
paper we report on inheritance and linkage relationships
of 23 allozyme loci in Pinus leucodermis.

‘Materials and Methods

Open pollinated seeds were collected from 114 mature
trees of 5 different natural Pinus leucodermis popula-
tions. The seeds were air dried and stored at 4°C until
analyzed. Six female gametophytes from each of the 114
trees were first sampled to infer maternal genotypes;
then an additional 30 to 280 megagametophytes per tree
were examined for 44 trees chosen on the basis of observed
heterozygosity at 2 or more loci. The isozymes assayed,
their abbreviations, number of scored loci and composition
of the electrophoresis buffers are listed in table 1. Mega-~-

Table 1. — Analyzed enzymatic systems.

ISOZYME SYSTEM ABBREVIATION E.C.No. No. OF SCORED BUFFER
LOCI SYSTEN
ACONITASE ACO 4.2.1.3 1 A
GLUCOSE-6-PHOSPHATE DEHYDROGENASE G6PD 1.1.1.49 1 A
GLUTAMATE DEHYDROGENASE GDH 1.4.1.3 1 A
GLUTAMATE-OXALACETATE-TRANSAMINASE GOT 2.6.1.1 3 B
ISOCITRATE DEHYDROGENASE IDH 1.1.1.42 2 A
LEUCINE AMINOPEPTIDASE LAP 3.4.11.1 2 c
MALATE DEHYDROGENASE MDH 1.1.1.37 3 A
MENADIONE REDUCTASE MNR 1.6.99.2 2 A
NADH DEHYDROGENASE NDH 1.6.99.3 1 A
PHOSPHOGLUCOMUTASE PGM 2.7.5.1 1 A
6-PHOSPHOGLUCONATE DEHYDROGENASE 6PGD 1.1.1.44 2 A
PHOSPHOGLUCOSE ISOMERASE PGI 5.3.1.9 2 A
SHIKIMATE DEHYDROGENASE SKDH 1.1.1.25 2 A

A= Gel buffer: 0.14 M Tris—0.04 M citric acid, pH 7.0/electrode buffer: 0.035 M Tris — 0.01 M citric acid, pH 7.0
B= Gel buffer: 0.08 M Tris—0.01 M citric acid, pH 8.7/electrode buffer: 0.06 M NaOH — 0.30 M boric acid, pH 8.2
C= Gel buffer: 0.05 M Tris-0.008 M citric acid, pH 8.1/electrode buffer: 0.19 M boric acid — 0.05 M LiOH, pH 8.1; gels were

made using electrode and gel buffer in proportions 1:9

Silvae Genetica 42, 4—5 (1993)
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Figure 1. — Enzyme phenotypes found in Pinus leucodermis. Sil. = silent.

gametophyte tissue was homogenized in 0.1M Tris-HCI pH
7.3 buffer, with 5% PVP, 1% mercaptoethanol, 0.12% EDTA
and 0.1% dithiothreitol. Staining was performed according
to CuerLiak and PrTEL (1984a).

For each putative locus, deviations from 1:1 segregation
ratios were tested using y? tests. When several trees were
studied for a specific allelic combination, a »* test was
performed to test the heterogeneity of segregation. If de-
viation was not significant, the data were pooled over
trees.

Linkage was examined for each possible 2-locus com-
bination, using a test to control the hypothesis of in-
dependence between 2 loci (expected segregation ratio
1:1:1:1). This involved the calculation of 3 y? values, one
each for the segregation at the 2 loci and 1 for linkage
(1 d.f. each) (MATHER, 1966).

The recombination frequencies were estimated by maxi-
mum likelihood (©@,) and the Bayesian likelihood (6,)
methods (Gesurex and von WuHLiscH, 1989). Estimation of
homogeneity of © over all trees was performed following
[1] (Rao, 1973):

2 2 2
=X N, (O,- -
X o1 ;(0,-0)°/0-0
where n = number of trees, N; = number of analysed
gametes for the i-th tree, ®; = estimated recombination
frequency for the i-th tree, ® = overall estimated recom-
bination frequency.

Map distances (MD) were calculated from Bavks estimates
(60,) following [2] (Kosamsrl, 1944):
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MD = 1/4 1n [(1+2®2)/(1—2®2)J

The isozyme nomenclature used in this paper follows
MoRrGANTE et al. (1991). The alleles of a locus are designated
by a mobility value. The mobility is expressed relative to
the common allele for the species, whose mobility is set
to 100. Phenotypes marked by the absence of bands are
designated silent (S).

Results

A total of 23 putative loci was scored. A single mono-
morphic locus was observed for both GDH and NDH.
Enzyme staining patterns are shown in figure 1. Enzyme
systems for which polymorphic loci were observed are
described below. The inheritance data are presented in
table 2.

Enzyme description and inheritance
Aconitase (ACO)

One zone of activity was observed on gels stained for
ACO, which was represented by 2 different allelic forms
among the trees studied here. Segregation was homo-
geneous among trees, but significant deviation from the
Mendelian expectation in pooled data was observed.

Glucose-6-Phosphate Dehydrogenase (G6PD)

One zone of enzyme activity, containing 2 single-band
variants, was evident on gels stained for G6PD. No sig-
nificant heterogeneity of the segregation ratio between
the 21 trees we analyzed was detected.



Glutamine Oxalacetate Transaminase (GOT)

Gels stained for GOT developed 3 zones of activity,
migrating anodally, each with multiple phenotypes. GOT-A
and GOT-B consist of 2 single banded isozyme variants;
GOT-C shows 4 bands. For all the 3 putative loci pooled
data differed from the 1:1 Mendelian expectation. The
comparison of phenotypes from megagametophytes and
embryos from the same seed shows that all the 3 GOT
loci have a dimeric structure.

Isocitrate Dehydrogenase (IDH)

IDH had 2 zones of activity. IDH-A was single-banded
and invariant in our material. In the slower migrating
zone, IDH-B, 2 variants were observed and they are in-
herited as a single locus (Table 2).

Leucine Aminopeptidase (LAP)

Two different polymorphic zones of LAP activity were
found in the trees studied. For LAP-A 2 variants were
observed, 1 of which segregated as a null allele, which seems
to be typical of many conifer species for this enzyme
(ALLENDORF et al., 1982; CuELiak and PITEL, 1984b; KUITTINEN
et al., 1991). The second zone had 2 single-banded variants.

At LAP-A 2 trees and at LAP-B 1 tree deviated sig-
nificantly from 1:1 expectation, but the segregation among
the heterozygous trees was homogenous 1:1 at these 2 loci.
Segregation distortion at LAP loci in forest trees has
previously been observed (Cueriak and PITeL, 1985; MuonNa
et al, 1987; SuiraisHi, 1988). The enzyme was functionally
monomeric as suggested by the absence of a hybrid band
in the heterozygous embryos.

Malate Dehydrogenase (MDH)

Three zones of activity were observed in megagameto-
phytes assayed for MDH. The fastest and the slowest
migrating zones (MDH-A and MDH-C) were invariant. At
MDH-B 2 variants were observed. The pooled segregation
ratio for the 2 trees heterozygous at locus MDH-B fits
the Mendelian expectation of a 1:1 ratio of gametes, with
no detectable heterogeneity among trees.

Menadione Reductase (MNR)

MNR gels showed 2 zones of activity. MNR-B was mo-
nomorphic; 2 variants and a null allele were observed in
the fastest migrating zone (MNR-A) which showed 1:1
segregation.

Table 2. — Segregation at single loci in Pinus leucodermis.

LOCJS ALLELES N.OF RATIO DEVIATION HETEROGENETY
TREES %2 x2
ACO-A 105/100 5 285: 158 36.41** N.S.
G6PD-A 105/100 21 962:1036 N.S. N.S.
GOT-A 109/100 8 565: 746 24.99** N.S.
GOT-B  104/100 2 160: 200 4,44~ N.S.
GOT-C 104/100 6 400: 502 11.53** N.S.
100/ 96 6 510: 412 10.42** N.S.
100/ 94 3 192: 234 4.14* N.S.
IDH-B 104/100 5 337: 340 N.S. N.S.
LAP-A 100/ S 7 466: 388 7.12% N.S.
LAP-B 100/ 94 7 340: 327 N.S. N.S.
MDH-B  105/100 2 97: 95 N.S. N.S.
MNR-A 108/100 7 417: 434 N.S. N.S.
100/ s 3 123: 144 N.S. N.S.
PGMA 111/100 12 531: 563 N.S. N.S.
6PGD-A 105/100 1 139: 126 N.S. N.S.
6PGD-B 100/ 97 12 593: 557 N.S. N.S.
PGI-A 117/100 2 122: 129 N.S. N.S.
PGI-B 111/100 13 629: 626 N.S. N.S.
SKDH-A 100/ 97 16 1138:1063 N.S. N.S.
) PLO0L %) P<LO0.05
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Phosphoglucomutase (PGM)

A single zone of activity was observed when gels were
stained for PGM, with 2 alleles. This locus showed 1:1
segregation. The heterozygous phenotype indicats that
PGM is functionally monomeric as has been inferred for
numerous other conifers (CueELiak and Prter, 1985; HARRY,
1986; EL~-KassaBy et al., 1987; ErnsT et al., 1987; Perry and
KNowLEs, 1989; GEBUREK et al., 1990; XiE et al., 1991). Only
1 tree deviates significantly from 1:1 but no heterogeneity
was observed in the segregation ratio among the 12 trees
surveyed.

6 Phosphogluconate Dehydrogenase (6PGD)

Gels stained for 6PGD had 2 zones of activity. 6PGD-A
was variable in only 1 tree that showed a 1:1 segregation.
At 6PGD-B 2 variants were observed: the average segre-
gation ratio of the 12 trees heterozygous for this gene
locus fits the expected 1:1 ratio and no heterogeneity
among trees was detected. The heterozygous embryos
showed a three-banded phenotype, indicating that the
functional form of 6PGD is a dimer.

Phosphoglucose isomerase (PGI)

Phosphoglucose isomerase had 2 zones of activity. Only
2 heterozygous trees were available to study the genetic
control at PGI-A: both of them segregated according to
a 1:1 ratio. 13 heterozygous trees at PGI-B locus were
studied: segregation was 1:1 and homogenous over trees.

Shikimate dehydrogenase (SKDH)

For SKDH 2 zones were observed, 1 of which (SKDH-B)
did not show wvariation in the trees we studied. For
SKDH-A 2 variants were found and segregation of pu-
tative heterozygotes different from 1:1 Mendelian expec-
tation in only 1 tree. Segregation ratios were homogenous
among single-tree data. Analysis of female gametophytes
and corresponding embryos showed that SKDH-A is mo-
nomeric.

In summary, when the data for all heterozygous trees
were pooled, most loci did not deviate significantly from
the 1:1 expected ratio and all ratios appeared consistent

among trees: there was no significant heterogeneity among
trees for the same loci. ACO, GOT (at all the 3 loci) and
LAP-A showed significant deviations. Analyses of in-
dividual trees revealed 18 cases of significant segrega-
tion distortion, of which 8 involved GOT, 3 involved
ACO and LAP, 2 G6PD and the other 2 PGM and SKDH.
It is interesting to note that at GOT loci, 7 of the 8 ratios
show an excess of the phenotype that is most frequent in -
the population sample. In 16 cases the deviations from
1:1 expected ratio were determined by an excess of the
most common allele.

Linkage

Twenty-three loci were available to evaluate linkage
relationships. We examined 61 of the 253 possible com-
binations of loci. The number of trees employed for linkage
analysis and results of statistical tests are given in table 3.
Maximum likelihood and BavEes estimates of ® were very
similar (Table 4). In table 4, estimates for a pair of iso-
zyme loci are indicated only when the upper limit of the
confidence interval excludes 0.5. Compared to the maxi-
mum likelihood estimation, the Bayes estimates result in
lower values when the recombination rate is high and
vice versa. The same trend was found by Gesurek and vonN
WueHLIscH (1989) in Picea abies. The closest linkage we
noted was between 6GPD-B and PGI-B with recombina-
tion frequency, pooled over the trees (Baves estimates),
of 8.1%. GOT-A was linked moderately to PGI-B. This
combination showed moderate linkage in 2 trees with a
O, of 0432 and 0.380, whereas the other 2 trees we anal-
yzed showed no linkage. Other possible linkages were
between G6PD-A and LAP-B, with 39.3 ©,, based on
pooled data from 5 trees, but only 3 trees showed signifi-
cant linkage. LAP-B and PGM-A showed a Bayes estimate,
pooled over 3 trees, of 42%, with only 1 significant case
of linkage.

The rest of the linkages found were less close. GEPD-A
was linked to GOT-C, with 45% ©,, in the overall data
from 3 trees. The 6, value in single trees ranged from
36.4% to 47.0%, with 2 significant (P<<0.05) cases. G6PD-A

Table 3. — Two-locus combinations and number of single tree progenies employed for the linkage analysis (upper right half
and results of statistical testing (lower half).
LOCUS 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 ACO-A 1 1 - - - - 1 2 1 1 - - 1 3
2 G6PD-A n.s. 2 2 3 2 3 5 7 - 1 7 1 4 8
3 GOT-A n.s.n.s. - 1 - - 1 - 3 - 4 - 4 2
4 GOT-B - n.s.- 1 - - - 1 1 - 1 - - -
5 GOT-C - * n.s n.s. 1 - - - 4 1 - 1 1 -
6 IDH-A - n.s.- - n.s. 1 - 1 3 - - - - 2
7 LAP-A - * - - - n.s. 1 1 1 - - - - 2
8 LAP-B n.s.* n.s.- - - n.s. 2 3 - 1 - 1 4
9 MNR-A n.s.* - n.s.- n.s.n.s.n.s. 3 - 3 - 2 4
10 PGM-A n.s.- n.s.* n.s.n.s.n.s. * - 3 - 2 3
11 6PGD-A n.s.n.s.- - n.s.-— - - - - - 1 - 1
12 6PGD-B - n.s.n.s.n.s.- - - n.s.n.s.n.s.- - 9 5
13 PGI-A - n.s.- - n.s.- - - - - n.s.- - 1
14 PGI-B n.s.* * - n.s.- - n.s.n.s.n.s.- * - 5
15 SKDH-A n.s.n.s.n.s.- - n.s.n.s.* * n.s.n.s.n.s.n.s.n.s.

— = 2 locus combination not tested. n. s. = not significant

*) = significant linkage at 5% level in at least 1 tree
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1 of the 3

in

tigated trees, and PGM-A and MNR-A

ficant (P<0.05) in only 1 tree (0,=0.309). GEGPD-A  analyzed trees. Pooled over the 7 trees recombination

and PGI-B, LAP-B and SKDH-A, and SKDH-A and
MNR-A seem to be also moderately linked in 1 of the 4

inves

and LAP-A showed 44.3% 0, in the total data, but linkage

was signi

frequency (Bavks estimate) for MNR-A and G6PD-A was
0.466: only 1 tree showed significant linkage. GOT-B and
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PGM-A showed 36% recombination, but this result was
based on 1 tree only.

Discussion

The 13 enzyme systems studied revealed 16 variable
gene loci. Segregation of isozyme variants showed direct
evidence of Mendelian inheritance; although most hetero-
zygotes segregated as expected, segregation distortion was
observed for some trees and/or pooled distribution of
megagametophytes. These types of segregation distortion
have commomly been observed in forest tree species
(Eckert et al, 1981; CuerLiak et al.,, 1984). Some enzymes
seem to exhibit more frequent segregation distortion
than others. Several studies indicate that in conifers GOT,
LAP, MDH, 6PGD and PGI often do not segregate in the
expected 1:1 Mendelian ratio (Strauss and ConkirE, 1986).
In this study segregation distortions were observed at
ACO-A, GOT (all 3 loci) and LAP-A pooled over all trees.
Several factors could cause segregation distortion, as
reported by Strauss and ConkLE (1966). Significant de-
partures from expected segregation ratios were found at
LAP locus for a silent allele. With respect to alleles
classified as silents, apparent unequal segregation ratios
may be the results of differences in staining (Guries and
LEepig, 1978; MULLER-STARCK and HUTTERMANN, 1981; HARRY,
1986). It is interesting to note that there is no presence
of homozygotes for silent alleles and there is no tendency
for a higher frequency of silent alleles for enzymes coded
by multiple loci (LAP, MNR). The multiple loci are
apparently not redundant in function, but it is likely
that the products of the different loci coding for the same
enzyme are somehow specialized in metabolic function or
are located in different sub-cellular eemponents (e. g.
chloroplast, mitochondria, cytoplasm) (GorrtLiEB 1982).

There are few notable exceptions in the isozyme pattern
between Pinus leucodermis and numerous other conifers.
We did not detect a GOT zone having multiple bands: a
double- or triple-banded GOT locus has been often
reported in Pinus and other genera in the Pinaceae. Our
results indicate a lack of an interlocus heterodimer band
in MDH, contrasting with observations in other conifer
species.

Linkages in Pinus leucodermis are similar to those
found in other members of the Pinaceae. We have found
linkage between loci encoding GOT and PGI, but
not as close as reported for other conifers. Close linkage
of GOT and PGI has been reported for several conifers
(Guries et al., 1978; O’MarLLEY et al., 1979; ConkLe, 1981;
Eckert et al, 1981; NEaLe and Apawms, 1981; EL-KAssaBy
et al.,, 1982; Kine and Dancik, 1983; Strauss and CONKLE,
1986; Harry, 1986; Muona et al., 1987; Gesurek and VON
WionLiscH, 1989). This evidence suggests that this gene
block is 1 of the most highly conserved in conifers. The
observed differences in the recombination frequencies be-
tween the GOT-A/PGI-B loci in Pinus leucodermis and
other conifers may be the results of a chromosomal re-
arrangement or mutation. BarrerT et al. (1987) reported
differences in the recombination fraction between the
GOT-A/PGI-B loci in a seed orchard population and a
marginal eastern population of Picea mariana. MULLER-
Starck and Liu (1988) have reported in 2 clones of Cun-
ninghamia lanceolata recombination frequencies between
the GOT and PGI loci of 0.263 and 0.222, respectively,
and Xie et al. (1991) of 0406 in natural populations of
Thuja orientalis.
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Of the pairs of linked loci detected in Pinus leucodermis,
the 6PGD-B/GI-B combination has the lowest recombi-
nation frequency (Table 4). To our knowledge, linkage
between these 2 loci has not been reported for any other
conifer. Only MULLER-STARCK and Lriu (1988) find a close
linkage between 6PGD-A and PGI-A loci in Cunninghamia
lanceolata Hoox.. Our data indicate that the gene loci
GOT-A, PGI-B and 6PGD-B are probably located on the
same chromosome. The rate of recombination varied be-
tween single tree progenies with respect to the same pair
of loci. This variation may be environmental or genetic,
as reported by Moran et al. (1983).
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Summary

Five natural populations of Pinus pumila were investi-
gated by starch-gel electrophoresis. A total of 56 alleles
were observed at 22 loci. More than 68% of the loci were
polymorphic and, on average, 28.8% of the loci per tree
were heterozygous (observed heterozygosity). Interpopula-
tion genetic diversity was 4.3% of the total genetic
diversity and the level of gene flow was 5.56 migrants per
generation. Ner's genetic distance coefficient ranged from
0.015 to 0.045 among populations. The data obtained sug-
‘gest that there are no strong genetic differences between
geographically distant populations of P. pumila from Chu-
kotsk, on the one hand, and from Sakhalin, on the other.
Key words: Pinus pumila, isozymes, inheritance, segregation, popu-

lation structure, genetic variation, genetic differentia-
tion.

Introduction

In recent years, scientists in several countries success-
fully conducted populational and genetic analyses for a
great number of coniferous species, especially pines. This
became possible because of isozyme electrophoresis which
came to be widely used in population studies. Using a
large set of isozyme loci (more than 14 to 18), the level
of wvariation, gene diversity, and differentiation were
quantified in populations of different species of the Pinus
genus (O’MaLrey et al, 1979; Yen and Layrton, 1979;
CoNKLE, 1981; Hamrick et al., 1981; ALLENDORF et al., 1982;
Guries and Leprc, 1982; WHeeLER and Guries, 1982; DANCIk
and YEH, 1983; Lepic and CoNkLE, 1983; FURNIER and ADAMs,
1986; Lepic, 1986; Pressas and Strauss, 1986; MiLLar et al,
1988; MoraN et al., 1988; NiesLiINnG and ConNkLE, 1990). These
investigations were devoted to North American pine spe-
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cies. Genetic structure of European populations of Pinus
sylvestris (Muona and SzwmipT, 1985; DukHAREV et al., 1987;
Paputov et al.,-1989; GonNcHARENKO et al, 1991) and of
Mediterranean populations of the Pinus halepensis-brutia
species complex (Louxkas et al., 1983; ScHiLLER et al., 1986;
ConkLE et al., 1988) were also analyzed.

In the present study, we used 22 isozyme loci to analyze
genetic variation and differentiation among populations of
Pinus pumila (PaLL.) ReceL, which has a great continuous
distribution in eastern Siberia and the Far East.

Materials and Methods

This study was based on seeds collected in 1989 to 1991
from 63 individual trees in 3 mainland populations of P.
pumila from the Chukotsk Autonomous Circuit (Dolgy
Island in the Velikaya River delta, the Malaya River delta,
and Mainets Lake), and 2 populations from the island of .
Sakhalin (in the vicinity of the towns of Makarov and
Nogliki). Locations of the populations sampled are shown
in figure 1.

Isozyme analysis

Individual trees were genotyped using 8 to 20 mega-
gametophytes plus some embryos for every locus. The
megagametophytes and embryos were sampled randomly
from a set of not less than 50 seeds extracted from 2 to 20
cones from each of the 63 trees. One of the Mdh loci was
expressed in the embryo tissues, and in this case, no less
than eight embryos from each tree were assayed.

Methods of enzymes extraction and electrophoresis
followed ConkLE et al. (1982), CueLiak and PrreL (1984), and
GoNCHARENKO et al. (1989). The enzymes were electropho-
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