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ABSTRACT

VARIATIONS IN MONOTERPENES IN SCOTCH PINE
(PINUS SYLVESTRIS L.)

by James J. Tobolski

The objectives of this study were: (1) to determine
the gqualitative and quantitative variations in monoterpenes
of Scotch pine, (2) to determine the following physiologi-
cal and environmental sources of variation in monoterpenes:
(a) the variation in monoterpene composition among needle,
xylem and cortex tissue; (b) the effects of cortex age; (c)
effects due to site; (d) the changes in monoterpene compo-
sition due to defoliation by the European pine sawfly, and
(e) the effects of season on monoterpene composition, (3)
to determine the variation between and within half-sib
families and seed lots, and (4) to determine the degree of
correlation between monoterpenes, growth rate and existent
varietal classes.

Variation in Scotch pine monoterpenes was investi-
gated in 7 to 9 year-old trees growing in replicated pro-
venance tests in southern Michigan. Quantitative and
qualitative analyses were performed using gas-liquid

chromotography. Scotch pine normally contained the
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following 11 monoterpenes: o-pinene, camphene, B-pinene,
myrcene, 3-carene, oa-terpinene, limonene, B-phellandrene,
Y-terpinene, cymene and terpinolene.

Cortical oleoresin was found to contain larger
concentrations of limonene, B-phellandrene, B-pinene, 3-
carene, and terpinolene than xylem or needle oleoresin.
Needle tissue was high in oc-pinene (averaging 61 percent)
and was characterized by having the highest concentrations
of cymene and camphene. Xylem oleoresin contained high
concentrations of a-pinene with some trees having a con-
centration of 94 percent. Differences between tissues
were statistically significant (at the 1 percent level)
for all monoterpenes except y-terpinene.

Cortical monoterpenes were found to vary with age
of the cortex tissue. Proceeding from current-year tis-
sues formed in 1967 to tissue formed in 1965 the concentra-
tion of a-pinene and B-pinene increased while myrcene,
3-carene and limonene decreased.

The effects of site and sawfly defoliation on cor-
tical terpenes were small. Only for B-phellandrene was
there a significant interaction between seed source and
site. Defoliation by the European pine sawfly significantly
increased the o-pinene concentration and the total terpene
concentration in defoliated branches as compared to foliated
branches within a tree. The effect was most pronounced on

moderately defoliated (35-65 percent) trees.
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Seven terpenes were found to vary significantly
from season to season as determined from eight trees
sampled at nine intervals during a thirteen-month period.
This variation, however, was small and never exceeded 5
percent for any terpene. The between-tree variation was
considerably larger than the between-season variation for
the principal monoterpenes.

From studies of individual trees and half-sib-
families the monoterpenes 3-carene, myrcene, limonene,
B-phellandrene and terpinolene appeared to be under simple
genetic control. Multiple inheritance patterns were indi-
cated for the remaining terpenes. The variation among
half-sib families was significant for the principal
terpenes.

Tree-to-tree variability within seedlots was large
for simply inherited monoterpenes having low gene frequen-
cies. Thus, large sample sizes (100-200 trees) may be
necessary to detect small differences between populations.

Simple correlations between monoterpenes support
the hypothesis that all terpenes are derived from the stable
precursor geranylpyrophosphate. A consistent, positive cor-
relation was found only between 3-carene and terpinolene.
The cause of this association is unknown.

Geographical variation of cortex monoterpenes was
determined from 108 Scotch pine provenances from Europe and

Asia. Monoterpene composition was found to parallel
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geographic variation. Thus, terpenes are a valuable chemo-
taxonomic aid in Scotch pine. Of the 11 terpenes the most
variable were a-pinene and 3-carene which were inversely
correlated in a general north-south direction. For example,
3-carene varied from 0-60 percent south to north, respec-
tively. The absence of 3-carene in most isolated southern
populations indicates that they are probably Tertiary
relics. Apparently little gene exchange has taken place
between them and the more continuous northern populations.
Similarity in terpene composition between Middle Europe,
southern Scandinavia and Scotland, lends credence to the
hypothesis that Scotch pine migrated from middle Europe
across land bridges which had once connected these land

masses.
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CHAPTER I

INTRODUCTION

Scotch pine (Pinus sylvestris L.) is one of the most

variable tree species in the world, and during the past 154
years numerous varieties have been described. Ruby (1964)
recognized 21 geographic variables as valid. The native
range of Scotch pine includes most of Europe and northern
and west-central Asia (Figures 1 and 2). 1In the north, it
is a valuable timber and pulp species where its range is
continuous over large areas of low and medium elevation.

It is less important in southern Europe where it is confined
to scattered mountainous areas.

Scotch pine has been widely planted outside its
natural range both as an ornamental and forest tree. It is
an important exotic in the United States, especially in the
northeastern and northcentral states, where millions of
seedlings have been planted. Recently, it has become one

of America's most important Christmas trees.

Provenance Testing of Scotch Pine

A provenance in forestry, as I use the term, refers
to a population of trees growing at a specific place of

origin. Provenance research provides information about the

1



Figure l.--Natural distribution of Scotch pine in Europe
(shaded) and provenances included in this
study (numbered dots).
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Figure 2.--Natural distribution of Scotch pine in
Asia (shaded) and provenances included
in this study (numbered dots).
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environmental and genetic components of variation associated
with geographic source and thus can be useful in directing
breeding programs. Furthermore, these tests are an adjunct
in defining the evolutionary patterns of species or higher
taxon.

Some of the earliest provenance testing of forest
trees was done on Scotch pine by the French seedsman,
DeVilmorin between 1820 and 1850. He demonstrated that
large growth differences existed between seedlings from
different regions. Since that time, many other tests have
been conducted, but most were not replicated and either
have limited genetic value or are of historical interest
only.

In the 1930's Langlet (cited from Wright and Bull,
1963) conducted a study of dry matter content in Scotch
pine needles of 2-year old seedlings derived from 582
stands in Sweden. In less extensive studies, he also mea-
sured height growth, needle length, and needle color of
Scotch pine provenances of Swedish origins. He showed that
trees from northern Sweden grew very slowly, had short
needles with a high dry matter content and yellow winter
coloration.

Widespread replicated tests were initiated by the
International Union of Forest Research Organizations (IUFRO)
in 1907 and 1938. The first of these tests included 13

origins and 16 outplantings in Sweden, Germany, Belgium,



Hungary, and the Netherlands. Wiedemann in 1930 (cited
from Wright and Bull, 1963) summarized the separate pub-
lished reports for the entire experiment. The 1938 IUFRO
test included 55 provenances from Scotland to Latvia and
from Germany to northern Scandina;I;: Each cooperator es-
tablished one or more plots of as many origins as he chose
to include.

All 55 origins were planted in a replicated test
at Hillsboro, New Hampshire and some origins were also
planted in New York and Michigan. Results of various as-
pects of these test plantations are summarized in a series
of reports by Baldwin (1956), Wright and Baldwin (1957),
Echols (1958), Gerhold (1959).

The IUFRO investigations showed that the Belgian
origins consistently grew faster but were sometimes inferior
in stem form. Latvian origins had good stem form but grew
more slowly. Differences were also observed in carotenoid
and mineral content of foliage. Slow growing Scandinavian
trees produced wood of high density, but cellulose produc-
tion was much greater for faster growing origins from Bel-
gium and Germany.

The potential of Scotch pine on many infertile
sites of the north-central region of the United States as
well as inquiries by Christmas tree growers prompted the
NC-51 Regional Tree Improvement Committee to initiate ex-

tensive provenance tests of the species. Three of these



test plantations were used in this study. They were estab-
lished from seed collected from 108 native Scotch pine

stands throughout Europe and Asia.

Monoterpenes in Pines

The monoterpenes and their oxygenated derivatives
have been found in over 350 plant species. Over 150 mono-
terpenes are known to exist. They are among the oldest
studied natural products because of their fragrance and
use in medicinal preparations.

In Pinus, Picea, Larix and Pseudotsuga the monoter-

penes comprise a fraction of the oleoresin which is synthe-
sized in the thin-walled epithelial cells surrounding the
resin canals. These ducts are found in the needles, cortex
of the bark, and in the heartwood and sapwood. The oleo-
resin within the canals is normally under pressure and when
they are severed droplets of oleoresin are exuded.

Oleoresin can be divided into two components:
turpentine and rosin. Turpentine is a mixture of monoter-
penes (C10H16); rosin is a mixture of resin acids which
are diterpene derivatives (C20H3002), and are classified
into two types, abietic and pimaric.

The role of monoterpenes in survival and growth of
pines has been a topic of lively conjecture for many years.
Some workers feel that the monoterpenes are merely metabolic
wastes while others believe they may be important in disease

resistance, insect resistance or as useful metabolic



constitutents in the growth processes. Since it is postu-
lated that the pines originated in the Mesozoic era some
150,000,000 years ago, the resin duct system may be nothing
more than a "human appendix," once important, but now simply

a relic of the past.

Objectives of Study

This study is part of a long range research program
directed towards defining the patterns of genetic variation
and inheritance of physiological traits of forest trees.

It focuses on the monoterpene compounds in Scotch pine and
seeks to provide genetic and physiological information about
these compounds in the species. Hopefully, this information
will contribute to our general knowledge about genetic dif-
ferentiation in trees and eventually to the improvement of
Scotch pine planted in the United States.

The specific objectives of this study were:

l. To determine the qualitative and quantitative variations
in monoterpenes of Scotch pine.

2. To determine the following physiological and environ-
mental sources of variation in monoterpenes:
a) the effects of season on monoterpene composition;
b) the changes in monoterpene composition due to de-

foliation by the European pine sawfly;

c) the variation in monoterpene composition among needle,

xylem and cortex tissue;
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d) the effects of tissue age on cortical monoterpenes,
and

e) the effects of site on cortical monoterpenes.

To determine the variation between and within half-sib

families and seedlots.

To determine the degree of correlation between monoter-

penes, growth rate and existent varietal classes.



CHAPTER II

NON-GENETIC VARIATION

Investigations in pine monoterpenes have been di-
verse and unrelated. Some studies have implicated the
monoterpenes as having a role in disease and insect resis-
tance. Others were directed at terpene physiology, inher-
itance mechanisms or chemosystematics.

It is essential therefore, that factors affecting
monoeterpene levels be clarified in order to plan and
interpret experiments meaningfully. The environmental
sources of variation which I studied included tissue dif-
ferences (needles, cortex and xylem), effects associated
with the age of cortex tissue, time of sampling, and ef-
fects due to site and defoliation. These factors are

considered in more detail under the respective investigations.

Materials and Methods

Oleoresin samples were obtained from a provenance-
test plantation established at the Rose Lake Wildlife
Experiment Station, located 10 miles northeast of East
Lansing, Michigan. This plantation was established in 1961
with 2-0 stock and was 7-9 years old at the time of samp-
ling. The planatation contains 75 origins of trees planted

11
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in an 8-by-8 foot spacing in four-tree plots and eight repli-
cations (Wright and Bull, 1963). The 75 origins represent 75
stand collections from throughout the natural range of the
species. A single row of trees composed of Austrian and
Swedish sources borders the planting. A similar plantation
at the Fred Russ Memorial Forest was also sampled. The sam-
ples were placed in small vials or centrifuge tubes stored
at 35°C and analyzed by gas-liquid chromatography within

10 days.

Details of oleoresin collection varied and are des-
cribed separately under each study.

At the time of analysis each sample was diluted
with acetone or pentane and a three microliter aliquot was
immediately injected into an F and M model 700 gas chroma-
tograph. It was equipped with a thermal conductivity de-
tector, a Hewlett Packard automatic attenuator model 50B,
and a Honeywell disc-chart integrator Model 227. The
chromatograph column was stainless steel, 1/4-inch in diam-
eter and 8 feet long, and packed with 10% polypropylene
glycol on 60/80 mesh chromasorb G-AW. Column temperatures
were 95°C-105°C, injection port and detector temperatures
were 190°C-200°C, and the helium flow rate was 100-110 ml/
min.

The monoterpenes were tentatively identified by
comparing relative retention times of the unknowns with

those of known compounds. To check identification, several
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samples were rerun at 60°C on a column containing the polar
substrate B, B'-oxydipropionitrile.

When the data is expressed as a percent of the total
monoterpenes, concentration was determined by integration
and summation of areas under the peaks. 1In one study (Ef-
fect of Defoliation) monoterpene concentrations are expressed
as a percentage of the oleoresin. Here, concentrations were
derived from area integrator values on a column in which
standard curves were prepared frbm a series of known mono-
terpene concentrations. The same conditions were used when
analyzing the unknown oleoresin samples.

VARIATION IN NEEDLE, CORTEX AND
XYLEM TISSUES

Several investigations have shown that monoterpene
composition varies between tissues of the same tree (Squil-
lace and Fisher, 1966; Juvonen, 1966). To date, however,
differences among all three major tissues (needles, cortex
and xylem) of individual trees in unknown. To obtain such
information the following investigation was undertaken.

Ten trees, representing nine diverse seed sources
were sampled at the Rose Lake plantation in June and August
1967. From each tree, 20 ul. of cortex oleoresin was ob-
tained from incisions on year-old branches of the 1965 or
1966 whorl. The same branches were cut into 6 or 8 cm.
sections and from 3 to 12 ul. of xylem oleoresin was obtained

from the cut surfaces. Finally, the foliage was removed from
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these sections, placed in polyethylene bags and extracted
the same day in the laboratory.

The monoterpenes were extracted from 10 grams of
needles by homogenizing them in a Waring blendor for two
minutes in a sufficient volume of pentane to cover the
foliage. The extract was filtered into a beaker and the
remaining homogenate was washed three times with 15 ml. of
pentane, filtered and added to the initial extract. To re-
move water, 4 to 5 grams of anhydrous sodium sulfate were
stirred into the extract which was then evaporated with an
air stream down to 15 or 20 ml. This remaining solution
was filtered into a test tube and further evaporated to a

final volume of .5 ml.

Results and Discussion

Differences between the June and August collections
were less than 2 percent for all_monoterpenes with the ex-
ception of a-pinene and 3-carene in the xylem. In this
tissue a-pinene was 8.4 percent lower and 3-carene was 6.6
percent higher in the June collection. Since differences
in sampling time were generally small, the data was combined
and the mean variation among tissues is presented in Table
1. The differences between tissues were significant for
all monoterpenes except y-terpinene.

Needle tissues was consistently higher in camphene

and cymene than xylem or cortex. The mean concentrations
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Table l.--Monoterpene composition in different tissues in
10 trees from 9 seed sources.

Tissue
Monoterpenes Needle Cortex Xylem
Mean Percent of Total Monoterpenes
a=-Pinene** 61.0 = 5 3l 14.2 + 29% 59.5 + 12%
Camphene** 11.4 + 11 .5 * 40 .7 % 23
B-Pinene** 8.5 t 21 12,2 + 25 6.8 + 29
Myrcene*¥* 4,8 + 10 15.0 % 35 2.4 + 29
3-Carene** 8.6 + 22 32,6 * 24 23.7 + 24
a-Terpinene** .4 = 25 1.0 £ 20 .9 * 33
Limonene** 1.2 + 8 10.8 £ 36 1.5 + 20
f-Phellandrene** .9 * 11 8.8 * 43 1.2 + 8
Cymene** 1.8 + 17 .8 + 13 .3 + 33
Y-Terpinene .4 = 25 .6 + 33 .4 £ 25
Terpinolene** 1.3 =+ 23 3.8 + 24 3.1 + 26
**Between-tissue differences significant at the 1

percent level.

1Standard error of the mean expressed as a percent.
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of a-pinene were equally high in xylem and cortex tissue (60
percent); however, the variation between trees for each tis-
sue was considerably different. In the xylem a-pinene
ranged from 28 to 94 percent with a standard error of 12
percent. The a-pinene concentration in the foliage was more
consistent. It varied from 46-66 percent with a standard
error of only 5 percent. The concentration of a-pinene was
consistently lower in the cortex ranging from 6 to 46 per-
cent but the tree-to-tree variability was highest with a
standard error of 29 percent. The high a-pinene concentra-

tion in xylem oleoresin was also found in Pinus elliottii

Englem. (Squillace and Fisher, 1966). Juvonen (1966)
also found that a-pinene was high in needle tissue from
several sources of Scotch pine.

In the cortex limonene ranged from 0-40 percent and
B-phellandrene varied from 1-31 percent. Apparently, the
large tree-to-tree variability for these terpenes is charact-
eristic of this tissue. Limonene and B-phellandrene in the
other tissues varied from only 0-3 percent.

At this time, I can only speculate on the physio-
logical basis accounting for these differences. Sucrose,
the most abundant and highly transported product of photo-
synthesis, is thought to be a precursor for monoterpene
synthesis. Thus, the monoterpene concentration in a parti-
cular tissue may reflect the utilization of sucrose which

could be influenced by such factors as enzyme levels, enzyeme
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activities and conditions causing spontaneous conversions.
For example, cymene and camphene are spontaneously formed
from a-pinene under acid conditions (Mutton, 1962). The
higher cymene and camphene concentrations found in the fol-
iage is associated with higher pH levels which may subse-
quently influence enzyme activities or terpene conversion
involving these terpenes.

In chemosystematic studies, the choice of tissue
to be sampled is an important consideration. To distinguish
trees or populations from one another, variation in monoter-
pene composition must be present. Thus, the monoterpenes
from needle tissue would be of little value since there
was only slight variation among these 10 trees. The varia-
tion between trees in the xylem and cortex monoterpenes was
much larger. In these tissues, a-pinene, B-pinene, myrcene,
and 3-carene would be equally effective in the separation
of these trees. However, the cortical monoterpenes were
the most suitable because of their additional variation in
the concentration of limonene and B-phellandrene. Cortical
oleoresin is also more abundant and easier to collect than
Xylem or needle oleoresin in young branches of Scotch pine.

VARIATION ASSOCIATED WITH TISSUES OF
DIFFERENT AGE

Cortical monoterpene concentration has been shown
to vary among different age tissues. Hanover (1966a) re-

ported that in three trees of western white pine (Pinus
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monticola Dougl.), current year cortex tissue had less a-
pinene, B-pinene and limonene and more myrcene and 3-carene
than that of older tissue. In contrast, R. M. Hilton (per-
sonal communication) found that 1966 cortex tissue of 23

Pinus strobus L. provenances had significantly higher con-

centrations of B-pinene and y-terpinene and lower amounts
of camphene, B-phellandrene and terpinolene than 1965 tissue.
To determine the effects of tissue age in Scotch
pine, four trees from different seed sources were sampled.
Approximately 20 microliters of oleoresin were collected
from cortical incisions made on a lateral branch of the 1964
whorl. Collections were made only from the 1965, 1966 and
1967 internodes.

The concentration of the major monoterpenes was as

follows:
Year Monoterpenes
Tissue
Formed a-Pinene A-Pinene Myrcene 3-Carene Limonene
Percent of Monoterpenes
1965 23.8 30.1 15.1 23.4 2.0
1966 18.5 29.9 18.7 24.8 2.5
1967 15.9 21.2 21.0 29.7 4.2

Proceeding from current-year tissue to older tis-
sue, the concentrations of a-pinene and B-pinene increased

while those of myrcene, 3-carene and limonene decreased.
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For most monoterpenes, the largest change occurred between
the current-year tissue formed in 1967 and fear-old tissue
formed in 1966. These results are in general agreement
with Hanover's (1966a) data on western white pine.

EFFECTS OF DEFOLIATION ON CORTICAL
MONOTERPENES

The use of monoterpenes as a taxonomic tool is based
in part on the evidence that terpenes.are only slightly in-
fluenced by the environment. Thus, factors affecting cor-
tical monoterpene composition, which have not been previously
studied, such as defoliation, are important if valid inter-
pretations are to be made.

As will be shown from the study on site effects,
the average level of oa-pinene concentration at the Rose Lake
plantation was 4.9 percent higher than at the Russ Forest
plantation. It was suspected that this difference as well
as other changes may have been due to defoliation at Rose

Lake by the European pine sawfly (Neodiprion sertifer

(Geoff.)). In addition, two of the three replicates sampled
at Rose Lake, which were heavily defoliated, were also
higher in a-pinene concentration.

To determine the effects of defoliation, samples
were obtained from defoliated and non-defoliated branches
of each of 31 trees. Of the trees sampled, 9 were classi-
fied as lightly defoliated (5 to 25 percent of the branches

defoliated) while 12 and 10 trees were classified in the
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medium to heavy defoliation classes, 35-65 and 75-95 percent
of branches defoliated, respectively. Normally only year-old
old needles are eaten by the sawfly and current-year needles
are not damaged. Because the plantation has been infested

by sawflies for the past four years, repeated defoliation

had removed all but the current year needles on some trees.
The samples were collected in mid-July 1967 and from 1966
cortex tissue in the upper two-thirds of the crown. Twenty
microliters of oleoresin were obtained from cortical inci-
sions on a defoliated and non-defoliated branch of each

tree.

Results and Discussion

Differences in monoterpene concentrations were
small and not significant between defoliated and normal
(non-defoliated) branches of lightly defoliated trees. How-
ever, differences did occur within the medium and heavy de-
foliated trees. Since the effects were similar in both
classes of defoliation, their data was combined and ana-
lyzed together (Table 2).

There was a significant increase in the concentra-
tion of a-pinene (l1.26 percent) and in the total monoterpene
concentration (2.17 percent). To explain these changes, it
is helpful to compare differences between defoliated and
normal branches in each of the three defoliation classes.

The monoterpene concentration in defoliated branches

increased (+) or decreased (-) as indicated in Table 3.
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Table 3.--Changes in monoterpene concentration associated with
different degrees of defoliation.

Monoterpene

Degree of
Defoliation a-Pinene RB-Pinene 3-Carene oa-Terpinene Total

Percent of Oleoresin

Light + .18 + .12 + .51 +.02 + .49
Medium +1.36%** +1.06* +1.23*% -.06 +3.86*
Heavy +1.16** - .59 - .40 : + .02 + .45

*, *% ***gjgnificant at the 10, 5, and 1 percent
levels, respectively.

Note that trees which were moderately defoliated ex-
hibited the largest changes in monoterpene composition. In
lightly defoliated trees no significant change occurred, and
the small differences shown are primarily due to experimental
error. With heavy defoliation, differences between defoliated
and non-defoliated branches decreased and only the concentra-
tion of a-pinene was significantly different. Apparently the
almost total lack of foliage also influenced the monoterpenes
in the few remaining foliated branches decreasing the differ-
ence between the normal and defoliated branches. This effect
seems to be reversed in lightly defoliated trees where the
presence of foliage overrides the effect of defoliation.

Thus, changes in monoterpene composition reflect the
degree of defoliation. As defoliation increases the mononter-
pene composition is subsequently alfered, but the exact degree

of this change in unknown in heavy defoliated trees since the
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monoterpene composition in the remaining foliated branched is
also affected. Thielges (1968) reported that in the same pro-
venances of Scotch pine defoliation caused a similar general
response in phenol metabolism. An unknown compound al-
most doubled in the foliage of partially defoliated
trees.

The mechanisms involved in these monoterpene changes
are unknown. Foliage or its absence may be altering sub-
strates, enzyme activities and/or enzyme levels involved in

monoterpene metabolism.

EFFECTS OF SITE ON CORTICAL MONOTERPENES

A number of studies have indicated that oleoresin
derived from wood has a stable monoterpene composition
whether the tree is growing in its native habitat or planted
in a foreign environment (Mirov, 1961; Williams and Bannister,
1962) . Recent studies of the monoterpenes derived from cor-
tex oleoresin also indicate that site has little influence
(Squillace and Fisher, 1956; Hanover, l1966a). However, site

affects were apparent in provenances of Pinus strobus (R. M.

Hilton, personal communication) which were growing in several
Michigan planatations.

The influence of site on monoterpene composition is
an important consideration for their use in systematic studies.
This study was undertaken to determine if different sites
affect the monoterpene composition in provenances of Scotch

pine.
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Ten selected seed sources encompassing the entire
range of Scotch pine were sampled in early July, 1967 at
both the Fred Russ Forest and at Rose Lake. The Fred Russ
plantation is near Dowagiac, Michigan, about 120 miles
southwest of the Rose Lake plantation. The Russ plantation
is level and the soil is a fertile sandy loam. Chemical
weed control had been used to eliminate competing vegetation
since plantation establishment. The Rose Lake plantation
had rolling hills with slopes up to 10 percent. The soil
is an infertile loamy sand. No weed control was used. The
growth rate in both plantings was similar.

Twenty microliters of oleoresin were collected from
cortical incisions made on year-old branches of the 1964
whorl. Three 8-tree bulked samples (totaling 24 trees)

were collected from each seed source in each plantation.

Results and Discussion

The mean difference between plantations ranged from
zero (camphene and cymene) to 4.9 percent (a-pinene). The
variation between sources is highly significant and it ac-
counts for the major portion of the total variance (Table
4). There were significant differences between locations
in the concentration of a-pinene, myrcene and B-phellandrene.
The changes in a-pinene and myrcene concentrations were con-
sistent between plantations for most sources and thus no
interaction occurred. For B-phellandrene, however, irregular

source differences between plantations resulted in a small
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Table 4.--Monoterpene composition of 10 seed sources growing
at two locations.

Location Percent of Variance Due to
Rose . Source x
Monoterpenes Russ Lake Source Location Location Error
Percent of
Monoterpenes
a-Pinene 14.91 19.8 73.7%*  10.8** 0 15.5
Camphene .7 «7 52,4%%* 0 0 47.6
B-Pinene 28.0 26.4 79.4%* 0 0 20.6
Myrcene 17.7 14.6 57.8%% 5.0%% 3.8 33.4
3-Carene 18.6 20.7 87.2%% 0 0 12.8
a-Terpinene .9 .8 83,2%* 0 0 16.8
Limonene 9.3 8.5 58.4** .4 1.2 40.0
B-Phellandrene 6.3 5.1 77.5%* 1,0%* 9.,4%% 12,1
Cymene .9 .9 21,5%% 0 37.8 40.7
Y-Terpinene .5 .4 8l.0** .7 .9 17.4
Terpinolene 2.1 2,0 90.,3%* 0 .6 9.1

lA mean value of 24 trees; 8 in each of 3 replicates.

**Significant at the 1 percent level.
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but significant source X location interaction. Because of
the small sample size, 24 trees, this apparent interaction
may have been due to chance. B-phellandrene is a simply in-
herited monoterpene (Chapter III) whose genes were in low
frequency in 9 of the 10 sources sampled. In such a case,
a much larger sample is necessary to obtain a precise esti-
mate of its true mean concentration.

A portion of the location differences was thought
to be due to the heavy defoliation of the Rose Lake planta-
tion by the European pine sawfly. The Russ Forest planta-
tion was lightly attacked in 1963 and 1964. The attack at
Rose Lake began in 1963 and was heavy in 1965, 1966, and
1967 (Wright et al., 1967). A portion of the data from a
study on defoliation affects (the preceding investigation
in this chapter) indicated that differences between locations
were due partly to defoliation. The mean increase (+) or
decrease (-) in monoterpene concentration at Rose Lake was
comparable to changes due to defoliation. These differences

are illustrated in the following array of data:

Monoterpenes
Average
Difference in a-Pinene Myrcene B-Phellandrene

Percent of Total Monoterpenes

Sources at
Rose Lake +4.9 -3.1 -1.2
Defoliated

Branches +3.1 -2.0 - .6
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This study indicates that the monoterpenes in Scotch
pine are under strong genetic control. Site had little in-
fluence on monoterpene composition and defoliation may have
been responsible for the significant location differences
in the concentrations of a-pinene, myrcene and B-phelland-
rene. The small size of the sample may explain the source
X site interaction in B-phellandrene.

SEASONAL VARIATION OF CORTICAL
MONOTERPENES

A knowledge of seasonal variation in monoterpenes is
a fundamental prerequisite to planning and interpreting other
investigations on these compounds. This is especially true
for studies related to insect and disease resistance, chemo-
systematics, inheritance mechanisms and physiology.

Two previous studies (Bannister et al., 1962, Blight

and McDonald, 1964) on wood oleoresin of Pinus radiata D.

Don have indicated that monoterpene composition is highly
stable, varying only 1-3 percent between any sampling date.
Monthly samples obtained over a one-year period from a Pinus
ponderosa Dougl. var. ponderosa tree also showed little
variation in wood monoterpenes (Smith, 1964).

In contrast to this evidence for seasonal stability,
a study (Hanover and Furniss, 1966) of monoterpenes obtained

from wood oleoresin of 15 Douglas-fir (Psueudotsuga menziesii

(Mirb.) Franco var. menziesii) showed that a-pinene and

B-pinene increased significantly between June and October.
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Some seasonal variation of cortical monoterpenes was also
detected by R. M. Hilton (personal communication) in a study
involving 23 seed sources of eastern white pine. Camphene,
Y-terpinene, and terpinolene varied significantly between
the March and October collections.

To determine the degree and pattern, if any, of seasonal
variation in Scotch pine, eight border row trees, four from each
of two seed sources, were selected for sampling because of
their wide variation in monoterpene composition.

Oleoresin samples were collected at nine intervals
from December 1966 through December 1967. Five to twenty
microliters of oleoresin were obtained from cortex tissue
of lateral branches by either scraping off a droplet of
oleoresin from a severed branch or by drawing up a droplet
in a capillary tube from a small cortical incision made
with a razor blade. The means of 14 paired collections are
included in this study. These samples were obtained from
seven of the trees on three of the sampling dates to deter-
mine the repeatability of multiple samples taken within a

tree.

Results and Discussion

Seven of the eleven monoterpenes varied significantly
between sampling times (Table 5). For the major monoterpenes,
the amount of seasonal variation was slight compared to the

between-tree variation. Camphene, cymene and y-terpinene
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varied significantly although they were present in very small
quantities which made their precise measurement difficult.

The pattern of seasonal variation for the major
monoterpenes is shown in Figure 3. Alpha-pinene and myrcene
decreased from December to March, increased from April to
August and then decreased again. However, the maximum varia-
tion throughout the year was only 2.9 and 3.4 percent for
a-pinene and myrcene, respectively. ffom December, 1966 to
March, 1967 a-pinene averaged 2.3 percent higher than during
the May to December, 1967 period. Variation in the other
monoterpenes appears to be random with respect to season.

In addition to sampling time other factors may have
influenced the results. These are: sampling errors, the
methods of expressing monoterpene concentration, defoliation

of a sampled branch and tissue age.

Sampling Errors

During the course of the seasonal variation study,
four to six branches were sampled on each tree. For the
majority of these collections, only one sample was obtained
for each tree on a specific date. However analyses of 14
paired samples obtained to estimate branch-to-branch dif-
ferences indicated that some within-tree variation was

present. The detailed results are given below.



Figure 3.--The mean seasonal variation in the principal
monoterpenes in eight Scotch pines. The maxi-
mum standard error of the means is 1.8 percent.
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Monoterpenes

a- B- 3- B-
Pinene Pinene Myrcene Carene Limonene Phellandrene

Percent of Monoterpenes

Mean 12.9 36.3 10.5 13.6 13.6 9.1
Standard
Error 1.9 5.3 2.9 4.0 4.8 2.6

Camphene, a-terpinene, cymene, y-terpinene and ter-
pinolene occurred in very low concentrations and had standard
errors of less than 0.5 percent. In addition to the varia-
tion between branches, a portion of these standard errors

is due to errors in the chromatographic analysis.

Methods of Expressing Data

Expressing oleoresin monoterpene composition either
as a percent of the total monoterpene fraction or as a per-
cent of the total oleoresin can affect the results. Table
6 illustrates how this may occur using data from western
white pinee.

Expressed as a percent of oleoresin, all monoterpenes
decreased from February to May, while little change is evi-
dent from the data when expressed as a percentage of the
monoterpene fraction. The latter conclusion could only
result if all monoterpenes decreased, in a like manner,
either from evaporation, translocation or metabolism, or

if the resin acid fraction increased while the monoterpene
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Table 6.--Concentration of five cortical monoterpenes of
western white pine sampled at different seasons
(Hanover, personal communication).

. _ .

Monoterpenes
Month
Sampled oa-Pinene B-Pinene Myrcene 3-Carene Limonene Total

Percent of Oleoresin

February 7.6 21.3 2.5 13.3 3.9 48.6

May 5.7 17.0 1.4 11.2 3.4 38.7

August 4.3 12,2 0.8 11.6 3.0 31.9
Percent of Monoterpenes

February 15.6 43.9 5.1 27.4 8.0 100.0

May 14.6 44,0 3.7 29.0 8.7 100.0

August 13.5 38.3 2.6 36.3 9.3 100.0
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fraction remained unchanged. All monoterpenes except 3-carene
and limonene decreased from May to August regardless of the
method of expression. Based on percent of oleoresin, 3-carene
increased slightly, while limonene decreased. However, both
3-carene and limonene increased considerably when the results
are expressed as a percentage of the monoterpene fraction.

The seasonal variation data of Scotch pine is ex-
pressed as a percentage of the total monoterpenes. Thus
changes in the absolute amount of the monoterpenes or resin
acids could have occurred but would not be detected. How-
ever, as indicated from the western white pine data, any
dissimilar change in one or more monoterpenes would be evi-
dent although the results are considerably different depend-

ing on the manner of expressing the monoterpene concentrations.

Defoliation

All sample trees were heavily defoliated by the
European pine sawfly in June and July, 1967, and thus the
August and October samples were collected from defoliated
branches. Defoliation, as indicated by the previous study,
significantly increases the a-pinene concentration and also

affects other terpenes in an unpredictable manner.

Effects of Tissue Age

Small changes in monoterpene composition are known
to occur between cortex tissue of different ages as indi-

cated by the previous study. Changes associated with tissue
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age may have influenced the seasonal variation data for Scotch
pine in two ways. First, the sampling began on the current,
1966 tissue and as the sampling progressed the tissue aged

one year. Second, in order to terminate the sampling cycle
with the current year's growth, the December, 1967 samples

were collected from 1967 cortex tissue. Thus, part of the
variation observed between the October and December 1967 sam-
ples could have been due to a change in tissue age.

Thus, this study indicates that although 7 of the 11
monoterpenes varied significantly between sampling times,
changes in their concentrations were small and may in part
be due to tissue aging, sampling errors and defoliation.

With a well designed, replicated experiment, these sources
of variation can be eliminated in a- seasonal variation stﬁdy.
Further, additional information may be obtained by collecting
known volumes of oleoresin and expressing the monoterpene

concentration as a percent of the oleoresin.



CHAPTER III

MONOTERPENE VARIATION WITHIN SEEDLOTS

The variability of the monoterpenes between and
within populations may provide useful information for such
studies as the modes of monoterpene inheritance, the bio-
synthesis of monoterpenes and the taxonomy and evolution
of natural populations.

My reasons for sampling individual trees within seed-
lots were twofold. First, information on the magnitude of
monoterpene variation is indispensable in predicting the
sample size necessary to achieve given levels of signifi-
cance. Second, for traits under gene control, individual
tree data can be used to obtain information on inheritance
patterns. For a monoterpene that is simply inherited,
concentration may indicate directly the genotype of an in-
dividual. Thus, by sampling a number of trees in a popula-

tion it may be possible to determine gene frequency.

Materials and Methods

Oleoresin samples for this study were obtained from
trees growing in the Rose Lake provenance plantation. De-

tails of the planting site are discussed in Chapter II.

37
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In early December, 1967, samples were collected from
the following seedlots: Southern Sweden, No. 541 (14 trees);
western Germany, No. 252 (19 trees) and Yugoslavia, No. 242
(21 trees).

Several small incisions were made on a tree in the
cortical tissue of the current years growth of the 1966 (next-
to-top) whorl. A 20-microliter sample of oleoresin was col-
lected from these incisions on each tree. The collection
and analytical procedures were the same as those described

previously (Chapter II under the section on defoliation).

Results and Discussion

Inheritance of Monoterpenes

The concentrations of monoterpenes in all 54 trees
are shown in Table 7. Camphene, oa-terpinene, cymene and
Y-terpinene occurred in relatively small concentrations and
varied little. Alpha-pinene is more variable than the above
terpenes and its normal pattern of distribution is suggestive
of multiple gene inheritance. Similar pattérns in concentra-
tions of a-pinene have been shown for individual trees of

Pinus elliottii (Squillace and Fisher, 1966) and for indi-

viduals of half-sib families of Pinus strobus (Hilton, per-

sonal communication). However, the normal pattern of
distribution in the concentration of a-pinene could be due
to environmental modifications such as defoliation. Another

possibility is that a-pinene may be simply inherited, but it



Table 7.--Variation in cortex monoterpenes of individual
trees from three seedlots grown at the Rose Lake
Wildlife Experiment Station, Shiawassee County,
Michigan.
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Monoterpenes

a- Coam- 8- Myr- 3~ a-Ter- Limo- B-Phel- Cym- vy-Ter- Ter-
nen Dhen: DEDA cend D4 D n nen pino .

Total

- e e e e s e e s ccceccccoparcolt 0Of0lO0TE8iN - - - c c e e s c s c e e

»)

|

=|

Seedlot S5kl Southern Sweden

.76 21 .89 .98  19.86 .33 .3k .51 .18 10 1.76 25.93
1.39 Sk 1.28 1.6 20.60 .26 o3k 3.k2 .18 31 2.3 32.05
1.57 .33 2.55 1.271 19.01 bl ) 2.31 1 .19 1.9% 30.01
3.7 .33 9.65 6.11 10.36 .26 .51 T7 11 .01 .TT 32.13
1.8h .33 2.94 1.46 19.97 RY8 .51 2.7h .18 .28 1.76 32.%0
2.28 .33 3.91  6.59 8.65 A1 1.88 k.02 .26 M6 1.13 29.91
1.03 .21 1.48 1.36 2k. b6 .l .3k .60 .03 .19 2.75 32.84
1.93 21 1.6T 1.6 27.13 1 .3k .60 .03 37 2.93 37.06
2.28 .33 T.12  1.27 11.k3 .33 . 2.56 .03 .01 .95 26.65
1.75 2 .99 13.90 2 .03 .85 6.50 A1 .00 .23 2k.78
1.30 .33 3.h2 .89  1k.Th .33 34 .51 .10 10 1. 23.53
1.57 b 1.9T 1.M6 1k.10 RSN 51 3.2 R 20 2.12 26.75
1.2 .33 .99 .98  18.90 . b2 .51 A A9 1.94 25.99
1.84 .33 b.88 1.2T 1.32 .26 M2 5,05 .26 10 1.0M 26.76
1.7 .29 3.13  2.91 15.76 .33 S1 0 2.39 .16 .20 1.6h 29.06

Seedlot 252 Western Germany
2.00 .33 b0l 1.27 .00 .03 1h.29 .51 RSY .01 .05 22.92
1.84 .33 5.18 1.27 11.96 .26 4.88 .85 .26 .19 1.31 28.31
1.88 .33 7.02 1.17 17.09 .l .51 .60 A1 .10 1.67 30,47
1.39 .33 5.18 .89  1h.M2 .26 RY] .51 .18 10 1.M0 25.06
1.75 21 1.6 1.7 22.75 .56 .60 3.8 R 31 2.5T 36.47
2.19 .33 2.55 h.59 13.2h .l .51 .60 .26 A0 1.0 26.17
2.91 .33 10.08 6.30 8.hh .26 .3h T .26 A0 1.2 30.95
1.93 .33 .89 1.1  17.13 .56 k11 TT Tl 19 1.85 30.23
1.39 .33 2.7 1.21 26.h9 .6k .51 .60 .18 A9 2,39 36.T1
2.28 .33 1.3 8.89  10.57 Y] .51 1.02 .18 A0 1.22 26.57
3.45 .33 1.60 10.77 .32 18  3.68 .60 A1 .00 .1k 31.16
3.45 .33 12.38 1.25 .32 A8 2.8 T .33 .00 S} 27.97
3.00 . 8.8 1.08 8.33 18 5.05 .68 RSN .10 .86 28.61

.85 .33 1.9 1.6 25.3 .56 a2 .51 .18 .37 a.sl 33.12
3.5 .33 5.76  9.63 .32 .18  5.65 .51 N .01 .1 26.
2.37 .33 7.3 1.Th 9.18 A8 3.51 3.76 .18 A9 122 29.98
1.48 .33 3.13 3.6k 6.83 .18 3197 .6k .01 .59 19.13
2.37 .33 4.88 1.08 11.96 26 2.39 .51 A1 .01 1.13 25.02
1.03 .33 2.35 117 19.12 .56 .h2 .68 .26 .28 2.30 28.50
2.1k .30 5.15 3.8 1.80 .35 2.6 1.06 .30 A3 .27 28.65

Beedlot 2k2 Central Yugoslavia
2.91 .33 3.0  9.06 .53 .26 6.0 3.85 N} .10 .1k 27.07
1.93 21 .80 10.96 .32 .26  1.31 3.76 .18 .10 b 20.02
3.5h .33 12.38  1.65 A1 .03 15.06 .85 5 .01 .05 3h.k0
1.84 .21 2.35 6.78 .32 A1 88 bAS A1 .01 b 21.18
2.3 .33 k.59 8.117 2 A1 11.30 .68 .33 .0 b 28.8h
1.57 .33 .70 6.30 .32 A8  10.Mk k.62 .33 .10 .1k 25.03
2.86 .33 1.58 9.15 b3 .18 9.16 6.59 b9 .19 .23 30.T7
1.66 .33 A2 1,36 A1 .03 17.72 1.7 R5Y .28 b 23.85
3.18 .33 8.29 1.65 21 A1 9.1 3.59 .l .01 .1h 27.32
3.89 .33 13.15 6.68 . 6h A8 5.7 2,22 .26 .10 .1b 33.07
3.80 . . 8.68 .53 .18 3.68 k.19 .33 .10 .32 23.25
3.63 .33 1.67 1h.38 .32 . .25 b,88 .33 .00 b 26.18
3.89 .33 1.09 6.21 21 .03 5.5 k.02 A1 .00 .1k 21.59
2.64 .33 1.19 6.78 .21 A1 21k 6.76 .18 .00 .k 2007
1.57 .21 .51 1.36 11 Al 15.75 2.1k .18 .01 .1k 22.07
3.72 LAk 11,70  8.30 1.07 A1o2.91 1.9 .33 .19 .23 30.48
5.68 .33 . 14.76 .00 .18 2.82 9k .18 .01 .05 31.58
4.88 el 3.81  1k.38 1.07 M1 .85 5.30 .26 .01 .1k 31.55
2.73 .21 5.86 6.59 .43 18 5.39  b.bksS .26 .01 .1k 26.23
1.84 .21 1.67 1.93 .21 A1 13.kk 0 6.33 .26 .01 .1k 26.1h
3.63 .33 13.06  1.55 A3 .18 11.0k 2 .33 .01 .05 31.02
3.01 .29 h.s8 1.03 .36 .18 1.31 3.47 .29 .06 .12 26.79
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is metabolized at different rates in individual trees; conse-
quently, a normal distribution is manifested. Obviously, to
confirm the exact nature of inheritance for any of the ter-
penes, parent-progeny relationships obtained from selected
crosses are necessary.

Indications of the inheritance patterns were more
easily discerned by plotting histograms of the data (Figure
4) . Such frequency distributions were particularly interest-
ing for B-pinene, 3-carene, myrcene, limonene, B-phellandrene
and terpinolene. The concentrations of these monoterpenes
formed bimodal or trimodal patterns suggestive of control
by one or two pairs of genes. However, distinct classes
were not always evident because of the small size of the
sample. Simple inheritance has also been suggested for 3-

carene in Pinus monticola (Hanover, 1966b); for B-pinene

and B-phellandrene in Pinus elliottii (Squillace

and Fisher, 1966) and for myrcene and limonene in Pinus
strobus (Hilton, personal communication).

When the exact modes of simply inherited monoterpenes
become known, it may then be possible to measure gene fre-
quencies for these terpenes in a population. The frequencies
of such genes could be a valuable aid in determining the

genetic structure and evolution of natural populations.

Minimum sample size

A knowledge of individual tree variation within a

population is fundamental to studies of geographic variation.



Figure 4.--Frequency distributions of the major cortical
monoterpenes. Basis, 54 trees.
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Obviously, differences in terpene composition between popula-
tions can be discerned only if an adequate number of samples
is analyzed. Therefore, the number of trees needed to show
significance for a certain difference between seedlot means

was calculated using the following formula:

where R = number of trees, t = Students' t, V = within-seedlot
variance and (fl - fz) = minimum detectable difference between
seedlot means.

It is evident from Table 7 that simply inherited
monoterpenes are highly variable within a seedlot and to
obtain a precise estimate of their mean concentrations a
large sample size is necessary (Table 8). To detect a dif-
ference of 1/10 of the range of concentration between seed-
lots from 8 to 238 individuals would have to be sampled.

The 8-tree sample for camphene is a reflection of its low
variability within a seedlot while a highly variable terpene
like myrcene requires a sample size of 238 trees. The sample
sizes indicated are probably underestimated because the vari-
ances of simply inherited terpenes are unequal. The sample
sizes presented in Table 8 illustrate one of the considera-
tions involved in monoterpene studies and the detectable
population differences (1/10 of the total range in concentra-

tion) were arbitrarily chosen. Smaller or larger sample
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Table 8.--Size of sample needed to detect significance (5
percent level) of a given difference in monoter-
pene concentration between seedlots.

Error Trees Needed to
Mean Range in Detect a Difference
Monoterpenes Square Concentration of 1/10 of Range
Percent.of 2
Oleoresin Number
a-Pinene .82 17.86 10
Camphene .003 .59 8
B-Pinene 14.16 12.79 68
Myrcene 14.77 6.92 238
3-Carene 36.97 17.39 94
a-Terpinene .02 .64 40
Limonene 14.82 9.44 132
B-Phellandrene 2.89 6.22 60
Cymene .018 .53 52
Yy-Terpinene .015 .34 103
Terpinolene .39 1.60 14
1

Determined from the 108 seedlots of the geographic
variation study.

2These data and the formula on which they are based
probably underestimates the number of samples needed. For a
more conservative estimate, the following formula would be
more appropriate:

2
2v(t0 + tl)

r:
= = 2
(xl - x2)
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sizes may be necessary depending upon the objectives of a par-
ticular study.

In conclusion, this investigation indicates that
several monoterpenes appear to be under simple genetic con-
trol, and therefore, are highly variable within a population.
Thus, to detect small differences between populations for
these monoterpenes, large sample sizes are necessary.

Monoterpene analyses may be conducted on samples
obtained from individual trees or replicated bulked samples.
The choice will depend upon such factors as the specific ob-
jectives of the study, the number of trees available, and

the costs involved.



CHAPTER IV

MONOTERPENE VARIATION IN HALF-SIB FAMILIES

In the past few years several studies have been con-
ducted on the inheritance of monoterpenes in pines. Such
data have been obtained from parent-progeny and other rela-
tionships studied in full-sib families (Squillace and Fisher,
1966; Hanover, 1966c) or from the progeny of half-sib fami-
liés (Hilton, personal communication). In addition, analyses
of half-sib families derived from natural stands may provide
information about the genetic structure and evolution of a
species.

The purpose of this study was to examine the varia-
tion in monoterpene composition among 30 half-sib families

derived from three European stands.

Materials and Methods

The trees sampled are a portion of a larger study
involving 140 open-pollinated families derived from nine
European stands (Wright, 1963). The seed was collected in
1958 by European cooperators and was kept separate by parent
tree and by stand. The identity of the seedling progeny
derived from these parent trees was maintained in the nursery

and in the plantation.
47
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The trees used in this study are growing at the Fred Russ
Memorial Forest. The plantation was established in 1961
with 2-0 stock, and the 10 families derived from each stand
were planted in a replicated design.

The families sampled came from a native stand in
southern Norway (Nos. 275 to 284); and from two native stands
in East Germany (Nos. 341 to 350 and Nos. 501 to 510).

Cortical oleoresin was collected in late July, 1966
from one-year-old lateral branches of the 1964 whorl. Drop-
lets of oleoresin were collected from the cut surfaces of
severed branches and bulked for each four-tree replicate.
Four replicates were obtained for 10 families and five rep-
licates were obtained for the remaining 20 families to give
a total of 140 samples. The samples were placed in 2 ml.
stoppered vials and stored at 2°C until analysis. Details

of the analytical procedures are described in Chapter II.

Results and Discussion

The mean monoterpene concentrations for each family
are shown in Table 9. Two of the most variable monoterpenes
were limonene (1.2 to 25.8 percent) and B-phellandrene (1.6
to 17.9 percent). Considering all of the monoterpenes, the
10 families in the Norwegian stand are less variable than
the 20 families of the combined East German stands; however,
the variability of the Norwegian families is similar to that

in families of either East German stand.
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Table 9.--Concentrations of the principal monoterpenesl in half-
sib families growing at the Fred Russ Forest.

Family
(MSFG a- B-  Myr- 3- Limo- B-Phel- Ter-
Number) Pinene Pinene cene Carene nene landrene pinolene

Mean Percent of Total Monoterpenes

Norwegian Stand

275 9.5 26.6 4.4 39.9 11.9 3.2 1.4
276 7.4 14.1 6.6 56.2 4.6 6.4 2.5
277 11.5 12.2 11.6 44.6 5.6 10.6 1.8
278 10.3 17.7 7.0 48.8 4.8 7.2 1.5
279______12.9___26.1___5.8___33.9___15.3____3.2______1.1___
280 9.3 24,9 4.9 35.2 17.9 3.3 2.5
281 15.6 34.7 6.2 21.8 17.5 1.6 .9
282 8.3 l16.1 8.8 42.6 10.3 8.5 2.5
283 6.2 12.0 3.2 66.1 1.9 5.2 2.8
284 12.8 13.8 5.1 51.7 5.6 4.4 2.6
East German Stand
341 6.9 16.0 5.1 6l1.0 1.2 3.5 3.9
342 7.7 11.1 3.4 45,7 9.8 15.5 4.4
343 10.6 11.5 3.4 40.5 12.8 l16.2 2.9
344 6.1 13.4 3.6 66.1 3.2 2.9 2.8
345_______5.0___14.3___2.7___65.0____3.6____2.3______3.0___
346 10.2 18.6 4.0 37.8 14.4 9.5 2.5
347 8.7 27.5 7.9 41,7 3.5 4.3 4.0
348 8.5 21.4 2.7 40,7 16.9 4.4 2.7
349 7.2 19.0 3.3 50.8 4.1 9.5 3.9
350 8.3 8.6 3.6 6l.4 1.7 8.3 5.3
East German Stand
501 13.7 28.1 6.7 38.2 2.7 6.7 1.7
502 4.9 11.5 3.7 70.7 1.3 2.5 3.1
503 8.6 14.9 3.1 56.4 6.4 5.8 2.4
504 9.1 20.6 4.0 57.5 2.1 1.8 2.7
505 ____.__7.1____8.0 __ 3.5 __68:2____5.2____6.2______3.7___
506 12.1 17.8 3.3 56.0 3.6 2.4 3.0
507 8.2 15.2 5.1 50.9 13.3 3.3 2.1
508 6.1 16.0 2.9 67.0 1.8 1.6 3.4
509 9.3 16.3 4.5 54.6 6.4 3.5 2.5
510 11.0 19.5 6.7 27.4 25.8 6.3 1.7

lDoes not include camphene, cymene and y-terpinene
which were present in small concentrations (0.2-2.4 percent).
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In order to determine the significance of the varia-
tion between families, the data were subjected to an analysis
of variance. The percentage of the total variation within
and between families was calculated for each monoterpene.
The results show a consistent significant difference be-
tween families of each stand in the concentrations of a-
pinene, B-pinene, 3-carene, limonene, and B-phellandrene.
The remaining terpenes were significantly different between
families in only one or two stands (Table 10).

Some indication of the modes of inheritance of the
monoterpenes is given by the amount of within-family varia-
tion. Large differences within families were observed for
myrcene, 3-carene, limonene, B-phellandrene, and terpin-
olene. These differences may be due to the segregation of
a few genes. Consistently large differences were not ob-
served within families for a-pinene, camphene, cymene and
Y-terpinene which suggests a more complex type of gene
control. The mode of inheritance of B-pinene is not clari-
fied by this data. The within-family differences were not
as large as they would have been if one rather than four-
tree bulked samples had been used.

The gene frequency of simply inherited monoterpenes
like myrcene and 3-carene have a major influence on the
within and between variance components. For example, in
the German progenies only one sample each in family 501,

507, and 510 had high concentrations of myrcene (averaging
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15.9 percent). Thus, the gene frequency for myrcene is very
low in this stand and 100 percent of the total variance is
within families. If myrcene is simply inherited, the high
concentration in a sample is probably a result of pollina-
tion by a heterozygous male. A decrease in within-family
variance and significant between-family differences would
result if by chance progency from this heterozygote parent
were included in the sample. The gene frequency for myrcene
is higher in the families of the Norwegian stand. Possibly
the parent trees of families 277 and 282 were heterozygous
because 3 of the 5 samples in each of these families had
high myrcene concentrations. 1In this stand 65 percent of
the variance was within families. The remaining between-
family differences (35 percent) were significant. The
gene(s) for 3-carene are intermediate in these three stands
resulting in significant between-family differences. 1In
addition, the proportion of the total variance is more
equally divided between the two variance components.

For: a terpene like a-pinene which appears to be
under multiple gene control, the between-family differences
were significant in all stands. The within-family variances
are intermediate to high.

Thus, this study indicates that the three stands
sampled are highly heterozygous for genes controlling the
synthesis of myrcene, 3-carene, limonene, B-phellandrene
and terpinolene. This is evident from the large within-family

variances for these simply inherited monoterpenes.



CHAPTER V

INTERRELATIONSHIPS AMONG MONOTERPENES

The occurence and quantity of cortical monoterpenes
are known to be under strong genetic control in Scotch pine
as well as several other pine species (Squillace and Fisher,
1966; Hanover, 1966c). The enzymes, which are the functional
products of these genes, apparently regulate the synthesis
and ultimate concentration of the various terpenes. These
facts suggest that the biosynthetic pathways leading to the
formation of the monoterpenes may be indirectly determined
by examining their relationship to one another.

The work of several investigators has provided some
information on monoterpene biosynthesis. Stanley (1958)
showed that labeled mevalonic acid gave rise to radioactive

o-pinene in shoots of Pinus attenuata Lemm.. Other investi-

gations indicated that the active isoprene molecule (derived
from mevalonic acid) was isopentenylpyrophosphate and that
it condensed with dimethylallylpyrophosphate to form the Ci0
compound geranylpyrophosphate (Lynen et al., 1959; Chaykin
et al., 1958). This compound can be converted to myrcene by
the loss of the pyrophosphate unit or through intramolecular

electrophilic rearrangements give rise to monocyclic (limonene)

53
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-and bicyclic (c-pinene) terpenes (Sanderman and Schweers,
1962).

Juvonen (1966) hypothesized a very complete and de-
tailed scheme of monoterpene biosynthesis. The pathways were
based in part on the above work and the observations by many
investigators of terpene fluctuations. The latter correla-
tions suggested the idea that several common precursors
were involved in the synthesis of the monoterpenes. The
precursors, believed to be carbonium ions, gave rise to two
or more structurally similar terpenes. The invo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>