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ANALYSIS OF ISOZYME VARIATION IN NATURAL
POPULATIONS OF JUNIPERUS ASHEI

WALTER A. KELLEY AND ROBERT P. ADAMS!

The study of isozymes is now a common part of scientific en-
deavor, but the recognition of multiple forms of enzymes within an
organism is relatively recent, being announced in 1959 by Markert
and Moller. Prior to that time, molecular heterogeneity noticed in
enzyme preparations was attributed to contaminants or to dena-
tured or degraded enzyme molecules (Markert, 1975). Two decades
ago there were suggestions that this enzymatic heterogeneity might
not be artifactual but might reflect reality within the cell (Neilands,
1952; Vesell & Bearn, 1957; Weiland & Pfleiderer, 1957). Most of
these early investigators used zone electrophoresis to separate en-
zyme preparations into components; however, these procedures
were laborious and had poor resolving power. By coupling the
starch gel electrophoresis techniques of Smithies (1955) with histo-
chemical staining procedures to identify separate enzymes, Hunter
and Market (1957) developed the zymogram technique, which had
greater resolving power for the identification of the isozymes of
many enzyme systems. This technique was first applied successfully
to esterases and lactate dehydrogenases (Markert & Moller, 1959).
The technique was direct, simple, easy to use, and applicable to
enzymes in relatively crude homogenates. The development of the
zymogram technique allowed recognition of isozymes as a natural
and important aspect of cellular biochemistry that is found in nearly
all organisms (Markert, 1975). Even greater resolving power was
gained when acrylamide gel electrophoresis was introduced by Ray-
mond and Weintraub (1959), and Ornstein and Davis (1959). As a
result of the development of these techniques many investigators
have focused on isozymes. The study of isozymes is important in
order to understand a number of major biological problems, in-
cluding the evolution of populations, the transformation of one
gene into another, and the regulation of gene expression. Isozymes
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Figure 1. Distribution map of Juniperus ashei showing locations of populations
samples. Cross-hatched areas show approximate distributional ranges. Population
numbers correspond to those used by Adams (1975, 1977).

may also hold the key to the understanding of metabolic regulation
and the function of metabolic pathways in differentiated tissues
(Horecker, 1975). These initial investigations of isozymes dealt pri-
marily with animal systems. The plant biologists did not become
intensely interested in isozymes until ten years ago (Shannon, 1968).
At that time the idea that isozyme data might be useful in under-
standing evolutionary phenomena at the population level in plants
was reviewed by Turner (1969) and Gottlieb (1971a).

The first investigations of isozymes in higher plants dealt pre-
dominantly with surveys of the various isoenzymatic systems found
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in plant species (Shannon, 1968). Because of the widespread poly-
morphisms usually found in isozymes under natural conditions
these data were normally more useful at the infraspecific levels
than at higher categorical levels and seemed to be especially useful
in studying evolutionary problems at the population level (Turner,
1969). There have been a few interesting and notable exceptions to
this general principle. Isozymes have been used in interspecific
studies on Nicotiana (Smith et al, 1970; Sheen, 1970); Datura
(Conklin & Smith, 1971); Carthamus (Efron et al., 1972); Lycoper-
sicon (Rich et al., 1973); Clarkia (Gottlieb, 1973a, 1974a); Stephan-
omeria {Gottlieb, 1973b). These studies have been taxonomically
oriented. On the other hand, infraspecific studies have been chiefly
concerned with populational evolution, differentiation and vari-
ability. These kinds of studies include those on Xanthium stru-
marium (McMillan, 1975), Stephanomeria exigua spp. coronaria
(Gottlieb, 1973c¢), S. exigua spp. carotifera (Gottlieb, 1974b), Lu-
pinus and Hymenopappus (Babbel & Selander, 1975), Betula pop-
ulifolia (Payne & Fairbrothers, 1973), Avena barbata and A. fatua
(Allard et al., 1972a; Allard & Kahler, 1973; Clegg & Allard, 1972,
1973; Hamrick & Allard, 1972; Marshall & Allard, 1969, 1970a,
1970b), Bromus mollis (Brown et al., 1974), Hordeum vulgare (Al-
lard er al., 1972b; Clegg et al., 1972; Kahler & Allard, 1970; Weir
et al, 1972, 1974), Picea abies (Tierstedt, 1973), Pinus sylvestris
(Rudin, 1975; Rasmuson & Rudin, 1971; Rudin & Rasmuson 1973;
Rudin et al., 1974), Pinus pungens (Feret, 1974), Pseudotsuga men-
ziesii (Muhs, 1974), Cryptomeria japonica (Sakai & Park, 1971),
and Thujopsis dolabrata (Sakai et al., 1971).

The detection of hybridization with the use of isozymes has been
investigated in Phlox (Levin, 1975) and Typha (Lee & Fairbroth-
ers, 1973).

The inheritance of isozymes has been analyzed by many of the
aforementioned workers as well as considerable research in the
gymnosperm, forest trees such as Picea abies (Bartels, 1971; Lund-
kvist, 1974, 1975), Pinus attenuate (Conkle, 1971a,b), Pinus syl-
vestris (Rudin, 1975; Rudin & Rasmuson, 1973; Rudin er al.,
1974), and Pinus nigra (Bergmann, 1974). The general rule appears
to be that most banding patterns are inherited co-dominantly (Al-
lard et al., 1975).

The literature on ontogenetic and seasonal variation has been
reviewed by Kelley and Adams (1977) and the reader is referred
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Figure 2. Summary of all possible isozymes observed in the Juniperus ashei
trees examined. Rm = Relative Migration.

to that paper.

Several hypotheses have been proposed to explain the observed
variations seen in the isozymes in these studies of various species.
The isoallelic or neutral hypothesis suggests that much of the ob-
served variation is physiologically irrelevant and the alleles are
adaptively equivalent and their variation random (Kimura, 1968,
Kimura & Crow, 1969; King & Jukes, 1969). In contrast, the selec-
tion hypothesis asserts that some form of natural selection is re-
sponsible for the maintenance of the variation (Gottlieb, 1971a;
Powell, 1975). The disagreement between these two hypotheses is
a significant matter, because according to the modern synthetic
theory of evolution, natural selection is considered the basic force
leading to genetic divergence and adaptation. The neutral hypoth-
esis challenges this position by claiming that some variations at

the molecular level are below the levels of selection.

The present isozyme study was undertaken to investigate the
amount and nature of genetic variation in natural populations of
Juniperus ashei Buch. (Cupressaceae). This species has been stud-
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* jed at the populational level by Adams and Turner (1970), and
Adams (1975, 1977), using morphological and terpenoid data.
Juniperus ashei is an obligate outcrossing dioecious species that
occurs on limestone outcrops and soils in central Texas, northern
Mexico and in the Ozark Mountains of southern Missouri and
northern Arkansas (Figure 1). Two small isolated populations of
J. ashei are found in the northeastern portion of the species distri-
bution: one in northeastern Oklahoma (23, Figure 1) and another
in southwestern Arkansas (27, Figure 1). Both of these popula-
tions are in association with J. virginiana; J. ashei occupying the
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Figure 3. Contour map for average number of isoperoxidases per population of
Juniperus ashei (Contours: 1 = 5.97; 7= 10.13). Note the low number of bands at
populations 27 and 10.
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drier limestone soils at both sites. A small, pure stand of J. ashei
is found in southcentral Oklahoma in the Arbuckle Mountains (4,
Figure 1). The largest expanse of J. ashei is on the Edwards Pla-
teau of central Texas. At the eastern edge of the Edwards Plateau,
J. ashei is mixed with J. virginiana (7 & 9, Figure 1) and at the
southwestern edge it occurs with J. pinchotii Sudw. (10, 12, 13, &
21, Figure 1). On the remaining portions of the Edwards Plateau
J. ashei grows in relatively pure stands. A small isolated popula-
tion of J. ashei is also found in west central Texas (24, Figure 1) in
the more moist canyon floors with J. pinchotii occupying the drier
sites. In the southwestern limits of its distribution J. ashei is found
south of the Sierra del Carmen Mountains of Coahuila, Mexico
with J. pinchotii, and occasionally with J. flaccida Schlect. (25,
Figure 1).

Thus, by sampling throughout the natural range of Juniperus
ashei, investigations can be conducted on the nature of isozyme
variation in small isolated populations, in large continuous popu-
lations, and in populations at the center and the periphery of the
species distribution.

MATERIALS AND METHODS

Sample Collection. Populations of Juniperus ashei were sam-
pled from throughout its range. Figure 1 shows the locations of
the populations sampled and the distribution of J. ashei. The pop-
ulation numbers shown in Figure 1 correspond to those used by
Adams (1975, 1977) in his studies of this species (for exact loca-
tions, see Kelley, 1976). Whenever possible, 30 trees were sampled
at random from each population. In populations that did not con-
tain 30 trees, all trees present were sampled. The smallest number
of trees sampled at any location was 19 (population 13 and 28).

Fresh foliage samples were collected in plastic bags during a two
week period in November and December, 1974, and were stored at
-7°C. within one hour from the time of collection. Samples were
maintained at -7°C. until all samples were collected and returned
to Colorado State University, Fort Collins, Colorado, where they
were stored at -20°C. until the enzymes were extracted.

Enzyme Extraction. Populations were selected at random from
cold storage and the enzymes of all samples from that population
were extracted using the extraction buffer and procedures outlined
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by Kelley and Adams (1976). Enzyme extracts were stored at
-20°C. until electrophoresis.

Samples were subjected to polyacrylamide gel electrophoresis
within 96 hours from the time of extraction. Electrophoresis was
performed as outlined by Kelley and Adams (1976), with 4142%,
6%, 8% anodic gels being used for peroxidases; 6%, 8% anodic gels
being used for esterases and a-terpineol (alcohol) dehydrogenases

Gels were stained for peroxidases, esterases, and a-terpineol (al-
cohol) dehydrogenases as outlined by Kelley and Adams (1976).

Following electrophoresis and staining, the Relative Migration
(Rm) were calculated for all bands, data sheets were scored, and
photographs were taken of the gels. DiCamelli and Bryan (1975)
define Relative Migration as: Rm = migration of enzyme/migra-
tion of bromphenol blue. After all samples of Juniperus ashei were
run the band numbers for the three enzyme systems were assigned.
Assignment numbers started with the band nearest the origin (small-
est Rm) and ended with band nearest the anode (largest Rm). Fig-
ure 2 shows the locations, band numbers, and Rm values for all
bands observed in the J. ashei samples.

To eliminate the possibility of error in zymogram band interpre-
tation from one gel to the next, an evaluation of band discreteness
was performed. Samples from two or more trees were mixed in
various combinations and electrophoresed. These mixed sample
gels were run to evaluate all bands that had Rm values differing
by 0.05 or less. By running gels with mixed samples in various
combinations the discreteness of closely migrating bands for each
of the three enzyme systems could be ascertained. Band discrete-
ness was maintained for all peroxidase and esterase bands observed.
When in several cases a-terpineol (alcohol) dehydrogenase zymo-
grams of mixed samples showed convergence of bands, the original
two bands were counted as one band and the data sheets corrected.
This convergence of a-terpineol (alcohol) dehydrogenase bands in
mixed samples accounts for the absence of the band T2, T4, T8,
T10, T11, T12, T14, T18, and T19 from the data and from Figure 2
(center).

After electrophoresis of all tree samples and band discreteness
evaluation, each tree was scored for the presence or absence of each
possible band. All 15 populations sampled were analyzed for per-
oxidases, and in addition six of the 15 populations (2, 4, 10, 24, 25,
& 27) were analyzed for esterases and a-terpineol (alcohol) dehy-
drogenases.
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Data Analysis. As part of preliminary data analysis the average
number of bands per population was calculated for peroxidases.
Data were subjected to contour mapping following the methods
of Adams (1970, 1974).

The raw data were also used to calculate isozyme frequencies in
each population. These frequencies are the characters used in the
following data analyses. The operational taxonomic units (OTU’s)
being evaluated are the Juniperus ashei populations.

Each character was analyzed to determine the importance of that
character relative to the variation observed in the OTU’s. Analysis
of variance (ANOVA) was performed on each of the 41 band fre-
quencies to detect by the use of the F ratio (variance among OTU’s/
variance within OTU’s) which characters (band frequencies) ex-
hibited statistically significant differences among the OTU’s. One
should note that ANOVA of qualitative characters may underes-
timate the F ratios, but these ratios were only used to obtain ap-
proximate weights.

A numerical taxonomic method was used to determine similari-
ties among OTU’s. The similarity measure utilized was a weighted,
mean character difference (MCD) or Manhattan Metric (see Ad-
ams, 1972, for formulation).

The first analysis consisted of a combined evaluation of 31 char-
acters (all three enzyme systems) using F-1 for the weight of each
character comparison between populations. Similarity measures
were also calculated for each enzyme system separately: all OTU’s
(15 populations) for 16 peroxidases; six OTU’s for four esterases;
and six OTU’s for all a-terpineol (alcohol) dehydrogenases.

The single linkage cluster (SLC) method of Sneath (1957) was
used for cluster analysis of the similarity matrices.

Variability within OTU’s was evaluated from the raw data by
using the coefficient of phenetic variation (CPV) of Gilmartin
(1974) and mean similarities (Sr). These values were determined
from the combined data set of all characters (41 isozymes; three
enzyme systems) and all OTU’s, as well as separately for each en-
zyme system (15 OTU’s for 23 peroxidases, six OTU’s for four
esterases, six OTU’s for 14 a-terpineol (alcohol) dehydrogenases).

The Sr’s and CPV’s were contour mapped (Adams, 1970, 1974)
to aid in the visualization of regional trends.
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RESULTS

Peroxidases were examined in 415 tree samples (15 populations)
and esterases and a-terpineol (alcohol) dehydrogenases in 171 tree
samples (six populations). An individual tree had from three to
12 peroxidase bands with an average of 7.4, four to nine a-terpineol
(alcohol) dehydrogenases with an average of 5.5, one to four ester-
ases with an average of 1.6. All Juniperus ashei trees examined
were found to have peroxidase band 23 (P23) and a-terpineol (al-
cohol) dehydrogenase band 20 (T20); all other bands were variable
in expression. Figure 3 shows the contour map for the average
number of isoperoxidases per population. No regional trend was
detected from the contour maps of the average number of peroxi-
dases per population (Figure 3). The Hardy, Arkansas, population
had the highest average number of peroxidases while the lowest
average was at Texarkana, Arkansas. Further to the southwest an
increase in the average number of peroxidases occurs in popula-
tions 5 (Mineral Wells, Tx.) and 7 (Waco, Tx.) on the northeast
edge of the Edwards Plateau of Texas. In the central Edwards
Plateau area (populations 17 to 24) there is another decrease in the
average number of peroxidases. At the southwest extreme of the
J. ashei distribution there is a slight increase in the average number
of peroxidases (populations 12, 13, & 25). One might note that the
Texarkana population (27), which has fewest bands, is rather small
and isolated; whereas, the Junction population (10), with few
bands, is large and centrally located in the J. ashei range.

It could be proposed that the large average number of isoperoxi-
dases in the Hardy population (1) may be the result of hybridiza-
tion between Juniperus ashei and J. virginiana, both of which occur
in this area. Several lines of evidence cast doubt on this proposal.
Adams (1975, 1977) and Adams and Turner (1970) could not find
any evidence for hybridization between these two species using 59
terpenoids and 15 morphological characters in analyses. When
sampling populations it was common to collect both species in
mixed populations (populations 1, 2, 7, 9, 27, & 28). Electropho-
resis was always performed on both the J. ashei and J. virginiana
samples. These two species could be distinguished by their isoper-
oxidase zymograms and had only bands P10 and P17 in common.
There is thus considerable evidence that hybridization between J.
ashei and J. virginiana is not responsible for the higher number of
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peroxidases in some populations where their distributions over-
lapped.

When ANOVA was performed on 41 characters (band frequen-
cies), 31 of the 41 characters had significant F ratios (P = .05).
Three bands (P3, T17, T22) had infinite F ratios; these characters
had no variance within OTU’s. Band P3 was found exclusively in
all trees of population 1, T17 exclusively in all trees of population
25, and T22 exclusively in all trees of population 27. Two charac-
ters (P23, T20) were found in all samples and therefore had no
variation in frequency among OTU’s. Five characters (P6, P9, P11,
P12, P21) had F ratios less than 2.30 (F.05 = 1.77, df = 14/400,
for continuous data). It should be noted that the significance of F
is underestimated when using presence or absence data and there-
fore this statistical test is conservative under these circumstances.

The phenograms and contour maps derived from clustering of
similarity values are shown in Figures 4 (four esterase), 5 (11 a-
terpineol dehydrogenases), 6 (16 peroxidases), and 7 (all 31 iso-
zymes combined).

Contour maps derived from clustering of similarities present
variable results. Each enzyme system examined gave a unique
trend. Esterases (Figure 4) cluster population 4 (Arbuckle Mts.)
with population 10 (Junction) as being most similar. Populations
24 (Post), 27 (Texarkana), 25 (Sierra del Carmen Mountains, Mex-
ico), and finally population 2 (Yellville, Arkansas) then tail into
the cluster (Figure 4).

a-Terpineol (alcohol) dehydrogenases (Figure 5) show a different
pattern than seen with the esterases. The a-terpineol dehydrogen-
ases divide the populations studied into two major groupings: a
northern group composed of populations 2 (Yellville, Arkansas)
and 4 (Arbuckle Mts.) and a southern group composed of popu-
lations 24 (Post), 10 (Junction), and 25 (Sierra del Carmen Mts.,
Mexico) with population 27 (Texarkana) coming in last.

Similarities based on peroxidases show a cluster pattern different
from that shown by the other two enzyme systems (Figure 6). A
cluster of populations occurs along a line running from population
25 (Sierra del Carmen Mts., Mexico) in the southwest to popula-
tion 1 (Hardy) in the northeast. Populations 12 (Ozona, Texas),
5 (Mineral Wells, Texas), and 7 (Waco, Texas) lie on this north-
east-southwest line and cluster with populations 25 and 1. On either
side of this line populations show disjunctions in similarity cluster-
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ing. One grour is composed of populations 13 (Comstock, Texas),
17 (New Braunfels, Texas) and 9 (Austin, Texas) — three popula-
tions in the southern portion of the Edwards Plateau along with
population 28 (Salina, Oklahoma). A second disjunct clustering is
composed of population 10 (Junction) and populations 24 (Post)
and 4 (Arbuckle Mts.). The Texarkana population (27) is the last
to cluster with the other Junmiperus ashei populations based on
similarity of peroxidases.

Clustering of populations using all isozymes studied (Figure 7)
is almost identical to that seen for peroxidases. The only major
difference between the contour maps of similarities based on all 31
isozymes and that based on the peroxidases is that population 4
(Arbuckle Mts.), for all isozymes, clustered in with those popula-
tions associated with the northeast-southwest cluster, rather than
with the population 10 (Junction) — population 24 (Post) disjunct
cluster. As with the peroxidases, population 27 (Texarkana) clus-
tered at the least similarity to the other Juniperus ashei populations.

Contour maps of mean similarity (Sr) and coefficient of phenetic
variation (CPV) for esterases (Figure 8) and a-terpineol (alcohol)
dehydrogenases (Figure 9) are almost identical. For esterases, the
highest St and lowest CPV were in populations 2 (Yellville, Arkan-
sas). 10 (Junction), 24 (Post) and 25 (Sierra del Carmen Mts.,
Mexico) while Texarkana (27) showed the lowest Sr and highest
CPV. B

The peroxidases (Figure 10) have the lowest Sr and highest CPV
in populations 10 (Junction), 24 (Post) and 14 (Arbuckle Mts.).
High St and low CPV were found in populations 7 (Waco, Texas),
9 (Austin, Texas) and 1 (Hardy, Arkansas). All other populations
had intermediate Sr’s and CPV’s based on peroxidases.

The combined data based on 41 isozymes (Figure 11) showed the
lowest Sr for populations 10 (Junction), 27 (Texarkana), and 4
(Arbuckle Mts.). The highest Sr was seen in population 1 (Hardy).
Figure 11 also shows the lowest CPV was in populations 24 (Post),
25 (Sierra del Carmen Mts., Mexico), 7 (Waco, Texas), 1 (Hardy,
Arkansas), and 2 (Yellville, Arkansas). High CPV’s are seen in
populations 24 (Abilene, Texas), 12 (Ozona, Texas), 13 (Comstock,
Texas), and (Texarkana), indicating that these populations are not
very homogeneous.
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CONCLUSION

Isozyme analysis in Juniperus ashei gives discordant results. Con-
tour mapping of similarity values (Figures 4-7) reflects different
trends for each enzyme system studied. The map of similarity values
based on all enzyme systems investigated, as well as each enzyme
system separately, (Figure 7) is difficult to interpret biologically.
The greatest difficulty in understanding lies with the disjunct (mo-
saic) clustering pattern of populations on the Edwards Plateau of
Texas with isolated populations in Texas and Oklahoma. There
are several possible explanations for these disjunct clusterings. If
selection is acting to control the isozyme patterns seen in each pop-
ulation then parallel (convergent) selection at the microhabitat level
may be responsible for these disjunct population clusters. This idea
would be compatible with results found in Avena barbata (Allard
et al., 1972a). Selection was shown to occur at the microhabitat
level within distances of several feet but only one or two loci were
involved.

It is also possible to explain these mosaic clusterings of popula-
tions if many of the isozymes bands are not under selection, but
represent random events, responsible for the disjunct similarity of
populations. Several investigators have taken this neutralist ap-
proach in explaining results similar to those found in Juniperus
ashei. Differences found in Crypromeria japonica and Thujopsis
dolabrata could best be explained by random drift followed by
geographic isolation since no apparent habitat differences could be
detected (Sakai ez al., 1971; Sakai & Park, 1971).

These disjunct clusterings of populations of Juniperus ashei may
have occurred as a result of a lack of homology between isozyme
bands having the same relative migration (Rm) values. Although
polyacrylamide gel electrophoresis is one of the best methods for
separation of isozymes, it is a crude technique at the molecular
level. It is highly probable that different amino acid substitutions
could result in isozymes with identical overall charges and that these
proteins would be of similar size. Thus, two polypeptides with
different amino acid composition, and perhaps different biological
functions, would migrate to the same location in a gel. An isozyme
investigator would then consider these biologically different mole-
cules as homologous since they had the same Rm values. This prob-
lem of lack of homology is inherent in electrophoretic studies where
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band frequencies are used as the raw data for studies of genetic
diversity. In isozyme investigations there is no way, short of amino
acid sequencing, to know when this lack of homology is astigma-
tizing results, although genetic studies will help resolve some of
these homologies.

Unfortunately, it appears that genetic analyses would be neces-
sary in many populations of this taxon to resolve this problem.

It is not possible at this time to determine which of the above
hypotheses best explains these unusual disjunct clusterings of pop-
ulations. Perhaps no single factor but a combination of all three,
to varying degrees, is responsible for the distributional patterns
seen in Juniperus ashei. Microhabitat selection, random drift fol-
lowed by geographical isolation, and lack of isozyme band homol-
ogy may have combined to produce these disjunct clusterings.

These results based on contour maps of similarity in isozymes
do not correspond with the patterns seen by Adams and Turner
(1970) and Adams (1975, 1977), in investigations of the same pop-
ulations using morphological and terpenoid data. Using terpenoid
data, Adams (1975, 1977) found two major groupings (Figure 12)
of Juniperus ashei populations; a southwestern group (populations
17, 12, 13, 25, & 26), and a northern cluster (all other populations).
This lack of correspondence is comparable to other studies where
isozyme, morphological and other data were compared. Gottlieb
(1974b) could not divide populations of Stephanomeria exigua spp.
carotifera into coastal and inland ecotypes using isozyme data as
was done using morphological characteristics (Gottlieb, 1971b).
Muhs (1974) could not find any trends in isozymes which corre-
lated to coastal-interior populations of Pseudotsuga menziesii dis-
tinguished morphologically (Tusko, 1963).

There did not seem to be any correspondence between popula-
tion size or distribution and the amount of isozyme variability de-
tected for individual enzyme systems or combined isozyme data.
Examination of small isolated populations revealed (Figure 11) a
high degree of variability in population 27 (Texarkana, Arkansas)
yet very little variability was found in population 24 (Post, Texas).
Populations on the Edwards Plateau of Texas are in some cases
highly variable (population 21, Abilene, Texas) and in others are
very homogeneous (population 7, Waco, Texas). Thus, neither
population size nor central versus peripheral location was corre-
lated with the amount of variability seen in these isozymes. Similar
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results have been reported by Gottlieb (1974b) in Stephanomeria
exigua spp. carotifera. Tt should also be noted that populations at
the northern (1 & 2, Ozark Mts., Arkansas) and southern (25,
Mexico) extremes of Juniperus ashei distribution are fairly ho-
mogeneous (see Figure 11) in most analyses.

The lack of continuity in the pattern of genetic diversity over
short distances can also be seen (Figure 10) for peroxidases. Pop-
ulation 12 (Ozona, Texas) and population 10 (Junction, Texas)
occur approximately 160 kilometers apart in the southwestern part
of the Edwards Plateau in similar habitats. Population 10 is highly
variable and population 12 is intermediate in variability for peroxi-
dases. Approximately 320 kilometers northeast of population 10,
the Waco, Texas, population (7) is very homogeneous for peroxi-
dases.

These inconsistencies in Juniperus ashei with respect to the
amount of variability associated with population size or location
and the disjunct clusterings based on similarities raise questions
about our concept of breeding population size, gene flow, and nat-
ural selection. If selection is the major force responsible for the
isozyme patterns seen in J. ashei, then the population size upon
which selection has acted must be relatively small, while the ter-
penoids and morphology seem to be under very broad regional
selection with ancestral gene pools (see Adams, 1977). Very local-
ized selection is supported by the results obtained in Avena barbata
(Allard et al., 1972a) where significantly different isozyme patterns
were detected within several feet periodically over a geographically
continuous distribution of this species. Selection was acting at the
microhabitat level producing isozyme patterns which could be cor-
related with mesic or xeric habitats.

Two factors are important in the size of breeding populations
of Juniperus ashei. These factors are pollen and seed dispersal
distances (Stebbins, 1950). Which factor is of greater importance
is not known, but some idea can be obtained from related infor-
mation. Studies of several wind pollinated species have shown
that 959 of the dispersed pollen fell within 60 feet for Douglas fir;
55 feet for pinyon; 1000 feet for elm; and 130 feet for spruce (Faegri
& Van der Pijl, 1971; Percival, 1965; Wright, 1953). However, it
is estimated that in a related species, most of the seed is dispersed
by birds within 17 feet of its source (Phillips, 1910). Birds are of
primary importance in the distribution of juniper seeds (Livingston,
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59 terpenoid characters, F-1 weighted. From Adams (1977). This same pattern
was also found in 15 morphological characters, analyzed in like manner.

1972; Phillips, 1910) and arguments could be made that the disjunct
similarity clusters of populations seen in Figure 7 could be ex-
plained by bird dispersal of seed. Thus, it seems highly improbable
to have such large disjunct similarities, especially the southern
Texas-northeast Oklahoma disjunction, with no populations show-
ing similar isozyme patterns in between these two locations. This
low probablity is also supported by the report that Bohemian wax-
wings (Ampelis garrulus) have been shown to pass more than 900
berries of J. scopulorum in four hours (Phillips, 1910). This fact
implies that long distance dispersal would be less likely. Definite
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answers to questions concerning pollen and seed dispersal in J.
ashei cannot be given here, but these estimates from other juniper
species probably approximate the conditions found in this species.

The results of this isozyme investigation of Juniperus ashei raise
as many, if not more, questions than they answer. This situation
is in keeping with results of many current isozyme investigations.
Since isozyme investigations in higher plants are relatively new in
systematic botany it is not surprising there are many questions at
the completion of preliminary studies.

Until the genetic basis of these isozymes in Juniperus ashei has
been examined, we can only conclude that the use of isozyme band-
ing as a taxonomic character is not feasible and certainly does not
agree with the considerable mass of information supplied by the
morphological and terpenoid characters previously studied in this
taxon.

LITERATURE CITED

ADAMS, R. P. 1970. Contour mapping and differential systematics of geograph-
ical variation. Systm. Zool. 19: 385-390.

. 1972. Numerical analysis of some common errors in chemosystematics.

Brittonia 24: 9-21.

1974. Computer graphic plotting and mapping of data in systematics.
Taxon 23: 53-70.

1975. Gene flow versus selection pressure and ancestral differentiation
in the composition of species: analysis of population variation of Juniperus ashei
Buch. using terpenoid data. Jour. Mol. Evol. 5: 177-185.

1977. Chemosystematics — Analysis of populations differentiation and
variability of ancestral and modern Juniperus ashei. Ann. Missouri Bot. Gard.
(In press).

& B. L. TURNER. 1970. Chemosystematic and numerical studies of natu-
ral population of Juniperus ashei Buch. Taxon 19: 728-751.

ALLARD. R. W.. G. B. BasBer., M. T. CLEGG, & A. L. KAHLER. 1972a. Evidence
for coadaptation in Avena barbata. Proc. Nat. Acad. Sci. USA, 69: 3043-3048.

. & A. L. KAHLER. 1973. Multilocus genetic organization and morpho-

genesis. Brookhaven Symp. Biol. 25: 329-343.

. & M. L. CLEGG. 1975. Isozymes in plant population genetics.

In: C. L. MARKERT, ed. Isozymes Vol. 4. Academic Press, New York.

. & B.S. WEIR. 1972b. The effect of selection on esterase allo-
zymes in barley populations. Genetics 72: 489-503.

BaBBEL, G. R.. & R. K. SELANDER. 1975. Genetic variability in edaphically re-
stricted and widespread plant species. Evolution 28: 619-630.

BARTELS, H. 1971. Genetic control of multiple esterases from needles and ma-
crogametophytes of Picea abies. Planta (Berl.) 99: 283-289.




1978] Juniperus — Kelley & Adams 131

BERGMANN, F. 1974. The genetics of some isoenzyme systems in spruce endo-
sperm (Picea abies). Genetica (Yugoslavia) 6: 353-360.

BrowN, A. D. H., D. R. MARSHALL, & L. ALBRECHT. 1974. The maintenance
of alcohol dehydrogenase polymorphism in Bromis mollis L. Aust. T. Biol.
Sci. 27: 545-559.

CLEGG, M. T. 1973. The genetics of electrophoretic variants in Avena II. The
esterase Ei, E:, Ei, Es, Es and anodal peroxidase APX; loci in Avena. Jour.
Hered. 1: 3-6.

, & R. W.ALLARD. 1972. Patterns of genetic differentiation in the slender

wild oat species Avena barbata. Proc. Nat. Acad. Sci. USA 69: 1820-1824.

s , & A. L. KAHLER. 1972. Is the gene the unit of selection? Evi-
dence from two experimental plant populations. Proc. Nat. Acad. Sci. USA
69: 2474-2478.

ConkLE, M. T. 197la. Inheritance of alcohol dehydrogenase and leucine amuio-
peptidase isozymes in Knobcone pine. For. Sci. 17: 190-194.

1971b. Isozyme specificity during germination and early growth of
Knobcone pine. Ibid. 494-498.

CoNKLIN, M. E., & H. H. SMITH. 1971. Peroxidase isozymes: A measure of mo-
lecular variation in ten herbaceous species of Darura. Am. Jour. Bot. 58: 688
696.

DiCamELLL, C. A., & J. K. BRYAN. 1975, Changes in enzyme regulation during
growth of maize. II. Relationships among multiple forms of homoserine de-
hydrogenase. Plant Physiol. 55: 999-1005.

EFRON, Y., M. PELEG, & A. AsHRI. 1973. Alcohol dehydrogenase allozymes in
the safflower genus Carthamus L. Biochem. Genet. 9: 299-308.

FAEGRI, K., & L. VAN DERPUL. 1971. The principles of pollination ecology.
Pergamon Press, New York.

FERET, P. P. 1974. Genetic differences among three small stands of Pinus pun-
gens. Theor. Appl. Genet. 44: 173-177.

GILMARTIN, A. J. 1974. Variation within populations and classifications. Taxon
23: 523-536.

GotrLies, L. D. 1971a. Gel electrophoresis: New approach to the study of evo-
lution. BioScience 21: 939-944,

1971b.  Evolutionary relationships in the outcrossing diploid annual

species of Stephanomeria (Compositae). Evolution 25: 312-329.

1973a.  Enzyme differentiation and phylogeny in Clarkia franciscana, C.

rubicunda, and C. ameona. Evolution 27: 205-214.

1973b.  Genetic control of glutamate oxaloacetate transaminase isozymes

in the diploid plant Stephanomeria exigua and its allotetraploid derivative.

Biochem. Genet. 9: 97-107.

1973c.  Genetic differentiation, sympatric speciation, and the origin of a

diploid species of Stephanomeria. Am. Jour. Bot. 60; 545-553.

1974a.  Gene duplication and fixed heterozygosity for alcohol dehydro-

genase in the diploid plant Clarkia franciscana. Proc. Nat. Acad. Sci. USA 71:

1816-1818.

1974b.  Allelic diversity in the out-crossing annual plant Stephanomeria

exigua ssp. carotifera (Compositae). Evolution 29: 213-225.




132 Rhodora [Vol. 80

HAMRICK, J. L., & R. W. ALLARD. 1972, Microgeographical variation in allo-
zyme frequencies in Avena barbara. Proc. Nat. Acad. Sci. USA 69: 2100-2104.

HORECKER, B. L. 1975. Biochemistry of isozymes. /n: C. L. MARKERT, ed. Iso-
zymes Vol. 1. Academic Press. New York.

HunTER, R. L., & C. L. MARKERT. 1957. Histochemical demonstration of en-
zymes separated by zone electrophoresis in starch gels. Science 125: 1294-1295.

KAHLER, A. L., & R. W. ALLARD. 1970. Genetics of isozymes in barley. I. Es-
terases. Crop Sci. 10: 444-448.

KELLEY, W. A. 1976. Isoenzyme investigations in Juniperus L. Ph.D. Thesis.
Colorado State University, Fort Collins, Colorado.

, & R. P. ADAMS. 1977. Preparation of extracts from Juniper leaves for

electrophoresis. Phytochem. 16: 513-516.

. & . 1977. Seasonal variation of isozymes in Juniperus scopu-
lorum. Am. Jour. Bot. (In press)

KIMURA, M. 1968. Genetic variability maintained in finite population due to
mutational production of neutral and nearly neutral isoalleles. Genet. Res. 11:
247-269.

, & J. F. CrRow. 1969. Natural selection and gene substitution. Genet.
Res. 13: 127-141.

KinG, J. L., & T. H. Jukes. 1969. Non-darwinian evolution. Science 164: 788-
798.

LEg, D. W., & D. E. FAIRBROTHERS. 1973. Enzyme differences between adjacent
hybrid and parient populations of Typha. Bull. Torrey Bot. Club. 100: 3-11.

LEVIN, D. A. 1975. Interspecific hybridization, heterozygosity and gene exchange
in Phlox. Evolution 29: 37-51.

LIVINGSTON, R. B. 1972. Influence of birds, stones, and soil on the establishment
of pasture juniper, Juniperus communis, and red cedar, J. virginiana in New
England pastures. Ecology 53: 1141-1147.

LunpkvisT, K. 1974, Inheritance of leucine aminopeptidase isozymes in Picea
abies L.. Hereditas 76: 91-96.

1975. Inheritance of acid phosphatase isozymes in Picea abies. Hered-
itas 79: 221-226.

MARKERT, C. L. 1975. Biology of isozymes. /n: C. L. MARKERT, ed. Isozymes.
Vol. 1. Academic Press, New York.

,& F. MOLLER. 1959. Multiple forms of enzymes: tissue, ontogenetic, and
species specific pattern. Proc. Nat. Acad. Sci. USA 45: 753-763.

MARSHALL, D. R., & R. W. ALLARD. 1969. The genetics of electrophoretic vari-
ants in Avena. 1. The esterases Ei, Eo, Eio, phosphatase Ps and anodal perox-
idase APXs loci in A. barbata. Jour. Hered. 60: 17-19.

, & 1970a. Isozyme polymorphisms in natural populations of

Avena fatua and A. barbata. Heredity 25: 373-382.

& 1970b. Maintenance of isozyme polymorphisms in natural
populations of Avena barbata. Genetics 66: 393-399.

McMiLLAN, C. 1975, Systematic implications of the peroxidase isoenzymes in
the Xanthium strumarium complexes. Biochem. Syst. Ecol. 3: 7-9.

Muns, H. J. 1974. Distinction of Douglas-fir provences using peroxidase iso-
enzymes patterns of needles. Silvae Genet 23: 1-3.




1978) Juniperus — Kelley & Adams 133

NEILANDS, J. B. 1952, Studies on lactic dehydrogenase of heart. 1. Purity, ki-

netics, and equilibria. Jour. Biol. Chem. 199: 373-381.
ORNSTEIN, L., & B. J. Davis. 1959. Disc electrophoresis. Distillation Products

Industries (Division of Eastman Kodak Co.). Rochester, New York.

PAYNE, R. C., & D. E. FAIRBROTHERS. 1973. Disc electrophoretic study of pollen
proteins from natural populations of Betula populifolia in New Jersey. Am.
Jour. Bot. 60: 182-189.

PERCIVAL, M. 1965. Floral biology. Pergamon Press, New York.

PHiLLies, F. J.  1910. The dissemination of juniper by birds. For. Quart. 8: 60-73.

PoweLL, J. R. 1975. Isozymes and non-darwinian evolution. /n: C. L. MARKERT,
ed. Isozymes, Vol. 4. Academic Press, New York.

Rasmuson, B., & D. RuDiN. 1971, Variation in esterase zymogram patterns in
the needles of Pinus silvestris from provenances in northern Sweden. Silvae

Genet. 20: 51-52.
RAYMOND, S., & L. S. WEINTRAUB. 1959. Acrylamide gel as a supporting me-

dium for zone electrophoresis. Science 130: 711.

Rick, C. M., R. W. ZoBeL, & J. E. ForBES. 1973, Four peroxidase loci in red-
fruited tomato species: genetic and geographic distribution. Proc. Nat. Acad.
Sci. USA 71: 835-839.

RuDIN, D. 1975. Inheritance of glutamate oxalate-transaminase (GOT) from
needles and endosperm of Pinus sylvestris. Hereditas 80: 296-300.

, & G. ErikssoN, I. EKBERG, & M. RAsMUSON. 1974, Studies of allel

frequencies and inbreeding in Scots Pine populations by the aid of the isozyme

technique. Silvae Genet. 23: 1-3.

, & B. RaAsMuUsON. 1973. Genetic variation in esterases from needles of
Pinus silvestris L. Hereditas 73: 89-98.

Sakal K. I, Y. Mivazaka, & T. MATSUORA. 1971. Genetic studies on natural
populations of forest trees. 1. Genetic variability on the enzymatic level in
natural forests of Thujopsis dolabrata. Silvae Genetica 20: 168-173.

» & Y. G. PARK. 1971. Genetic studies in natural populations of forest
trees. III. Genetic differentiation within a forest of Cryptomeria japonica.
Theor. Appl. Genet. 41: 13-17.

SHANNON, L. M. 1968. Plant isozymes. Ann. Rev. Plant Physiol. 19: 187-210.

SHEEN, S. J. 1970. Peroxidases in the genus Nicotiana. Theor. Appl. Genet. 40:
18-25.

SmiTH, H. H.,, D. E. HAMILL, E. A. WEAVER, & K. H. THOMPSON. 1970, Multi-
ple molecular forms of peroxidases and esterases among Nicotiana species and
amphiploids. Jour. Hered. 61: 203-212.

SMITHIES, O. 1955. Zone electrophoresis in starch gels: group variation in the
serum proteins of normal adults. Biochem. Jour. 61: 629-641.

SNEATH, P. H. A. 1957. The application of computers to taxonomy. Jour. Gen.
Microbiol. 17: 201-226.

SteBBINS, G. L. 1950. Variation and evolution in plants. Columbia University
Press, New York.

TIGERSTEDT, P. M. A. 1973, Studies on isozyme variation in marginal and cen-
tral populations of Picea abies. Hereditas 75: 47-60.

TURNER, B. L. 1969. Chemosystematics: recent developments. Taxon 18: 134-
151.




134 Rhodora [Vol. 80

Tusko, F. F.  1963. A study of variability in certain Douglas fir populations in
British Columbia. Ph.D. Thesis. University of British Columbia, Vancouver.

VESELL, E. S., & A. G. BEARN. 1957. Localization of lactic acid dehydrogenase
activity in serum fractions. Proc. Soc. Exp. Biol. Med. 94: 96-99.

WEIR, B. S., R. W. ALLARD, & A. L. KAHLER. 1972. Analysis of complex allo-
zyme polymorphisms in a barley population. Genetics 72: 505-523.

, , & . 1974. Further analysis of complex allozyme poly-
morphisms in a barley population. Genetics 78: 911-919.

WIELAND, T., & G. PFLEIDERER. 1957. Nachweis der Heterogenitat von Mileh-
saure-dehydrogenasen verschiedenen Ursprungs durch Tragerelektrophorese.
Biochem. Z. 329: 112-116.

WRIGHT, J. W. 1953. Pollen dispersal studies: some practical applications. Jour.
For. 51: 114-118.

W. A K.

DEPARTMENT OF BIOLOGY & AGRICULTURE
MESA COLLEGE

GRAND JUNCTION

COLORADO 81501

R.P. A
DEPARTMENT OF”BOTANY AND PLANT HOLOGY

PR. RORERT P. ADAMS
Scionce Research Conter at Gruvet
Merdin-Simmons University
Box 1085 112 Maln
BRUVER, TEXAS 19040



