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Abstrcct. Five enzyme classes from 1l developmental stages of germinating embryos
were separated by starch gel electrophoresis. Alcohol dehydrogenase isozymes found
in embryos of dry seed were most active at the time of radicle emergence; activity
decreased thereafter, fading below the level of detection when seed coats were shed.

Peroxidase isozymes were absent and esterase isozymes u'ere nearly absent from strati-
fied seed, but both increased steadily in number and stainability from time of radicle
emergence through epicotyl elongation. Irucine aminopeptidase and catalase isozymes

were detectable in all growth stages. In later stages, esterases and leucine amino-
peptidases were found primarily in seedling tops, and many catalase and peroxidase

isozymes differed between roots and tops. Both the developmental stage of the plant
and the tissue assayed determine the presence of specific isozymes. Forest Sci. 17:

494-498.

Additionol key words. Pirrtts nttenttrila Lemm., seed, alcohol dehydrogenase, leucine
aminopeptidase, esterase, peroxidase. catalase.

Tne csNsrrc analysis of isozymes depends
on identifying developmental stages and
plant parts with high enzyme activity. Cur-
rently held hypotheses suggest that enzyme
activity arises from de rutvo enzyme syn-
thesis, with activity being lost through en-
zyme decay (Filner, Wray, and Varner
1969). Scandalios' review (1969) of stud-
ies of several higher plants indicates that
enzyme patterns change during the devel-
opment of an organism. Isozyme bands
from particular organs shift during develop-
ment, resulting in patterns specific for the
particular organ.

To characterize pine enzymes, a study of
knobcone pine (Plnrrs attenuata Lemm.)
seed and seedlings was undertaken. Seeds

were germinated, and the enzymes from
young plants representing growth stages to
that of fully expanded cotyledons were ex-

amined by the technique of starch gel elec-

trophoresis. The liquid fraction from
crushed embryos and seedlings was exam-
ined for alcohol dehydrogenase (ADH),
leucine aminopeptidase (LAP), esterase
(E). peroxidase (P), and catalase (C) ac-

tivity.
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Preparation ol plant material. Knobcone
pine seed from several different two-parent
crosses (1967 seed crop) were stratified at
3" C on moist filter paper for 30 days.
After stratification the seeds were germi-
nated in the laboratory. A portion was
placed on filter paper on glass slants and
watered with distilled water. Seed and
seedling material from a wide range of
growth stages was available for analysis.

These l l developmental stages were
analyzed:

1. Dry seed.
2. Seed stratified.
3. Seed germinating: seed coat

cracked but radicle not visible.
4. Radicle exposed about 1 mm be-

yond the seed coat.
5. Radicle elongating but hypocotyl

not visible.
6. Hypocotyl exposed about I mm

beyond the seed coat.
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7. Hypocotyl elongating but cotyle-
dons not visible.

8. Cotyledons exposed about I mm
beyond the seed coat.

9. Cotyledons extending, seed coat
attached.

10. Seedcoatjustshed.
1 l. Cotyledons horizontal and fully

extended; epicotyl visible.

An embryo was separated from its seed
coat and megagametophyte, crushed, and
the liquid fraction picked up on filter paper
wicks. Seedlings in stages 7 through 11

were separated into roots and tops. Tops
included cotyledons and epicotyl; hypo-
cotyls were discarded. Roots and tops were
crushed separately and the liquid absorbed
on paper wicks. A minimum of 20 plants
were analyzed in each of the 11 growth
stages.

Eleclrophoresis. Enzymes werc separated
by starch gel electrophoresis. Gel prepara-
tion followed methods described by Krist-
jansson (1963). Buffer formulas reported
by Scandalios ( 1969) were used. Gel slabs
consisting of 1 2 percent hydrolyzed potato
starch were buffered with a tris-citric acid
solution at pH 8.3. Each gel, 13 cm wide,
accommodated 20 wicks. A solution of
lithium hydroxide-boric acid at pH 8.3
served trs the electrode buffer. Horizontal
gels were supplied 400 V- DC at 100 mA.
Wicks were inserted in gel slabs 5 cm from
the cathode end. This location was defined
as the point of origin. Electric current was
applied for two hours until the visible mi-
grating front reached 8 cm beyond the
origin.

Electrophoresis of thc gels was carried
out under refrigeration at about 5" C.
Wicks were removed after the first l2 min-
utes.

Gel slabs were cut horizontally into five
slices. Each slice was stained for a specific
type of enzyme with the stain formulas of
Scandalios (1969). Using both the origi-
nal gels and photos, I compiled a series
of zymograms showing the presence, the
relative migration distance, and the inten-
sity of staining of various bands for each
enzyme type.

Resulfs

Significant changes related to seedling
growth stnge and tissue sampled took place
in each of the five classes of enzymes stud-
ied. Isozymes could be classified by their
appearance or loss as plant development
progressed (Fig. 1 ).
Alcohol tlehydrLtgenase. ADH isozymes as-
sayable in the dry seed stained most darkly
at growth stage No. 4. Bands persisted
in somc seedlings up to seed coat drop
(stage l0), but no ADH activity could be
detected at later stages. Though stain-
ability decreased with growth, no tissue
differences were detectable between roots
and tops in stages 7, 8, and 9. Both plant
parts produced faint bands on the zymo-
grams.

Lettcine aninopeptidase. LAP isozymes
were the most consistent of the five classes

of enzymes assayed. In embryos from dry
seed LAP activity produced moderately
staining bands on the gel. The same
strongly staining bands were produced
throughout thc remaining growth stages.
LAP activity decreased in thc roots; and in
stage 1 1, fell below the activity level needed
for detection.

Esterase. E isozymes were nearly absent
from embryos in early germination stages,

but they increased in number and stainabil-
ity as growth progressed. E bands outnum-
bered ADH and LAP bands. Like that of
LAP isozymes, E activity was much greater
in tops than in roots in the later stages. E
activity in roots could not be detected in
stages 10 and 11. In contrast, seedling
tops in stages 10 and I 1 were judged to be
the most desirable for E analysis.

Peroxidase. P bands, like E bands, in-
creased in number and stainability as ger-
mination progressed. But unlike other en-
zymes studied, numerous darkly staining
isozymes migrated toward the cathode. The
preponderance of anodally migrating iso-
zymes was from roots. The most advanced
germination stages are preferred for thc
genetic analysis of P isozymes.

Catalase. Some C isozymes were lost as

development progressed and others ap-
peared. A pair of bands close to the origin
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was consistently present throughout ger-
mination and was confined to plant tops
in later stages.

Discussion

Knc'rbcone pine: embryos and seedlings
undergo significant enzymatic changes dur-
ing germination. Thc prcsence of specific
isozymes clepcnds on germination stage
ancl tissue samplcd. The sequencc of en-
zymc appearance suggests that plant devel-
opmcntal stages are dctcrmined by or
closely correlated with cnzyme changes.
Alcclhol dchydrogenase, prcsent in the dry
seed, reachcd a peak activity when the
radicle was just visible beyond the seed
coat. Isozymc bands faded as germination
progressed, and all bands werc lost by
thc timc cotyledons were fully expanded.
Thcsc rcsults agrce with findings from other
studies ( Bartcls 1960 ). Barnett and Naylor
(1969) rcported changcs in alcohol de-
hydrogenasc activity in germinating long-
lcaf (Pinrrs palu.stris Mill.) and slash (P.
elliottii Engelm. ) pinc sceds. They found
highcst activity in embryos at germination.
Enzyme activity decreased as the radicle
clongated, dcctining to near zero as the epi-
cotyl cleveloped.

Lcucine aminopcptidasc was a pcrsistent
cnzymc during most growth stages. It was
cletected in all stages from dry seed through
cpicotyl enlargement. LAP activity faded
in roots at the growth stagc when the cotyle-
dons bcgan to cxtend. The persistence of
pine LAP during germination agrces with
finclings for corn (Scandalios 1969).

Both esterases and peroxidascs as groups
lcrrctcd similurly during pinc gcrmination.
Bands were abscnt or only weakly dctect-
able in dry seeds. As germination pro-
grcsscd bands appcared and became more
darkly staincd. Some bands were lost. Dif-
ferences in isozyme bands become associ-
ated with specific organs. Roots and tops
havc diffcrent banding patterns. Similar
dcvclopmental patterns for E and P have
been founcl in corn (Scandalios 1969, Ham-
ill and Brcwbaker 1969), soybeans (Brim,
Usanis. and Tester 1969), and barley (Up-
aclhya and Yee 196tt).

Pine catalase bands werc persistent dur-
ing carly stages of germination, but becamc

organ specific as development progressed.
Scandalios (1969) reported similar find-
ings for corn.

The regular sequence of isozymc devel-
ment sets bounds for the genetic analyses
of specific isozymes. A two-stage sampling
procedurc maximizes the number of iso-
zymes that can be observed in this pine ma-
terial. Stratified seed should be germinated
to the stage where the radicle begins to
emergc from the seed coat (stage 4). This
stage is desirable for detection of ADH,
LAP, and C isozymes. A portion of the
plant material should be grown to the stage
when cotyledons are fully expanded and
cpicotyl growth is not yet appreciable
(stage 10). This is a prime stage for E
and P isozyme dctection. The isozymes of
both E and P are specific to different plant
parts, and the analysis benefits from a sepa-
ration of tops and roots.

Each isozyme band consists of proteins
that are coded for by nuclear genes
(DNA). Pine embryos and seedlings, be-
ing diploid, produce some bands that are
allelic products from heterozygous loci
( Conkle 197 1 ) . The three slower-migrating
ADH bands are known to be polymorphic
products from a single locus. The two fast-
migrating LAP bands and the two adjacent
slower-migrating LAP bands trre known to
be polymorphic products from two inde-
pendcnt loci.

The relation betwcen nuclear DNA and
isozymes provides a powerful tool for re-
solving genotypes. The suggested sampling
procedure rcsolves 6 isozyme bands for
ADH, 5 for LAP, cight for E,, l6 for P, and
6 for C. This totals 41 individual bands
for the test material, despite its restricted
parentage. Widening the genetic base
should increase the number of bands within
the differing enzyme classes. The impor-
tance of this genotypic resolution will be
obvit-rus to forcst geneticists and physiolo-
gists who have had a paucity of genetic
markers in their plant material.
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