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Summary

Isozyme variants of 19 enzyme systems coded by 28
genetic loci from seed [megagametophyte (1n) and embrvo
(2n)] and dormant vegetative bud tissues of coastal
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Douglas-fir [Pseudotsuga menziesii var. menziesii (MIRB.)
Franco] were assayed by electrophoresis. Mendelian
inheritance was confirmed for isozymes at 27 loci by
testing the fit of band-pattern segregations in megagame-
tophytes (egg gametes) or pollen gametes from hetero-
zygous parent trees to the expected 1:1 ratio. Comparing
isozyme band patterns in bud tissue from seed orchard
clones with expected patterns from megagametophyte
analysis confirmed that 20 loci of the 27 loci are also
expressed in dormant vegetative bud tissues. The 28th
locus (Sdh), which expressed only in bud tissue, was
inferred by comparing band patterns in buds with those
in needle tissues, where genetic control had been previ-
ously determined. Allelic pairs at three loci showed
segregation distortion in the gametes of one sex, but not
in the other sex, suggesting that selection leading to seg-
retation distortion occurred at the gametic stage rather
than among zygotes. Linkage relationships were exam-
ined for 155 pairs of loci showing joint segretation. Four
linkage blocks, involving 19 of the loci, were identified.

Key words: Isozymes, inheritance, Douglas-fir, linkage, electro-

phoresis, seed tissues, bud tissues.

Introduction

Verification of the inheritance of isozymes is a pre-
requisite to their use in forest genetic studies. Mendelian
inheritance has been demonstrated for a large number of
species, including Douglas-fir [Pseudotsuga menziesii var.
menziesii (Mirs.) Franco] (EL-KassaBy et al., 1982a, 1982b;
NeaLe et al., 1984). Although the tissues used in isozyme
studies are mostly from newly germinated seeds (mega-
gametophyte and embryo), tissues from young seedlings
(YanG et al., 1977, mature needles (Mrirron et al., 1979;
Creuak and Prter, 1984a; NeaLe et al., 1984; MoranN and
Apawms, 1989), dormant vegetative buds (Cueruiak and PitEL,
1984a; Neare, 1985; Moran and Apawms, 1989), bark (Copss,
1979; Prrer. and CHeLiak, 1982), and roots (Weser and
SterTLER, 1981) have also been used. Very few studies,
however, have demonstrated interitance of isozymes from
seeds and mature tissues of the same genetic materials
(CueLlak and PireL, 1984a; et al., 1984).

We have employed electrophoretic analysis in a range
of studies of genetic variation in Douglas-fir in natural
populations (MerkiLe and Apawms, 1987; L1 and Apawms, 1989;
MoraN and Apams, 1989), managed stands (Neare, 1985)
and seed orchards (SmitH and Apawms, 1983; Om1 and ApaAMs,
1986). We used seed tissues unless trees were too young to
produce seed or there were no cones. In such cases
mature tissues were used. When combining or comparing
genetic data collected from different tissue types, it is
important to be sure that isozyme variants from different
tissues are indeed coded by the same alleles.

Our objectives in this study were to examine the genetic
control of isozymes in seed and bud tissues in Douglas-
fir, and to compare our findings to earlier reports on the
inheritance of seed (Er-KassaBy et al., 1982a, 1982b) and
needle tissue (NeaLe et al., 1984) isozymes in this species.
In this paper we: 1) describe electrophoretic procedures
for assaying isozymes from seeds and dormant vegeta-
tive buds in Douglas-fir, 2) present evidence for the inher-
itance of isozyme variants from 19 enzyme systems, in-
cluding additional information on 18 loci identified earlier
and new evidence for 10 loci not previously verified, and
3) identify some linkage relationships among loci.

154

Materials and Methods

Tissue Preparation and Enzyme Extraction

Seed and bud tissues were obtained from individual
trees or clones which had been used in previous studies,
including: wind-pollinated seeds from a large number of
trees in stands in southwest Oregon (Merkre and ApAMms,
1987); wind-pollinated seeds from over 200 clones in a
seed orchard near Corvallis, Oregon (Apawms, 1983; SmiTH
and Apawms, 1983); dormant vegetative buds from 80 of
the clones in this orchard; and control-pollinated seeds
from crosses of parent trees in Western Oregon and Wash-
ington breeding programs (Apawms et al., 1988).

Seeds were stratified for 48 hr in 1% H,0, and then
placed on moist filter paper in petri dishes in a seed
germinator (12-hr photoperiod, 26° C day, 21° C night)
until germinated radicles were 3 mm to 10 mm long,
which normally occurred within 3 to 5 days. Mega-
gametophytes and embryos were excised from seed coats
and separated for analysis. In wind-pollinated seedlots,
only the haploid (In) megagametophytes were assayed,
but in control-pollinated seedlots, the megagametophyte
and embryo of each seed were assayed side-by-side on
the same gel. Extracts were prepared by crushing seed
tissues in two to three drops of 0.20 M phosphate buffer
(ph 7.5) (ConkLE et al., 1982).

Small branches with dormant vegetative buds, collected
from individual orchard ramets, were stored in plastic
bags at 4° C. Three bud primordia, excised from bud scales,
were crushed in three drops of the extraction buffer
given by Cueuiak and Priter (1984a). Buds could be collect-
ed from December to mid-April and refrigerated for up
to 90 days without affecting band-pattern expression. In
both the seed and bud tissues, enzyme activity was best
maintained when extracts were kept on ice during pro-
cessing.

“Electrophoresis

Seed and bud tissue extracts were absorbed onto 3.5-mm
wide filter paper wicks (Whatman chromatography no 3
mm), which were then inserted into a vertical slice in
119 starch gels (Sigma Chemical Co., St. Louis, MO,
USA). Gel preparation and dimensions were nearly iden-
tical to those described in Conkie et al. (1982). We loaded
44 wicks per gel for seed tissue assays and, because of
slightly poorer resolution, 36 wicks for bud tissues. Gels
were placed on plexiglass forms which contained the
tray buffers (see ConkLE et al., 1982). Gel and tray buffers
are given in Table 1. Gels were run under refrigeration
(4° C) for 15 minutes before wicks were removed. Elec-
trophoresis continued until a dye marker (dilute red food
coloring) had migrated 8 cm from the origin for buffer
systems A and B, and 6 cm for buffer systems C, D, and
E. Gels were run at constant amperages (see footnote 1,
Table 1), with the exception that they were not allowed
to exceed 320 V. Gels were then cut horizontally into
four to six slices, stained, and incubated in the dark at
37 C. Stain recipes in Table 1 are modifications of
those in ConkLE et al. (1982) and CuerLiak and PiteL (1984b).

Determination of Genetic Control

Evidence for the single-locus inheritance of isozymes
from seed tissues was determined by assaying 10 to 60
(H = 24.6) megagametophytes from each of 82 individual
parent trees or clones, which together were known to in-
clude heterozygotes for 27 putative loci. Parent trees



segregating at the same locus were first tested for heter-
ogeneity of allelic segregation by a chi-square test. If
this test was nonsignificant (P > 0.05), data from indi-
vidual trees were combined and a chi-square goodness-
of-fit test was performed to test the expected 1:1 ratio

for segregating isozymes (Apams and Jovy, 1980a). Further
evidence for the genetic control of isozymes was obtained
by assaying embryos resulting from control pollinations.
The isozyme genotypes of the male and female parents
were already known (Apams et al.,, 1988). Thus, single-

Table 1. — Enzyme systems, gel and tray buffers, and staining recipes for starch gel electrophoresis of seed and vegetative bud
tissue isozymes in coastal Douglas-fir.

Gel and tray

Staining recipe3

Enzyme buffers! Buffer? Substrate Other
F-gsT4 C 0.07 M Na Acetate 4-methylumbelliferyl Acetone 10 ml
pH 5.0 (30 ml) acetate 1.5 mg
PGM A (seeds) 0.10 M Tris pH 8.0 a-D-glucose-1- NADP 0.020 g
E (buds) phosphate 0.140 g MTT (seeds) or 0.025 g

NBT (buds)
PMS 0.010 g
MgC1, (10%) 2.0 ml
G-6~-PD 100 units

a—D-glucose- 0.002 g
1,6-diphosphate

PGI A 0.70 M Tris pH 8.0 D-fructose-6- NADP 0.014 g
phosphate 0.036 g MTT 0.015 g
PMS 0.003 g
MgC1, (10%) 1.0 ml
G-6-PD 50 units
LAP A 0.1 M Tris-maleate L-leucine B- Black K salt 0.020 g

pH 3.8 adjust pH napthylamide 0.02 g

to 8.0 with 1 N NaOH

PEP A 0.20 M Tris pH 8.0 L-Teucylglycyl- Crude 0.020 g
glycine 0.080 g peroxidase

Snake venom, 0.020 g
(Crotalus atrox)
0-Dianisidine 0.100 g

DiHC1
MPI B 0.04 M Tris pH 8.0 D-mannose-6- NADP 0.010 g
phosphate 0.050 g NBT 0.010 g
PMS 0.006 g
G-6-PD 80 units
PGI 100 units
GDH B 0.05 M Tris pH 8.5 L-glutamic acid NAD 0.028 g
5.500 g NBT 0.028 g
PMS 0.009 g
SO0 B 0.05 M Tris pH 8.5 NAD 0.028 g
NBT 0.028 g
PMS 0.009 g
GOT B 0.20 M Phosphate 0.5% Pyroxidol-5- Fast blue 0.320 g
buffer pH 7.5 phosphate 2.1 ml BB salt
(66 m1) 3.0% Bovine albumim 4.2 mil H,0 21.0 ml
0.2 M L-aspartic acid 18.2 ml
0.1 M o-ketoglutaric acid 5.4 ml
6-6-PD 8 0.20 M Tris pH 8.0 D-glucose-6- NADP 0.014 g
phosphate 0.020 g MTT 0.015 g
PMS .. .0.006 g
MgC1, (10%) 0.400 ml
GLYD B 0.10 Tris pH 8.5 DL-glyceric acid NAD 0.020 g
hemiCa salt 0.500 g MTT 0.020 g
PMS 0.009 g
CAT B 0.26 M Phosphate Potassium iodide
buffer solution (2%) 100 ml
pH 6.5 H,0, (0.03%) 100 ml
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Gel and tray

Staining recipe3

Enzyme buffers Buf fer? Substrate Other
F-HEXY ¢ 0.05 M Citrate/ 4-Methylumbelliferyl-
phosphate buffer N-acetyl-B-D-glucosaminide
pH 4.0 (15 ml) 0.030 g
6-PGD C 0.10 M Tris pH 8.0 Na,-6- NADP 0.010 g
phosphogluconic MTT 0.015 g
acid 0.024 g PMS 0.004 g
MgC1, (10%) 0.500 m1
IDH C (seeds) 0.10 M Tris pH 8.0 DL-isocitric acid NADP 0.010 g
E (buds) 0.020 g MTT 0.015 g
PMS 0.004 g
MgC1, (10%) 0.500 m1
SDH C 0.10 M Tris pH 8.0 Shikimic acid NADP 0.020 g
0.200 g MTT 0.020 g
PMS 0.006 g
ACO A 0.20 M Tris pH 8.0 Cis-aconitic acid NADP 0.020 g
0.100 g NBT 0.020 g
PMS 0.009 g
MgC1, (10%) 1.00 ml
IDH 80 units
DIA C 0.20 M Tris pH 8.0 2,6-dichlorophenol B-NADH 0.020 g
~indophenol MTT 0.020 g
0.004 g
MDH D (seeds) 0.20 M Tris pH 8.0 0.5 M DL-malic acid NAD 0.020 g
E (buds) (50 ml) pH 7.0 50 ml NBT 0.020 g
PMS 0.009 g

1) Gel and electrode buffers.
A Stock a: 1.8 g LiOH, 11.89 g H3B03, H O to 1 liter., pH 8.3.

Stock b: 6.2 g TRIS, 1.6 g citric acid (monohydrate), H20 to 1 liter, pH 8.3.

Gel: mix 1 part stock a and 9 parts stock b.
Electrode: straight stock a.

Running conditions: 65 mA for 12-mm thick gels; 50 mA for 9-mm thick gels.
B Gel: 12.11 g TRIS, 1.45 g citric acid (monohydrate), H20 to 1 liter., pH 8.8.

Electrode: 18.55 g H,BO,, 4.0 g NaOH, H,O to 1 liter., pH 8.6.

Running conditions: 70 mA for 12-mm thick gels; 50 mA for 9-mm thick gels.
C Stock: 7.69 g citric acid (anhydrous), HZO to 1 Liter., adjust pH to 6.1 with N-(3-aminopropyi}

morpholine.
Gel: 50 ml stock, 950 ml H2O.
Electrode: straight stock.

Running conditions: 50 mA for 12-mm thick gels, 45 mA for 9-mm thick gels.

D Gel: 0.96 g DL-histidine HC1, adjust to pH 7.0 with NaOH, H20, to 1 liter.
Electrode: 105.82 g sodium citrate, adjust to pH 7.0 with 0.41 M citric acid, H O to 1 liter.
Running conditions: 60 mA for 12-mm thick gels, 45 mA. for 9-mm thick gels.

E Same as buffer D except gel and electrode buffers adjusted to pH 8.0.

?) All buffers 100 ml unless otherwise noted.
3) Stain recipes for four gel slices.

4) Score bands on gels within five minutes under longwave UV light.

locus segregation of isozymes in pollen gametes from
heterozygous male parents could be determined and tested
for fit to the expected 1:1 ratio.

Evidence for the inheritance of isozymes from bud tis-
sues was determined indirectly. Multilocus isozyme geno-
types of 209 seed orchard clones had been previously in-
ferred from samples of at least 10 megagametophytes per
clone (Apams, 1983; Smita and Apams, 1983). The proba-
bility of correctly inferring a clones’s genotype at any one
locus from a sample of this size is > 0.99 (Morris and
SeieTH, 1978). Preliminary analysis indicated that isozyme
bands coded by 20 of the loci identified in seeds could
also be scored in bud tissues (Table 2). Buds were then
assayed from 80 to of the orchard clones and their band

156

pattern phenotypes compared with those expected based
on the genotypes of the 20 loci determined from mega-
gametophyte samples.

All segregating pairs of loci for which there was a total
sample of at least 40 megagametophytes from hetero-
zygous mother trees or clones, were included in the
linkage analysis. Fifty-one parents, with samples of 15 to
40 megagametophytes from each, were involved. Chi-
square tests for linkage were performed following the
procedures described in Apams and Jory (1980b) on 155
of the 351 possible pairs of the 27 loci identified in seed
tissues. Recombination fractions (r) were estimated for
all locus pairs with joint segregations significantly differ-
ent from expectation (P < 0.05).



Table 2. — List of alleles at 28 loci observed in one or more of three
tissue types [seeds (S), dormant vegetative buds (B), needles (N)] of coastal
Douglas-fir, and relative positions of isozyme bands they code.

Alleler Relative band positions (Rf x 100)2
Locus number s? B N
F-est2 1 5% 54 Not
o 53 42 scorable
3 46 -
Paml 1 -- 88 --
2 64 85 70
3% 61 82 66
4 60 77 62
5 58 73 --
Pgm2 1 40 47 --
2z 36 40 42
3* 33 35 38
4 30 30 -
Pgil 1 55% Not Not
2* 53 scorable scorable
n null
Pgi2 1 295 295 325
] 26 - -
3* 23 23 24
4 16 - 21
5 1 n -
Lapl 1 66 - Not
2* 64 or 64/68 65 scorable
3 61 or 61/64 62
4 60 or 60/64 60
n null -
Lap2 1 59 - Not
2 58 58 scorable
3* 56 56
4 55 55
5 54 -
n nulil -
Pep2 1 36¥ Not Not
2* 35 scorable investigated
n nutl
Mpil 1* 89 Not Not
2 84 scorable investigated
n nultl
&dh 1 35 == 35
2* 33 33 34
3 29 - -
4 26 -- --
Sod 1 74 76 Not
2* 61 61 scorable
3 49 -
4 38 40
5 28 26
n null --
Sot1, 1 64 == Nob
2* 60 60 activity
3 54 56
Got2 1 51 51 Not
> 46 46 scorable
3 3g 40
n null -
Got3 1 31/41/51 -
2 21/33/39 21/39 Nob
3 16/26/43 -- activity
a* 10/25/35 10/35
5 1/15/28 1728
n null -
G-6pd 1 63 — -
2 56 - -
3 54 -— -
4* 51 51 58
5 46 ‘ 46 51
6 40 ‘ 40 45
n null - -
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Alleler Relative band positions (Rf x 100)2

Locus number s? B N4
6lyd 1 31 No -
2* 24 activity 26
3 15 23
] 5 --
Cat 1 20 No Not
2 15 activity investigated
3 9
4 1
F=hex 1 13#% Not Not
* 3 scorable investigated
6-Pad?2 1 42 42 35
2* 37 37 30
3 33 33 -
4 27 21 18
Idh .li 27 == -
23 40 7
3 20 . 35
4 17 -
5% 'Ig 30 25
6 1 23 7
7 17 12
n null == -
Sdh 1 Not 30 32
2* scorable 23 26
3 20 24
Acol 1 46 45 Not
2% 44 a4 investigated
3 40 40
Aco? 1 4 - Not
2> 39 39 investigated
3 36 34
n null -
Dia2 1 47 -- --
2 43 43 40
3 40 -- 37
4* 37 37 33
5 KX] a3 --
Mdh1 1 60 60 58
Fid 53 53 50
3 42 42 37
Mdh2 1 2% o= No
2 57 67 activity
3 47 47
4 33 33
5 28 -
Mdh3 1 47 47 No
2> 33 33 activity
3 26 -
4 23 20
5 13 -
[ 7 3
Mdh4 1 22% No No
2* 13 activity activity
3 10
4 7
n null

1) The asterisk (*) indicates the allele most commonly observed in the
samples of materials used in this study.
Rf is the migration distance of the isozyme band(s) coded by the cor-
responding allele, relative to the migration distance of the marker dve
(8 cm from origin). A dash indicates that an isozyme band corresponding
to the particular allele was not observed in the sample of materials for
that tissue type. Isozyme bands in italics are those for which allelism
has not been confirmed either by segregation tests or by comparison
of band pattern phenotypes in one tissue with phenotypes expected from
genotypes confirmed in another tissue (see text).

=f= indicates loci where bands were scorable only in the megagametophyte

tissue of seeds. In all other cases, bands were scorable in both embryos

and megagametophytes.

4) Information on needle tissue isozymes comes from Neare et al., 1984.

5) Pgi2 variants were multi-banded (Figure 1). The Rf value for the slowest
(most cathodal) band is given.

%) Bands were found in GOT1 and GOT3 zones of needle tissue gels, but
were not controlled by the same loci coding GOT1 and GOT3 bands in
seed and bud tissues (see text).

) Because of poor resolution of close migrating bands in needle tissue,
each IDH variant that could be identified in needles corresponded to
a pair of allozymes expressed in seeds.

~

w0
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Nomenclature

An enzyme and its band phenotypes were designated
by the enzyme’s abbreviation in capital letters; each locus
of an enzyme was specified by the enzyme’s abbreviation
in italics, with only the first letter capitalized. Many of
the enzymes assayed exhibited more than one zone of
activity. For such systems, the fastest migrating zone

(locus) was designated by a 1 following the enzyme abbre-
viation, the second zone by a 2, etc. The same conven-
tion was used for numbering variants (alleles) within
each zone. “Nulls”, isozymes that lacked staining activ-
ity under the conditions of our assays, were specified by
a lowercase “n”.

Table 3. — Observed allozyme segregation in megagametophytes of heterozygous parent trees
and goodness-of-fit to the expected 1:1 ratio.

Ailelic!
combination Observed no. Deviation Heterogeneity
Locus F S F Total x%(1) P X% (df) P
F-est2 1 2 106 226 0.75 .25-.50 7.64(6) .25-.50
2 3 13 20 1.25 .10-.25 - --
Pgm1 2 3 236 450 0.98 .25-.50 16.78(15) .25-.50
2 4 20 40 0.03 .75-.90 - ~--
3 I 87 192 1.51 .10-.25 7.21(8) .25-.50
3 5 9 19 0.00 >.95 - --
Pgm2 1 3 38 88 1.38 .10-.25 2.79(2) 10-.25
2 3 64 137 0.47 .25-.50 8.66(3) .01-.05
3 4 9 24 1.04 .25-.50 -- --
Pgil 1 2 8 15 0.00 >.95 - --
Pgi2 1 3 21 40 0.03 .715-.90 -- --
2 3 26 40 3.03 .05-.10 -- --
3 4 26 47 0.34 .50-.75 2.24(2) .25-.50
3 5 22 48 0.19 .50-.75 1.89(2) .25-.50
Lap) 1 2 6 15 0.27 .50-.75 -- --
2 3 151 300 0.00 >.95 2.71(8) >.95
2 3 106 222 0.37  .50-.7% 5.09(7) .50-.75
2 n 22 44 0.02 .75-.90 0.00(1) >.95
3 4 197 370 1.43 .10-.25 12.90(11) .25-.50
Lap? 1 3 19 40 0.03 .75-.90 -- --
3 4 34 93 6.19 .01-.05 0.16(2) .90-.95
3 5 32 60 0.15  .50-.75 2.14(1) .10-.25
3 n 23 40 0.63  .25-.50 - --
Pep2 2 n 18 33 0.12 .50-.75 0.61(1) .25-.50
Mpil 1 2 10 19 0.00 >.95 -- --
1 n 11 19 0.21 .50-.7% - --
Gdh 2 3 39 80 0.01 .90-.95 0.45(1) .25-.50
2 ) 3 12 2.08  .10-.25 - --
Sod 1 2 9 20 0.05 .75-.90 - --
2 4 37 65 0.99 .25-.50 2.43(3) .25-.50
Got) 1 2 14 27 0.00 >.95 -- --
Got?2 1 2 146 295 0.01 .90-.95 11.43(12) .25-.50
2 3 43 85 0.00 >.95 2.68(1) .10-.25
Got3 2 4 75 146 0.06  .75-.90 6.19(5) .25-.50
3 4 14 31 0.13 .50-.75 - -
4 5 52 104 0.01 .90-.95 0.27(2) .75-.90
a n n 24 0.04 .75-.90 -- -
G-6pd 2 4 14 28 0.04 .15-.90 - -~
3 4 359 709 0.09 .75-.90 28.80(23) .10-.25
K] 6 25 60 1.35 .10-.25 0.14(1) .50-.7%
4 5 24 52 0.17 .50-.7% 0.09(1) .75-.90
4 6 1 20 0.05 .15-.90 - --
3 n N 20 0.05 .75-.90 -- --
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Allelicl

combination Observed no. Deviation Heterogeneity
Locus F s F Total XZ(1) P X* (df) 3
Glyd 1 3 16 38 0.66 .25-.50 -- -
2 3 321 m 6.50 .01-.05 35.63(25) .05-.10
2 4 21 33 1.94 .10-.25 0.89(2) .50-.175
cat 1 3 342 72 1.02 .10-.25 20.16(23) .25-.50
1 4 13 24 0.04 .75-.90 - --
F-hex 1 2 255 508 0.00 >.95 14.67(14) 25-.50
6pgd2 1 2 60 128 0.38 .50-.175 6.56(3) .05-.10
2 3 30 66 0.38 .50-.75 0.00(2) >.99
2 4 44 88 0.01 .90-.95 0.01(1) .90-.95
I1dh 1 5 9 18 0.06 .75-.90 -- -
2 5 152 306 0.00 >.95 13.93(9) .10-.25
3 5 43 89 0.05 .75-.90 1.04(2) .50-.75
4 5 1 20 0.05 .75-.90 -- --
5 6 18 40 0.23 .50-.75 -- -
5 1 12 21 0.15 .50-.75 - --
5 n 10 20 0.05 .75-.90 - -
Acol 1 2 1 20 0.05 .75-.90 - --
2 3 61 118 0.08 .15-.90 5.26(2) .05-.10
Aco?2 1 2 73 128 2.26 .10-.25 3.01(2) .10-.25
2 3 14 143 0.11 .50-.75 0.40(3) .90-.95
2 n 9 21 0.19 .50-.75 1.29(1) .25-.50
Dia2 1 2 11 24 0.04 .75~.90 - --
2 4 205 420 0.19 .50-.75 12.85(14) .50-.75
3 4 25 44 0.517 .25-.50 2.75(2) .25-.50
4 5 33 60 0.42 .50-.75 0.30(1) .50-.75
Mdh1 1 2 9 18 0.06 .75-.90 - -
2 3 56 132 2.74 .05-.10 3.84(3) .25-.50
Mdh2 2 3 17 36 0.03 .75-.90 - --
3 4 15 30 0.03 .15-.90 0.60(1) .25-.50
3 5 19 40 0.03 .75-.90 -- --
Mdh3 1 4 26 55 0.07 .75-.90 0.87(1) .25-.50
2 3 12 20 0.45 .50-.75 -- --
2 4 212 39 2.62 .10-.25 11.37(12) 25-.50
2 6 10 20 0.05 .75-.90 -- -
Mdh4 1 2 6 20 2.43 .10-.25 - -~
2 [ 9 20 0.05 .75-.90 - --
2 n 23 40 0.63 .25-.50 -- --

1) Alleles coding faster (F) and slower (S) migrating isczyme bands o¢

designates a null allele.

Results

Single-Locus Segregation

Isozyme band patterns (Figure 1) and evidence for their
inheritance (Table 3, Table 4) will be presented separately
for each enzyme. Unless otherwise stated, the isozymes
in each zone of activity segregated according to the
expected 1:1 ratio, indicating single-locus control (Table
3, Table 4), supporting results of EL-KassaBy et al. (1982b)
and Neawe et al. (1984) for 18 of the enzymes. All data
on needle tissue isozymes presented in Table 2 and dis-
cussed in the text are from the work of NeaLe et al. (1984).
The term “seed” in this paper refers to both embryo and
megagametophyte tissues.
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each allelic pa:r. “o-

Isozyme band pattern phenotypes scorable in buds were
alyays those excepted given the tree genotypes inferred
from megagametophyte analysis. With the exception of
GOT, the same results were found when needle and seed
tissue banding patterns were compared. Thus, for most
enzymes in which comparisons were possible, isozymes in
a particular zone appear to be under the control of the
same gene-locus in seeds, buds, and needles. Since iso-
zyme expression was similar in seeds and buds, only
seed tissue band patterns are illustrated in Figure 1. In
most cases, the only difference observed in the expression
of the same isozyme in different tissues was in the ab-
solute distances bands migrated on the gel, and these dif-
ferences were generally minor (Table 2). Because dif-




ferent parent trees or clones were assayed for the differ-
ent tissue types, isozymes observed in one tissue were
not always detected in the other tissue.

Fluorescent esterase, F-EST1, F-EST2: Gels stained for
fluorescent esterase displayed two zones of activity in
seeds and buds, but did not give readable band patterns
in needles. F-EST1 was not scorable in seed tissues, so
segregation data were not available to validate genetic
control. This zone, however, was variable among clones
in bud tissue and had band-pattern phenotypes com-
patible with single-locus inheritance and single-banded
isozymes.

F-EST2 was scorable in both megagametophytes and
puds, but was not resolved well enough to be readable in
embryos. Three alleles were detected at the F-est2 locus
in megagainetophyte samples (Figure 1, Table 3), two of
which were also detected in buds (Table 2).

Heterozygotes had triple-banded phenotypes in buds,
with the slowest and fastest migrating bands in the same
positions as the single-banded phenotypes of homozygotes
for the corresponding alleles. These band patterns indi-
cate that F-EST2 has a dimeric subunit structure, a
conclusion reached for F-EST expressed in needle tissues

of ponderosa pine (Pinus ponderosa DoucL.
(MrtTON et al., 1979).

Phosphoglucomutase, PGM1, PGM2: Both zones of
activity gave clear banding patterns in seeds, buds, and
needles (Figure 1, Table 2). All four alleles of Pgml
found in seeds (Table 3, Table 4) were also detected
in buds, but only three were observed in needles (Table 2).
Isozyme band PGM1-1 was found only in buds of clones
with no corresponding megagametophyte samples, so it
was not possible to confirm that it is coded by an allele
Pgml1-1 at the same locus, but this is the most likely
explanation.

Although, in all cases, the combined data over parent
trees indicated that allozymes of Pgm2 segregate accord-
ing to the 1:1 expectation, significant heterogeneity of
segregation ratios among parent trees was found for allelic
combination Pgm2-2/3 in both megagametophytes (Table
3) and pollen gametes (Table 4). This heterogeneity
appeared to be due to sampling error. In only one of the
four individual tree samples of megagametophytes making
up the Pgm2-2/3 data set was a significant deviation from
the 1:1 ratio detected, and this sample involved only
20 seeds. Pollen gamete segregation for this allelic pair

ex Laws)

Table 4. — Observed allozyme segregation in pollen gametes of heterozygous parent trees
and goodness-of-fit to the expected 1:1 ratio.

Allelict
combination Observed no. Deviation Heterogeneity
Locus F s F Total X*(1) P X® (df) P
Pgm1 2 3 134 259 0.25 .50-.75 5.93(7) .50-.75%
3 4 38 74 0.01 .15-.90 0.13(2) .90-.95
Pgm2 2 3 24 52 0.17  .50-.75 4.79(1) .01-.05
Lapl 2 3 78 156 0.01 .90-.95 12.33(5) .01-.05
2 4 108 228 0.53 25-.50 4.39(7) .50-.75
3 4 10 24 0.38 .50-.75 - -
Lap?2 3 4 41 85 0.05 .25-.50 4.11(2) .10-.25
Got3 2 4 33 52 3.25 .05-.10 0.02(1) .50-.75
cat 1 3 145 278 0.44  .50-.75 11.68(9) .10-.25
Glyd 2 3 82 147 1.74 .10-.25 9.43(5) .05-.10
6—Pgd2 1 2 23 28 10.32 <.01 - --
2 q 12 24 0.04 .50-.75 - -~
1dh 2 5 101 162 9.39 <.01 2.22(4) .50-.75
5 1 22 48 0.19  .50-.75 -- --
Dia2 2 4 150 318 0.91 .25-.50 6.65(10) 75-.90

'} Alleles coding faster (F) and slower (S) migrating isozyme bands of each allelic pair.
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Figure 1. — Representative examples of allozyme band patterns
for 27 loci observed in seed tissues of coastal Douglas-fir.
Numbers on horizontal axis refer to genotypes of haploid
megagametophytes (single number) or diploid embryos (paired
numbers). Only band patterns for heterozygous embryos are
given; however, with the exception of Lap2 and Got3 (see text),
megagametophyte and homozygous embryo expression for the
same allele are identical. Rf refers to the migration distance of
bands relative to that of the marker dye.

was based on samples from two males. Neither sample
taken separately revealed significant deviation from the
expected ratio.

EL-KassaBy et al. (1982b) reported that the PGM2 zone
in Douglas-fir was actually IDH bands appearing on gels
stained for PGM. Previously, we provided evidence that
this condition is true only when gels are run on low pH
(< 7.0) buffer systems and Pgm2 is a distinct locus on
high pH buffers (NeaLe et al., 1984) such as the “A” and
“E” buffer systems used in this study. Heterozygotes at
PGM loci produce double-banded phenotypes (Figure 1;
Er-KassaBy et al., 1982b; NeaLe et al., 1984) indicating that
PGM is a monomeric enzyme.

Phosphoglycose isomerase, PGIl, PGI2: PGI1 was
clearly resolved only in megagametophyte tissue, with
two of the three single-banded variants (PGI1-1 and
PGI1-3) occurring only rarely, as has been observed in
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population samples of coastal Douglas-fir (MerkLe and
Apams, 1987). Segregation was consistent with single
locus inheritance (Table 3), but the sample tested was
small.

Three of the five Pgi2 alleles detected in seeds were
observed in clones assayed for bud tissues, and three
were observed in needle samples (Table 2). In all three
tissues, Pgi2 allozymes were multibanded, consisting of
3 to 4 closely spaced bands that stained almost equally
(Figure 1). Although somewhat confounded by the multi-
banded nature of allelic products, heterozygotes at Pgi2
produced band patterns consistent with a dimeric subunit
structure (Neare et al., 1984). Er-KassaBy et al. (1982b)
also concluded that PGI is functionally dimeric in this
species.

Leucine aminopeptidase, LAP1, LAP2: One-and two-
banded variants of Lapl were observed in megagameto-
phytes, embryos, and buds, but only the slower migrating
band of two-banded allozymes in megagametophytes was
expressed in diploid tissues (Figure 1). Furthermore, all
but one of the single-banded allozymes detected in mega-
gametophytes (LAP1-1) had a migration distance which
corresponded to the slower migrating band of a two-
banded variant. Since an allele coding a double-banded
variant in megagametophytes would be indistinguishable
in diploid tissue from an allele coding a single isozyme
with the same migration distance as the slower band,
all allelic pairs of this type were bulked, resulting in
five alleles (or allelic classes) being recognized in seeds
(Table 2). Three of these alleles were also observed in
the sample of clones assayed for bud tissue.

Significant heterogeneity among parent trees was ob-
served in the segregation ratios of alleles Lapl-2 and -3
in pollen gametes (Table 4); but, as in the two previous
cases of heterogeneity, this result is probably due to
sampling error, since only one of the six individual tree
samples showed significant deviation from the expected
1:1 ratio.

Allozymes of Lap2 were single-banded in both seeds
and buds (Figure 1, Table 2) and segregated in all but
one case according to the 1:1 ratio expected for single-
locus inheritance (Table 3, Table 4). Significant deviation
from the 1:1 expectation was found for combinations of
alleles 3 and 4 in segregating megagametophytes (egg
gametes) (Table 3). Although sample sizes were generally
small (15, 18, and 60), the deficiency of allele 3 was
consistent for three parent trees (with different genetic
backgrounds), suggesting that selection caused the distor-
tion by acting against allele 3, or against one or more
alleles with which it is tightly linked. The same combi-
nation of alleles did not show segregation distortion in
pollen gametes (Table 4), nor did allele 3 appear to be
selected against in segregating megagametophytes in-
volving any other combination of alleles (Table 3). Since
allele 4 occurred only in the 3/4 combination, it is not
known whether alleles other than 3 have a selective
disadvantage in segregating gametes of heterozygotes in-
volving allele 4.

Heterozygotes at both Lapl and Lap2 produced two-
banded phenotypes in embryos and buds. This indicates
that LAP is functionally monomeric, as has been reported
for other conifers (Conkie, 1971; Apams and Jory, 1980a,
NeaLe and Apawms, 1981; MiLLar, 1985).

Peptidase, PEP1, PEP2: Although two zones of activity
were detected in seeds and buds, PEP was clearly resolved




only in megagametophyte tissue, and only PEP2 could be
scored consistently. This contrasts with three invariant
zones in Douglas-fir reported by EL-Kassasy et al. (1982b).
When scorable, band patterns at PEP1 appeared to be the
same as LAP2. Mendelian inheritance was confirmed for
two of the three variants of Pep2 (Table 3).

Mannose-6-phosphate isomerase, MP11, MPI2: Although
MPI2 could not be clearly resolved, Mpil allozymes were
scorable in both embryo and megagametophyte tissues
(Table 2, Figure 1). EL-KassaBy et al. (1982b) reported two
invariant zones for MPI in seed tissues of Douglas-fir.
Two-banded heterozygotes were observed in embryos,
indicating that MPI1 is monomeric (Figure I1).

Glutamate dehydrogenase, GDH: Variants were clearly
resolved in seeds, buds and needles, but only a single
variant was observed in buds (Table 2, Table 3). Hetero-
zygotes produce a single broad band which occurs midway
between the positions of allozymes of the component
alleles (Figure 1). This pattern has been observed for Gdh
heterozygotes in other conifers as well, and presumably
indicates that this enzyme has a multimeric subunit
structure (Mitron et al.,, 1979; Apams and Jory, 1980a;
Cueriak and Prrer, 1984a; Pirer et al.,, 1987).

Superoxide dismutase, SOD: This enzyme appeared as
clear bands against a blue background in both seeds
(Figure 1) and buds. Heterozygotes were triple-banded,
suggesting that SOD is dimeric (Figure 1; ErL-kassaBy et
al., 1982b).

Glutamate-oxaloacetate transaminase, GOT1, GOT2,
GOT3 (also called Aspartate aminotransferase, AAT): All
three zones of activity gave clear banding in seeds and
buds (Figure 1, Table 2). ErL-KassaBy et al. (1982b) also
reported three zones of activity for GOT in Douglas-fir,
but GOT1 was invariant in their materials and, thus,
inheritance could not be confirmed. We found segrega-
tion at this locus in megagametophytes from only a
single mother tree (Got1-1/2, Table 3).

Allozymes coded by Gotl and Got2 were single-banded
and heterozygotes had triple-banded phenotypes, indi-
cating GOT has a dimeric subunit structure (Figure 1,
Er-KassaBy et al., 1982b). Allozymes of Got 3 have been
found to be two- or three-banded in a number of conifers
(Guries and Lepig, 1978; O’MaLLey et al., 1979; Apawms
aud Jory, 1980a; Eckert et al.,, 1981; NeaLe and AbpAwms,
1981; BoyrLe and MORGENSTERN, 1985; MiLLar, 1985; PiTteL et
al., 1987). Under our electrophoretic conditions, variants
of Got3 were triple-banded in megagametophytes, but
in both embryos and buds, homozygotes were double-
banded; the intermediate band of the megagametophyte
variants did not express in diploid tissue (Figure 1).
Heterozygotes contained six bands; four corresponded
to the isozymes occurring in homozygotes of the com-
ponent alleles, one band was intermediate to the two faster
isozymes coded by each allele, and one was intermediate
to the two slower isozymes.

~Three zones of GOT activity were also found in needle
tissue, but GOT1 and GOT3 banding patterns were not
those expected from genotypes based on megagametophyte
analysis, indicating that these zones are not under the
control of the same loci active in seeds and buds. GOT2
banding patterns, however, did appear to be consistent
with expectation, and thus, this zone may be controlled
by the same locus in all three tissues. Unfortunately,
GOT2 does not stain consistently enough to be reliably
scored in needles.

Glucose-6 phosphate dehydrogenase, G-6PD: This en-
zyme was clearly resolved in seeds, buds and needles
(Figure 1, Table 2). As found for jack pine (Pinus bank-
siana Lam.) (CHELiAK et al., 1984), G-6PD banding patterns
in Douglas-fir indicate that this enzyme has a dimeric
subunit structure (Figure 1; EL-KassaBy et al.,, 1982b).
Although G-6PD-3 and -4 are easily identified in mega-
gametophytes, the resolution of these bands in diploid tis-
sue is not clear enough to allow G-6pd-3/3 homozygotes
and G-6pd-3/4 heterozygotes to be unambiguously as-
signed. Thus, it is probably best to bulk these two alleles
for analyses involving embryo, bud or needle tissues.

Glycerate dehydrogenase, GLYD: The same locus ap-
pears to code GLYD variants in seeds and needles (Table
2; NeaLe et al., 1984), but no activity for this enzyme was
found in buds.

Glyd-2/3 heterozygotes, represented by a particularly
large sample (N = 711) of segregating megagameto-
phytes, gave an observed ratio of 0.90:1.10, significantly
different from the 1:1 expectation (Table 3). This com-
bination, however, failed to produce significant segrega-
tion distortion in pollen gametes (Table 4), or in
progenies of two-parent crosses in which both male and
female parents were heterozygous for Glyd-2/3 (NeaLe et
al., 1984). The observed deficiency of Glyd-2 mega-
gametophytes was either due to sampling error or
because the selective disadvantage of Glyd-2 (or the
linkage block it marks) is slight and can only be detected
statistically in large samples.

Glyd heterozygotes were triple-banded, indicating GLYD
is functionally dimeric (Figure 1). Davis (1981) reached
the same conclusion for Rocky Mountain Douglas-fir
(var. clauca).

Catalase, CAT: When seed tissues were assayed, gels
stained for CAT produced a single zone of clear bands on
a dark blue background (Figure 1). This enzyme was
not active in buds and was not investigated in the
earlier study of needle tissue. Products of individual alleles
(in megagametophytes or homozygous embryos) were
multibanded, with the slowest band being the most
intensely stained and several (2 to 4) faster migrating
bands accompanying it (Figure 1). Heterozygotes were
also multibanded, and included the slowest band from
each allelic product, plus several intermediate bands.
CAT has been reported to have a tetrameric subunit
structure in maize (ScanpavLious, 1969).

Fluorescent hexaminase, F-HEX (also called Hex-
oseaminidase, HA): Clear banding for F-HEX could only
be obtained in megagametophytes (Table 2, Figure 1).

6-Phosphogluconate degydrogenase, 6-PGD1, 6-PGD2:
EL-Kassasy et al. (1982b) reported two zones of activity
for 6-PGD in coastal Douglas-fir (6-PGD1 and 6-PGD2).
Under our electrophoretic conditions (Table 1), the two
zones overlapped, with 6-PGD1 so poorly resolved that
only 6-PGD2 could be reliably scored. 6-PGD2, however,
was readable in seeds, buds and needles (Table 2). Triple-
banded heterozygotes indicate that 6PGD is functionally
dimeric (Figure 1; E.-KassaBy et al., 1982b).

Significant deviation from the 1:1.. expectation was
observed in pollen gametes segregating for alleles
6-Pgd2-1 and -2 (Table 3). Although the sample was small
and was derived from only a single male, the observed
deficiency of 6-Pgd2-2 is likely due to selection against
this allele or against some closely linked gene or genes,
since allele 2 was also deficient in the seedling progeny
of a controlled cross involving another male parent
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heterozygous for 6-Pgd2-1/2 (Neare et al., 1984). The
frequency of allele 2 was not observed to be deficient
in segregating megagametophytes of 6-Pgd2-1/2 hetero-
zygotes (Table 3). In fact, when the same parent tree that
produced the segregation distortion observed in Table 4
was used as a female parent in the reciprocal cross, the
ratio of 6-Pgd2-1 to 6-Pgal-2 in megagametophytes was
15:13 (W. T. Apawms, unpublished). A similar situation of
segretation distortion in polien but not in egg gametes was
observed for Pgi2 alleles in loblolly pine (Pinus taeda L.)
(Apams and Jory, 1980a). 6-Pgd2-2 was the most common
allele observed in the materials sampled in this study
(Table 2), and there is no evidence that this allele is selec-
tively inferior in combinations of alleles other than
6-Pgd2-1/6-Pgd2-2 (Table 3, Table 4). Allele 1, however,
occurred only in the 1/2 combination, so whether other
alleles have a selective disadvantage when segregating
with allele 1 is unknown.

Isocitrate dehydrogenase, IDH: The eight distinct single-
banded variants detected in the megagametophytes were,
with the exception of IDH-n (a null), also observed in
embryos. Because of poor resolution, which made clear
separation of close migrating bands impossible, only three
variants could be distinguished in needles, each of which
corresponded to a pair of allozymes expressed in seeds
(Table 2). Four isozymes were observed in the bud samples
assayed, but in each case the isozymes corresponded to a
single isozyme found in seeds. Band patterns in diploid
tissues indicate IDH has a dimeric subunit structure
(Figure 1; EL-Kassasy et al., 1982b).

In all but one allelic combination (Idh-2/Idh-5), alleles
segregated according to the expected 1:1 ratio (Table 3,
Table 4). As observed for 6-Pgd2-1/6-Pgd2-2, Idh-2/Idh-5
produced significant segregation distortion in pollen, but
not in egg gametes. The deficiency of allele 5 in this
combination, however, was consistent over five male
parents, suggesting that selection caused the observed
distortion.

Shikimate dehydrogenase, SDH: Bands in seeds did
not stain consistently enough to be scored. NeaLE et al.
11984) provided evidence that the single zone of SDH
activity in needles is controlled by a single locus, and
identified three single-banded allozymes. By assaying
both needles and buds in the same orchard clones, we
found in this study that the same three alleles code
allozyme variants in bud tissues (Table 2). Sdh hetero-
zygotes are double-banded (NeaLe et al., 1984), indicating
that SDH is functionally monomeric in coastal Douglas-
fir, as has been observed in the Rocky Mountain variety
of this species (Davis, 1981), and in other conifers (LINHART
et al., 1981; BoyLe and MORGENSTERN, 1985).

Aconitase, ACO1, ACO2: Both ACO zones gave clear
band patterns when seed and bud tissues were assayed on
A buffer gels (Table 1, Figure 1). EL-Kassasy et al. (1982b),
however, were able to score only ACO2 in seeds when
a low pH (6.1) buffer system was utilized. A single zone of
ACO activity has been reported for several pine and
spruce species (Guries and Lepig, 1978; Apams and Jory,
1980a; King and DanNcik, 1983; MiLar, 1985; StTrauss and
ConkLg, 1986; MuoNa et al., 1987; PiteL et al., 1987), but two
zones were observed in eastern larch (Larix laricina)
(Cueuiak and PiteL, 1985). Band patterns of heterozygotes
indicate that both ACO1 and ACO2 are structurally mon-
omeric in coastal Douglas-fir (Figure 1). ACO has also
been found to be monomeric in black spruce (Picea
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marina) (Pirer et al., 1987), but Muvona et al. (1987)
reported that this enzyme is dimeric in Norway spruce
(Picea abies).

Diaphorase, DIA1, DIA2: As reported by EL-KassaBy et
al. (1982b), we found two zones of activity in seeds tissues
assayed for DIA, but only DIA2 resolved clearly enough
to be scored under our electrophoretic conditions (Figure
1). Furthermore, only DIA2 was expressed in buds and
needles (Table 2). Band patterns in diploid tissue indicate
this enzyme has a monomeric subunit structure (Figure 1;
NEeALE et al., 1984).

Malate dehydrogenase, MDH1, MDH2, MDH3, MDH4:
While all four zones of activity were readable in mega-
gametophytes, only three (MDH1, MDH2, MDH3) produced
bands in embryos and buds, with only MDH1 and MDH3
resolved clearly enough to be read in embryos (Figure 1,
Table 2). Only MDHI1 isozymes were active in needles.

Althcugh allozyme variants were single-banded at all
four Mdh loci (Figure 1), hybrid isozymes were formed
between the allelic products of Mdh2 and Mdh3, so that
an interlocus heterodimer always occurred midway be-
tween the MDH2 and MDH3 variants in megagametophyte
assays (ErL-Kassasy, 1981; ErL-KassaBy et al., 1982b). The
presence of interlocus heterodimers complicated the inter-
pretation of diploid band patterns for Mdh2 and Mdh3,
but with experience we were able to score both loci in
buds, and Mdh3 in embryos. When scorable, heterozygotes
at Mdhl, Mdh2 and Mdh3 were triple-banded, indicating
MDH is dimeric in coastal Douglas-fir. EL.-KassaBy et al.
(1982b) also reported that MDH3 is dimeric in Douglas-
fir, but concluded that MDH1 is monomeric.

Linkage Relationships

Four of the 27 loci identified in seed tissues (Pgil,
Mpil, Sod, Gotl) did not occur in any two-locus combi-
natiem-with sufficient joint segregation data (. e., N > 40)
for linkage analyses. All other loci were found in at least
six combinations where linkage could be assessed. In the
interest of space, we report only on the 17 locus pairs
which showed significant deviation from independent
assortment (Table 5). A complete list of the 155 pairs
analyzed can be obtained from W. T. Apawms. Estimated
rates of recombination in 12 of the 17 locus pairs

indicated only weak linkage between loci (r > 0.28). The
remaining pairs appeared to be tightly linked: Pgm2/

Glyd (r = 002), Pgm2/Mdh3 (r = 0.10), Pgi2/Gotz

(r = 0.05), Got3/Cat ﬁ- = 0.02), and Glyd/Mdh3 f\r = 0.06).
Tight linkage has also been observed between Pgi2 and
Got2 in eastern larch (Larix laricina (DuRoir) K. KocH)
(Cueuak and Piter, 1985), balsam fir (Abies balsamea (L.)
ML) (Neate and Apawms, 1981), and incense-cedar (Calo-
cedrus decurrens (Torr.) FroriN) (Harry, 1986); and be-
tween Pgi2 and Gotl in various Pinus and Picea species
(see Table 3 in Cueuak and Prrer, 1985). Comparison of
GOT banding patterns in different conifers suggests that
Gotl in pines and spruces is functionally the same as Got2
in Douglas-fir, eastern larch, balsam fir, and incense=
cedar (Cueuak and Prrer, 1985; HARRy, 1986). O’'MaLLey et al.
(1986) found Pgm2 and Mdh3 to be very tightly linked
(t = 0.01) in pitch pine (Pinus rigida Muc). The other
three locus pairs found to be tightly linked in this study
have apparently not been investigated in other conifer
species. Where comparisons were possible, our results
were quite similar to those of EL-Kassasy et al. (1982a)



for Douglas-fir. They also found Pgi2/Got2 to be tightly
linked (r = 0.02) and weak linkage between Got2/Mdh3

(t = 0.40), G6pd/Idh (v = 0.33), and Dia2/Mdh3 (r = 0.33).

In five of the 17 locus pairs showing evidence of linkage
(Pgm2/Glyd, Lap2/Glyd, Got3/Cat, G-6pd/Idh, Glyd/Mdh3),
frequencies of joint segregation were significantly
(p < 0.05) heterogeneous among mother trees. This may
he due to differences in r among mother trees, or to
alleles being in coupling arrangement in some mother
trees and in repulsion in others (Apams and Jory, 1980b).

A chi-square test of homogeneity of ; over mother trees
was significant for only one of the five combinations
(Glyd/Mdh3), supporting the latter explanation. Further-
more, for Glyd/Mdh3, one tree of the seven sampled
contributed over half of the homogeneity chi-square, with

an observed r (Ir\ = 0.18), which was much higher than
that of the others. Given the low sample sizes for each
tree (15 to 45), chance sampling could explain the hetero-

geneity of ? in this case. Thus, there is no evidence in
this study, that recombination rates vary substantially
among individual trees.

Based on the observed recombination values for the 17
locus pairs, four linkage blocks can be constructed (Fig-
ure 2). The exact order of tightly linked genes must be
consisdered tentative until verified by additional data,
and the ordering of genes in blocks ¢ and d was not
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Figure 2. — Four linkage blocks identified in coastal Douglas-

fir along with estimated recombination rates (f) between pairs
of loci.

possible because of the lack of joint segregation data for
Pep2/Gdh and Aco2/Mdh4. In general, linkages between
any of the weakly linked pairs must also be considered
tentative; however, three of the weakly linked pairs in
block a (Got2/Mdh3, G6pd/Idh, Dia2/Mdh3) are supported
by the results of EL-Kassasy et al. (1982a). If the map for
block a is correct, Lap2 should be fairly tightly linked

Table 3. — Recombination estimates (?) for pairs of loci with significant (p < 0.05) joint
segregation chi-square values.

Sample
Parent Total mega- . R
Locus combination trees gametophytes r SE (r)
Pgml/Aco2 4 135 .41 .04
Pami/Mdh4 1 40 .32 .07
Pgm2/61yd 4 114 .02 .01
Pam2/Mdh3 4 127 .10 .03
Pgi2/Got2 1 40 .05 .03
Pqi2/Glyd 1 40 .35 .08
Lapl/Cat 13 409 .45 .02
Lap2/61yd 4 15 .37 .04
Pep2/F-hex 2 67 .36 .06
Gdh/F-hex 1 40 .28 .07
Got2/G-6pd 9 223 .42 .03
Got2/Mdh3 8 212 .42 .03
Got3/Cat 4 137 .02 .01
6-6pd/1dh 9 259 .34 .03
G-6pd/Mdh1 2 58 .34 .06
61yd/Mdh3 7 181 .06 .02
Dia2/Mdh3 6 161 .41 .04
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with both Got2 and Pgi2 in Douglas-fir. Lap2 and Pgi2
appear to be linked on the same block in several pine
species (Conkie, 1981; Eckewr et al., 1981; SzmipT et al.,
1984; Strauss and Conkie, 1986), but have high recom-

bination values (?' = 0.30 to 0.50).

Discussion

Genetic Control of Isozymes in Different Tissues

Our data provide evidence for Mendelian inheritance of
10 enzymes not previously verified in coastal Douglas-fir
(PGI1, LAP1, LAP2, PEP2, MPI1, GDH, GOT1, CAT,
ACO2, MDH2), and additional support for the inheritance
of 18 enzymes identified in earlier reports (EL-KassaBy et
al., 1982b; NearLe et al., 1984). Twenty-seven of the 28
loci (Sdh not included) can be scored in megagametophyte
tissue, where the clearest banding patterns are normally
found. Of these 27 loci, six (F-est2, Pgil, Pep2, F-hex,
Mdh2, Mdh4) could not be scored in embryos because of
poor band resolution, and seven could not be scored in
dormant buds (Pgil, Pep2, Mpi2, Glyd, Cat, F-hex, Mdh4),
either due to poor band resolution or to the absence of
isozyme expression altogether. Of the 27 loci which could
be read in megagametophytes, 21 can be scored in em-
hryos, 20 in buds, and 19 are common to all three tissues
(Table 2). In addition, 10 loci identified in needle tissues
by NseaLe et al. (1984) were found to be scorable in both
seed tissues and buds. Sdh can be read in buds and
needles, but not in seeds.

When banding patterns were clear, isozymes in a par-
ticular zone of activity were found to be under the con-
trol of the same gene locus in different tissues, except for
GOT1 and GOT3, which appeared to be controlled by the
same two loci in seeds and buds, but are coded by differ-
ent loci in needles. Where isozyme zones were poorly
resolved, inheritance could not be determined, and so
there may be other exceptions. The complete lack of
banding for some isozymes in buds (i. e.,, GLYD, CAT,
MDH4) and needles (MDH2, MDH3, MDH4), that expressed
clearly in seeds, may mean that the loci coding these
enzymes are “turned-off” in the older tissues, or that the
enzymes have been inactivated by the extraction proce-
dures.

Although our results show that some allozymes can be
scored reliably in both seeds and mature tissues, allelism
of isozymes from different tissues should not be assumed
without genetic tests.

Segregation Distortion

Significant (p < 0.05) deviation from Mendelian expec-
tation was observed in only 4 of the 95 cases (Table 3,
Table 4), which could be accounted for by chance. Never-
theless, in three of the significant cases [Lap2-3/4 (Table
3); 6Pgd2-1/2 and Idh-2/5 (Table 4)], the segregation
distortion was consistent in more than one parent tree,
suggesting that selection may be involved. Two obser-
vations common to all three of these allelic pairs are of
interest: 1) segregation distortion occurred in the gametes
of one sex, but not in those of the other; and 2) each pair
included the most commonly observed allele in the study,
and that allele was always deficient in gamete segrega-
tion.

Since both male and female gametes are assayed from
viable seeds, it is wusually unclear whether selection
leading to segregation distortion occurs among gametes,
or among the zygotes they form (Cueuax et al., 1984;
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Strauss and Conkie, 1986). The presence of segregation
distortion in the gametes of one sex and not in those of
the other suggests that selection occurred at the gametic
stage in the above examples. Selection may be acting on
the allozymes themselves or on genes located at nearby
loci.

Earlier workers have found common alleles to be
overrepresented, not deficient, when segregation distortion
is found in offspring of heterozygous parent trees (Strauss
and ConkLe, 1986). This observation led Strauss and CoNKLE
to suggest that overrepresentation (i. e., superior fitness in
segregating gametes) may in part explain the high
frequency of common alleles in populations. On the other
hand, segregation distortion favoring low frequency
alleles as observed in this study, may in part explain the
maintenance of these alleles in populations, even if they
are at selective disadvantage in other life cycle stages.

Our results, like those for other conifers (Guries and
Lepig, 1978; O’MALLeY et al., 1979. Apams and Jory, 1980a;
NeaLe and Apawms, 1981; Kinc and Dancixk, 1983; MiLLAR, 1985;
Haxry, 1986; STrAauss and Conkire, 1986; Muona et al., 1987),
indicate that segregation distortion occurs relatively
infrequently. It is, however, difficult to detect statistically
(Strauss and ConkLE, 1986), so that milder forms of distor-
tion may go unnoticed. In most cases, inheritance of
isozymes meets, or at least closely approximates, Men-
delian expectation, but the rare occurrence of extreme
segregation distortion, such as observed for 6pgd2-1/2
in this study, emphasizes the need for caution in inter-
preting the results of genetic analyses. For example,
mating system estimates based on individual allozyme loci
could be biased if segregation distortion is present, but
not accounted for (Brown et al., 1985). Mating system
esiimates based on multilocus methods are less likely to
be biased by occasional (undetected) segretation distor-
tion:(Buaw et al.,, 1981; BrowN et al., 1985; Neare and
Apawms, 1985; Rriranp and Er-Kassasy, 1985), but it would
still be better to determine beforehand whether any loci
are likely to be a problem in this respect.

Linkage

Multilocus estimators for mating system parameters
assume the loci included in the analysis are randomly
associated. Significant bias in estimation, however, will
occur only if linkage disequilibrium is strong (Suaw et al.,
1981), and this is unlikely if loci are not closely linked
(EppersoN and Avrarp, 1987). Tightly linked locus pairs
were found to be infrequent in Douglas-fir, as in other
conifers (e. g., O’'Mauey et al., 1979; Apams and Jovry,
1980b; Neare and Apawms, 1981; Kine and Dancik, 1983;
Harry, 1986). Thus, a large number of independent (or
nearly independent) loci are readily available in a wide
variety of species for multilocus mating system analysis.

More than cursory comparison of linkage relationships
in Douglas-fir with those reported in other conifer species
is nearly impossible due to: 1) the variation in electro-
phoretic methods and isozyme terminology used by dif-
ferent authors; 2) the lack of commonality in the enzyiﬁ'es}
that are assayed; 3) the fact that locus pairs with non-
significant independence of joint segregation are fre-
quently not reported; and 4) the possibility that the same
zone of isozyme variation in different species may not
be coded by the same (homologous) gene. One closely
linked pair found in coastal Douglas-fir, Pgi2/Got2,
appears to be common to a wide variety of conifers



(Cueniak and PiteL, 1985). It would be interesting to deter-
mine whether the other two closely linked groups iden-
tified in this study (Pgm2-Glyd-Mdh3 and Got3-Cat) occur
in other conifer species, as well.
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