desertification of North Africa is relatively recent, so
there was not enough time for species differentiation. In
the Med-Cecklist (GreuTEr et al., 1984), Cedrus atlantica is
listed as Cedrus libani subsp. atlantica, implying an un-
certainty as to the existence of 2 separate species. The
slight differentiation between those two species, could also
be attributed to the origin of the material used in this
study, which was collected from an arboretum where the
trees may have been derived from only a few parental
trees.

The heterozygosity (Table 2) shows that C. brevifolia
has high variation (0.3420) while C. deodara has no varia-
tion at all. C. libani and C. atlantica are intermediate.

Generally, conifers exhibit high levels of heterozygosity.
Up to now a notable exception to this rule was Pinus
resinosa (FowLer and Morris, 1977), probably as a result
of a severe population restriction during the Pleistocene
period. The fixation (zero heterozygosity) of C. deodara
was unexpected, since the species occupies large areas, of
about 500.000 ha (M’Hirrr, 1987) in Afganistan and the
Himalayas. A possible explanation of this observation is
the nature of the material used in the isozyme analysis.
As noted above, samples of C. deodara were collected from
an arboretum established with seeds of unknown origin.
The lack of variation can be attributed to fixation of the
donor source os the possible limited wvariation of the
“European population”.

Comparing the heterozygosity of the Cedrus species,
excluding C. deodara, with that of other coniferous
species, it appears that the heterozygosity of C. brevi-
folia is similar to that of Abies Sp. (SCALTSOYIANNES,
PaANETsos and ZArRAGoTAS, 1990; ScALTSOYIANNES and PANETsOs,
unpublished) while Cedrus libani and Cedrus atlantica
have less heterozygosity.

This interpretation of enzyme variation of Cedrus sp. has
important implications for future selection and improve-
ment of the species. For Cedrus deodara more research
is needed to solve the problem of its fixation. Research
material should be derived from stands of its natural dis-
tribution. Further research on C. atlantica and C. libani,
based on material from natural stands, will elucidate
their taxonomic status.

Isozyme studies based on haploid tissue (endosperm)
of C. brevifolia (unpublished) revealed the same pattern
as the one presented in this study, coming from diploid
tissue.
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Summary

Eleven enzyme systems coding for 22 loci were assayed
in Taxus baccata. Mendelian inheritance was confirmed
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for allozymes at 11 loci by testing the fit of band-pattern
segregation in macrogametophytes from heterozygous trees
to the expected 1:1 ratio.
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Linkage relationships were examined for 54 pairs of
allozyme loci showing joint segregation. Five pairs of
loci appear to be linked: Pgi2-Sod2 with a recombination
frequency (r) = 0.15, Pgi2-Pgm1l, with r = 0.24, Pgm1-Sod2,
with r = 0.27, Est1-G6p, with r = 0.30, and Est1-Lap2, with
r = 0.30.

Key words: Taxus baccata, electrophoresis, allozymes, inheritance,
linkage.

Introduction

In the last decade electrophoretic variants of enzymes
have become very popular genetic markers in forest ge-
netic research. However, the advantages of isozymes for
population genetic studies can be fully realized only if the
inheritance of isoenzyme band patterns is known.

Simple Mendelian inheritance of allozyme loci has been
described for many members of the Pinaceae and some
species from other conifer taxa (for review see PAULE,
1990).

Data on linkage is especially important when multilocus
genotypes are used as genetic markers. The information
obtained from linkage maps of various species also proved
useful for characterizing phylogenetic relationships among
them (CuerLiak and PiteL, 1985). Recently, several studies
have been published, demonstrating for conifers some
linked allozyme loci (see SzmipT and MuonNa, 1989).

This report describes 11 enzymes extracted from seeds
of English yew (Taxus baccata L.), a member of the
Taxaceae. Mendelian inheritance is inferred using segrega-
tion date from analyses of macrogametophytes. Linkages
were examined among 54 pairs of allozyme loci.

Material and Methods

Seed samples

Seeds for electrophoresis were collected from 41 trees
growing in a natural stand of English yew (Taxus baccata
L) in Wierzchlas, Poland. Seeds were collected on No-
vember 1990, when the arils were red and the outer sur-
face of seeds dark green. The seeds were immediately
cleaned and then stratified following Suszka (1985).

At first the seeds were stratified for 6 months at a cycli-
cally alternating temperature 15~20°C (24+ 24 hours/cycle)
after that a cool stratification at 3°C was continued for
about 4 months until the seeds started to germinate.

Seven macrogametophytes from each of the 41 studied
trees were first sampled to define genotypes. Afterwards,
additional 10 to 64 macrogametophytes per tree were
analyzed from 19 highly heterozygous trees that were

selected to study linkage and to verify the segregation
ratio.

Electrophoretic methods

Macrogametophyte tissue and embryo were isolated se-
parately from the seeds and homogenized in 50 ul of
TRIS-HCI buffer pH 7.2 with the addition a 0.15% 2-
mercaptoethanol.

Homogenates were subjected to horizontal (12%0) starch
gel electrophoresis by applying the following 2 buffer
systems (electrode buffer/gel buffer): System I, 0.06 M
lithium hydroxide — 0.3 M boric acid, pH 8.1/0.03 M
TRIS — 0.005 M citric acid — 1% electrode buffer, pH
8.5 (RiGeway et al., 1970). System II, 0.13 M TRIS — 0.043
M citric acid, pH 7.0/1:10 dilution of electrode buffer
(SiciLiano and Suaw, 1976).

Gel slices were stained for the activity of 11 different
enzymes using recipes described by CHeLiak and PrTeL
(1984). The enzymes, their abbreviations, enzyme com-
mission codes and buffer systems upon which they were
run are listed in table 1.

The zone specifying the most anodally migrating vari-
ants was designated as 1, the next as 2, and so on. Within
each zone, the most frequent variant was assigned the
value of 100. Other variants of the zone were described
according to their mobility relative to the most frequent
variant. Variants lacking stain activity were designated
al null (N). For multiple-banded variants, the slowest
band was used for calculating relative mobility.

Statistical analysis

The inheritance of alloymze polymorphism in haploid
tissue from heterozygous trees was tested for confir-
mation with the expected 1:1 ratio, using the chi-square
test. The chi-square test was also used for the estima-
tion of heterogeneity of results pooled over all trees
(MaTHER, 1963, p. 13 to 25 and 69 to 90).

The statistical evaluation of linkage relationships was
done using the three-way maximum likelihood G-test
(SokaL and Rownrr, 1981, p. 722 to 724). When the several
trees studied for an allozyme locus pair were homogeneous
both for segregation at single loci and for linkage in a
G-test, the data were pooled. Recombination fraction (R)
as calculated by the binomial estimator: R = r/n, where r
is the number of recombinant types observed and n is
the total number of observations. The standard error of
this estimate is given by:

[R(1—R)/n]*/? (Rupin and ExBERG, 1978).

Table 1. — Enzyme and buffer systems used for electrophoretic analyses of Taxus baccata.

Abbre- Enzyme

Enzyme viation Commission Buffer

number system
Esterase EST 3.1.1.1 I
Fluorescent esterase FEST 3.1.1.1 I
Glutamate-oxaloacetate-transaminase GOT 2.6.1.1 I
Glucose-6-phosphate dehydrogenase G6P 1.1.1.49 I
Isocitrate dehydrogenase IDH 1.1.1.42 II
Leucine aminopeptidase LAP 3.4.11.1 I
Menadione reductase MNR 1.6.99.2 II
6-phosphogluconate dehydrogenase 6PGD 1.1.1.44 II
Phosphoglucose isomerase PGI 5.3.1.9 I
Phosphoglucomutase PGM 2.7.5.1 I
Superoxide dismutase SOD 1.15.1.1 II
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Figure 1. — Enzyme phenotypes found in Taxus baccata. Mobility is expressed relative to the most common variant, set

to be 100 (see text).

Results and Discussion
Inheritance of isozyme patterns

Twenty two loci were identified from the 11 enzyme
systems analyzed, of which four (Est2, Got3, Mnr2 and
Pgm?2) could not be scored consistently. Zymogram pheno-
types for the remaining 18 allozyme loci are presented in
figure 1. Mendelian inheritance was tested only for the
eleven best staining polymorphic allozyme loci. In sum-
mary, no significant deviation from the expected 1:1 segre-
gation ratio nor chi-square — heterogeneity tests were ob-
served at any of the loci studied (Table 2), indicating
that these allozymes exhibited distinct, co-dominant ex-
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pression and simple Mendelian segregation in their mode
of inheritance. We have not found any previous infor-
mation about the mode of inheritance of allozyme loci in
Taxus baccata.

Description of the observed isozyme patterns is presented
below.
Esterase (EST)

There were 3 zones of activity on gels stained for EST.
Estl and Est3 stained intensively and consistently, while
Est2 stained faintly or was absent on many gels thus it was
excluded from this study. Two single-banded (97, 100)
and three triple-banded (100, 109 and 117) variants were




Table 2. — Observed allozyme segregation in macrogametophytes of heterozygous trees and
chi-square tests for goodness of fit to a 1:1 ratio and heterogeneity among employed trees.

Locus Allelic Observed Deviation x? | Heterogeneity

combination | segregation | test (1 df) %2 test (df)
Est-1 97/100 88:86 0.02 4.47 (8)
Est-3 100/109 75:86 0.75 1.48 (8)
100/117 29:33 0.26 1.45 (3)
109/117 36:45 1.00 1.30 (4)

109/N 12:8 0.80 -
G6p 100/120 81:80 0.01 3.55 (9)
Idh-1 95/100 21:27 0.75 0.29 (2)
95/115 7:7 0.00 0.31 (1)
100/115 142:120 1.85 5.11 (10)

Idh-2 100/113 9:7 0.25 -
100/125s 9:7 0.25 0.77 (1)
100/125 87:86 0.01 1.99 (5)
100/N 33:25 1.10 0.05 (2)

125s8/125 10:17 1.81 -
Lap-2 95/100 92:92 0.00 4.39 (11)
Mnr-1 65/85 28:38 1.52 1.38 (2)
65/100 80:77 0.06 5.84 (7)
85/100 89:94 0.14 2.69 (6)
6pgd 94/100 76:94 1.91 3.32 (7)
94/106 13:20 1.48 1.00 (2)
F 100/106 39:26 2.60 0.06 (2)
Pgi-2 70/85 39:31 0.91 2.05 (4)
70/100 140:116 2.25 5.56 (8)
85/100 148:126 1.77 7.41 (8)
Pgm-1 100/107 77:71 0.24 4.38 (8)

Sod-2 100/150 40:26 2.97 -
100/200 144:120 2.18 5.74 (9)

NOTE: None of the chi-square tests was statistically significant.

observed for Estl and Est3 regions, respectively. In Est3
we also found a null variant i. e. with no enzyme activity.
Among other conifer tree species, the number of esterase
loci described, varied from one in Pinus attenuata
(Strauss and Conkire, 1986) to 5 in P. torreyana (Lepic and
CoNKLE, 1983).

Fluorescent esterase (FEST)
Two single-banded invariant zones of activity were
found on gels stained for FEST.

Glucose-6-phosphate dehydrogenase (G6PD)

One zone of activity was evident on gels stained for
this enzyme. In this zone, two variants: a triple-banded
one (100) and a single-banded one (120) were observed.
A single zone of activity for this enzyme was reported
also for Larix species (CueLiak and Prrer, 1985; Fins and
SeeB, 1986; LEwaNDowskl and MEJNARTOWICZ, 1990).

Glutamate oxaloacetate transaminase (GOT)

There were 3 zones of activity on gels stained for this
enzyme. The 2 most anodal zones (Gotl and Got2) were
invariant for all 41 trees. The most cathodal zone.Got3
was highly polymorphic, but bands at this zone stained

faintly or were absent on many gels thus it was excluded
from this study. Three loci for GOT were also reported
for many other conifer species (EL-KassaBy et al., 1982;
CueLiak and Prrer, 1985; HArry, 1986; MULLER-STARCK and
Liu, 1988; Muona et al., 1987; Wang et al., 1990).

Isocitrate dehydrogenase (IDH)

Two zones of activity occurred on gels stained for IDH.
The upper, less intensely stained zone (Idhl) had three
double-banded variants (95, 100, 115). The lower zone
(Idh2) was stained more intensely and had one single-
banded variant (125s) and three double-banded variants
(100, 113 and 125). In Idh2 we also found a null variant,
i. e. with no enzyme activity. Two zones of IDH activity in
conifers have been reported by Harry (1986), Muona et al.
(1987), MiLLErR-STARCK and Liu (1988).

Leucine aminopeptidase (LAP)

Two zones of activity were evident on gels stained for
LAP. Only the most cathodal zone (Lap2) showed variants
(95 and 100). Genetic control of LAP loci by 2 inde-
pendent loci has been reported for several other conifer
species (BERGMANN, -1973; MgNARTOWICZ, 1976; RupIN, 1977;
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Guries and LepiG, 1978; ApaMs and Jory, 1980; CHeLIAK and
PrreL, 1985; Wane et al., 1990).

Menadione reductase (MNR)

Analysis of MNR electrophoretic patterns revealed two
regions, but the most cathodal zone Mnr2 was not con-
sistent enough to score and was not included in the study.
Three variants (65, 85 100) were observed for Mnrl. MNR
in Taxus baccata seems to be equivalent to Diaphorase,
similarly as for some other conifer species, see LEwaND-
owskl and MeiNArRTOWICZ (1990).

6-Phosphogluconate dehydrogenase (6PGD)

Gels stained for 6PGD had two zones of activity. Three
double-banded variants (94, 100 and 106) were observed
at the more anodal zone. The second (more cathodal) zone
stained much less intensely and seems equivalent to Idh2.
This zone can also be detected without adding the staining
substrate. It is possible that IDH can use citric acid present
in the gel as a substrate. For this reason we proposed the
control of 6PGD by a single locus in Taxus baccata.

Phosphoglucose isomerase (PGI)

Two zones of PGI activity were observed. The faster
migrating zone was invariant for all 41 trees. Pgi2 exhi-
bited three variants (70, 85 and 100). In other conifers 2
zones of PGI activity have usually been reported (Guries
and LEepiG, 1978; Apams and Jory, 1980; EL-KassaBy et al.,
1982; HarrY, 1986; Muona et al., 1987; Wang et al., 1990).

Phosphoglucomutase (PGM)

Two zones of activity were detected on PGM gels. Pgm2
stained faintly or was absent on many gels thus it was
excluded from this study. Pgml stained much more in-
tensely than Pgm2 and had 2 variants (100 and 107). The
fainter staining of the more cathodal zone of Pgm-2 was
also reported for some other conifers (SiMonseN and
WELLENDORF, 1975; Guries and Lepig, 1978).

Superoxide dismutase (SOD)

Two zones of activity were detected on SOD gels. The
faster region Sodl was monomorphic. Sod2 containing
three well distinguished variants (100, 150 and 200). Two
zones of activity for this enzyme were reported for Larix
decidua (Lewanpowski and MEINARTOWICZ, 1990).

Banding patterns of macrogametophytes and corres-
ponding embryos indicate for IDH, LAP, PGI, PGM and
SOD that the same loci are active in both tissues. Other
enzymes could not be scored in embryos because of poor
and/or blur band resolution.

When the allozyme locus was clearly expressed in the
embryo and when heterozygous embryos were found, the
quaternary structures of allozymes were inferred. On gels
stained for Lap2 and Pgml, only one or two-banded pat-
terns were found in embryos indicating that these enzymes
are probably monomers, which is in accordance with
results reported for other conifer taxa (Apams and Jovry,
1980; EL-KassaBy et al., 1982; MiLLAR, 1985; Harry, 1986). On
the other hand, some embryos stained for Idhl, Pgi2 and
Sod2 showed an additional third band of intermediate
mobility, which suggest dimeric structure of these enzyme.
Such a suggestion has also been described for other conifer
taxa (Guries and Lepic, 1978; EL-Kassasy et al, 1982; MiL-
LAR, 1985; HarryY, 1986; MULLER-STARCK and Liu, 1988).

Linkage

Out of the 55 possible two-locus combination which
can be formed from 11 polymorphic loci, 54 pairs of allo-
zyme loci were compared in at least one tree. Of these 54
pairs 47 pairs were analyzed in more than one tree. Table
3 shows the combinations of allozyme loci tested and the
number of trees studied. The linkage was found between
five pairs of allozyme loci (Table 4). Tight blocks were
indicated for 3 allozyme loci, in linear order: Pgml, Pgi2
and Sod2. Pooled estimate of recombination frequencies,
over all trees samples, for Pgml : Pgi2, Pgml : Sod2 and
Pgi2 : Sod2 were 0.24, 0.27, and 0.15, respectively. The
rest of the linkages detected were less close. Estl was
linked to Lap2, with recombination frequencies 0.30, in
the overall data from three trees. Also Estl and G6p
showed 0.30 recombination frequency in total data, but
linkage was significant in only one of the 2 investigated
trees.

The 5 linked pairs are reported here for the first time
for Taxus baccata. Comparison of linkage relationships in
Taxus baccata with those reported for other conifer
species is problematical, because of variation in electro-
phoretic methods and isozyme terminology used by dif-
ferent authors and the possibilities that the same zone of
isozyme variation in different species may not be coded by
the same gene.

The Pgi2 and one locus of SOD have been found
in the same linkage block (designated as A) in Pinus
jeffreyi and in P. contorta (Conkre, 1981). The presence
of Pgml in this linkage group in Taxus baccata is inter-
esting. Some comparable information from other conifer
taxa shows independence between Pgi2 and Pgml (Ste-
wART and ScHoEeN, 1986; Muona et al, 1987; Gerurek and

Table 3. — Number of trees analyzed for linkage for each pair of allozyme loci in Taxus baccata.

Loci 1 2 4

-

1

Est-1 * 5 3
Est-3 * 3
Gép (=)
Idh-1 *
Idh-2
Lap-2
Mnr-1
6Pgd
Pgi-2
Pgnm-1
Sod-2

=N W

11.

*NNNDH- O

ANV Wb W |on
*N W |9
*rAdHWRH |®

[
*roNwNaUnen |o
*rhwWwhbNHWNN |O
ANV WHNDWHD L |-

NOTE: (—) indicates not tested two-locus combination.



Table 4. — Significantly linked pairs of allozyme loci in Taxus baccata with recombination
frequency (R), its stadard devination (SD), G-test for linkage and proportion of trees studied
with significant linkage.

Pair of Total | Recombination N linked/
allozyme seeds frequency G-test /N studied
loci R (SD)
Estl1/Gép 27 0.30 (0.09) 4.61 * 1/2
Estl/Lap2 53 0.30 (0.06) 8.55 ** 2/3
Pgi2/Pgml 112 0.24 (0.04) 31.55 *** 3/4
Pgi2/Sod2 234 0.15 (0.02) 130.42 **x 777
Pgml/Sod2 62 0.27 (0.06) 13.11 *+* 2/2

NOTE: Significant levels: *) — P < 0.05, **) — P < 0.01, ***) — P < 0.001

WuEeHLISCcH, 1989). Pgi2 was tightly linked to Gotl in near-
ly all conifer species studied (for review see SzmipT and
Muona, 1989). It would have been interesting to check this
result in Taxus baccata but unfortunately in our material
two most anodally migrating zones of GOT were invariant.
In some pine species (Pinus contorta, P. taeda and P.
jeffreyi) ConkLE (1981) mapped also Est4, G6p2 and Lap2 in
the linked block A, besides the Pgi2 and SOD loci. There
is evidence about weak linkage between G6p, Lap2 and
Est 1 loci in Taxus baccata, however we did not find any
evidence for linkage of these loci with Pgi2, Sod2 and
Pgml. Lap2 and Pgi2 appear to be linked on the same
block in several species (Eckerrt et al., 1981; Straus and
CoNkLE, 1986; SzmipT and MuonNa, 1989). To explain whether
differences in linkage relationships among wvarious loci
between Taxus baccata and other Pinaceae species results
from phylogenetic differences between them, further stud-
ies with other Taxus species and involving additional
allozyme loci, would be needed.
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