compagnent d'une forte variabilité entre moyennes de clo-
nes; ceci laisse espérer des gains génotypiques élevés par
sélection,

— le classement des deux espéces de Chéne européen
(Quercus petraea et Quercus robur) pour la qualité intrin-
séque du bois est confirmé,

— les liaisons génotypiques entre caractéres ne sont pas
de nature a poser au sélectionneur des problémes insur-
montables, en ce qui concerne tout particuliérement les
relations entre vigueur et propriétés du bois,

— une étude bibliographique confrontée a nos résultats
nous a indiqué en premier lieu que les corrélations phéno-
typiques entre les principaux caractéres de qualité ou de
vigueur chez les Quercus varient sensiblement en fonction
du type de matériel végétal étudié (age, sylviculture, gam-
me de largeur de cerne). En ce qui concerne les trois espé-
ces de Quercus étudiées (Quercus petraea, Quercus robur
et Quercus rubra), il semble que dans les conditions d’une
sylviculture dynamique, il n’y aurait pas d’'inconvénients
majeurs a rechercher une croissance maximum, le seul
risque étant d’augmenter l’anisotropie de la rétractibilité
du bois.
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1. Abstract

Monoterpenes were examined in foliage of controlled
crosses of lodgepole pine (Pinus contorta Douct.). Total
terpene production was strongly related to resin canal
frequency. Segregation of progeny into classes based on
relative amounts (percentages of total monoterpenes) of
f-pinene fitted both one and two locus models for genetic
control. Modality in frequency distributions of relative
amounts of f-phellandrene could be explained by con-
straint due to the method of expressing results. Modes in
relative amounts of minor monoterpene constituents were
due to instrumental detection limits in samples with very
low total terpene production.
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Zusammenfassung

Bei Nachkommen von Pinus contorta DoucL. aus kon-
trollierter Kreuzung wurden die Nadeln auf Monoterpene
untersucht. Hierbei stellte sich heraus, dafl die Gesamtpro-
duktion an Terpenen streng mit dem Vorkommen von
Harzkanilen korreliert war. Die Aufteilung der Nachkom-
menschaft in Klassen auf der Basis der relativen Menge
(in Prozenten der Gesamtproduktion) der f-Pinene palite
sowohl fiir ein- als auch fiir zwei-Locus-Modelle zur gene-
tischen Kontrolle. Die Modalitdt der Auftrittshiufigkeits-
Verteilung der relativen Mengen an #-Phellandrenen konn-
te gezwungenermaBen erklirt werden, indem die ausdriick-
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lichen Resultate auf die Methode zuriickgefiihrt wurden.
Die Art und Weise, in der die in relativ geringeren Mengen
auftretenden Monoterpene-Bestandteile auftraten, war auch
von den Mefigrenzen der Instrumente abhingig, besonders
bei Proben mit sehr geringem Terpengehalt.

2. Introduction

The mechanism of genetic control of terpenes is an im-
portant consideration when applying terpene analyses to
systematic studies in conifers (voNn Ruprorr 1975). Studies
of segregation ratios for relative levels of terpenes in con-
trolled crosses of conifers have indicated major gene con-
trol for several terpenes, including 3-carene, myrcene,
f-pinene, limonene, f-phellandrene, a-pinene, caryophyl-
le, and longifolene (Barapar et al. 1972, 1975; Forpe 1964;
HaNover 1966; HiLtunen et al. 1975; Mareeau et al. 1975,
Rockwoop 1973; SquiLLace 1971; SquiLtace et al. 1980).
Though segregation ratios fitted control by one locus, wide
ranges within dominant and recessive genotypes suggested
strong effects by other genes (Hanover 1966; HiLTuNeN et al.
1975). Different terpenes appeared to be under major gene
control in different species. Barapar et al. (1972) pointed
out that their demonstration of monogenetic control for
3-carene in maritime pine was possible because the landaise
provenance which they studied contained a single major
gene segregating for 3-carene. Genetic control for limonene
was more complex, apparantly involving several major
genes, but they remark that it may be possible to find pro-
venances in which the variation in levels of this terpene
could also be explained by a monogenetic mechanism.
Hanover (1966) noted that the interpretation of the mecha-
nism of control for 3-carene in western white pine could
vary depending on the range of parental genotypes tested.
Von Ruprorr and RenreLpt (1980) point out that the selec-
tion of parental genotypes affects the definition of the
characters tested in such segregation studies, since the dif-
ferentiation point between modes in terpene levels varies
in different populations. In addition, when relative data
are used, the point of differentiation between modes in one
terpene is affected by modes in others (Ganser and SoquiL-
LACE, 1976; SquiLLAce et al. 1980).

Genetic control of terpene levels has been studied in hy-
brids of lodgepole pine and Jack pine (P. banksiana) (Zava-
RIN et al. 1969). The results suggested terpene composition
was controlled by a few major genes, though it was im-
possible to formulate an inheritance model.

Previous studies (Wuite and Nisson 1983a, b) with open-
pollinated families of lodgepole pine and grafts of their
mother trees, indicated that relative amounts (percentages
of total monoterpenes) of foliar monoterpenes are under
rather strong genetic control, largely by genes with addi-
tive effects acting on factors which control their metabolic
steady-state. Total production of terpenes is highly depend-
ent on resin canal frequency, with the result that genes
controlling leaf anatomy and terpene biosynthesis may in-
teract epistatically. The present study was undertaken to
examine the mechanism of genetic control of foliar mono-
terpenes in controlled crosses of lodgepole pine.

3. Methods and Materials

The trees sampled were three clones of lodgepole pine,
progeny derived by selfing each clone, and progeny of a
cross between two of the clones. The ortets from which the
grafts were taken came from the Klosterheden selected
Danish seed stand. The stand’s exact origin is unknown,
but is probably coastal Washington, U.S.A. (LARrsen 1980).
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Two of the parental clones (271 and 274) were represented
by one graft at each of two sites (Danish Royal Veterinary
and Agricultural University Plantation Krogerup, 56.6° lat.,
9.3° long., and the C. E. Flensborgs Research Forest, 56.2°,
9.2%), and the third (261) by one graft at one site (Krogerup).
The grafts at Krogerup were 26 years from time of graft-
ing, and the C. E. Flensborgs Forest grafts were 18 years
from time of grafting when sampled. Seedlings, (progeny),
were all growing at Krogerup, and were seven-years-old
from time of sowing when sampled. Ten second degree
lateral twigs were collected around the tree from the up-
per second and third branch whorls, (1982 growth), in mid-
December 1982 or early January 1983. Individual tree
samples were placed in plastic bags, these in further heavy
weight plastic bags, and samples were stored in an ice-
packed polythene cooler at < —5°C until analyzed (6—12
weeks).

Monoterpenes were analysed in n-pentane extracts of
10 g (fresh weight) foliage/tree by gas chromatography, and
absolute amounts of monoterpenes were determined by
reference to p-cymene (l-isopropyl-4-methyl-benzene),
used as an internal standard. All grafts were also extracted
without added p-cymene, to check for the absence of natural
p-cymene. Details of the method were published previously
(Wurre 1983). Identities of all peaks were confirmed using
G.C./mass spectrometry. 3-Carene was poorly separated
from an unknown, possibly 5-methyl-pent-2-en-1-al. The
non-terpenoid hex-2-en-1-al discussed previously (WHITE
1983) was identified as a peak immediately following
p-phellandrene. Foliar dry weight of all trees was deter-
mined after drying separate 10 g samples for 24 hrs at 90—
95° C in a forced draught oven. The means and ranges of
monoterpenes frequently above the limit of detection in
foliage of all seedlings are given in Table 1. In addition,
small amounts of tricyclene occurred in a few samples, and
peaks corresponding to cadinene and cadinol isomers oc-
curred in most samples but were not quantified. A trace
amount of a peak corresponding to p-cymene occurred in
one graft and was non-detectable in the others. Mean
foliar dry weight of all seedlings was 34.3 = 0.09 % and did
not vary significantly between families.

Resin canal frequency was examined in cross-sections
from the middle part of needles of each twig, as described
previously (Wurte and Nisson 1983b). The correlation be-
tween resin canal frequency and absolute amount of f-pi-
nene was determined in family 38, the only family in which
sufficient trees contained needles with resin canals that
such a calculation was possible.

Table 1. — Means and ranges of monoterpenes frequently above
the limit of detection.

Monoterpene absolute amount, mg/10g % of total monoterpenes
Mean Range Mean Range
a-Pinene 0.30 0 - 2.25 7.3 0 - 15.7
Camphene 0.01 0 - 0.09 0.1 0 - 0.6
B-Pinene 1.60 0 - 12.88 18.5 0 - 60.3
Sabinene 0.03 0 - 0.17 1.1 0 - 28.5
3-Carene + 0.01 0 - 0.04 0.5 0o - 21.0
unknown

Myrcene 0.07 0 - 0.49 0.8 0 - 3.3
a-Phellandrene  0.02 0 - 0.17 0.3 0 - 1.8
Limonene 0.09 0 - 0.29 0.4 0 - 1.4
B-Phellandrene 1.15 0.07 - 5.57 53.9 22.2 - 100

cis-Ocimene 0.09 0 - 1.07 1.0 0 - 5.4
Terpinolene < 0.0 0 - 0.07 <0.4 0o - 0.7
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Figure 1. — Frequency distributions of (a) absolute amount of

p-pinene, (b) absolute amount of g-phellandrene, and (c) resin canal
incidence in all seedlings. Shaded area-trees in family 38.

(1.10 resin canals/ needle)

Frequency distributions were drawn for absolute and
relative (% of total monoterpenes) amounts of monoterpe-
nes after dividing the range over all samples into ten
equal classes. y?-tests of fit of the segregation of relative
amounts of f-pinene to ratios appropriate to one and two
locus genetic control were performed.

4. Resulis

The frequency distribution in seedlings for absolute
amounts of the two major monoterpenes, f-pinene and
p-phellandrene, and the distribution of resin canal inci-
dence, are given in Fig. 1. All the trees examined had aver-
ages of less than 2 resin canals/needle, and many had no
resin canals in any of the needles sectioned. Most of the
trees with higher mean numbers of resin canals occurred in
family 38. The class with the lowest mean number of resin
canals was very large, as was the lowest class in the fre-
quency distribution for absolute amount of each monoter-
pene. Absolute amount of a-pinene had a frequency distri-
bution similar to that for f-pinene, and absolute amounts
of all other monoterpenes had distributions similar to
p-phellandrene, though the lowest class was generally
larger. The correlation coefficient for mean number of

resin canals/needle and absolute content of f-pinene in
trees in family 38 was 0.821, significant at p < 0.001.

Frequency distributions for relative amounts of repre-
sentative monoterpenes, as percentages of total monoter-
penes, along with levels of f-pinene in the parental clones,
are given in Fig. 2. f-Pinene occurred in two discreet clas-
ses; trees contained either less than 12 % or more than
30 % p-pinene. In addition the lowest class was disjunctly
separated into trees with no detectable $-pinene and trees
with > 2 % f-pinene, and the upper class was roughly bi-
modal. The distinct modality in the lower class is not ap-
parent in Fig. 2 as the 1/10th of total f-pinene (6 %) class
intervals are too broad to show a mode differentiated at
2%. a-Pinene had a large low mode, and an upper distribu-
tion that was roughly bimodal. In all trees in the lowest
mode, a-pinene was below detection limits, while all the
trees in the lower of the upper modes were trees with low
levels of g-pinene. Relative amounts of g-phellandrene
were broadly bi-modally distributed, and all trees in the
upper classes contained low levels of f-pinene. Limonene,
which occurred at relatively high levels, was non-modally
distributed. Myrcene, one of the minor monoterpene con-
stituents, had a very large low class, in which no trees con-
tained detectable myrcene, and a non-modally distributed
upper class.

Table 2 shows yx*-tests of fit of the segregation of progeny
in different families to models for genetic control of rela-
tive f-pinene levels, assuming one and two locus control.
In the one locus model, the progeny are classified as , high*
or “low”, corresponding to the two discreet groups (< 12 %
or > 30 %), shown in Fig. 2. In the two locus model, pro-
geny are further classified into very low, medium low, me-
dium high, and very high groups (not detectable, 2—12 %,
30—56 %, 56—60 %) corresponding to the two distinct
groups in the low class and the mode in the upper group.
The single locus model assumes two alleles, with an allele
for high g-pinene levels dominant to that for low levels.
The two locus model assumes one locus with a major ef-
fect on p-Pinene levels, having a dominant allele giving
very high f-pinene levels when homozygous, or medium
high levels if heterozygous in combination with a dominant
allele at a second locus. The second locus is assumed to
have a dominant allele with a smaller effect, giving me-
dium high levels when present with one dominant allele
at the first locus, and medium low levels if homozygous
and present with the homozygous recessive allele at the
first locus. The segregation ratios do not deviate signifi-
cantly from those expected using either model.

5. Discussion

5.1. Resin canals and absolute amounts of monoterpenes

The low resin canal frequency in the trees examined
supports the assignment of the Klosterheden selected
Danish seed stand to coastal U.S.A. CrrrcHrieLp (1957) re-
ported populations with mean numbers of resin canals/
needle of 1.0, 0.9, and 04 from coastal Washington and
Oregon.

The low mean number of resin canals in many samples
explains their relatively low total monoterpene content,
and the frequency distribution of resin canal occurrence
explains the frequency distribution of absolute amounts
of monoterpenes (Fig. 1). The results are consistent with
the compartmentation of terpene synthesis or storage in
resin canals (Wuite and NiLsson, 1983b). The highly signifi-
cant correlation between absolute amount of f-pinene and
resin canal occurrence in family 38 indicates that f-pinene
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Tabie 2. — Fit of segregation ratios for relative amounts of p-pinene to one and two locus models of
genetic control.

—One Locus Model wo Locys Mode
Geno{Pheno- no{Pheno-
Family|Cross type|type |Exp. Jobs.]x 2 [df P Cross type|type |Exp. [Obs.]x 2 [df|] P
KaBb x S RABB{very 3.00
50 Aa x S Aa |high 9 7 AABb|high
Clone |[high x S [Aa [high 1.78 [1 |0.25-0.10|medium high
274 x NS xS
S AaBB|medium]| 4.50 | 5
AaBbfhigh 2.44 |3 |0.50-0.25
aa |low 3 5 NS
Aabb {medium| 2.25 | 1
aaBB{low
aaBb{very 2.25 ) 4
aabb|low
38 Aa x S AA  |high 9.75]12 AaBB x S AABB | very 3.25 | 4
Clone |high x S |Aa {high high
2N x 2.077{1 10.25-0.10|medium high 2.08 |2 }0.5 -0.25
N NS xS AaBB |medium| 6.5 8 NS
high
aa |low 3.250 1 aaBB{medium} 3.25 | 1
Tow
35 aaBb x S aaBBmedium| 3.75 | §
Clone |aa x S aa |low 15 15 |0 1 0.999 Tow
261 x |low x S NS very low xS 0.56 |1 }0.75-0.50
S aaBbjvery [11.25 |10 NS
aabb }Tow
87 aaBb x AaBb|AaBB|medium| 7.125[12
Clone laa x Aa Aa |high 9.5 112 AaBblhigh
261 x 1.316]1 ]0.50-0.25)very Tow x 5.85 [2 |0.10-0.05
274 Tow x highlaa |low 9.5 |7 NS medium high|Aabb|medium| 4.75 | 4 NS
aaBB|low
aaBb [very 7.125) 3
aabb|low

is also compartmentalized in resin canals in these trees.
Lack of correlation between absolute amount of A-pinene
and resin canals in the previous study may have been due
to its sporadic occurence as a major terpene in the families
examined.

5.2 Relative (percentage) monoterpene patterns

The frequency distribution of relatively amounts of f-
pinene, with two discreet modes showing further bi-moda-
lity, (Fig. 2a) suggested major, and possible modifying, gene
effects on this character. The bi-modality of the lower
mode was not solely a result of resin canal occurrence;
many trees with 0 resin canal incidence contained f-pinene,
while some trees with resin canals did not. In contrast, the
low mode in a-pinene, myrcene and other minor monoter-
penes was probably due to trees with low resin canal fre-
quency. For these monoterpenes the low mode contained
exclusively trees with non-detectable levels of the mono-
terpenes in question, and with 0 resin canals/needle. In
such trees, the total monoterpene production was so low
that production of minor monoterpenes at the same rela-
tive levels as those in trees with resin canals would amount
to less than 0.01 mg/10 g, the limit of detection (cf. Table 1).
Bi-modality in the upper range for % o-pinene (Fig. 2b)
was possibly related to its biosynthetic correlation with
fp-pinene (Waite 1983). Trees in this range with lower a-pi-
nene levels were also trees with lower f-pinene levels.
One exceptional tree contained relatively high levels of
a-pinene, and low levels of #-pinene and f-phellandrene.
Forrest (1980, 1981) reported rare monoterpene patterns
with high levels of a-pinene, not associated with high levels
of the camphanes, in cortical resin of lodgepole pine. Major
gene effects on relative amounts of a-pinene may also oc-
cur in some populations.

The broad modality in the frequency distribution of re-
lative amounts of f-phellandrene (Fig. 2¢) could be explain-
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ed by constraint caused by expressing results as percen-
tages. p-Phellandrene was a major monoterpene in all
samples, while in some trees f-pinene occurred at equal
or higher levels. Consequently, modality in S-pinene levels
caused modality in relative amounts of p-phellandrene;
those trees with high levels of f-pinene contained less
f-phellandrene when results were expressed as percentage
of total monoterpenes.

Relative amounts of limonene were non-modally distri-
buted (Fig. 2d), and modality in the distribution of the
minor monoterpenes, e.g. myrcene (Fig. 2e) could be ex-
plained by their dropping below detection limits in trees
lacking resin canals.

Segregation of progeny in the crosses examined fitted
both one and two gene models of genetic control. In view
of the wide range of dominant phenotypes, and the segre-
gation of recessive phenotypes into two disjunct classes,
it is likely that at least two major genes were segregating
in these crosses. It is possible that more genes are involved
or that other models for two locus control are more ap-
propriate. However, the number of progeny was too small
to allow plotting of frequency distributions with suffi-
ciently small intervals to characterize further modes or test
the validity of alternate models. The results demonstrate
that segregation of progeny into classes appropriate to a
one locus model of genetic control does not exclude the
possibility of two (or more) locus control, and that the in-
terpretation of the mechanism of genetic control depends
on how the segregation classes are defined.

In the trees examined, the number of genes strongly af-
fecting f-pinene levels appears to be small, but it is pos-
sible that in other populations more genes may be involved
in the control of relative amounts of f-pinene, or that other
monoterpenes, (e.g. a-pinene), may be effected by fewer
major genes. As stated by Baraner et al. (1975), “the mode
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of heredity of the same terpene can vary not only between
different species but also between different geographic
origins of the same species: one concludes that simple ge-
netic determinism occurs in cases in which the number of
major genes segregating is reduced.” Segregation data
limited in range of parental genotypes and number of pro-
geny per cross do not allow speculation about other gene
action controlling terpene production in other populations
(cf. HaNover 1966).

While monoterpene levels controlled by major genes may
provide useful genetic markers in specific populations after
appropriate large scale controlled progeny testing, (e.g. in

a seed orchard), the mechanism of genetic control would
require further testing before using the same marker in
other populations. Differences in monoterpenes under
strong additive gene control could provide useful informa-
tion about degree of genetic differentiation of populations
since differences would be based on differences of a larger
part of the genome.

Acknowledgements

I am grateful to Doctor Lars FeiLBerG, the Arboretum, Hersholm,
Denmark, for suggesting these analyses and collecting the samples.
I thank Professor Bjarne HowmeoM, Abo Academy, Abo, Finland,
for mass spectrometral analyses, Professor Dac LinpGren, Swedish
University of Agricultural Sciences, Umed, Sweden, for helpful
discussions, and Marja-Leena Leypesro and Eva-May Hicerdr for
excellent technical assistance.

Literature Cited

Barapar, P., Bernarp-Dacan, C., Fillon, C., Marpeau, A. et
Paury, G.: Les terpénes du Pin maritime: aspects biologiques
et génétiques. II. Hérédité de la teneur en monoterpenes. Ann.
Sci. Forest, 29, 307—334 (1972). — BAaAraDAT, P., BEerRNARD-DAGAN,
C., Paury, G. et Zmimmermann-FiuLon, C.: Les terpénes du Pin
maritime: aspects biologiques et génétiques. III. Hérédité de
la teneur en myrcéne. Ann. Sci. Forest. 32, 29—54 (1975). —
Critcurierp, W. B.: Geographic variation in Pinus contorta.
Maria Cabot Moors Found., Publ. 3, Harvard U., Cambridge, Mass.
U.S.A. 118 pp. (1957). — Forpe, M. B.: Inheritance of turpentine
composition in Pinus attenuata X radiata hybrids. New Zealand
J. Bot. 2, 53—59 (1964). — Forrest, G. 1.: Geographical variation
in the monoterpenes of Pinus contorta oleoresin. Biochem. Syst.
Ecol. 8, 343—359 (1980). — Forrest, G. 1.: Geographical variation in
oleoresin monoterpene composition of Pinus contorta from natural
stands and planted seed collections. Biochem. Syst. Ecol. 9, 97—103
(1981). — GanseL, C. R. and Squirtacg, A. E.: Geographic variation
of monoterpene in cortical olecoresin of slash pine. Silvae Gene-
tica 25, 150—154 (1976). — Hanover, G. W.: Inheritance of 3-carene
concentration in Pinus monticola. Forest. Sci. 12, 447—450 (1966).
— Hictunen, R., Ticerstepr, P. M. A., Juvonen, S. and Pownjora, J.:
Inheritance of 3-carene guantity in Pinus sylvestris L. Fram. Aink.
Farm. Notisblad. 84, 69—72 (1975). — Larsen, J. B.: Older prove-
nance trials with Pinus contorta in Denmark. In: Proc. IUFRO
Working Party S2-02-06, Garpenberg, Sweden, 353 pp. 1980. Swed-
ish U. Ag. Sci.,, Dept. For. Gen. Res. Note 30, 45—58 (1980). —
MAaRpPEAU, A., Barabat, P. et BerNarD-Dacan, C.: Les terpénes du
Pin maritime: aspects biologiques et génétiques. IV. Hérédité de
la teneur en deux sesquiterpénes: le longifoléne et le caryophyl-
léene. Ann. Sci. Forest. 32, 185—203 (1975). — Rockwoop, D. L.:
Variation in the monoterpene composition of two oleoresin systems
of loblolly pine. For. Sci. 19, 147—153 (1973). — ScquiLrLacg, A. E.:
Inheritance of monoterpene composition in cortical oleoresin of
slash pine. For Sci. 17, 381—387 (1971). — SquirLacg, A, E., WELLs,
O. O. and Rockwoop, D. L.: Inheritance of monoterpene composi-
tion in cortical oleoresin of loblolly pine. Silvae Genetica 29, 141—
151 (1980). — von Ruprorr, E.: Volatile leaf oil analysis in chemo-
systematic studies of North American conifers. Biochem. Syst.
Ecol. 2, 131—167 (1975). — von Ruprorr, E. and Renreipr, G. E.:
Chemosystematic studies in the genus Pseudotsuga. 1V. Inheritance
and geographical variation in the leaf oil terpenes of Douglas-fir
from the Pacific Northwest. Can. J. Bot. 58, 546—556 (1980). —
Warre, E. E.: Biosynthetic implications of terpene correlations in
Pinus contorta. Phytochem. 22, 1399—1405 (1983). — Wwnuirg, E. E.
and J.-E. Nilsson: ¥Foliar terpene heritability in Pinus contorta.
Silvae Genetica 33, (1984). — Wuirg, E. E. and J.-E. Nis-
son: Genetic variation in resin canal frequency and relationship
to terpene production in foliage of Pinus contorta. Silvae Gene-
tica, 33, (1984). — Zavarin, E., Crircuriep, W. B. and
SnareBerk, K.: Turpentine composition of Pinus contorta X Pinus
banksiana hybrids and hybrid derivatives. Can. J. Bot. 47, 1443—
1453 (1969).

119



